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Summary 
Clay brick masonry is a building material commonly used in façades because of its 
high durability and a reduced need for costly maintenance. While being a 
comparatively slow process, brick masonry façades deteriorate over time due to 
climate agents such as cyclic freezing-thawing and wind-driven rain (WDR), 
making continual monitoring and frequent maintenance of masonry façades 
necessary. WDR is a significant source of moisture and a leading cause of mortar 
joint erosion in Nordic countries. High levels of moisture and water penetration 
resulting from WDR can cause corrosion of reinforcement, promote microbiological 
growth, and compromise indoor air quality. Accordingly, maintenance techniques 
such as repointing of eroded joints can be used to control moisture content and water 
penetration and to protect moisture-sensitive parts of the building envelope. 

There are several benefits to repointing. Primarily, it is expected that repointing can 
reduce the risk of issues stemming from the increased penetration of WDR caused 
by eroded mortar joints. Further, repointing may lead to improving the aesthetics 
and maintain the integrity of the façade. However, there are also several risks related 
to improper repointing, such as the risk of damaging the bricks or the existing 
mortar. In addition, repointing is both a laborious and expensive measure.  

Repointing should not be carried out in situations when it is not required. Today, 
repointing is generally carried out at regular intervals ranging between 40-50 years, 
even if not necessary. In order to improve current practice, more well-established 
criteria to assess the actual need for repointing are required. In order to do so, the 
resistance of masonry façades to frequent WDR events encountered in Nordic 
countries should be understood. Secondly, the effects of erosion and repointing of 
mortar joints need to be established. This information can ultimately be used in a 
cost-benefit analysis to enable rational decisions on the maintenance of clay brick 
façades. 

There are many parameters affecting moisture content and water penetration of 
masonry façades. The first group of parameters consists of characteristics of rain 
and wind, including rain intensity, raindrop size, wind velocity, and wind direction. 
The second group is related to the characteristics of the masonry, including material 
properties (absorption properties of brick and mortar), joint profile, mortar water 
content, and joint thickness. However, masonry walls with the same prescribed 
characteristics may differ widely in performance due to workmanship during 
construction. 

The primary goal of the studies presented in this thesis is to investigate the resistance 
of clay brick masonry façades exposed to realistic WDR events, providing basic 
knowledge to make rational decisions on maintenance techniques, with a focus on 
repointing. Experimental campaigns were designed to explore the masonry-water 
interaction during exposure to WDR. The test parameters include water spray rate, 
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water absorption properties of bricks, and mortar joint profiles. A newly developed 
test setup capable of producing a wide range of WDR intensities with a uniform 
water spray is designed. The test conditions are adapted to be representative of WDR 
events encountered on the west coast of Sweden.  

The results indicate that mortar joint erosion may not affect to a significant degree 
water absorption and penetration in masonry exposed to WDR. Furthermore, the 
benefit gained from the water absorption capacity of clay brick masonry to buffer 
and thus postpone water penetration is of great importance. Considering frequent 
WDR events where the average WDR intensity usually varies between 1–2 mm/h, 
and wind speed is less than 5 m/s, equivalent to 20 Pa pressure difference, clay brick 
masonry façades are capable of absorbing most of the raindrops prior to water 
penetration. 

There are several techniques available that may reveal the real need for repointing 
or postpone costly maintenance techniques. Washing the masonry façade gently 
with water and cleaning microbiological growth might reveal the depth of erosion 
and cracks. Washing might also reduce the fixation of water to clay brick façades. 
Further, hairline cracks that are not deep through the masonry wall can be treated 
by so-called surface grouting, expected to reduce water absorption during WDR 
events. 

Based on the previous observations and analyses of climate data, usually, one or two 
faces of a building are exposed to more wind-driven rain than the other faces. 
Therefore, partial repointing can be considered as an alternative, reducing the 
maintenance costs compared to full repointing. 
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1 Introduction  

1.1 Background 
Clay brick masonry is one of the most common building materials used in external 
walls and building façades, with a history spanning many thousands of years and 
applications throughout the world. Its longevity and ubiquitous use provide some 
insight into clay brick masonry’s excellent durability and long-term performance. 
In addition to the impacts of material properties and workmanship on the durability 
of masonry, performance degradation due to exposure to climate agents such as 
wind-driven rain (WDR) and freeze-thaw cycles is notable. WDR is a significant 
source of moisture ingress and a leading cause of the erosion of mortar joints, further 
associated with elevated moisture accumulation and increased risk of water 
penetration. 

The co-occurrence of wind and rain giving rise to an oblique driving rain vector, 
that together with the presence of deficiencies like cracks, voids, and pores, may 
result in water penetration. Water penetration through façades depends on several 
parameters categorized into two groups. The first group is related to the WDR 
deposition rate on building façades, including rain intensity, raindrop size, wind 
velocity and its direction, building geometry and its height, and topography. The 
second group of parameters is related to the façade characteristics such as the 
presence of cracks, the profile of mortar joints, the type and quality of masonry 
units, the type of mortar and its consistency, the compatibility of units and mortar, 
joint thickness, and the workmanship. 

In addition to the impact of WDR on the aesthetics of masonry façades, high levels 
of moisture and water penetration resulting from WDR can cause corrosion of 
reinforcement and promote microbiological growth, leading to the physical 
deterioration of the envelope and of the quality of indoor air through the emission 
of mycotoxins and organic volatiles [1]. Performing maintenance is thus necessary 
to ensure the long-term performance of the structure, reduce the speed of 
deterioration, and guarantee the comfort of its users. 

A typical maintenance technique to mitigate moisture/water penetration related to 
WDR in brick masonry façade is repointing, recommended being carried out after 
40–50 years of the façade erection. Repointing is the process of raking out the 
eroded/cracked mortar joints to a certain depth and replacing it with new mortar. 
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The motivation for repointing is often brought up when eroded mortar joints, cracks 
in the mortar, gaps between the mortar and masonry unit, damp surfaces on the 
masonry, and water infiltration on the interior walls are observed [2]. 

On the one hand, repointing of the eroded joints may improve the resistance of the 
masonry façade to WDR and keep the integrity of the masonry. On the other hand, 
repointing only to improve the aesthetics of the façade may also be unsuitable owing 
to the high costs and relatively complex procedures for carrying out repointing. 
Additionally, repointing can lead to premature deterioration of the mortar and the 
masonry unit, such as erosion of the edges of soft masonry units and discoloration 
of the masonry units if it is not done properly. Hence, there is a need to shed light 
on how the erosion of mortar joints influences water uptake and penetration exposed 
to WDR, providing a basis for making rational decisions on repointing. In order to 
do so, there is a need to understand the basic interaction of clay brick masonry 
exposed to realistic WDR intensities. 

Various test setups have been proposed in different standards and research studies 
to explore water penetration in masonry [3-10], yet the applied water spray and air 
pressure rates represent rather extreme WDR conditions [3-9, 11-14]. Hence, 
several authors have pointed out the need to develop a simple test setup able to 
operate at considerably lower water application rates [6, 9, 15-18]. Accordingly, 
several studies were carried out with adjusting test conditions, including differential 
air pressure [5, 12, 19, 20] and water spray rate [18, 21, 22]. Therefore, to better 
understand brick masonry resistance to WDR, there is a need to adapt the test 
parameters of the available standards. 

1.2 Objectives 
The primary objective of the presented thesis is to provide an adequate 
understanding of the clay brick masonry response exposed to more realistic and 
frequently encountered WDR events. It is expected that the outcomes lead to solid 
and scientific knowledge to be used in the context of assessing repointing needs. In 
doing so, water absorption and penetration in masonry as a function of brick and 
mortar material properties were studied. Additionally, the effect of mortar joint 
erosion on water absorption and penetration in masonry was investigated. 

1.3 Limitations 
The experimental investigation presented here is limited to studying the exposure 
of small-scale brick masonry specimens to uniform water spray, whereas a masonry 
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façade includes windows, joints, and other connections that are expected to be more 
vulnerable to WDR exposure. Moreover, masonry façades are exposed to different 
rain and wind events in the long term, resulting in high moisture levels, erosion of 
mortar joints, and leakage, whereas exposing masonry façades to real WDR events 
in the laboratory is not achievable. 

Additionally, specimens tested in this study were built without any known cracks 
and deficiencies, whereas many existing masonry façades contain cracks either on 
bricks or mortar joints. Further, because of the difficulty of preparing specimens 
with eroded mortar joints, specimens with a raked joint profile were chosen as a 
representative of eroded joints. However, erosion of mortar joints happens after 
long-term exposure to WDR, wind abrasion, and freezing-thawing, leading to higher 
porosity and change of mortar properties.  

1.4 Outline of the thesis 
The thesis is divided into seven chapters. Chapter 1 introduces the background, 
objectives of the research, and limitations of the current work. At the beginning of 
Chapter 2, repointing as a maintenance technique to diminish WDR related issues 
is introduced, and motivations to make a decision on repointing are discussed. 
Subsequently, two categories of wind-driven rain studies in relation to building 
research are discussed. Eventually, as moisture is one of the leading causes of the 
damage on building façades, moisture transport mechanisms within porous media 
like masonry are described. Chapter 3 presents a newly developed test setup used to 
study the exposure of masonry to WDR. Relevant properties of materials and 
preparation of masonry specimens are described. Chapter 4 focuses on the 
experimental results, including water absorption and penetration in clay brick 
masonry. A summary of the appended papers is provided in Chapter 5. The thesis is 
concluded with a conclusion in Chapter 6, and finally, suggestions for future 
research are proposed in Chapter 7. 
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2 Theoretical Framework 

In this chapter, repointing as a maintenance technique that is supposed to diminish 
WDR related problems is introduced, and motivations to make a decision on 
repointing are discussed. Subsequently, two categories of WDR studies concerning 
building research are discussed. Different methods to quantify WDR deposition are 
further introduced, and a well-known and frequently used model, the ISO Standard, 
to quantify WDR deposition on building façades is presented in detail. The 
presented model is then applied to study WDR deposition for different locations in 
Sweden. The obtained results can provide a rational basis for designing the 
experimental studies and being applied in the test setups. Eventually, since moisture 
is one of the leading causes of damage on building façades, moisture transport 
mechanisms within porous media like masonry are presented.  

