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Abstract 

Moisture that penetrates into porous building materials is a major reason for their deterioration and the subsequent failure  of the whole structure. Water repellency treatment could prevent serious damages to materials and components. Hydrophobization is a method with a long tradition for protecting buildings from wind-driven-rain-induced moisture absorption. Nonetheless, it remains an ambiguous practice. To understand the nature of water repellency it is important to examine how hydrophobization works, how the existing products differ from one another, and how the hygric response of the substrate changes after treatment. The aim of this article is to characterize the impact of water repellent agents on the properties of building materials mostly used in old facades: clay brick and lime mortar. 
The resulting open porosity and pore size distribution, determined with vacuum saturation and mercury intrusion testing respectively, reveal only minimal change in the overall pore structure after impregnation. Our findings also show that hydrophobic treatment is nearly impermeable to liquid water, by evaluating the samples with capillary absorption tests, but still permeable to water vapour, by testing the samples with cup tests. Moreover, the water impermeability grows after exposure to water. In addition, the water repellent agent appears to spread progressively in the material for a long time after the hydrophobic treatment, yielding high final impregnation depths. These findings confirm that water repellent agents successfully hydrophobize the tested materials, with a water-tight but vapor-open hydrophobic layer that goes deep into the material, without notably changing its pore size distribution though.
1. Introduction
1.1 General background 
Existing buildings will have to cover human habitation needs for many years to come, as the European building stock increases solely by 1-1.5% per year [1]. Historic buildings, most commonly with brickwork or natural stone facades, account for 10-40% of the building stock and their conservation is therefore crucial [2]. They are responsible for a sizable fraction of the energy consumption by the built environment, because they typically lack insulation. Thermal retrofitting should hence be considered, for which exterior insulation is the most efficient measure. However, to sustain the architectural and cultural values of the edifice, thermal retrofits of such historic buildings often imply internally insulating the facades [3]. Internal insulation may yield moisture problems though, such as frost damage at the exterior surface, rot of embedded wooden floor beams, or mould growth at interior surfaces [4]. Applying water repellent agents on the facades could potentially avoid such moisture problems, since it minimizes the water absorption by the facade materials [5]. However, it should be carefully examined as it is an irreversible technique [6].
1.2 Literature overview
To thoroughly investigate the behaviour of a hydrophobized masonry facade, we should define the moisture storage and transport properties of its components (brick and mortar), as well as the impregnation depth of the hydrophobic treatment. 
Previous studies provide experimental results on impregnation depth of brick and mortar [7–10]. Additionally, the existence of a first strongly hydrophobized and a second partly hydrophobized region in brick samples has already been established [11,12]. However, the influence of several characteristics of the water repellent agents, such as the different percentage of silane/siloxane and different percentages of active ingredient, on the impregnation depth of brick and mortar samples and the extent of the redistribution of the active ingredient needs to be further investigated.
Whereas some previous studies examine moisture storage properties (maximum moisture content), which derives from free water uptake, on hydrophobized brick samples [5,8,11,13], the present study defines the open porosity and the pore volume distribution in order to investigate the effects of hydrophobic impregnation on the pore structure of both brick and mortar. 
The most crucial function of hydrophobization is to reduce, or avoid, the spontaneous capillary absorption of wind-driven rain, which forms an important moisture source for facades [14,15]. Hydrophobization has shown to be very efficient in reducing the capillary suction of bricks [5,8,10,11,16–18], as well as cement mortars [10,19], commonly expressed by their capillary absorption coefficient (Acap). However, there is a lack of similar studies on lime mortar. The question of whether hydrophobization can eliminate driving-rain absorption by providing the same level of water repellency in both brick and mortar still remains. Also, the influence of the active ingredient, the form, the diluent, and the concentration of the water repellent agent on the capillary suction, as well as the water exposure after treatment, are factors that all need to be investigated. Moreover, several researchers use different application times and curing periods during the impregnation process in lab conditions [7,8,11,17,20] and there has been relatively little analysis on the effect they have on  the water repellency and the impregnation depth of the hydrophobic treatment.
Opposed to the change in the capillary suction, there seems to be no significant change in the vapour diffusion resistance factor (μ-value) of both brick and mortar, however both increases and decreases between untreated and treated samples are reported [5,7,9–11,13,21]. The question of whether and to what extent hydrophobization can influence the vapor permeability of brick and mortar requires an answer. Moreover, whether different forms of water repellent agents (liquid or cream) give different behaviors in the vapor permeability of hydrophobized materials should be investigated both in brick and mortar.
1.3 Aim and outline
The main aim of this article is to characterize the impact of water repellent agents on the hygric behavior of building materials most often used in historic facades: brick and mortar. Serving the above-mentioned aim, the first section describes the physical and chemical properties of the water repellent agents and screens the market of commercially available products. The article continues by comparing the impregnation depth between bricks and mortar and indicating the redistribution of the water repellent agent after treatment. It also considers the influence of hydrophobic impregnation on the open porosity and the pore size distribution of brick and mortar. Subsequently, it is investigated how various water repellent agents employed on different bricks and mortar affect the impregnation strength, quantified by calculating the capillary absorption coefficient. The article concludes by studying the vapour transport with cup tests.
[bookmark: _Hlk10560104]2. Water repellent agents
2.1. The nature of water repellency
The main function of water repellent agents is to prevent liquid water from entering the impregnated surface [8,22,23]. Water is a polar material since it has a positive charge at the hydrogen ends and a negative charge at the oxygen end. Inorganic building materials, such as brick, usually have negative surface charges and therefore attract the positive end of the water molecules (i.e. they are hydrophilic). A water-repellent molecule has a polar “head” and a non-polar “tail”. The polar “heads” are attracted by the polar material and the non-polar “tails” cover the surface. In that way, the surface becomes non-polar and as a result, no longer attracts water molecules (i.e. surface becomes hydrophobic) [21].
2.2. Types of water repellent agents
Water repellent agents that are available on the market, are primarily based on the following types of materials: i) silicon-bearing compounds, ii) metal-bearing compounds and iii) organic materials [21]. Although not widely available yet, water repellent products based on nanotechnology claim to produce better results compared to the more traditional products [24–26]. However, further studies are needed first to conclude on the effectiveness and efficiency of these nanotechnology-based products.
2.2.1 Silicon-bearing compounds
Silicon-based systems are the most popular water repellents in use. Generally, all products that contain a silicon-oxygen backbone can be referred to as silicones, but their properties can vary significantly [21]. When applied, the silicon-based systems form irreversible bonds with the mineral substrate and hydrophobize the building material [22,27]. A simple classification of silicon-based water repellent agents would include silanes, siloxanes and silicon resins.
Silanes
Silanes are monomeric low-weight molecules that contain one silicon atom which is connected to alkyl (-R) and/or alkoxy (-OR) groups. These alkoxy groups (-OR) permit the compound to polymerize and to link chemically to the hydroxylated surfaces of siliceous building materials (e.g. brick, concrete, granite, sandstone), providing anchorage between hydrophobic film and building substrate [21,22]. The alkyl groups (-R) take no part in the polymerization but they provide the hydrophobic properties to the compound.
The low reactivity of silanes often gives great impregnation depths, even in alkaline substrates such as concrete. Silanes are highly volatile though and therefore high concentrations of active content are required, ranging from 25 % up to 99% (almost pure silane) [28], according to the preferred use and the desired performance [29]. 
Siloxanes
Siloxanes are similar in nature to silanes, but their molecular structure is more complex, since they are oligomeric or polymeric molecules based on Si-O-Si chains. Due to this complexity, siloxanes more difficultly migrate into the substrate, although their dimensions are comparable to those of silanes [22,29]. The size of silanes is 0.4 to 1.5 nm and of siloxanes 3 to 30 nm  [30]. Siloxanes are more reactive compared to silanes. In fact, the fast curing process on highly alkaline substrates (e.g. concrete) does not permit siloxane molecules to penetrate deep into the substrate. For that reason, they are mostly used in more porous and more neutral mineral substrates (e.g. brick, natural stones, and aged concrete) [22]. Due to their higher molecular weight, siloxanes are less volatile than silanes, and consequently the needed active content is usually no more than 10 to 15%. Also, higher concentrations encompass the risk of darkening the surface  [29].
Silicone resins
Silicone resins are highly branched polysiloxanes with high molecular weight, with a backbone consisting of silicon and oxygen atoms [22,31]. Silicone resins are already polymerized and the evaporation of the solvent is the only process that takes place after application [21]. However, silicone resins have poor solubility properties, can darken the surface and provide a beading effect, which is not always desirable [21,22]. Silicon resin products should be diluted to 5-10% solids in solvents to achieve a better penetration depth [22].
2.2.2. Metal-bearing compounds
Metal-bearing compounds are mainly based on aluminum stearate, the most popular hydrophobization agent of this kind. Metal-bearing compounds are mostly used for stone treatments, not being effective for brick masonry. Other metal-organic compounds, such as titanium stearate and butyl-ortho-titanate are used in mixtures with oligomeric siloxanes[21].
2.2.3 Organic materials
Hydrophobization agents that are based on organic materials include acrylics, polyurethanes and perfluoro-polyethers. Waxes are also organic substances of either natural or synthetic origin and they are generally used for the conservation of materials such as marble and stone. Although waxes have good hydrophobic properties, they can easily suffer from mechanical damage and color variations [21,32]. Some organic materials are also used in combination with silicon bearing materials in order to provide both water and oil repellency [33–35].
[bookmark: _Hlk534481508]2.3 Product identification
Silicon-based water repellent agents, which are the most popular in practice, can be identified through their active ingredient, the form, the type of diluent, the concentration of the active ingredient, the alkyl group and the type of substrate that is recommended for application (see Table 1) [36].
[bookmark: _Ref10568354]Table 1: Product identification.
	Product characteristic
	Description

	Active ingredient
	Silane - Siloxane - Silicone resins

	Product form
	Liquid or Cream

	Used diluent
	Organic solvent - Water emulsion - Water microemulsion

	Agent concentration
	1-100%, Undiluted* or Ready to use

	Alkyl group
	Octyl or iso-Octyl in commercial products

	Intended substrate
	Mineral substrate** - Masonry*** - Concrete


*Undiluted: contain no diluent and must not be diluted before application.
**Mineral substrates: concrete, brick, natural stone, mortar, concrete blocks.
***Masonry: brick, mortar and natural stone, but not for concrete (or concrete blocks).

2.3.1 Influence of the formulation and diluent
During the previous decades, combination products of both silanes and siloxanes have been marketed as more broadly applicable water repellent agents as they combine the penetration power of silanes and the reactivity of siloxanes. In order to be prepared as ready-to-use, these products have to be diluted with white spirits or alcohols, in various concentrations according to the product and the substrate [22]. However, volatile organic compounds (VOC) are released to the atmosphere when silanes, siloxanes or silicone resins are dissolved in organic solvent. For that reason, more environmentally friendly products based on water as diluent were developed [36]. Paste-like or cream products, developed since the early 2000s, provide alternative treatment methods, easy to apply and with good water repellence characteristics [22,25,37]. 
Water-based emulsions and creams contain emulsifiers to keep the reactive material stable in a water environment [10]. These products perform better after rain exposure and solar radiation. Solar radiation increases the temperature and consequently the reactivity, while rain exposure “washes off” the emulsifiers that impede reactions with water. Micro-emulsions do not contain classical emulsifiers and can immediately demonstrate their performance. However, micro-emulsion products should be applied within 24 hours after dilution, so there would be no reactions between active ingredients and water (personal communication with Hamont, Corne Van, Wacker’s representative) 
2.3.2 Influence of concentration of the active ingredient
The concentration of the active ingredient is important for the performance of the product. Lower concentrations generally decrease the effectiveness of the treatment, which may lead to faster drying though[5,37]. De Clercq and De Witte [20] show that the influence of concentration on the effectiveness of the treatment becomes more important after ageing. 
[bookmark: _Hlk534220654]2.3.3 Influence of the alkyl groups
The alkyl groups (-R) attached to silane, siloxane and silicone resin take no part in the polymerization but provide the hydrophobic properties to the compound. Some studies have shown that long alkyl groups are not more effective than methyl groups and that the nature of the substrate played a more significant role in the performance of the treatment [21]. However, longer alkyl chains provide good resistance against alkalinity as they create a steric shield for the Si-O-Si bonds which are prone to hydrolysis [22]. 
If the hydrophobic compound is composed only of methyl groups, the alkaline stability may not be very strong. The influence of the alkyl group, in terms of alkali resistance, is more notable in cementitious substrates. For brick this influence may not be that important, because brick is a more neutral material than concrete with respect to alkalinity. In masonry walls the length of the alkyl group may influence the treatment, since mortar is an alkaline material. However, most formulations nowadays contain longer alkyl groups so that the alkalinity of mortar cannot cause stability problems[21,38–40] 
[bookmark: _Hlk535527597]2.3.4 Influence of the type of substrate
Compatibility between pore structure and polymer chain length can play an important role in the effectiveness of the hydrophobic treatment and the hygric behavior of the impregnated substrate. De Clercq and De Witte [20] indicate that the pore structure of the substrate  is the key factor that determines the process of polycondensation. For that reason, the water repellent agents should be classified according to their polymer chain length in relation to the pore size of the substrate that will be impregnated [8]. Thus, different water repellent agents are suitable for different types of substrates.
2.4. Classification of commercially available water repellent agents
In order to select the products that will be used in the laboratory experiments, it is important to obtain an overview of the commercially available water repellent agents so that selected agents will represent a wide spectrum of the existing products. There are several distributors of water repellent agents, and they all provide a spectrum of products that can be categorized according to several characteristics: type of active ingredient, formulation, concentration and type of substrate, explained in Section 2.3.
Water repellent agents from thirteen distributing companies were classified, including five big silicon-producing companies: Wacker, Dow, BlueStar, Sika, and Momentive. The rest of the water repellent agents are selected from non-silicon-producing companies. These companies developed their own formulations using silicones from the above-mentioned silicon producing companies (see Table A 1 Appendix). In total, 77 commercially available products suitable for mineral substrates have sufficient information to be identified, although there are more products on the market. 

This study focuses on water repellent agents that are used as brick masonry impregnation against wind-driven rain. This means that products against rising damp, in-plant impregnations for cement, products used for wood and products that are used as admixtures in paints or coatings, are not included.

Almost all companies use silicon-based repellents, while some of them also provide agents based on organic or metal-bearing materials which may or may not contain silicones. Almost half of the silicon-based products are mixtures of silanes and siloxanes (see Figure 1). The majority of water repellent agents are in liquid form. Most products use water as a diluent, especially if they are in the cream form (see Figure 2 left). Although some products are recommended only for application in concrete and cementitious materials, most products are recommended for mineral substrates in general (see Figure 2 right).