2.1 Repointing 
Maintenance due to inevitable deterioration caused by climate actions is needed to 
ensure the durability performance of a clay brick masonry façade during its expected 
service lifespan, which often exceeds a hundred years. Climate agents relevant to 
Nordic countries, including WDR and freeze-thaw cycles, are a significant cause of 
spalling, delamination, or cracking of bricks and the erosion and cracking of mortar 
joints. Prior to performing any maintenance, a preliminary assessment including 
visual inspection with reviewing existing documentation is highly recommended to 
determine the source and the severity of probable existing damages/problems. 
Besides, performing tests (non-destructive or destructive) might add valuable 
information to the state assessment of the façade. Rational decisions can then be 
made based on the analysis of the information at hand through a cost-benefit 
analysis. Several recommendations on practical tools to assess the state of the façade 
and relevant maintenance techniques are reported in Paper I. 

One maintenance technique often carried out nowadays in order to tackle problems 
raised by eroded/cracked mortar joints is repointing. Repointing is the process of 
raking out existing mortar joints to a certain depth, usually 25 mm, and then 
replacing them with new mortar that should be compatible with the existing mortar 
and bricks. Figure 1 illustrates a clay brick masonry façade before, during, and after 
repointing. 
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Figure 1. A clay brick masonry façade, before and after repointing a) the initial state where mortar joints were eroded; 
b) mortar joints were raked out up to the depth of 25 mm; c) new mortar was pointed. 

A common argument for repointing is that the erosion of mortar joints facilitates 
water uptake in façades exposed to WDR [23]. Further, erosion of mortar joints is 
regarded as unfavorable from an aesthetic point of view, at least in the Nordic 
countries, since it creates, seen superficially, the impression of building damages. 
According to the present practice in the Nordic countries, repointing shall be carried 
out as part of a regular maintenance scheme, after 40-50 years from erection or when 
limited façade parts with more or less eroded mortar joints are observed [24, 25]. 
Normally, no further investigations (e.g., concerning factual water up-take) nor 
alternative measures (e.g., partial repointing of eroded parts) are considered.  In light 
of the presented practices, it can be objected that decision concerning the repointing 
of clay brick façades is usually not based entirely on rational grounds. 

Although repointing is expected to reduce water ingress from WDR [26], repointing 
to improve only the aesthetics of the façade or, in the case of minor signs of erosion, 
regardless of its laborious task, may imply unnecessary costs [27, 28]. Since natural 
sands were used in the mortar mix of many old masonry façades, in the case of 
repointing, sand made from crushed stones is normally used because of the limited 
source of natural sands; under this circumstance, repointing will not improve 
aesthetics. Improper selection and application of repointing mortars can further 
result in permanent damage to older masonry walls [29, 30]. Specific problems 
include incompatibility between the new mortar and existing mortar [31] or between 
the new mortar and bricks (i.e., the weak bond between new mortar and existing 
bricks) [32, 33], as well as poor workmanship. Thus, in the case of unnecessary 
repointing, there is a higher risk of aesthetic matters and durability problems in the 
form of frost damage and spalling of the façade [34]. Figure 2 exemplifies the 



16 

adverse effects of selecting improper mortar and poor workmanship during 
repointing. 

Accordingly, there is a need for a systematic approach to decide when repointing is 
needed and how it should be carried out. Recommended steps to reach a rational 
decision on repointing are further discussed in Paper I. 

Figure 2. An example of adverse effects of selecting unsuitable mortar and shoddy workmanship on repointing 

Qualitative and quantitative criteria concerning the need for repointing have been 
proposed by several researchers, e.g. [24, 26, 35-37], recommending repointing 
when a) the surface of the mortar joints contains hairline cracks, b) eroded mortar 
joints to a certain depth [a quarter of an inch, i.e., 6.4 mm] have been observed, 
c) crack widths larger than 2 mm have been measured, d) the rate of water absorption 
is more than 4.5 l/m2/h or e) presence of voids has been detected. According to the 
proposed criteria, it should be investigated to what extent high moisture content and 
water absorption/penetration are related to the outer part of the mortar joints and 
whether repointing can make a difference in reducing water absorption/penetration 
[29, 32]. It should be noted that only 25 mm of the outer part of the cracked/eroded 
mortar joints or 2.5 times of the mortar joint thickness is normally raked out and 
replaced with a new mortar in repointing. In this context, the relation between the 
depth of erosion of the mortar joints and the possible increase in water absorption 
and penetration from WDR should be examined. Furthermore, the rationality of 
some of the proposed criteria can be questioned and needs to be investigated, e.g., 
concerning acceptable crack width, since it has been shown that water ingress in 
cementitious materials increases exponentially when the crack width exceeds 
0.2 mm [38, 39].



17 

2.2 Wind-driven rain  
WDR is one of the most important moisture sources affecting the performance of 
building façades and resulting in the erosion of mortar joints. Therefore, the study 
of WDR in order to quantify WDR intensity on building façades is essential for 
hygrothermal and durability analyses. Further, a framework is required to 
understand frequent WDR events in regions with moderate WDR events, which then 
can be a rational basis for test conditions in experimental studies. 

2.2.1 Measurements and calculations 
Generally, studies of WDR consist of two categories; i) the first one mainly deals 
with quantifying WDR deposition on building façades, and ii) the second category 
studies the response of buildings to WDR impingement and its effect on building 
façades. In order to assess the hygrothermal performance of a building envelope, the 
appropriate estimation of the amount of rainwater striking the building’s façade, the 
first category of WDR studies, is required.  

Three different methods, namely, a) experimental, b) semi-empirical, and 
c) numerical, are used to quantify WDR deposition on building façades. The WDR 
intensity depends on several factors such as rain intensity, raindrop size, wind speed 
and its direction, building geometry, and topography. 

In experimental methods, rain gauges are used to measure WDR on building 
façades, and since there is no standardized rain gauge [40], there can be a significant 
difference in the measurements. Although experimental measurements are still 
needed to validate semi-empirical and numerical models [40, 41], they are time-
consuming and costly, as they should be continued for more extended periods.  

Therefore, semi-empirical relationships were established to obtain WDR exposure 
of building façades based on standard weather data, including wind speed, wind 
direction, and horizontal rainfall. In order to improve the accuracy of semi-empirical 
equations, two main modifications are taken into account in different models; a) 
factors such as building geometry, local topography, and presence of obstruction are 
considered; b) hourly rainfall and wind speed data are normally used to estimate 
WDR deposition. Nevertheless, semi-empirical methods are generally accurate only 
for stand-alone buildings in simple configurations or for preliminary analyses. 
These methods will not give accurate results in cases where complex flows around 
buildings due to the influence of the surrounding buildings are observed [40]. 

Because of the shortcomings in the measurement of WDR in both experimental and 
semi-empirical methods, numerical methods based on computational fluid dynamics 
(CFD) can be used to account for building geometry by simulating wind-flow 
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patterns and trajectories of raindrops. However, the method is far complicated, 
computationally expensive, and time-consuming. 

The second category of WDR studies investigates phenomena such as splashing, 
bouncing, spreading, and absorption of raindrops, water film and its absorption, 
moisture accumulation and water content in walls, rain penetration, and runoff [42]. 
In this regard, Erkal et al. [43] and Abuku et al. [44] have studied splashing, 
bouncing, spreading, and absorption of raindrops when hitting masonry façades. 
Further, several studies on the rain absorption and the rainwater runoff, which are 
responsible for water leakage in building façades and the appearance of surface 
soiling patterns on façades, have been conducted by Carmeliet and Blocken [45], 
Robinson and Baker [46], and Newman et al. [47]. 

By considering the same size for all raindrops and a uniform and steady wind, the 
general equation for WDR intensity, i.e., water drops passing through an imaginary 
vertical plane, is expressed as [48, 49]: =  (1) 

where Rh is the horizontal rain intensity (mm/h), U is the wind speed (m/s), and Vt 
is the terminal velocity of raindrops (m/s). 

In Eq. (1), wind direction is considered perpendicular to the vertical surface, and the 
assumption is that there is no deflection of wind and raindrops by the vertical 
surface. Lacy [49] proposed a similar relationship (Eq.(2)) for WDR intensity by 
considering various results from observations, as presented below: = 0.222 .  (2) 

where 0.222 (s/m) is the WDR coefficient. 

The model by Lacy [49] considers the WDR coefficient resulting from the adopted 
empirical relationships. The associated WDR coefficient of 0.222 s/m was derived 
for free-field conditions (i.e., free driving rain) and corresponds to a raindrop 
diameter of 1.2 mm, a realistic value for rain events of light to moderate 
intensity [50]. 

To determine the WDR coefficient on a building façade more accurately, several 
parameters, including building geometry and topography, should be considered. 
Accordingly, the semi-empirical models proposed by Straube and Burnett (SB) [51] 
and ISO Standard [52], and the numerical model developed by Choi [53] attempt to 
quantify the WDR coefficient and WDR intensity by taking into account several 
parameters such as building geometry, position on façade, environment topography, 
mean wind speed, and wind direction [54]. 
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In order to take into account disturbed wind-flow patterns around the building, 
which results in a considerable difference between the WDR intensity in free-field 
conditions and the WDR intensity on a building façade, an adapted WDR 

, was introduced. Hence, the WDR relationship can be written as 
follows: =     .  cos  (3)  

and the normal to the façade. 

The ISO Standard of 2009 [52] is mainly established according to the BS 8104 [55] 
code, based on a long series of WDR measurements within the UK. It should be 
noted that the model primarily applies to climates similar to the UK. Four main 
parameters are used in the ISO model to convert the amount of rain that would be 
collected by a free-standing rain gauge in a flat open field into the amount of rain 
that would impact a façade. Thus, the WDR coefficient in the ISO model is 
calculated as follows. =  (4) 

where CR is the terrain roughness coefficient, CT is the topography coefficient, O is 
the obstruction factor, and W is the wall factor. 

The roughness coefficient, CR, takes into account the variability of mean wind 
velocity at the site due to the height above the ground and the roughness of the 
terrain. The ISO model defines four different terrain categories and their relevant 
parameters to determine the roughness coefficient, CR at height z, which is 
calculated as follows. C (z) = K ln  for z z  (5) C (z) = C (z ) for z < z  (6) 

where z is the height above ground [m]; KR is the terrain factor [-]; z0 is the 
roughness length [m], and zmin is the minimum height [m]. 