[image: ]
[bookmark: _Ref10567024]Figure 1: Types of water repellent agents. Data from 77 listed products.
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[bookmark: _Ref10567310]Figure 2: Form and diluent of water repellent agents (left), Type of substrate (right). Data from 77 listed products.
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3. Materials and methods
3.1. Target building materials
Hydrophobic impregnation in combination with internal insulation is a retrofit measure for external walls of old/historic buildings with architectural or cultural value, for which external insulation is not a feasible solution. The external wall of such buildings is often made of solid masonry (ceramic brick and lime mortar), at least in many Northern, Western and Central European countries. Therefore, the current study looks into ceramic brick (three types) and lime mortar (one type), described in Table 2. 
The Robusta and yellow soft bricks (R brick and Y brick) have been used in research projects at KU Leuven (Leuven, Belgium) and at DTU (Technical University of Denmark, Kgs. Lyngby, Denmark) respectively e.g. (Todorovic and Janssen [41]) (Hansen et al [7]) and their properties have been thoroughly examined. Samples of a historic brick (H brick) were acquired from a building in Copenhagen constructed in 1944, in order to also impregnate the exposed to weather conditions surface. 
In relation to size, the brick samples were divided into three groups: 8x4x4 cm, 1x4x4 cm, and 3x8 cm (thickness x diameter) and were cut from regular bricks. Only for the H brick the exposed to weathering surface was kept on the sample. Samples with apparent cracks were excluded in the process as cracks should be repaired before impregnation according to technical data sheets of water repellent agents. 
The lime mortar was selected to represent an historic type of mortar. The relative amounts of ingredients for the lime mortar (lime Saint-Astier NHL3.5) was 10 liters of water, 12.5 kg of lime, and 50 kg of sand. All ingredients were mixed in large realistic portions and the fresh mortar was placed in wooden molds to form the tested mortar samples. Mortar was kept in the molds for more than 6 months. After this period, the samples were placed in a carbonation chamber (4.7% CO2 exposure) for 2 weeks in order to represent a carbonated historic mortar [42]. The mortar samples were tested with phenolphthalein in order to check if they were fully carbonated. Because of the small size (8x4x4 cm, 1x4x4 cm and 3x8 cm) and the composition (lime) of the mortar samples, in 10 days they became fully carbonated.
[bookmark: _Ref10460563]Table 2: Building material used in the current study. Properties of untreated samples.
	Name
	Description
	Acap*
[10-5kg/m²√s]
	wcap*
[kg/m³]
	μ*

	R brick
	Robusta Vandersanden Belgian Brick
	60732 (2043)
	208 (2.3)
	11.3 (1.2)

	H brick
	Historic Danish Brick from an old building in Copenhagen (1944)
	39875 (2288)
	249 (3.9)
	8.70 (0.9)

	Y brick
	Yellow soft-molded Danish brick from Helligsø and Vesterled Teglværk
	30970 (4584)
	276 (19.3)
	11.9 (1.4)

	L mortar
	Carbonated lime mortar
	25820 (2041)
	227 (6.6)
	8.00 (0.4)


* Acap and wcap  derived from water uptake test (each result is an average based on five samples), μ from wet cup test [RH 53.2 – 97.4%] (each result is an average based on four samples). The values in () correspond to the standard deviation. For additional properties of R brick and L mortar see Table B 1 Appendix and for the Y brick see [18].
3.2. Selected water repellent agents 
[image: ]The selected water repellent agents (Table 3) represent the basic variations that can be found on the market of silicon-based water repellent agents according to the characterization shown in Table 1. The selected products include different active ingredients, in liquid or cream form, water or solvent-based, with different concentrations, and recommended for different types of substrate. 
The SMK products from Wacker (SILRES BS) are micro-emulsion water-based mixtures of silane/siloxane. SMK 2101 has a high percentage of silane (around 90 %) and is recommended for cementitious substrates [28]. SMK 1311 has a high percentage of siloxane (around 90 %) and SMK 2100 has a balanced  mixture of silane/siloxane (approximately ratio 50/50). SMK products are available with 100% concentration and they can be diluted with tap water (preferably deionized) to produce any concentration [43,44]. The recommended concentration of active ingredient for the SMK products for brick and mortar is between 6 and 10 %. In order to investigate the influence of lower and higher than recommended concentrations, 2% and 25% are also tested. 
Funcosil Remmers SNL, a solvent-based product and Funcosil Remmers WS, a water-based emulsion product [45,46], are both ready-to-use. Funcosil Remmers FC cream is a water-based silane cream that can be ordered in any possible concentration [47].
[bookmark: _Ref10461139]Table 3: Water repellent agents used in the current study.
	[bookmark: _Hlk534480688]Product
	Company
	Type
	Form
	Diluent
	Concentration
	Substrate

	SMK 2101
	Wacker
	90% silane
	Liquid
	Water
	6, 10, 25** %
	Concrete

	SMK 1311
	Wacker
	90% siloxane
	Liquid
	Water
	6, 10, 25** %
	Mineral

	SMK 2100
	Wacker
	Silane/siloxane
	Liquid
	Water
	2*,  6,  10, 25** %
	Mineral

	SNL
	Remmers
	Siloxane
	Liquid
	Solvent
	7 %
	Mineral

	WS
	Remmers
	Silane/siloxane
	Liquid
	Water
	10 %
	Mineral

	FC
	Remmers
	Silane
	Cream
	Water
	10,*  20,  40, 80 %
	Mineral


Information derived from the technical data sheets of the products.*Concentration lower than recommended. **Concentration higher than recommended.
3.3 Hydrophobization treatment
According to the technical data sheets of the water repellent agents included in the current study, the substrate should be cleaned from dirt, dust and possible efflorescence before the impregnation [28,46,48].
[bookmark: _Hlk515259]The samples were washed with deionized water to avoid the absorption of extra salts and were carefully cleaned with a brush to remove dirt and dust. Afterwards, the samples were stored for drying in an oven (70 C) for the absorbed moisture from the intense water exposure to evaporate. After reaching a stable mass (4-5 days), the samples were cooled in order to obtain room T and RH.
[bookmark: _Hlk515922][bookmark: _Hlk516402]For the water uptake testing samples, the impregnation with liquid products followed the test practice of Wacker where samples are dipped for five minutes in the liquid agent. According to Wacker this represents two to three working operations (personal communication with Hamont, Corne Van, Wacker’s representative). In the current study, one surface of each sample was exposed to free agent uptake (contact time) for five minutes (see Figure 3). For impregnation with cream products the minimum recommended amount, 150-200 ml/m2, was applied with a brush [47].
[image: ]
[bookmark: _Ref10567734]Figure 3: Impregnation of brick (left) and mortar (right) samples by exposing them to free uptake of water repellent agent (liquid products). 
For the vacuum saturation, the mercury intrusion, and the cup test alternatively, the samples were fully hydrophobized, in order to obtain homogeneous specimens. The impregnation with liquid products was conducted via free agent uptake until the agent reaches the top of the sample while for the cream products, a substantial quantity of agent was applied on the top surface of the sample in order for the agent to reach the bottom surface.
[bookmark: _Hlk515953]Finally, the samples were stored in a climatic chamber (21 C, 53% RH) for one-month curing, which is longer than the 14 days recommended by Wacker; however the water repellency efficiency depends on the curing time [11].
3.4 Experimental set-up
Four main factors that characterize the hydrophobic layer: i) impregnation depth (dp), ii) change in the open porosity (Φ) and the pore volume distribution (fv) (moisture storage), iii) reduction of the water absorption coefficient (Acap) (moisture transport), and iv) change of vapour diffusion resistance factor () (moisture transport), were investigated as presented in Table 4.
[bookmark: _Ref4665760]Table 4: Laboratory experiments. Test plan including measured properties, type of tests, sample size and amount, type of material, and type and composition of water repellent agent. 
	Material (No. of samples)
	Product
	Form
	Diluent
	Concentration
	Study the influence of

	Impregnation depth (dp) (8x4x4 cm samples)

	R brick (54), L mortar (45), Y brick (6), 
H brick (12) 
	Visual inspection & capillary water uptake from
 the non-impregnated side 
	Concentration of active ingredient, ratio silane/siloxane, form, diluent

	Open porosity (Φ) by vacuum saturation test  (1x4x4 cm samples)

	R brick, L mortar (5)
	Untreated
	Substrate

	R brick L mortar (5)
	SMK 2100
	Liquid
	Water
	10 %
	

	Pore volume distribution (fv) by mercury intrusion  (dry mass: 1.5-2.5 g samples)

	R brick, L mortar (5)
	Untreated
	Substrate

	R brick, L mortar (5)
	SMK 2100
	Liquid
	Water
	10 %
	

	Water absorption coefficient (Acap) by capillary water uptake  (8x4x4 cm samples)

	R brick, L mortar, Y brick, H brick (5)
	Untreated
	

	R brick, L mortar (9)
	SMK 2101
	Liquid
	Water
	6, 10, 25 %
	Concentration of active ingredient, ratio silane/siloxane, form, diluent
After treatment water exposure
Duration of water exposure

	R brick, L mortar (9)
	SMK 1311
	Liquid
	Water
	6, 10, 25 %
	

	R brick, L mortar (12)
	SMK 2100
	Liquid
	Water
	2, 6, 10, 25 %
	

	R brick (3)
	SNL
	Liquid
	Solvent
	7 %
	

	R brick (3)
	WS
	Liquid
	Water
	10 %
	

	R brick, L mortar (12)
	FC
	Cream
	Water
	10, 20, 40, 80 %
	

	H brick, Y brick (3)
	SMK 2100
	Liquid
	Water
	6 %
	Substrate

	H brick, Y brick (3)
	FC
	Cream
	Water
	40 %
	

	H brick (weathered) (3)
	SMK 2100
	Liquid
	Water
	6 %
	Exposure to exterior conditions before impregnation

	H brick (weathered) (3)
	FC
	Cream
	Water
	40 %
	

	R brick (6), L mortar (3)
	SMK 2100
	Liquid
	Water
	6 %
	Curing and application time

	Water vapour diffusion factor (μ) by cup test  (8 cm diameter, 3 cm height samples)

	R brick, L mortar (4)
	Untreated
	Water repellent agent, substrate

	R brick, L mortar (4)
	SMK 2100
	Liquid
	Water
	10 %
	

	R brick, L mortar, Y brick, H brick (4)
	Untreated
	

	R brick, L mortar, Y brick, H brick (4)
	FC
	Cream
	Water
	40 % 
	


The number inside () corresponds to the number of samples tested per material. All surfaces of brick samples were sawn except where indicated (weathered). 
Each result is an average based on five samples for the vacuum saturation and mercury intrusion test both for untreated and treated samples, as well as for the untreated samples of the capillary water uptake test. However, for all the treated samples of the capillary water uptake test each result is an average based on three samples. For all the latter samples, the water uptake test was repeated. Only for a few samples the water uptake test was repeated for a third time. The same samples were used for measuring the impregnation depth by visual inspection and water uptake test from the non-impregnated side. Only for a few samples the water uptake from the non-impregnated side was repeated for a third time. Between each repetition, the samples were dried in an oven at 70oC. For cup tests, each result is an average based on four samples for both untreated and treated samples.
Hydrophobic impregnation creates a first, strongly hydrophobized layer as well as a larger volume that is partly hydrophobized [11] (see Figure 4). The impregnation depth of impregnated samples was initially measured by visual inspection (i.e. measuring the length of the surface that becomes darker after impregnation), right after the impregnation and one month later. In addition, water uptake tests were conducted from the non-impregnated side of the samples to illustrate the redistribution and the extent of spreading of the water repellent agent in the samples. On this study, by “impregnation depth”, we refer to the strong hydrophobized region plus the partly hydrophobized region.
[image: ]
[bookmark: _Ref29309721]Figure 4: Impregnation depth in H brick right after the impregnation process with a liquid product. Strong hydrophobized layer at bottom (darker surface), partly hydrophobized region above.
Vacuum saturation test was conducted according to [49] (ASTM C1699-09, 2009), in order to determine open porosity (Φ), which is proportional to vacuum saturated moisture content wsat, as described in [41,50].
Mercury intrusion tests were carried out to determine the pore volume distribution of hydrophobized brick and mortar according to [51] as described in [41].
[bookmark: _GoBack]Water uptake tests were conducted in order to obtain the water absorption coefficient (Acap) in accordance with [52] as described in [50,53]. Since impregnation significantly reduces the capillary water uptake, the duration of the water uptake test of the impregnated samples was 24 hours and the measurement time intervals were: 10', 30', 1h, 1h 30', 2h, 3h, 4h, 7h, 9h, 24h. The water absorption coefficient Acap is the slope of the first stage of the curve in relation to the square root of time and is significantly decreased in a material impregnated with a water repellent agent [8]. However, when the graph of water uptake against the square root of time does not give a straight line but a curve of some form, the absorption coefficient is defined as the measured increase in weight [g] at 24h divided by  [52]. 
Cup tests were conducted according to [54], to determine the water vapour diffusion resistance factor (μ). After pre-conditioning, the samples, enclosed in the lids, were attached to cups containing saturated salt solutions and placed in a climatic chamber. Weighing of the samples was conducted twice per week in four weeks.
[bookmark: _Hlk10234168][bookmark: _Hlk10233371]4. Results
4.1 Impregnation depth 
 A sufficient impregnation depth of the hydrophobic treatment is vital, since a thin hydrophobic layer may pose a risk for water penetration in the case of cracks at the exterior surface. Initially in this study the impregnation depth of impregnated samples was measured by visual inspection right after as well as one month after the impregnation process. The visual inspection indicates impregnation depths (strongly hydrophobized region plus the partly hydrophobized region) of approximately 25 mm on bricks and of 5 to 10 mm on mortar, right after impregnation with various liquid water repellent agents (for details refer to Table C 1 in Appendix). The redistribution of the agent after one month is visible only in R brick where the impregnation depth is around 30 mm. However, this section aims to illustrate that the redistribution of the agent extends the measured values coming from visual inspection and results in larger impregnation depths.
In order to thoroughly investigate the partly hydrophobized volume, water uptake tests from the impregnated and not-impregnated sides were conducted. Figure 5 gives an indication of the strength and depth of the partly hydrophobized volume by comparing the water absorption coefficient of samples from the impregnated side and the not impregnated side. The impregnated samples show water repellency even at the not-impregnated side, as the water volume absorbed by the not-impregnated side is significantly reduced compared to the untreated material. Figure 5 also illustrates that the redistribution of the agent leads to much larger impregnation depths than the ones measured by visual inspection. After the hydrophobization procedure, the active ingredient spreads further into the material, leading to a major rise in the impregnation depth. All three brick types, when impregnated with liquid products (SMK, SNL and WS), in all tested concentrations, showcase water uptake reductions from the non-impregnated side that are similar to the results for water uptake from the impregnated side (Figure 5). This leads to the conclusion that the brick samples become almost fully hydrophobized, and therefore, the impregnation depth is greater than the initial measurements via visual inspection. In the case of L mortar the reduction of Acap from the non-impregnated side is also significant but the samples do not become fully hydrophobized.
Due to the less amount of agent applied with FC cream compared to that of liquid products, this effect is less evident. After 5 minutes of free liquid agent uptake, R brick absorbs around 5 to 8 ml of agent, H brick 5 to 7 ml, Y brick 5 to 6 ml, L mortar 4 to 7 ml. The minimum recommended quantity of the FC cream products (150 - 200 ml/m2) corresponds to around 0.5 ml per sample. When five times more cream agent is applied (40% concentration) in R brick and L mortar, the impregnation depth (visual inspection) is 24 and 15 mm respectively and the water absorption coefficient from the not-impregnated side is 235 and 3305 (10-5 kg/m²√s)) respectively after one-month of curing.  
For SMK 2100 and Remmers FC the water uptake from the impregnated and not-impregnated side was conducted after one month of curing. In the case of SMK 2101, SMK 1311, Remmers SNL and Remmers WS, water uptake from the impregnated side was conducted after one month of curing, while the water uptake test from the not-impregnated side was conducted after five months. With longer curing times and water exposure, the agent can spread deeper, hence yielding an even better performance in R brick impregnated with SMK 2101 and WS in terms of water repellency from the not-impregnated side compared to the impregnated side with one month of curing (see Figure 5). Moreover, repeating the water uptake test from the not impregnated side for R brick and L mortar treated with FC 40% and for L mortar treated with SMK, results in further reduction of Acap (see Table C 1 Appendix) building more confidence that the agent spreads deeper with time.
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[bookmark: _Ref15565515][bookmark: _Hlk16036542]Figure 5: Water absorption coefficient, initial (Acap1) after one month of curing, repeated after water exposure (Acap2), from not impregnated side of the sample (height 8 cm) after one month of curing (Acap3), from not impregnated side after five months of curing (Acap4). R brick, L mortar, H brick and Y brick, untreated and impregnated with different water repellent agents and concentration of active ingredients. Each result is an average based on three samples, error bars correspond to standard deviation, for exact values see Table C 1 Appendix. All the results of Acap2 refer to 1 month of curing except for the SNL where it was measured after 5 months of curing. 
4.2 Moisture storage 
Neither open porosity (Φ) nor vacuum saturation moisture content (wsat) seems to be significantly influenced by hydrophobic impregnation, both in R brick and L mortar as seen in Figure 6 (left). The pore volume distribution in Figure 6 (right) indicates almost the same available pore volume space in the hydrophobized material both in R brick and L mortar, that can be filled after submerging the sample and inducing a hydrostatic overpressure in the vacuum saturation testing (see Figure 6 (left)). The small reduction of the open porosity especially in the case of L mortar could be due to a limited extent of clogging in the finer pores [8].
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[bookmark: _Ref5111276]Figure 6: Open porosity and vacuum saturation moisture content (left) and pore volume distribution (right), R brick and L mortar, untreated and impregnated with SMK 2100 10 %. Each result is an average based on five samples, error bars correspond to standard deviation, for exact values see Table B 1 Appendix.
4.3 Moisture transport 
4.3.1 Capillary water absorption
A majority of the silicon-based water repellent agents significantly reduce the capillary water absorption of R, H and Y brick and L mortar (Figure 5). In all cases the water absorption coefficient is negligible compared to the not impregnated samples. Only the WS water-based emulsion product in 10 % concentration and the SMK 2101 silane agent in all tested concentrations performed less well in R brick, compared to the rest of the agents in the first water uptake (Acap1). However, repeating the water uptake tests (Acap2) results in greater reduction of the absorbed water.
Different concentrations, diluents and percentages of silane/siloxane illustrate similar water repellency performance but differ in the time that is needed to reach their optimal performance. Silanes (SMK 2101 and FC cream) and water emulsions (WS) seem to reach an optimal performance after water exposure. In R brick samples impregnated with SMK 2101 silane 10%, Remmers WS 10% and Remmers cream 40% even after three times of water uptake, Acap is still slightly reduced (see Acap3 in Table C 1, Appendix).
The different tested substrates do not influence the absorption coefficient reduction, since both bricks and mortar depict similar water repellency performance impregnated  with SMK 2100 6% (liquid) and FC 40% (cream). Moreover, low concentrations of 2 % for liquid products and 10% for cream products still perform well, but not better than higher concentrations, as it is also described by Soulios et al [17].