In order to account for the increase in mean wind speed over hills and escarpments, 
the topography coefficient, CT is introduced, depending on the upwind slope. The 
obstruction factor, O, takes into account the horizontal distance between the exposed 
wall and the nearest obstacle, which is at least as high as the wall. Thus, depending 
on the distance to the nearest obstacle, the obstruction factor varies in the range of 
0.2 and 1.0. The wall factor, W, considers wall types, overhangs, and the orientation 
of bricks affecting the amount of rain incident on a wall. Hence, the wall factor is 
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considered to be between 0.2 and 0.5 and varies along with the height of the wall. 
Despite many WDR measurements indicating that the WDR intensity increases 
from the middle of the façade to the sides [40], the ISO Standard assumes the same 
wall factor across the width of the wall. 

2.2.2 WDR intensities at four sites in Sweden 
In this study, ISO Standard [52], one of the most frequently used models, has been 
used to provide general information about WDR intensity in Sweden, which can be 
used as a rational basis for test conditions. In doing so, four locations, namely, 
Malmö, Gothenburg, Uppsala, and Hörby, located in different regions of Sweden, 
are studied to analyze WDR intensities. It should be mentioned that the hourly rain 
intensities and wind velocities in Malmö, Gothenburg, Uppsala, and Hörby for the 
period 1995 – 2020 are used. The climate data is taken from the Swedish 
Meteorological Hydrological Institute (SMHI) [56]. 

To have a better picture of WDR intensities that impacted a building façade during 
1995 – 2020, a low-rise building with a 15-m height is considered. It is assumed 
that t  and the building 
neighbors to farmlands, thus belonging to terrain category II, according to the ISO 
model. Values of KR, z0, and zmin as a function of the terrain category are given in 
the ISO model, in which KR 0  0.05 m, and zmin  m for terrain 
category II. Thus, the roughness coefficient CR is equal to 1.084. Additionally, the 
building is considered to be located in a flat terrain without any obstruction in its 
surrounding. Hence, the topography coefficient, CT, and obstruction factor, O, are 
equal to one. The wall factor, W, for a multi-story building without any overhang 
and protection, is equal to 0.5 for the upper part of the façade. Therefore, for the 
considered building, the WDR coefficient, , is equal to 0.12 s/m. 

Figure 3 illustrates the cumulative time-frequency distribution of WDR intensities 
for the particular building located in Malmö, Gothenburg, Uppsala, and Hörby for 
the time period between 1995 and 2020. As can be seen, the majority of WDR events 
occurred with an intensity of less than 1 mm/h. Nevertheless, the highest WDR 
intensity varies between 8.5 and 36 mm/h for the studied locations during 
1995 – 2020. 
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Figure 3. Driving rain intensities from 1995 to 2020 for the considered building located in a) Malmö, b) Gothenburg, c) 
Uppsala, and d) Hörby 

Furthermore, the duration of each WDR event with an intensity of at least 0.1 mm/h 
for each location is shown in Figure 4. The figure indicates that the majority of 
WDR events lasted around 1 h to 4 h, though the maximum duration of WDR events 
was between 23 h and 33 h for the studied locations. 

Additionally, the average hourly wind speed at 10 m above ground during WDR 
spells with an intensity of at least 0.1 mm/h was between 2.7 m/s and 4.2 m/s for 
the studied locations. Therefore, the mentioned wind speeds impose a pressure 
difference of less than 10 Pa across the building envelope. Moreover, during the 
period of 1995 to 2020, the maximum registered wind speed during rainfall events 
for the studied locations varied between 9.2 m/s and 18.5 m/s, corresponding to an 
air pressure difference of around 55 Pa – 220 Pa. 
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Figure 4. Number and duration of WDR events from 1995 to 2020 for the considered building located in a) Malmö, b) 
Gothenburg, c) Uppsala, and d) Hörby 

2.2.3 Input to test design 
The analysis in Section 2.2.2 indicates that water application rates of 72–138 l/m2/h 
in the current standards [3, 7, 8] represent non-frequent WDR events in Sweden; 
probably realistic for high-rise buildings and may occur in a short period of time 
(i.e., not in the hourly scale). Thus, there is a need for a test setup capable of 
producing a more realistic range of WDR intensities encountered in Sweden to have 
a better understanding of masonry façade resistance to WDR. It is also clear that 
differential air pressure levels of 400–1000 Pa, applied in the test standards [3, 11, 
12], are quite unlikely to act across the envelope in conjunction with rain.  

Moreover, three WDR events taking around 21 h were recorded for Hörby during 
1995 – 2020. Figure 5 shows the hourly WDR intensity for these three events, 
happening during 21 h of consecutive rainfall. The average WDR intensity for 
Hörby during these events is equal to 0.43 mm/h, 0.52 mm/h, and 0.68 mm/h. 
Additionally, the maximum hourly WDR intensity for each event is equal to 
1.05 mm/h, 1.2 mm/h, and 2.25 mm/h. Therefore, based on the available results, 
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rain penetration tests of 46 hours and 90 hours with the water spray rate of 72 l/m2/h 
and 120 l/m2/h in accordance with NBI method 29/1983 [8] and NEN 2778 [7] 
represent extreme and non-frequent WDR events encountered in Sweden.  

 
Figure 5. WDR intensity during three rainfall events with the duration of 21 h in Hörby during 1955-2020 

2.3 Moisture transport 
As moisture is one of the primary agents of damage and deterioration of façades, 
knowledge about moisture transport in building materials is of great importance. As 
in any porous material, free (liquid) water and vapor might co-exist in masonry. 
However, different phases of water are subjected to different mechanisms for 
transport through the material.  

Many building materials, such as bricks and mortars, are hygroscopic, meaning they 
absorb or release moisture to the environment until equilibrium conditions are 
reached [59]. The relationship between moisture content and equilibrium relative 
humidity of building materials can be displayed in the form of so-called sorption-
isotherms [60]. Figure 6 shows the absorption and desorption isotherms of typical 
clay brick and cement-based mortar. The steep slope at about 95% relative humidity 
can be referred to as the over-hygroscopic region of the sorption isotherm. In this 
region, water is absorbed mainly through capillary condensation. The moisture 
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content in bricks in the hygroscopic region is limited, normally below 10 kg/m3, 
whereas it usually is several times higher in mortar.  

 

Figure 6. Sorption isotherms of typical clay brick and cement-based mortar 

Although clay brick masonry façades absorb and release moisture to reach 
equilibrium with their ambient condition, the moisture content in this state is limited. 
Therefore, more attention is paid to moisture transport above the hygroscopic 
region, where capillary absorption dominates.   

The transport mechanism of moisture depends on the phase of water and, as 
aforementioned, several phases of water co-exist in the pore system. The transport 
of water vapor is governed by diffusion and convection, whereas the transport of 
free water can be divided into unsaturated (capillary absorption) and saturated flow 
(permeation). While several transport mechanisms may occur simultaneously, the 
transport of free water becomes increasingly dominant as the material enters the 
over-hygroscopic region. It should be noted that masonry walls exposed to WDR 
generally do not attain full saturation throughout their depth. Transport of liquid 
water is thus, under normal circumstances, primarily governed by unsaturated flow 
through capillary absorption [57, 58]. 

2.3.1 Unsaturated flow 
Since this study focuses on the resistance of masonry to driving rain, moisture 
transport in the liquid phase is in focus. Liquid transport in a single material, such 
as bricks or hardened mortar, is well understood and explained with capillary 
transport theory. Capillary absorption within capillary pores is mainly controlled by 
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the capillary pressure and can be analyzed by the so-called extended Darcy’s 
equation, which can be written as follows: u = ( ) ×  (7) 

where u is the flow rate within porous medium [m/s] and ( ) is the liquid 
conductivity, also known as unsaturated permeability [m/s], a function of the 
normalized water content . The driving force, , is the gradient of the total 
hydraulic potential [-]. The hydraulic potential includes not only the capillary 
potential,  [-], but also other external driving forces (such as external pressure and 
gravity).  denotes the normalized water content [-] and can be calculated as follows 
[57, 58]: =   &  0 1 (8) 

where  is the volumetric water content [m3],  is the residual water content [m3], 
and  is the saturated water content [m3]. 

A useful result that follows from Eq. (7) is an equation defining the advance of a 
water content profile as water is absorbed into an initially dry porous solid. When 
water is absorbed horizontally into an initially dry porous solid, all points on the 
waterfront advance as a function of the square root of time, t1/2. In addition, the 
absorbed mass of water is proportional to the square root of time and can be written 
as follows. =    /  (9) 

where m is the absorbed mass [kg],  is the density of water [kg/m3], S is the 
sorptivity [m/s1/2], and A is the cross-sectional area [m2]. The sorptivity is an 
inherent property that describes the material’s ability to absorb and transmit water 
by capillarity. Following Eq. (9), it is possible to determine how far the capillary 
front reaches as a function of time. The time, t [s], for the capillary front to reach a 
certain distance, z [m], in a porous medium may be calculated as follows: =   where = ( )  (10) 

where  is the capillary resistance number [s/m2], and p is the porosity [-]. 

While Eq. (10) is useful for describing the progression of a moisture front in a single 
material, masonry is made of both brick and mortar. Two materials that are in 
contact can transfer water through capillary action. In addition, an imperfect bond 
between brick and mortar can lead to reduced resistance to water along with the 
brick-mortar interface. Figure 7 illustrates, conceptually, the distribution of water in 
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clay brick masonry exposed to one-sided wetting under two different assumptions: 
a) full contact and b) water transport through the brick-mortar interface where it is 
assumed that the interface acts as a gap. Considering higher sorptivity for the brick 
in comparison with the mortar, it takes more time for the capillary front to reach a 
certain depth in the mortar than in the brick. In practice, water will be transported 
from the brick to mortar (Figure 7.a). Finally, if the capillary resistance of the 
interfacial zone is lower than that of brick and mortar, then the moisture distribution 
may conceptually be illustrated as shown in Figure 7.b. 

It should be noted that in most instances of rain penetration in brick masonry walls, 
leakage occurs close to the brick-mortar interface, yet rain can pass through the 
bricks or the mortar joints under more unusual circumstances. 

 
Figure 7. Moisture transport through a brick-mortar interfacial zone; a) full contact and b) lower capillary resistance  

2.3.2 Saturated flow 
The mathematical description for permeation of liquids through porous materials is 
based on Darcy’s law, which can be written as follows [57, 62]: 

 Q = × ××  (11) 

Where Q is the volumetric flow rate [m3/s], k is the permeability [m2], A is the cross-
sectional area [m2], p is the pressure gradient, i.e., the hydrostatic pressure 
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difference across the studied length, [Pa], is the dynamic viscosity [Pa.s], and x 
is the length [m] (Figure 8).  