Figure 7 shows that the absorption coefficient is negligible compared to untreated samples when studying the effect of the application time at impregnation, curing time, type of surface (inner (i.e. sawn) or weathered), or the duration of capillary water uptake.
The application time between the water repellent agent and the material in the process of impregnation did not affect significantly the water repellency of the R brick impregnated with SMK 2100 silane/siloxane 6% (liquid-based) even when extreme time intervals were used (10 sec and 80 min). The excess amount of hydrophobic agent absorbed using 80 min contact time is translated to a larger impregnation depth and not to a stronger water repellency, compared to the contact time of 5 min, since the R brick sample becomes fully hydrophobized (8 cm depth) in 80 min. For mortar, the performance in terms of water repellency is slightly worse with a contact time of 10 sec, compared to 5 min.
R brick impregnated with FC 40%, performs slightly worse with one-week curing time instead of one month. The performance of hydrophobic impregnation in terms of repelling liquid water is not affected if the agent – instead of an inner (sawn) surface – is applied on a weathered surface of a brick that has been thoroughly cleaned before impregnation. All the tested concentrations and the different percentages of silane/siloxane seem to have almost the same performance after longer exposure to water (continuing the water uptake for 1 week).
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[bookmark: _Ref15644153][bookmark: _Hlk20475547]Figure 7: Capillary water uptake. Influence of application time, curing time, type of surface and duration of water exposure on the water absorption coefficient of R brick, L mortar and H brick impregnated with FC 40% and SMK 2100 6%. Each result is an average based on three samples, error bars correspond to standard deviation. Results for untreated samples are shown as reference.
[bookmark: _Hlk5894411]4.3.2 Water vapour diffusion
[bookmark: _Hlk9457093]Next to capillary water absorption, another key issue regarding hydrophobization is whether the vapour diffusion resistance factor (μ) of the material is altered after the hydrophobic treatment. The current findings (Figure 8) support the view that hydrophobic impregnation has a minor effect on the water vapour diffusion resistance factor [5,7,11,13,21]. There is nevertheless a small increase for all materials tested both with a liquid and a cream water repellent agent.  In the case of L mortar at high RH, hydrophobization might eliminate the liquid water islands and the difference between untreated and treated samples is more obvious. 
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[bookmark: _Ref14971677]Figure 8:  Water vapour diffusion resistance factor (μ) of R brick, L mortar, H brick and Y brick, untreated and impregnated with SMK 2100 10% and FC 40% in different RH range. Each result is an average based on four samples, error bars correspond to standard deviation, for exact values see Table B 2 and Table B 3 Appendix.  
5. Discussion
The present study examined the effect of water repellent agents on impregnation depth and on the hygric properties of brick and mortar samples. Silicon-based water repellent agents can create a hydrophobic layer with an increasing impregnation depth over time through the redistribution of the active ingredient, a layer  impermeable to liquid water but still permeable to water vapor without major alterations in the pore structure. 
Hydrophobic impregnation creates a first, strongly hydrophobized layer as well as a larger volume that is partly hydrophobized [11]. Water uptake tests from the not impregnated side of the 8 cm high samples (see Figure 5) extend our understanding of a well-defined impregnation depth provided by the technical data sheets of water repellent agents [55], indicating that the active ingredient is spread deeper inside the material and the impregnation depth increases for a period of time after impregnation. 
Technical data sheets refer to the strongly hydrophobized region as impregnation depth, because in the partly hydrophobized region liquid water transfer could take place. When only the strongly hydrophobized region is considered, the measured values (after one month) of H brick and Y brick (9.5 and 7.7 mm respectively) impregnated with SMK 2100 fall close to the values provided for the SMK 1311 by Wacker (6-11 mm) for ceramic brick [55]. One more parameter that affects the impregnation depth of liquid products in lab environment is the application time. Longer application time leads to more redistribution in the material, as shown by Besien et al.  [12]. Both in R brick and L mortar an application time of 10 sec (similar to experiments by [7,8]), leads to lower impregnation depths than an application time of 5 min both in R brick and L mortar during which larger quantities of hydrophobic agent were absorbed (see Table C 1, Appendix). For on-site applications you flood the wall to saturation wet on wet from top to bottom two to three times with liquid products to ensure a large impregnation depth [46,56]. According to [6] 10 to 23 mm impregnation depth is sufficient with a maximum of 40 mm for highly absorbing porous building materials. In cream products it is easier to work with minimum quantities per square meter because the cream is absorbed slowly from the substrate. However, also in cream products the Acap from the not impregnated side is lower when increasing the application rate from 0.5 ml to 2.5 ml, indicating larger impregnation depth (see Acap4 Table C 1, Appendix).
The different percentages of silane/siloxane and the different percentages of active ingredient don’t have a major influence on the impregnation depth, especially after long curing periods and water exposure after treatment. However, the substrate has an impact: the active ingredient penetrates deeper in brick than in mortar, for all tested water repellent agents. Moreover, the standard deviation of Acap of the three samples for each case of L mortar treated with liquid products (from the non-impregnated side) is significantly higher, indicating a non-uniform impregnation of the samples in the case of L mortar treated with the liquid products. 
Another observation is that the different behavior of the hydrophobic layer is not caused by alterations in the pore structure, since there is almost the same available pore volume space in the hydrophobized material (see Figure 6 (right)) that can be filled after submerging the sample and induce hydrostatic overpressure difference with the vacuum saturation test. The small reduction of the open porosity happens due to a limited extent of clogging in the finer pores [8] and/or the thin polymer chain creation around the perimeter of the pore wall, which is responsible along with the lack of liquid islands, for the small increase of the vapour diffusion resistance factor presented in Figure 8. However, the small shift towards smaller pores in the pore volume distribution curve of hydrophobized mortar and a more obvious change in the open porosity than brick indicates that the finer the pores the higher the possibility of available pore volume reduction in a hydrophobized material.
The different behavior of the hydrophobic layer is caused by the non-polar film (see section 2.1) that is formed on the pore-walls of the porous building materials. This comparatively thin hydrophobic film (0.4 to 1.5 10-9m for silanes and 3 to 30 10-9m for siloxanes) [30] impedes liquid transfer, which reduces the drying speed [9,17] but allows water vapour diffusion, since it does not completely occupy the pores of mortar (5 10-9 to 5 10-6 m) or brick (10-6 to 10-4 m) (see Figure 6), thus not fully impeding the drying of the material.
The present study supports previous findings on impregnated bricks, that reported similar reduction in the capillary water uptake with similar water repellent agents [5,8,10,11,16–18]. However, Hansen et al. [7] reported a high variation in terms of water repellency between different water repellent agents tested both in brick and mortar samples.  Different conclusions could be caused by differences on duration of the curing period, cleaning of the samples before impregnation [11], as well as the method of impregnation and not in differences in application time (see Figure 7). 
The results reported in this article indicate that the small polymer chain of silane products (0.4–1.5 10-9m) [30], especially in the case of a building material with coarse pores like brick (10-6-10-4 m) (Figure 6), need more curing time and longer water exposure after treatment to reveal improved performance, due to the time needed for hydrolysis and polycondensation to take place. Given that the silane-containing water repellent agents, originally recommended for concrete, need more curing time and after-treatment water exposure but can be very effective in both brick and mortar in terms of water repellency and impregnation depth. In a real case scenario, wind-driven rain would represent the after-treatment water exposure, perhaps increasing the impregnation strength and depth due to the washing-off of the emulsifiers, which permits the active ingredient of the water repellent agent to form stronger bonds with the pore walls of the building material. This is the reason why water-based products that contain emulsifiers, demonstrate a significantly increased performance after exposure to water. Products that contain micro-emulsions, increase their performance after water exposure, but tend to reveal their performance faster. Even the solvent-based product (SNL) shows a small reduction in terms of Acap (Figure 5) but this is the result of the long curing time between the first and second water uptake tests (five months). However, even without after-treatment exposure to water, the obtained Acap is already close to zero.
Although the number of samples for the investigation of the effect of curing time in the current study were limited, combining the findings in Figure 5, Figure 7, with the findings of Zhao and Meissener [11] support the view that with longer curing time the water repellency performance is increased. Another interesting fact is that for all the liquid water repellent agents tested in mortar samples, the active ingredient is absorbed with a slower rate and it needs longer application time, between the sample and the water repellent agent, than brick to be sufficiently impregnated. 
[bookmark: _Toc526977890][bookmark: _Hlk529303137][bookmark: _Hlk529526900]6. Conclusions
In this paper the hygric behavior of ceramic bricks and carbonated lime mortar, treated with various water repellent agents, was experimentally studied. The water repellent agents penetrate deep into the materials, successfully blocking capillary effects, while still allowing water vapor diffusion, without notable alterations in the pore structure of the material. Moreover, water exposure after treatment increases the water repellency performance of the hydrophobic layer.
Future studies should include more types of mortar, especially mortars used for brickwork in historic buildings. Moreover, future research would benefit from focusing on durability tests, to study the long-term effect of the water repellency. Also hygrothermal simulations based on experimental data and real experiments in the component level will contribute towards a holistic view of hydrophobization.
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[bookmark: _Toc535540121][bookmark: _Hlk535534512][bookmark: _Ref24058537]Appendix A Commercially available water repellent agents 
Table A 1: Commercially available water repellent agents suitable for mineral substrates identified for this study.
	