 
Figure 8. Simple Darcy flow through a liquid-saturated homogeneous medium under the action of a pressure gradient 

By considering the hydraulic gradient applied between point a and b, = / x, 
Darcy’s law is commonly written in terms of the flow rate or Darcy velocity, u [m/s], 
[57]: 

 u =  = ×  [m/s] (12) 

The hydrostatic pressure is expressed as p= g h; thus, Darcy’s law can be 
written as follows: u = × × ×× = ×  (13) 

3] and g is the gravity [m/s2]. The permeability 
coefficient, the saturated permeability of the material, Ks, is then described with the 
following equation [57, 63]: K = × ×  [ ]  (14) 

Permeation of liquid through porous materials is mainly relevant for studying 
moisture transport in cracked masonry, particularly in the head joints. It should be 
noticed that the pressure gradient to drive moisture into the brick masonry in this 
phase can be the hydrostatic pressure due to gravitational forces and wind imposing 
a differential air pressure.  

2.3.3 Rain penetration of brick masonry façades 
During WDR events, a thin water film may form on the exposed surface of the 
façades depending on the water absorption properties of masonry and WDR 
intensity. For rain penetration to occur, openings to permit rain penetration and 
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forces to drive or draw moisture inwards are required. It is clear that there are quite 
numerous openings on the face of a building in the form of pores, cracks, poorly 
bonded interfaces, and eroded mortar joints. Eventually, the main driving forces can 
be the capillary forces, gravity, and air pressure differences, leading to water 
penetration. 

Birkeland [64] claims that water penetration occurs when cracks with 0.1 mm to 
5 mm width exist; Grimm [65] categorizes existing interfacial cracks generally 
ranging between 0.1 and 1 mm. As mentioned above, the driving force for water to 
penetrate can be the air pressure difference induced by wind pressure, hydrostatic 
pressure due to gravity, and capillary suction in which for openings smaller than 
0.5 mm, the capillary suction seems to be important. Considering that the surface 
tension of water is approximately 0.075 N/m, the capillary suction pressure for 
cracks in the range of 0.1 mm to 1 mm wide will be in the order of 75 to 750 Pa. It 
seems that even in the case of no air pressure difference between the exposed and 
protected surface, such considerable capillary suction pressures are sufficient to 
force water into the brickwork, i.e., no applied pressure (either hydrostatic or air) is 
required [66]. Additionally, significant hydrostatic pressure due to gravity can be 
built up in the existing interfacial cracks between the brick and mortar interface at 
the head joints, which may result in leakage [67]. The hydrostatic pressure of around 
600 Pa may result from an interfacial crack between the brick and mortar over a 
typical brick with a height of 60 mm. Therefore, it seems that air pressure difference 
is not the primary cause of water penetration in brick masonry walls [68]. Further, 
water penetration in brick masonry specimens without any air pressure difference 
occurred in the experimental study presented in Paper III. 
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3 Methods and materials 

Repointing of clay brick façades with eroded mortar joints is often motivated by 
higher water absorption and increased risk for water penetration from WDR. 
Nevertheless, knowledge concerning to what extent eroded mortar joints cause 
increased water absorption and penetration from WDR is limited. In this regard, a 
new test setup was developed to study the resistance of masonry to WDR, providing 
knowledge that can be applied to make a rational decision on repointing. As 
previously discussed in Section 2.2.3, the test conditions in the current standards 
represent extreme WDR conditions. Thus, the test conditions in the test setup 
presented in this study were adjusted to be more representative of frequently 
encountered WDR events in Sweden. Subsequently, the bricks and mortars used to 
prepare masonry specimens were characterized to determine water absorption 
properties, including the initial rate of absorption (IRA) and water absorption 
coefficient. Eventually, different types of masonry specimens built with different 
brick types and mortar joint profile finishes were considered. 

3.1 Test setup 
As WDR is a substantial source of moisture and a leading cause of mortar joints 
erosion, there is a need to study the resistance of clay brick masonry façade exposed 
to WDR. For water penetration to happen, driving forces can be one of the following 
forces: the kinetic force of raindrops, capillary forces, gravity, air pressure 
differences, and surface tension. Capillary forces and surface tension are a function 
of material properties, whereas kinetic forces and differential pressure are a function 
of the water application, which can be controlled in the test setups [69]. Several test 
setups are available in the literature [15, 70], aiming to study qualitatively or 
quantitatively water penetration in masonry walls. A comparative study reviewing 
the effectiveness of existing water penetration and leakage tests, conducted by 
Driscoll and Gates [15], identifies a need for a simple test method to complement 
existing ones since little attention has been given to the correlation between tests 
and the factors that contribute to water penetration. 

Accordingly, a new test setup was developed to study a more realistic behavior of 
masonry exposure to WDR events. The test setup is able to produce a uniform water 
spray covering the exposed surface of masonry specimens. A uniform and well-
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distributed water spraying pattern was achieved using a low flow, full cone BETE 
WL nozzle (WL –  It is possible to apply a 
wide range of water spray rates and air pressure levels, simulating different driving 
rain intensities. The test setup is equipped with two water pressure regulators and a 
water flow meter to control the water spray rate. Additionally, two digital scales are 
employed to measure water absorption and water penetration continuously. A digital 
camera mounted on the protected side of the specimens traces the appearance and 
spread of damp patches. Figure 9 shows the schematic of the test setup. 

 
Figure 9. Schematic of the test setup 

The following aspects were taken into account to develop the presented test setup: 
a) a nozzle producing low water flow with a full cone spray pattern was used, and 
b) the distance between the surface of the specimens and the nozzle was adjusted to 
assure a uniform coverage of the exposed surface. The droplet size of the water 
spray concerning quality and uniformity was examined visually using a paper towel 
placed in the frame opening and exposed to the water spray for 1-2 seconds, as 
shown in Figure 10. A more detailed description of the test setup is presented in 
Paper II and III. 

 
Figure 10. Wet dots on a paper sheet exposed to water spray for 1–2 seconds. 
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Two improvements in the developed test setup were achieved in comparison with 
the currently existing test setups. First and foremost, the continuous measurement 
of the water absorption (mass gain) provides adequate knowledge concerning 
moisture content of masonry and a basis for analyzing the hygrothermal 
performance of a building envelope. Secondly, the exposed surface of the specimen 
is uniformly covered with water drops, unlike other test methods in which the 
surface of the masonry is kept covered with a thin layer of water film from a 
pipe/nozzle placed close to the upper part of the specimen. The high water spray 
rates and differential air pressure used in many standards are to assure that a water 
film is formed from the beginning of the exposure, allowing water penetration to 
take place before saturation of the masonry. This means that the influence of the 
water absorption capacity of the specimen is neglected [67]. Neglecting buffering 
capacity of masonry gives a misleading picture of clay brick masonry response to 
WDR exposure. 

3.2 Test conditions 
It can be observed in the literature that the ASTM E514 [3] standard is one of the 
most frequently used test methods in studies to investigate water penetration through 
masonry walls. However, the test conditions of ASTM E514 [3] standard represent 
extreme driving rain conditions that can only occur at specific locations, with very 
low probabilities, as analyzed by Fishburn et al. [71] and Cornick and Lacasse [72]. 
Furthermore, Ribar [6] suggests that current test standards need to be revised to 
incorporate a realistic exposure condition approach. Additionally, the range of 
WDR events in Sweden, as shown in Figure 3, indicates that the water application 
rate of 138 l/m2/h and differential air pressure of 500 Pa is extreme for the Swedish 
climate. Moreover, according to the field measurements and literature review done 
by Straube and Burnett [66], driving rain deposition rates of more than 5 – 10 1/m2/h 
are only very rarely encountered, even on tall buildings. Eventually, Sandin [73] 
recorded a maximum WDR intensity of about 6 l/m2/h during an observation period 
lasting 26 months in Gothenburg, Sweden. 

Consequently, the primary considered criterion to develop the test setup was 
lowering the water spray rate compared with the test conditions of ASTM E514 [8] 
to represent a more realistic range of WDR events. In doing so, in the first 
experimental campaign, presented in Section 3.3.3, the tests were conducted at zero 
differential air pressure, at water spray rates varying between 1.7 and 3.8 l/m2/h, 
representing WDR intensities frequently encountered in Sweden (see Figure 3) and 
approximately 95% lower than the water application rate specified in current 
standards [3, 7, 8]. In order to obtain the targeted low water spray rates, different 
combinations of water pressure and nozzle-to-specimen distances were tested. To 
arrive at the water spray range used in the first campaign, a pressure of 0.55 bar and 
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a nozzle–to–specimen distance of 55 cm were eventually chosen. Retrospectively, 
choosing a water pressure of 0.55 bar was not optimal since the recommended 
operating range of the nozzle is between 0.7 – 20 bars. The flow and thus the water 
spray became more sensitive to changes in the water pressure. 

In the second experimental campaign, presented in Section 3.3.3, to minimize water 
flow variations and better control the water spray rate, water pressure was adjusted 
to nearly 1.05 bar, and nozzle–to–specimen distance decreased to roughly 50 cm. 
Thus, the tests were performed in this campaign with a water spray rate of 
6.3 l/m2/h ± 5 % and zero differential air pressure. A water spray rate ranging 
between 5 and 10 l/m2/h was considered by Straube and Brunett [67] as 
representative for more realistic WDR events. 

In both experimental campaigns, triplet masonry specimens were tested over a 
period of 23 hours, including six consecutive cycles; each cycle consisted of 
210 min of water spraying and 20 min of drying. It should be mentioned that the 
tests were carried out with zero differential air pressure because high wind speeds 
usually occur only for a small percentage of rain duration, whereas in this study, the 
specimens were subjected to water spraying for 21 h. 