	Company
	Product
	Form
	Diluent
	Conc.
	Substrate

	No
	Silanes

	1
	WACKER
	BS CREME C
	Cream
	water
	80%
	concrete

	2
	WACKER
	BS 1701
	Liquid
	undiluted
	99%
	concrete

	3
	WACKER
	BS 17040
	Liquid
	water
	40%
	concrete

	4
	WACKER
	BS 16040
	Liquid
	water
	40%
	concrete

	5
	SIKA
	706 Thixo
	Cream
	water
	80%
	concrete

	6
	SIKA
	705 L
	Liquid
	undiluted
	99%
	concrete

	7
	SIKA
	740 W
	Liquid
	water
	40%
	concrete

	8
	REMMERS
	Funcosil IC
	Cream
	water
	80%
	concrete

	9
	REMMERS
	Funcosil FC
	Cream
	water
	40%
	masonry

	10
	DOW
	OFS-2306
	Liquid
	solvent
	96%
	mineral

	11
	DOW
	IE 6682
	Liquid
	water
	52,5%
	mineral

	12
	MOMENTIVE
	Silblock wms
	Liquid
	water
	40%
	mineral

	13
	REYNCHEMIE
	RC SILAN
	Liquid
	solvent
	98%
	concrete

	14
	PEC
	ENVIROSEAL 20
	Liquid
	water
	20%
	concrete

	15
	REWAH
	ARTISIL B10
	Liquid
	solvent
	10%
	concrete

	16
	REYNCHEMIE
	RC 900
	Liquid
	solvent
	10%
	mineral

	
	Silane/Siloxane mixture

	17
	WACKER
	BS  N
	Cream
	solvent
	25%
	mineral

	18
	WACKER
	BS 280
	Liquid
	solvent
	100%
	mineral

	19
	WACKER
	BS 290
	Liquid
	solvent
	100%
	mineral

	20
	WACKER
	BS 39
	Liquid
	water
	25%
	mineral

	21
	WACKER
	BS 1001
	Liquid
	water
	50%
	mineral

	22
	WACKER
	BS 3003
	Liquid
	water
	60%
	mineral

	23
	WACKER
	BS 4004
	Liquid
	water
	50%
	mineral

	24
	WACKER
	BS SMK 1311
	Liquid
	water
	100%
	mineral

	25
	WACKER
	BS SMK 2100
	Liquid
	water
	100%
	mineral

	26
	WACKER
	BS SMK 2101
	Liquid
	water
	100%
	concrete

	27
	DOW
	Z-6689
	Liquid
	solvent
	98%
	mineral

	28
	DOW
	IE 6683
	Liquid
	water
	40%
	mineral

	29
	DOW
	520
	Liquid
	water
	40%
	mineral

	30
	DOW
	IE 6694
	Liquid
	water
	60%
	mineral

	31
	Facabelle
	Fassapearl S
	Liquid
	solvent
	10%
	mineral

	32
	Facabelle
	Technifuge A104
	Liquid
	solvent
	10%
	mineral

	33
	Facabelle
	Fassapearl H
	Liquid
	water
	10%
	mineral

	34
	REYNCHEMIE
	RC  III
	Cream
	water
	40%
	mineral

	35
	REYNCHEMIE
	RC  IV
	Cream
	water
	40%
	mineral

	36
	REYNCHEMIE
	RC 805
	Liquid
	water
	7,5%
	mineral

	37
	SIKA
	700 S
	Liquid
	solvent
	
	mineral

	38
	SIKA
	704 S
	Liquid
	solvent
	
	concrete

	39
	SIKA
	703 W
	Liquid
	water
	
	mineral

	40
	REMMERS
	C40
	Cream
	water
	40%
	concrete

	41
	REMMERS
	WS
	Liquid
	water
	10%
	mineral

	42
	REWAH
	GELIFUGE
	Gel
	solvent
	25%
	masonry

	43
	REWAH
	STONEGEL
	Gel
	water
	25%
	mineral

	44
	Soudal
	Soudaclear S
	Liquid
	solvent
	8%
	mineral

	45
	Soudal
	Soudaclear W
	Liquid
	water
	6,5%
	mineral

	46
	PEC
	ENVIROSEAL B
	Liquid
	water
	7%
	masonry

	47
	SCALP
	Scalpfuge 35
	Liquid
	water
	
	masonry

	
	Siloxanes

	48
	Facabelle
	Fassapearl-Gel
	Cream
	water
	25%
	mineral

	49
	REMMERS
	SNL
	Liquid
	solvent
	7%
	mineral

	50
	REYNCHEMIE
	RC IP500
	Liquid
	solvent
	10%
	mineral

	51
	DOW
	1 _ 6184
	Liquid
	water
	98%
	masonry

	52
	REMMERS
	SL
	Liquid
	solvent
	7%
	masonry

	53
	BLUESTAR
	WR 224
	Liquid
	solvent
	69%
	mineral

	54
	BLUESTAR
	BP-9400
	Liquid
	solvent
	100%
	mineral

	55
	Facabelle
	TECHNISIL hydro
	Liquid
	water
	10%
	mineral

	56
	REYNCHEMIE
	RC SILOX
	Liquid
	solvent
	100%
	mineral

	57
	REYNCHEMIE
	RC 224
	Liquid
	solvent
	10%
	mineral

	58
	WACKER
	BS 66
	Liquid
	solvent
	100%
	mineral

	59
	REWAH
	REDISIL S
	Liquid
	solvent
	10%
	masonry

	60
	REWAH
	RS 8
	Liquid
	water
	8%
	masonry

	61
	BLUESTAR
	BP 9710
	Liquid
	water
	44%
	mineral

	
	Silicone resins

	62
	BLUESTAR
	RES 4518 
	Liquid
	solvent
	70%
	mineral

	63
	DOW
	MR 2404
	Liquid
	solvent
	88,0%
	mineral

	64
	SCALP
	AQUAFUGE 18
	Liquid
	water
	
	mineral

	
	Organic

	65
	REMMERS
	OFS
	Liquid
	water
	
	mineral

	66
	APP
	ThefAPP
	Liquid
	water
	3,1%
	mineral

	67
	APP
	APPHD
	Liquid
	water
	1,9%
	concrete

	68