3.3 Materials 

3.3.1 Bricks 
Three different types of commonly used solid clay bricks on the Swedish 
construction market, supplied by Wienerberger AB, were considered in this study, 
named bricks type I, II, and III. Twenty bricks from each type were tested to 
characterize the initial rate of absorption (IRA) and 24-h water absorption 
properties; tests were carried out as described in the ASTM C67 standard [74]. The 
IRA represents the surface absorption rate when the brick just contacts water, 
whereas the 24-h water absorption represents the amount of water that a brick can 
absorb when fully immersed in water, expressed as the ratio between the absorbed 
water and the initial weight. The average IRA of bricks type I, II, and III is equal to 
1.95 kg/m2, 1.81 kg/m2, and 0.71 kg/m2, respectively, whereas 24-h water 
absorption property amounts to 16.0 %, 8.6 %, and 4.0 %, respectively. According 
to the results of the IRA test, bricks type I and II can be classified as medium suction 
bricks [I] and [II], while bricks type III are considered low suction bricks. Table 1 
summarizes the properties of bricks, including density, IRA, and 24-h water 
absorption. 
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Table 1. Material properties of bricks and mortars including density, IRA, 24-h water absorption, and water 
absorption coefficient (Aw) 

Materials 
Dimensions 

( × ×
) 

Density 
 

(kg/m3) 

Average IRA 
( ) 

CoV 
(%) 

Average 
24-h water 
absorption 

(%) 

CoV 
(%) 

Average Aw 

(kg/(m2.s0.5)) 

CoV 

(%) 

Brick type I 250×120×62 1800 1.95 2.3 16.0 1.6 0.193 0.8 
Brick type II 250×120×62 1990 1.81 5.1 8.6 14.5 0.133 16.1 
Brick type III 240×115×62 2235 0.71 13.7 4.0 38.6 0.042 22.8 
Mortar M 2.5 100×100×100 1869 0.30 15.8 - - 0.022 8.7 
Mortar NHL 

3.5 100×100×100 1715 0.80 20.4 - - 0.159 9.2 

Mortar NHL 5 100×100×100 1733 1.10 15.6 - - 0.236 15.3 

Moreover, tests to determine the water absorption coefficient of bricks, Aw, were 
done on ten bricks from each type according to the ASTM C1403 – 15 standard 
[75]. The water absorption coefficient, Aw, expresses the rate of capillarity action in 
a certain time. Bricks were immersed in water at a depth of 3-5 mm from the bed 
face, and the weight was measured at different time intervals. The increase in mass 
as a result of water absorption was registered after 1, 5, 10, 20, 30, 60, 120, 180, 
240, 300, 360, 1440, and 4320 minutes. The amount of absorbed water per unit area 
of the brick Q [kg/m2] is defined as the ratio between the difference of increased 
weight (wi [kg]) and initial weight (w0 [kg]) and the cross-sectional area of the brick 
A [m2] (Eq. (15)). =    [ / ] (15) 

To present the results of the tests, Q [kg/m2] is plotted against the square root of 
time [s1/2] (Figure 11.a). Eventually, the water absorption coefficient, Aw 
[kg/(m2.s0.5)], is mathematically defined as the tangent to the initial, linear branch 
of the Q – t1/2 function (Figure 11.b). The average water absorption coefficient for 
each type of brick is presented in Table 1. 

 
Figure 11. Plot of the average water absorption per unit area against the square root of time for ten masonry brick 
units from each type (bricks type I, II, & III): a) up to 72 h; and b) during the initial stage of the test. 
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3.3.2 Mortars 
Mortar M 2.5, widely used in masonry façades, was supplied by Weber Saint-
Gobain AB; Natural hydraulic lime (NHL) 3.5 and 5 mortars, commonly used for 
repointing of clay brick façades, were supplied by Målarkalk AB. The 
recommendation was to use NHL 3.5 with high and medium suction bricks, whereas 
NHL 5 mortar is recommended to be used with low suction bricks. Eighteen 
100 mm cubic side mortar specimens, including 12 M 2.5, 3 NHL 3.5, and 3 NHL 5, 
were cast to characterize the water absorption properties of mortars. The water 
absorption coefficient of the mortars was determined according to the 
ASTM C1403 – 15 standard [75]. Figure 12 shows the water absorption rate of the 
mortars over the square root of time, and Table 1 summarizes the average IRA and 
water absorption coefficients of three different types of mortar. 

 

 
Figure 12. Average water absorption of mortar M 2.5, NHL 3.5, NHL 5: a) up to 8 days; and b) during the initial stage 
of the test 

3.3.3 Masonry specimens 
Three different types of bricks with different water absorption properties and two 
different mortar joint profiles, namely flush and raked, were considered. Flush 
profiles were subdivided into standard and after-pointed. After-pointing is a 
common technique in Nordic countries in which the joints are filled with mortar; 
then, prior to hardening of the mortar, the outer part is removed; and a couple of 
hours later, the remained part is finally filled with repointing mortar and tooled. 
Raked specimens can be a reasonable representative of eroded mortar joints. 
Comparing water absorption and penetration of flush and raked specimens can 
facilitate understanding how the erosion of the mortar joints might affect WDR-
related water absorption and penetration. 

The tests were carried out on triplet masonry specimens with the length, height, and 
depth of 250 ± 5 mm, 215 ± 3 mm, and 120 ± 2 mm, respectively, see Figure 13. 
The specimens were intended to be representative of a masonry veneer wall. The 



35 

specimen size was limited to three bricks in order to facilitate manual handling 
without damaging either the specimens or the operator. A similar choice was made 
by Ritchie [13], who studied water penetration in brick masonry by using specimens 
consisting of five bricks, yet without any head joints. 

As summarized in Table 2, in the first campaign (A), 39 triplet masonry specimens 
were prepared with medium suction bricks type [I] and [II], with three types of joint 
profile finish: flush, raked, and after-pointed. In the second campaign (B), 
36 masonry specimens, built with three different types of bricks, including medium 
suction bricks type [I] and [II], and low suction bricks, type III, and three different 
types of joint profile finishes, including flush, raked, and after-pointed were studied. 
All specimens in the two campaigns were prepared at the same time. 

Specimens built with medium suction bricks [I] belong to Series I, whereas Series II 
consists of specimens prepared with medium suction bricks [II]. Series III includes 
specimens built with low suction bricks, type III. Each Series is then divided into 
three groups based on the joint profile finish. Group G1 includes specimens built 
with mortar M 2.5 with a tooled flush joint profile, whereas group G2 consists of 
specimens built with mortar M 2.5, with a raked joint profile. Group G3 is also made 
up of specimens built with mortar M 2.5, but compared with G1, the outer 6 mm of 
the mortar joint was pointed one day after bricklaying with mortar NHL 3.5 or 
NHL 5, with a tooled flush joint profile. It should be mentioned that mortar NHL 
3.5 was used in the pointing of Series I and II specimens, whereas NHL 5 was used 
in combination with the specimens of Series III, low suction bricks. 

Following the recommendations of the supplier, the bricks were not wetted before 
bricklaying. These recommendations are in line with those given in [76] concerning 
the need for pre-wetting bricks as a function of the IRA. To eliminate uncertainties 
regarding workmanship, a single craftsman built all the specimens. Extra effort went 
into ensuring that the same amount of water was added to each batch of mortar mix, 
i.e., eliminating the effect of mortar flow on water penetration. Specimens of group 
G1, with mortar M 2.5, were tooled with a wooden stick to have a flush profile. For 
specimens with the raked joint profile, group G2, a 5 mm screw was used to remove 
extra mortar to reach the depth of 5 mm. For specimens prepared with the after-
pointing technique, the excess mortar was removed using a 6 mm screw, and the 
following day, the 6 mm gap was filled with either NHL 3.5 or NHL 5 and tooled 
to have a flush joint profile (Figure 13). The workmanship technique used for 
bricklaying in this study was the so-called pushing of the head joints. Figure 13.c 
shows the backside of the representative specimens. 
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Figure 13. a) Representative specimens from each group and Series after sealing; b) Schematic of the mortar joint 
profile finishes, and c) Backside of representative specimens 

Prior to the testing, all sides except the exposed surface and backside of the 
specimens were sealed using a two-component sealant (ARDEX P2D and 
ARDEX S1-K), producing a flexible waterproof coating. The sealing was done to 
avoid any undesirable water absorption in any other sides except the exposed 
surface. 

The specimens were named following the designation W-X-T-C, where W stands 
for the experimental campaign (A is the first campaign, B is the second campaign), 
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X represents the Series (I is the first Series, II is the second Series, III is the third 
Series), T corresponds to 
after-pointed), and C refers to the specimen number. For example, specimen A-II-
R-2 is one of the specimens tested in the 1st experimental campaign, was built with 
medium suction bricks type [II], with a raked joint profile, and it is the second 
specimen of group G2. 

Table 2. Specimen designation and configurations 

Experimental 
campaign Series Group Brick Mortar Joint profile 

finish 

Ave 
water 
spray 
rate 

(l/m2/h) 

No. of 
specimen 

First 
campaign 

A 

Series I 

G1 Medium suction 
type [I] M 2.5 Flush 3.6 5 

G2 Medium suction 
type [I] M 2.5 Raked 3.6 5 

G3 Medium suction 
type [I] 

M 2.5 / 
NHL 3.5 After-pointed 3.4 5 

Series II 

G1-a Medium suction 
type [II] M 2.5 Flush 3.2 5 

G1-b Medium suction 
type [II] M 2.5 Flush 2.0 3 

G2 Medium suction 
type [II] M 2.5 Raked 2.3 8 

G3 Medium suction 
type [II] 

M 2.5 / 
NHL 3.5 After-pointed 2.0 8 

Second 
campaign 

B 

Series I 

G1 Medium suction 
type [I] M 2.5 Flush 6.3 4 

G2 Medium suction 
type [I] M 2.5 Raked 6.3 4 

G3 Medium suction 
type [I] 

M 2.5 / 
NHL 3.5 After-pointed 6.3 4 

Series II 

G1 Medium suction 
type [II] M 2.5 Flush 6.3 4 

G2 Medium suction 
type [II] M 2.5 Raked 6.3 4 

G3 Medium suction 
type [II] 

M 2.5 / 
NHL 3.5 After-pointed 6.3 4 

Series III 

G1 Low suction M 2.5 Flush 6.3 4 
G2 Low suction M 2.5 Raked 6.3 4 

G3 Low suction M 2.5 / 
NHL 5 After-pointed 6.3 4 

In the first campaign (A), the specimens in groups G1, G2, and G3 of Series I were 
exposed to an average water spraying rate of 3.6, 3.6, and 3.4 l/m2/h. Specimens of 
group G1 of Series II are divided into two groups, G1-a and G1-b, based on the 
average water application rate. In this regard, the average water spraying rate for 
groups G1-a, G1-b, G2, and G3 of Series II was 3.2, 2.0, 2.3, and 2.0 l/m2/h, 
respectively (Table 2). However, in the second campaign (B), all specimens were 
exposed to a uniform and constant water spray rate of 6.3 l/m2/h ± 5% (Table 2). It 
should be noted that the first campaign includes only Series I and II specimens, 
whereas the second campaign consists of all specimens of Series I, II, and III. 
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4 Experimental results 

This chapter presents the results of two experimental campaigns and is divided into 
four subsections: general observations, water absorption, damp patches, and water 
penetration. In the first part, observations and qualitative results regarding the 
response of specimens exposed to water spray, observed during testing, are 
presented. Section 4.2 summarizes the experimental test results regarding the water 
accumulation and moisture content of the specimens. Section 4.3 provides 
information about the appearance and spread of damp patches on the backside of 
the specimens. Section 4.4 indicates the amount of water that was collected from 
the backside of specimens due to leakage. 

4.1 General observations 
This part presents the obtained qualitative results, including water absorption 
behavior, surface saturation, the appearance of damp patches, and water penetration 
observed during the testing of the specimens. Firstly, the specimens were exposed 
to a water spray, with a rate controlled by two water pressure regulators. At the 
beginning of the test, the specimens absorbed most of the sprayed water, whereas 
the rest of the water drops bounced off. 

Afterward, runoff started on the exposed surface of the specimens, indicating that 
surface saturation was attained. The time to attain surface saturation varied between 
different specimens, depending on the water spray rate and the water absorption 
coefficient of the bricks. Subsequently, the first visible damp patches usually 
appeared on the backside of the specimens in the vicinity of the head joint. It should 
be noted that for a few specimens of Series III, the first dampness was observed 
soon after starting the test. Subsequently, the dampness spread on the entire second 
course, including the head joint. Then, the bottommost course became damp. The 
dampness eventually spread to the uppermost course until the entire protected side 
of the specimen became damp. However, the backside of a few specimens within 
Series III did not get fully damp. 

The absorption then continued until the specimens reached full saturation, 
depending on the water spray rate, the water absorption coefficient of bricks, and 
the water absorption capacity of masonry. However, several specimens did not reach 
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full saturation, mostly because of the low water spray rate and low water absorption 
properties of masonry.  In the first experimental campaign (A), due to the low water 
spray rate, the amount of water collected from the backside of the specimens, the 
water penetration, was limited. Thus, water penetration was only registered in the 
second campaign (B), where the water spray rate increased compared to the first 
campaign (A). In most specimens, water penetration started when the specimens 
were close to saturation. Water penetration mainly occurred through the brick-
mortar interface, particularly the bed joint between the first and the second course. 

4.2 Water absorption 
As the developed test setup was equipped with a scale capable of measuring the 
amount of absorbed water continuously during the test, in this section, the results of 
water absorption in specimens tested in the first (A) and second (B) experimental 
campaigns are presented. 

4.2.1 First campaign (A) 
It should be mentioned that individual specimens in campaign A were exposed to 
water spray rates varying between 1.7 and 3.8 l/m2/h. The water absorption, 
Q [kg/m2], herein is defined as the amount of absorbed water [kg] per unit area of 
the masonry specimen [m2]. Figure 14 shows the absorption behavior of masonry 
specimens during 23 h of testing, tested in the first experimental campaign (A). 
Since the water spray rate of Series II group G1-a is similar to those of Series I, they 
are plotted in the same graph (see Figure 14.a). It should further be kept in mind that 
the  specimens in Series I and Series II Group G1-a were exposed to a more intensive 
spray rate  (3.2 – 3.6 l/m2/h) than the specimens in Series II group G1-b, G2, and G3 
(2.0 – 2.3 l/m2/h).  

It is clear that during the 1st cycle (3.5 h), the absorption behavior is linear, indicating 
that most of the sprayed water was absorbed within the specimens. Accordingly, the 
absorption behavior of Series II group G1-a during the first cycle is similar to those 
of Series I specimens, yet with different absorption properties of the bricks. Hence, 
it can be seen that the absorption during the first cycle, prior to surface saturation, 
is strongly dependent on the water spray rate. Similarly, the absorption behavior of 
Series II group G1-b, G2, and G3 during the first cycle is similar to each other 
(Figure 14.b), indicating that the water spray rate is the governing agent influencing 
the amount of absorbed water. The slight difference in the amount of absorption 
after the 1st cycle is related to the difference in the water spray rate; the greatest 
absorption was recorded in group G2 exposed to an average spray rate of 2.3 l/m2/h, 
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in comparison with group G1-b and G3 exposed to the average water spray rate of 
2.0 l/m2/h. 

It was mentioned that a large portion of the sprayed water during the first cycle was 
absorbed within specimens. Since the absorption behavior is linear during the first 
cycle, i.e., surface saturation is not attained yet, the difference between the amount 
of sprayed water and absorbed water can be considered as bounce-off. Therefore, 
around 8 – 23 % of the sprayed water is considered to have bounced off from the 
specimens’ surface. 

 

 
Figure 14. Average water absorption vs. time response of a) Series I and Series II group G1-a; b) Series II group 
G1-b, G2, and G3 in the first experimental campaign (A) 

As the test progressed, the absorption behavior became nonlinear, indicating 
saturation of the exposed surface. The time to attain surface saturation is dependent 
on the water spray rate and water absorption coefficient of the masonry. 
Accordingly, surface saturation was attained later for Series I in comparison with 
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Series II group G1-a, indicating that a higher water absorption coefficient allows 
rapid moisture transport and postpones saturation of the exposed masonry surface 
layer, as stated by Van Den Bossche et al. [17] and further discussed in Paper II. 
Surface saturation was attained at the end of the 3rd cycle for all groups of Series I 
and II, except Series II group G1-a in which the absorption curve becomes nonlinear 
at the end of the 2nd cycle. Once the surface saturation was attained, a water film 
was formed on the exposed surface of the masonry, and the absorption behavior 
became more dependent on the water absorption coefficient and water absorption 
capacity of the masonry. 

Eventually, as can be seen, the absorption continues until the middle of the 6th cycle 
for Series I, showing the specimens are close to fully saturated. However, for 
Series II groups G1-b, G2, and G3, the absorption continues until the end of the test, 
mainly attributed to the relatively low water spray rate. In contrast, the absorption 
ends during the 5th cycle for Series II group G1-a, indicated by the slope of the Q – t 
curve becoming close to zero (i.e., nearly no water accumulation in the specimens) 
during the remainder of the test. 

4.2.2 Second campaign (B) 
Figure 15 shows the average amount of water absorption, Q [kg/m2], during 23 h of 
testing in all groups within Series I, II, and III tested in the second experimental 
campaign (B). It should be noted that all specimens were exposed to a uniform and 
constant water spray rate of 6.3 l/m2/h ± 5%. During the initial 10 minutes to 2 hours 
of tests, depending on the Series, most sprayed water was absorbed, indicating that 
surface saturation was not attained yet. The bounce-off varied between 7 % and 
14 %. 

Surface saturation for Series I and II were attained after around 1 h and 2 h, 
respectively. In contrast, the occurrence of surface saturation took only 10 minutes 
for Series III, as shown in Figure 15.b. Once the surface saturation was attained, 
which can be seen from the deviation from a linear slope of the absorption curve, 
the absorption response becomes nonlinear. The time to reach surface saturation 
varied between each Series depending on the water absorption coefficient of the 
bricks. It can be observed that surface saturation was attained during the 1st cycle 
for all groups, G1, G2, and G3, within each Series, though it took more time for 
Series I, specimens prepared with bricks with the absorption coefficient of 0.193 
kg/(m2.s0.5), in comparison with Series II and III, built with bricks with the 
absorption coefficient of 0.133 kg/(m2.s0.5) and 0.042 kg/(m2.s0.5), respectively. 

After the attainment of surface saturation in specimens of Series I and II, the 
absorption behavior becomes nonlinear, and the slope of the curve decreases until 
the point where it becomes close to zero, i.e., nearly no water accumulation in the 
specimens. The absorption ends during the 4th cycle for Series I and II, specimens 
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prepared with medium suction bricks type I and II. In contrast, once the surface 
saturation was attained at the beginning of the 1st cycle for Series III, the absorption 
behavior became nonlinear and continued until the end of the test. Based on the 
obtained results, the water absorption rate in masonry specimens during 23 h of the 
test depends on the water absorption coefficient of the bricks and water spray rate, 
whereas the total amount of water absorption is mostly correlated to the absorption 
capacity of the masonry. 

 

 
Figure 15. Average water absorption vs. time response of Series I, Series II, and Series III in the second experimental 
campaign (B), a) during 23 h of testing and b) during the first two hours after starting the test 
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Table 3 summarizes the average amount of water absorption, Q [kg/m2], within 
each group after performing the first and sixth cycles. Based on the obtained results 
in campaign A, the water absorption in the first cycle is dependent on the water 
spray rate. For instance, in Series II, the lowest average water absorption, amounting 
to 5.9 kg/m2, is exhibited by group G3, exposed to the lowest average water 
application rate of 2.0 l/m2/h. Similarly, group G1-a, which was exposed to the 
highest average water application rate of 3.2 l/m2/h, has the highest average water 
absorption of 8.5 kg/m2 in Series II. However, in campaign B, as specimens were 
exposed to the same water spray rate, 6.3 l/m2/h, the slight difference in the amount 
of water absorption after the 1st cycle for each group within each Series might be 
related to the; a) variability in brick absorption properties, b) effect of mortar joint 
profile finish, and c) variation in the applied spray rate, taking into account a 
mentioned tolerance of 5 % in the spray rate. 