	REYNCHEMIE
	RC 808
	Liquid
	water
	10%
	mineral

	
	Silicon & Organic

	69
	Facabelle
	TECHNISIL Hydro plus
	Liquid
	water
	10%
	mineral

	70
	REWAH
	OLEOFUGE F
	Liquid
	water
	10%
	mineral

	71
	Wacker
	BS 38
	Liquid
	solvent
	46%
	mineral

	72
	REYNCHEMIE
	RC 806
	Liquid
	water
	10%
	mineral

	
	Metal bearing

	73
	SCALP
	OM 70
	Liquid
	solvent
	
	mineral

	
	Silicon & Metal bearing

	74
	REWAH
	ECONOSIL
	Liquid
	solvent
	10%
	masonry

	75
	Facabelle
	A101
	Liquid
	solvent
	10%
	mineral

	76
	REWAH
	AVT
	Liquid
	solvent
	8%
	masonry

	
	Siliconates

	77
	PEC
	Thoro clear special
	Liquid
	water
	5,5%
	limestone


Appendix B Hygric properties

[bookmark: _Ref24061331]Table B 1: Vacuum satruration test results. Comparison between untreated and impregnated with SMK 2100 10 % R brick and L mortar.
	
	R brick
	L mortar

	
	Untreated
	Impregnated
	Untreated
	Impregnated

	Bulk density [kg/m3]
	1886.1 (35.8)
	1900.7 (33.2)
	1804.3 (5.7)
	1830.2 (11.3)

	Moisture content wsat [kg/m3]
	312.4 (14.8)
	296.8 (12.9)
	312.5 (2.1)
	248.2 (21.4)

	Open porosity Φ [%]
	31.3 (1.5)
	29.7 (1.3)
	31.3 (0.2)
	24.9 (2.1)

	Matrix density [kg/m3]
	2745.6 (9.8)
	2705.4 (5.8)
	2626.2 (2.2)
	2437.6 (73.6)


The values in brackets corresponds to the standard deviation of the measurements.

[bookmark: _Ref24062269]Table B 2: Cup tests, comparison between untreated and impregnated with SMK 2100 10 %, R brick and L mortar.
	
	
	R brick
	L mortar

	Untreated, dry (11.3-53.5%)
	δv [10-11 kg/(msPa)]
	1.7 (0.1)
	1.7 (0.04)

	
	μ
	11.6 (0.5)
	11.7 (0.3)

	Untreated, wet (84.7-97.4%)
	δv [10-11 kg/(msPa)]
	1.9 (0.1)
	3.9 (0.2)

	
	μ
	10.2 (0.5)
	5.1 (0.3)

	SMK 2100 10%, dry (11.3-53.5%)
	δv [10-11 kg/(msPa)]
	1.3 (0.05)
	1.3 (0.1)

	
	μ
	15.3 (0.6)
	15.6 (1)

	SMK 2100 10%, wet (84.7-97.4%)
	δv [10-11 kg/(msPa)]
	1.5 (0.1)
	1.7 (0.01)

	
	μ
	13 (0.6)
	11.6 (0.1)





[bookmark: _Ref24062283]Table B 3:  Cup tests, comparison of untreated and impregnated with FC 40 % R brick, H brick, Y brick and L mortar.
	
	
	R brick
	H brick
	Y brick
	L mortar

	Untreated
	δv [10-11 kg/(msPa)]
	1.8 (0.2)
	2.3 (0.2)
	1.7 (0.2)
	2.5 (0.1)

	
	μ(53.5-97.4%)
	11.3 (1.2)
	8.7 (0.9)
	11.9 (1.4)
	8.0 (0.4)

	FC 40%
	δv [10-11 kg/(msPa)]
	1 (0.8)
	2 (0.2)
	1 (0.2)
	2 (0.1)

	
	μ(53.5-97.4%)
	15.1 (0.9)
	9.7 (1)
	13.7 (2)
	9.7 (0.7)



Appendix C Hygric behavior of hydrophobized building materials
[bookmark: _Ref24060577]Table C 1: Impregnation depth with visual inspection (dp), agent absorbed and water absorption coefficient (Acap) of R brick, H brick, Y brick and L mortar (8x4x4 cm samples).
	
	Liquid products

	Agent
	SMK 2101
	SMK 1311
	SMK 2100
	SNL
	WS

	Conc.
	6%
	10%
	25%
	6%
	10%
	25%
	6%
	10%
	25%
	7%
	10%

	Material
	R brick
	L mortar
	R brick
	L mortar
	R brick
	L mortar
	R brick
	L mortar
	R brick
	L mortar
	R brick
	L mortar
	R brick
	L mortar
	H Brick
	Y Brick
	R brick
	L mortar
	R brick
	L mortar
	R brick
	R brick

	dp (5 min)
 (mm)
	26.7
(4.6)
	6.8
(0.2)
	22.8
(2.1)
	8.3
(0.3)
	23.3
(1.1)
	9.0
(0.9)
	23.3
(0.7)
	8.4
(0.7)
	23.0
(1.2)
	8.9
(1.4)
	21.4
(0.9)
	8.9
(0.5)
	26.0
(1.3)
	8.6
(1.5)
	27.2
(2.9)
	17.8
(1.6)
	23.2
(1.2)
	9.3
(0.6)
	22.1
(3.1)
	11.4
(1.0)
	31.2
(2.4)
	32.7
(2.7)

	dp (1 month)
 (mm)
	28.5
(3.0)
	
	28.4
(3.0)
	
	31.2
(1.2)
	
	26.3
(0.9)
	
	29.5
(1.1)
	
	29.5
(2.4)
	9.0
(0.5)
	30.6
(0.0)
	
	9.5*
(0.5)
	7.7*
(0.1)
	31.5
(1.4)
	
	28.0
(3.0)
	12.0
(0.9)
	42.6
(0.8)
	

	Agent absorbed (ml)
	8.2
(0.8)
	5.8
(0.3)
	6.7
(1.5)
	5.0
(0.0)
	7.8
(0.3)
	4.5
(0.5)
	8.2
(0.3)
	6.7
(0.6)
	8.8
(0.3)
	5.0
(0.0)
	6.8
(0.8)
	4.3
(0.6)
	8.7
(0.6)
	7.7
(0.6)
	6.5
(0.7)
	5.5
(0.5)
	9.0
(0.0)
	5.3
(0.6)
	6.3
(0.6)
	3.8
(0.3)
	8.5
(0.8)
	8.3
(0.7)