Table 3. The average water absorption and time to the appearance of the first visible damp patch on the 
backside of each group within each Series in Campaign A and B after the first and the sixth cycle 

  
Ave water spray rate 

(l/m2/h) 

Ave 

1st cycle Absorption 

(kg/m2) 

Ave 

Total Absorption 

(kg/m2) 

CoV 

% 

Time to 
the 1st 

dampness 

(h) 

C
am

pa
ig

n 
A 

Series I 
group G1 3.6 9.4 31.3 0.6 7.9 

Series I 
group G2 3.6 9.6 31.5 0.3 7.8 

Series I 
group G3 3.4 9.0 31.5 0.2 8.0 

Series II 
group G1-a 3.2 8.5 21.2 10.4 4.8 

Series II 
group G1-b 2.0 6.3 22.4 6.3 6.3 

Series II 
group G2 2.3 6.8 22.2 6.0 5.9 

Series II 
group G3 2.0 5.9 20.6 5.6 6.4 

C
am

pa
ig

n 
B 

Series I 
group G1 6.3 17.8 30.9 0.9 2.5 

Series I 
group G2 6.3 19.0 30.9 0.5 2.6 

Series I 
group G3 6.3 17.3 31.0 0.7 3.7 

Series II 
group G1 6.3 13.8 21.4 10.0 2.0 

Series II 
group G2 6.3 14.0 20.5 10.4 1.5 

Series II 
group G3 6.3 11.8 19.6 2.7 3.1 

Series III 
group G1 6.3 4.8 10.4 19.3 1.0 

Series III 
group G2 6.3 3.5 7.7 10.1 6.9 

Series III 
group G3 6.3 3.1 7.7 30.3 3.6 
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It can be seen that the average total absorption in specimens of Series I, tested in the 
first (A) and the second (B) experimental campaigns, is nearly equal to 31.0 kg/m2, 
highlighting a negligible difference in the average water absorption between groups 
G1, G2, and G3. In contrast, the average water absorption for groups G1, G2, and 
G3 of Series II varied between 20.6 kg/m2 and 22.4 kg/m2 in campaign A and 
between 19.6 kg/m2 and 21.4 kg/m2 in campaign B. The obtained results indicate a 
strong correlation between the total amount of absorption and the absorption 
capacity of the masonry. The difference in the results of average water absorption 
between each group in Series III is mainly attributed to the high variability in the 
wate  

According to the obtained results, water absorption is not dependent on the joint 
profile finishes, suggesting that the impact of eroded mortar joints on water 
absorption from WDR is inconsiderable. In contrast, water absorption in clay brick 
masonry is a function of the water absorption properties of masonry, especially that 
of the bricks, and the water spray rate. The obtained results from specimens prepared 
with raked joint profiles as representative of eroded mortar joints may provide the 
basis for the decision-makers concerning repointing. Eroded mortar joints may not 
lead to a significant increase in water absorption in masonry façades built with solid 
clay bricks.  

4.3 Damp patches 
A digital camera was mounted behind the specimens in the presented test setup, 
providing the opportunity to obtain the location of the first visible dampness and the 
relative damp area over time. Figure 16 shows the location of the first visible damp 
patch on the backside of the specimens tested in the first campaign (A). It can be 
seen that the first dampness appeared close to the brick-mortar interface, indicating 
that the interfacial zone between brick and mortar is the primary path for water 
penetration.  

Figure 16 and Table 3 summarize the time to the appearance of the first damp patch 
on the backside of the specimens. In the first campaign (A), the average time to the 
appearance of the first dampness for all groups of Series I is around 8 h, highlighting 
the insignificant effect of joint profile finish. In Series II, the dampness appeared 
after 4.8 h on the backside of group G1-a specimens with the water spray rate of 3.2 
l/m2/h, whereas it took nearly 6.4 h for group G1-b and G3 specimens exposed to 
the water spray rate of 2.0 l/m2/h, suggesting the considerable effect of water spray 
rate on the appearance of the first damp patch. Moreover, comparing the time to the 
appearance of the first damp patch between all groups of Series I and group G1-a 
Series II, though specimens were exposed to a similar water spray rate, the obtained 
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results indicate the impact of brick absorption capacity on time to the appearance of 
the first dampness.  

 
Figure 16. Location and time to the appearance of the first damp patch on the backside of specimens in campaign A 

Figure 17 shows the time and location of the first visible dampness that appeared on 
the backside of specimens tested in the second campaign (B). Similar to the first 
campaign (A), with some exceptions, the first visible dampness appeared close to 
the brick-mortar interface in the vicinity of the head joint. Additionally, for those 
specimens where the dampness did not appear in the vicinity of the head joint, the 
time to the appearance of the first damp patch is significantly postponed. 
Accordingly, the obtained results indicate the importance of the resistance of the 
brick-mortar interface, particularly the head joint, to WDR. 

 
Figure 17. Where and when the first damp patch appeared on the backside of specimens in campaign B 
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Once the first damp patch appeared, mainly in the vicinity of the head joint, then 
typically it spread on the entire second course, including the head joint. 
Subsequently, the bottommost course became damp. The dampness eventually 
spread to the uppermost course until the entire protected side of the specimen 
became damp, as shown in Figure 18. However, it was observed that the backside 
of several specimens within Series III, specimens prepared with low suction bricks, 
did not reach even 50 % dampness after 21 h of water spray exposure. 

 

Figure 18. Appearance and growth of dampness on the backside of specimen A-II-F-6 at different time intervals. 

The obtained results highlight the importance of the workmanship and a well-
established contact between brick and mortar, as it may increase the time to the 
appearance of the first dampness and change its location. Additionally, the results 
reveal the low resistance of head joints to WDR, which might be related to the 
difficulty of the workmanship in filling the head joints and low compaction in 
comparison with bed joints [82]. Further, the effect of joint profile finishes on the 
time and location of the first visible dampness is negligible, whereas water spray 
rate and water absorption properties of bricks may strongly influence the time to the 
appearance of the first damp patch. 

4.4 Water penetration 
As no considerable amount of water leakage that could be collected from the 
backside of the specimens was observed in the first experimental campaign (A), this 
section only presents the results of water penetration in specimens tested in the 
second experimental campaign (B). 
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In the test setups of current standards and research studies, high water spray rate and 
air differential pressure are applied to rapidly form a water film on the exposed 
surface of the specimens and force the water in without gaining the benefit from the 
storage capacity of masonry [67]. In contrast, in the first campaign (A) conducted 
in this study, because of the low water spray rate and zero differential air pressure, 
no considerable amount of water penetration could be collected, indicating that the 
specimens could absorb most of the sprayed water. The limited leakage is probably 
due to the fact that specimens in campaign A got saturated at the end of the test. 
Thus, gravity is the probable driving force, see Section 2.3.3. 

The average amount of water penetration [kg/m2] for each group within each Series 
during 23 h of testing is shown in Figure 19 and Table 4. It can be seen that water 
penetration in all groups within Series I and II started at the end of the second cycle 
or the beginning of the third cycle, indicating that it started when the masonry 
specimens were nearly close to saturation, as already noted by Straube and Burnett 
[67]. Further, it is observed that for Series III, specimens prepared with low suction 
bricks, a lower value of water penetration was recorded in comparison with Series I 
and II. In this regard, the average amount of penetrated water of groups G1, G2, and 
G3 of Series I and II are in the range of 2.0 kg/m2 – 4.4 kg/m2. In contrast, there is 
no considerable water penetration for specimens of Series III, except specimen B-
III-F-1, B-III-AF-2, and B-III-AF-3. 

 
Figure 19. Average water penetration vs. time response of all Series in the second experimental campaign (B) 
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Table 4. Water penetration in terms of time to leakage, the amount of penetration, and leakage percentage for 
individual specimens of campaign B 

  Specimens 
Time to 
leakage 

(h) 

Ave 
time to 
leakage 

(h) 

Penetration 

(kg/m2) 

Ave 
Penetration 

(kg/m2) 

Leak 
in the 

6th 
cycle 

(%) 

Ave 

(%) 

Tot 
leak 

(%) 

Ave 

(%) 

C
am

pa
ig

n 
B 

Series 
I 

group 
G1 

B-I-F-1 11.0 

10.4 

1.1 

2.0 

1.3 

2.6 

0.8 

1.5 
B-I-F-2 9.9 2.2 3.0 1.7 
B-I-F-3 10.1 2.7 3.6 2.1 
B-I-F-4 10.4 1.9 2.6 1.4 

 
Series 

I 
group 

G2 

B-I-R-1 8.4 

8.8 

3.5 

3.3 

4.6 

4.0 

2.6 

2.5 
B-I-R-2 6.9 2.8 3.3 2.2 
B-I-R-3 9.4 6.3 7.8 4.8 
B-I-R-4 10.4 0.6 0.2 0.4 

Series 
I 

group 
G3 

B-I-AF-1 8.5 

8.2 

3.5 

4.4 

5.3 

5.8 

2.7 

3.3 
B-I-AF-2 9.4 5.9 8.8 4.4 
B-I-AF-3 6.6 8.0 8.9 6.1 
B-I-AF-4 - 0.0 0.0 0.0 

 
Series 

II 
group 

G1 

B-II-F-1 8.1 

9.4 

3.5 

3.7 

4.3 

4.6 

2.7 

2.8 
B-II-F-2 15.0 0.5 1.3 0.4 
B-II-F-3 6.3 4.6 5.6 3.4 
B-II-F-4 8.0 6.3 7.1 4.8 

Series 
II 

group 
G2 

 

B-II-R-1 7.8 

8.6 

3.9 

2.7 

4.5 

2.8 

3.0 

2.0 
B-II-R-2 8.2 2.8 2.6 2.1 
B-II-R-3 11.0 0.3 0.2 0.2 
B-II-R-4 7.5 3.6 3.8 2.7 

Series 
II 

group 
G3 

B-II-AF-1 11.1 

9.0 

2.6 

3.5 

4.3 

4.8 

2.0 

2.7 
B-II-AF-2 6.6 3.7 3.6 2.8 
B-II-AF-3 9.0 4.5 6.8 3.4 
B-II-AF-4 9.1 3.3 4.5 2.5 

 
Series 

III 
group 

G1 

B-III-F-1 10.8 

- 

0.9 

0.2 

1.4 

0.4 

0.7 

0.2 
B-III-F-2 - 0 0 0 
B-III-F-3 - 0 0 0 
B-III-F-4 - 0 0 0 

Series 
III 

group 
G2 

 

B-III-R-1 - 

- 

0 

0 

0 

0 

0 

0 
B-III-R-2 - 0 0 0 
B-III-R-3 - 0 0 0 
B-III-R-4 - 0 0 0 

Series 
III 

group 
G3 

B-III-AF-1 - 

- 

0.0 

0.9 

0 

1.4 

0 

0.7 
B-III-AF-2 10.9 1.3 2.4 1.0 
B-III-AF-3 8.6 2.2 3.1 1.6 
B-III-AF-4 - 0.0 0 0 

It was previously mentioned that water mainly penetrated through the brick-mortar 
interface, particularly from the bed joint between the first and the second course. 
Although no differential air pressure was applied in the second experimental 
campaign (B), the driving potentials forcing water to penetrate might be gravity and 
kinetic energy of water drops, as stated by Straube and Burnett [67]. 