	Acap1[10-5
kg/m²√s]
	492
(127)
	79
(27)
	633
(159)
	76
(4)
	2565
(130)
	460
(623)
	11
(1)
	43
(11)
	18
(3)
	39
(9)
	18
(3)
	57
(4)
	17
(4)
	52
(14)
	66
(34)
	28
(3)
	24
(2)
	61
(10)
	18
(2)
	62
(7)
	7
(3)
	3333
(78)

	Acap2 [10-5]
 (repeat)
	5
(1)
	59
(1)
	7
(2)
	52
(1)
	8
(1)
	44
(1)
	5
(1)
	55
(1)
	7
(2)
	49
(3)
	6
(1)
	53
(2)
	15
(3)
	50
(1)
	31
(12)
	17
(1)
	18
(4)
	47
(3)
	13
(3)
	51
(2)
	4
(2)
	437
(28)

	Acap3 [10-5]
 (repeat)
	
	
	6
(0.3)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	104
(160)

	[bookmark: _Hlk20409380]Acap4 [10-5]
 not imp side
	36
(16)
	364
(250)
	51
(16) 
	815
(764)
	39
(9)
	880
(1212)
	30
(2)
	497
(521)
	32
(5)
	2976
(1304)
	31
(7)
	1532
(2473)
	49
(13)
	2901
(2458)
	121
(85)
	117
(100)
	56
(14)
	4435
(1085)
	67
(17)
	4595
(79)
	76
(28)
	40
(7)

	Acap5 [10-5]
 not imp side (repeat)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1572
(2276)
	
	4113
(100)
	
	




	
	Cream products
	Liquid products

	Agent
	FC cream
	SMK 2100

	Conc.
	10%
	20%
	40%
	80%
	40% (2.5 ml)
	40% (1 week)
	2%
	6% (10 sec)

	Material
	R brick
	L mortar
	R brick
	L mortar
	R brick
	L mortar
	H Brick
	Y Brick
	R brick
	L mortar
	R brick
	L mortar
	R brick
	R brick
	L mortar
	R brick
	L mortar

	dp (5 min)
 (mm)
	
	
	
	
	
	
	2.6
(0.4)
	2.4
(0.2)
	
	
	24.0
(2.1)
	14.9
(1.1)
	9.2
(0.6)
	40.7
(1.4)
	11.8
(1.3)
	14.2
(0.3)
	7.4
(0.3)

	dp (1 month) 
(mm)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	15.5
(0.3)
	

	Agent absorbed
 (ml)
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	2.5
	2.5
	0.5
	9.0
(1.0)
	8.5
(1.3)
	2.2
(1.0)
	2.3
(1.2)

	Acap1
[10-5kg/m²√s]
	141
(35)
	322
(370)
	199
(87)
	151
(112)
	143
(11)
	80
(2)
	185
(95)
	92
(72)
	211
(5)
	89
(15)
	
	
	267
(71)
	38
(6)
	74
(10)
	44
(5)
	205
(43)

	Acap2 [10-5]
 (repeat)
	43
(26)
	101
(29)
	41
(48)
	129
(70)
	24
(9)
	91
(7)
	70
(27)
	18
(2)
	32
(11)
	92
(10)
	
	
	
	
	
	33
(3)
	66
(0.6)

	Acap3 [10-5] 
(repeat)
	
	
	
	
	5.5
(2.3)
	46.1
(2.5)
	
	
	
	
	
	
	
	
	
	
	

	Acap4 [10-5]
 not imp side
	3417
(68)
	5883
(85)
	3028
(462)
	5782
(234)
	3039
(84)
	5687
(11)
	2575 
(253)
	2858
(560)
	2106
(168)
	5257
(281)
	235
(94)
	3305
(243)
	
	
	
	
	

	Acap5 [10-5]
 not imp side (repeat)
	
	
	
	
	258
(400)
	436
(37)
	
	
	
	
	
	
	
	
	
	
	


The values in brackets corresponds to the standard deviation of the measurements. * The impregnation depth was higher but this was the only visible darker surface with visual inspection after one month. The impregnation depth corresponds to the strong hydrophobized region plus the partly hydrophobized region. 




image3.png
AALBORG UNIVERSITET




image4.png




image5.png
Partly hydrophobized region

3 Hydrophobized region





image6.png
80130 34880
500 § 30970

10000
2565 880
815 /
i| || 460f 497
1000 492 364633
N
e
£
k)
X 1
2100 R BN
g ¢ 191 5
< 36 3 39] 144 43
o . i 30
o
1 =
10 IR L
< ﬁ
1 |
§ 558 |g8|88|lE8 |§8
5 6 5 & 5 6|s 6|5 © 5 ©
x E T > x E|lx E|lx E x E
- - - - -
6% 10% 25% 6%
Untreated SMK 2101

2076

R brick
L mortar
R brick

10%
SMK 1311

m Acap 1 (1 month curing)
& Acap 2 repeat (1 month curing)

= Acap 3 not impregnated side (1 month curing)
# Acap 4 not impregnated side (5 monts curing)

4435 4595 5883 5782 5pg7 5257
y 3333 3417 {3028 | 3039 2858
1532 2901 \ 2575170 o6
22
437
99451 85
! 21
2y 7 141§ b #94 92 99
56 / 5 y 9
™ s 501 | 6762l ° ! " oy
38 491 Y B 1 5
28 [ i#0 ! P
17 ‘ kv 3§ 18 ‘
1
3
7
g [BElggsg|lgE|lgs |8 |§ |8 8|3 5|83 &3 3868
S 5 6|6 6 @ m|o 6|8 © 5 S5 5 6|6 6|ls 6 & m|s ©
1S x Ele € £ >|x E|lx E o x v €|l Elx € £ >|x E
- - - - - - - - -
25% 2% 6% 10% | 25% 7% | 10% | 10% | 20% 40% 80%
SMK 2100 SNL | ws FC cream




image7.png
[cw/BX] **°m Jusjuod ainisiop

o O O O O O
nu o v o uw o
MM O N N v« -

o
(o}

o

SMK 2100

Untreated SMK 2100 | Untreated

10%

10%

L mortar

R brick




image8.png
8%

—L mortar untreated
7% —L mortar impregnated
“z —R brick untreated
& 6% —R brick impregnated
2 5%
]
o 4%
5
3 39
3 3%
o
S 2%
o
1%
0%

-10.00 -900 -800 -700 -6.00 -500 -400 -3.00
log pore radius (m)




image9.png
100000 60730

{g? 10000
£
2 1000
0
o
= 100
S
<
(o)) 10
ie]
1

25820

39880

N
N
©

50 47 59 56

R brick
L mortar

Untreated

H brick

N
10 sec EEEE———

N
10 sec [mmm— &

v —
5 min  FEEEES-
5 min ERIRSEREREE - )

£

£
o
D

R brick L mortar
SMK 2100 6%

Application time

R Brick
FC 40%

Curing time

—_—
1 month [
w
N
1 week RERAARARARFARARARNARARANE- )
N

ey
inner >
o1
~
inner [IS— D
—
weathered BRERARRRARARARRARARARAARS—

weathered

H brick H brick

SMK 2100 | FC 40%
6%

Inner/weathered

24 h |EE—C
1 week [RERERARER: (O
24 h =
1 week (RERERARL OD

R Brick L mortar R Brick L mortar
SMK 2100 6% SMK 2101 6%

Duration of capillary water uptake




image10.png
a A a
o oN PO

N A

vapour diffusion resistance factor (u)

o

Untreated SMK 2100 | Untreated  FC 40% Untreated SMK 2100
10% 10%

(11.3-53.5%) RH (53.5-97.4%) RH (84.7-97.4%) RH

®Hbrick mRbrick mLmortar =Y brick




image1.png
siloxanes metal buearing; metal bearing
18% siliconeresins 2%\ &silicones
| 4% \ 4 A:,‘
| ‘

organic &
silicones
5%

\_Other
17%

) . _silanes organic_~ siliconates |
silanes/siloxanes, 21% 5% 1%

40%





image2.png
liquid/solvent cream/water masonry concrete
36% 12% 13% 20%
cream/
solvent
4%

mineral
liquid/water  substrates
48% 67%