49 

The obtained results suggest that water penetration is highly dependent on the water 
content of specimens (saturation level), brick absorption properties, and the water 
spray rate. However, it can be seen that the effect of joint profile finish on water 
penetration is insignificant since the highest amount of leakage in Series I was 
recorded for group G3 whereas, in Series II, specimens of group G1 had the greatest 
amount of water penetration. 

Table 4 summarizes the results of water penetration for each specimen tested in the 
second campaign. Also, the approximate time when water penetration started is 
presented in Table 4. The average time for water to start penetrating varied between 
8 and 10 hours for all groups within Series I and II. All specimens in Series I and II 
experienced water leakage, except specimen B-I-AF-4. Interestingly, the greatest 
amount of water penetration, 8.0 kg/m2, was recorded for Specimen B-I-AF-3, 
whereas no penetrated water was observed for specimen B-I-AF-4. For Series III, 
no penetration was registered, except B-III-F-1, B-III-AF-2, and B-III-AF-3. 
Moreover, no water penetration was observed for Series III group G2, specimens 
prepared with low suction bricks and raked joint profile, which might depend on the 
fact that the specimens were not saturated, see Figure 15.a. 

It should be mentioned that the penetrated water mainly passed through the brick-
mortar interface, indicating the importance of the interfacial zone on masonry’s 
resistance to WDR. For instance, in nine out of twelve specimens in Series III, the 
amount of water penetration was nearly equal to 0 kg/m2. Compared to Series I and 
II, the sharp contrast is attributed to continuous contact in the brick-mortar interface 
and the absence of known defects. However, in specimens B-III-F-1, B-III-AF-2, 
and B-III-AF-3, a water penetration of 0.9 kg/m2, 1.3 kg/m2, and 2.2 kg/m2, 
respectively, were registered, indicating that the quality of the workmanship might 
not have been as high as the other specimens of Series III. It should be further 
observed that the amount of penetrated water varied within a considerable range 
also in Series I and II, between 0 – 8 kg/m2 and 0.3 – 6.3 kg/m2, respectively. 
Figure 20 shows the significant variability in the results of water penetration in the 
individual specimens of Series I group G2. Accordingly, several factors might 
contribute to the large scatter in the results of water penetration by comparing 
individual specimens even with similar brick and joint profile; a) the quality of the 
workmanship to completely fill the joints might differ between specimens, b) the 
bond, i.e., the adequate contact between brick and mortar might not be achieved in 
some specimens, and c) there is a large variability in the absorption properties of 
bricks and mortar. 

The obtained results highlight the impact of water absorption properties of bricks 
on the leakage through specimens, as water penetration in specimens prepared with 
low suction bricks was considerably lower than those prepared with medium suction 
bricks type I and II, as already noted by Ritchie and Plewes [77]. Moreover, 
comparing water penetration of each group within each Series shows that the effect 
of mortar joint profile on water penetration is negligible. 
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Figure 20. Water penetration in the individual specimens of Series II group G2 within campaign B 

The results of total leakage and leakage during the sixth cycle are summarized in 
Table 4. Leakage herein is defined as the ratio between the amount of sprayed water 
and the amount of penetrated water. According to guidelines presented in the 
ASHRAE Standard 160:2009, a one percent leakage of WDR is normally assumed 
during heat, air, and moisture (HAM) simulations. In the light of the present results, 
WDR events with an intensity below 3.8 l/m2/h might not result in significant, if 
any, water leakage through a clay brick masonry veneer with a thickness of 120 mm. 
Yet, a water spray rate of 6.3 l/m2/h during 21 h might lead to a leakage of up to 
8.9 % of the sprayed water. 

The amount of leakage highly depends on the absorption properties of bricks and 
generally occurs once the masonry is close to saturation. It should be further noticed 
that leakage might happen in masonry specimens after around 8 h – 10 h of exposure 
to WDR with an intensity of 6.3 l/m2/h, depending on the sorptivity and water 
absorption capacity of masonry. As mentioned in Section 2.1, most WDR events in 
Sweden take around 1 h to 4 h with an intensity of less than 1 mm/h, indicating the 
low probability of a WDR event with the duration of 21 h and an intensity of 
6.3 l/m2/h. 

The importance of filling the head joints to control water penetration in masonry 
walls is noteworthy, as it is considered one of the most important factors influencing 
water penetration [5, 70, 71, 78]. The common workmanship techniques to fill the 
head joints are known as “pushing the head joint” and “buttering”, as illustrated in 
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Figure 21, buttering being recommended as the better one [5]. However, as 
mentioned in Section 3.3.3, the workmanship technique employed in this study was 
the so-called pushing of the head joint. 

 
Figure 21. Common workmanship methods for filling the head joints  
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5 Summary of the appended papers 

Paper I 
Repointing is a maintenance technique with the potential of reducing the WDR-
related issues of eroded mortar joints though the criteria to make a rational decision 
on repointing are not well established. Several criteria exist to facilitate the decision 
on whether repointing is needed or not, yet some proposed criteria can be 
questioned. A review providing the results of a state-of-the-art study concerning 
field and laboratory methods to assess water content and water uptake caused by 
WDR is presented. Using the information on water content and water uptake to 
rationally analyze whether repointing can improve the technical condition of clay 
brick façades in relation to WDR action is discussed. Accordingly, destructive and 
non-destructive test methods to measure moisture content and water absorption in 
masonry façades are reviewed. It is recommended that the visual inspection, if not 
conclusive, be accompanied by one of the presented test methods to assess the state 
of the façade, leading to a more rational decision on repointing. Further, alternative 
maintenance techniques which may postpone the need for costlier maintenance and 
reveal potential defects or problems are presented. 

Paper II 
Brick masonry façades are widely used because of their long-term performance and 
high durability, yet climate agents including WDR and freezing-thawing result in 
inevitable deterioration and erosion of masonry façades. The test conditions of the 
majority of existing standards and research studies are representative of extreme 
WDR events, and there is a need for a simple test setup to study the resistance of 
masonry to WDR. Accordingly, an experimental study was conducted to study the 
behavior of masonry in terms of water absorption and penetration exposed to water 
spraying by developing a new test setup. The appearance of damp patches and their 
spread on the backside of the specimens was recorded using a digital camera 
mounted behind the specimens. Several parameters, including the brick absorption 
properties and different mortar joint profiles, were considered. Triplet masonry 
specimens were built with three different types of brick and two different types of 
joint profile finishes, namely flush and raked. Raked specimens were considered 
representative of eroded mortar joints. The specimens were exposed to a uniform 
water spray rate of 1.7 – 3.8 l/m2/h, simulating more realistic WDR events 
encountered in Sweden. The obtained results indicate that water absorption is 
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mainly dependent on the water absorption properties of bricks, including the water 
absorption coefficient and water absorption capacity. In contrast, the effect of 
mortar joint profile on water absorption in masonry is not considerable. The first 
visible damp patch on the backside of the specimens appeared close to the brick-
mortar interfacial zone, indicating the lower resistance of the head joints to WDR, 
mainly attributed to lower compaction and difficulty of workmanship to fill in joints 
completely.  

Paper III 
An experimental campaign was designed to study water absorption and penetration 
in triplet masonry specimens exposed to uniform water spray. The specimens were 
exposed to a water spray rate of 6.3 l/m2/h and zero differential air pressure. The 
presented setup was equipped with two digital scales providing the opportunity to 
measure water absorption and penetration continuously during 23 h of testing. The 
results highlight the effect of brick absorption properties on water absorption and 
penetration. However, the impact of joint profile on water absorption and 
penetration was negligible. Masonry specimens prepared with low suction bricks 
and low absorption capacity showed better resistance to WDR than those prepared 
with medium suction bricks and higher absorption capacity. Further, the first 
dampness appeared close to the brick-mortar interface in most specimens, indicating 
the brick-mortar interfacial zone as the primary path for water penetration.   
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6 Conclusions 

The response of clay brick masonry exposed to a uniform water spray was studied 
by employing a newly developed test setup. Two main experimental campaigns 
were performed, and different parameters, including water spray rate, water 
absorption properties of bricks, and mortar joint profile, were considered. The 
specimens in this study were exposed to water spray rates varying between 1.7 and 
6.3 l/m2/h, a reduction of approximately 90% in comparison with the water 
application rate specified in current standards and many studies. Based on the 
obtained results, the following conclusions can be drawn: 

 The moisture absorption response of the masonry specimens was mainly 
dependent on the water absorption properties of the bricks. 

 Prior to the surface saturation, the water absorption in masonry specimens 
was highly dependent on the water spray rate and water absorption 
coefficient of bricks. Once the surface saturation was attained, the behavior 
was dependent on both the water absorption coefficient of bricks and the 
water absorption capacity of the bricks. 

 The effect of mortar joint profile on water absorption and penetration was 
not considerable. 

 Water penetration started when the masonry specimens were nearly close 
to saturation, highlighting that the gained benefit from the storage capacity 
of masonry could postpone the occurrence of water penetration. 

 The time to the appearance of the first visible damp patch on the backside 
of specimens was also affected by the water spray rate and absorption 
properties of bricks. 

 The first dampness appeared close to the brick-mortar interface in the 
vicinity of the head joint, indicating the lower resistance of head joints to 
WDR. Further, the adequate filling of the head joint might affect the 
location and the time to the appearance of the first visible damp patch. 

 For specimens exposed to a water spray rate of around 3.5 l/m2/h, it took 
nearly 16 h to get a completely wet masonry specimen (i.e., reach entire 
dampness on the backside of masonry). Additionally, for specimens 
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prepared with low water absorption properties, the backside did not reach 
full dampness, even after 21 h of water spraying with the rate of 6.3 l/m2/h. 

 The newly developed test setup might facilitate the verification of moisture 
simulations as it enables continuous water absorption and penetration 
measurements combined with tracing of damp areas on the backside of 
masonry specimens. 
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7 Future Research 

The current work provided an insight into the resistance of clay brick masonry 
façades to WDR. It is widely accepted among both researchers and practitioners that 
differential air pressure induced by wind is the governing agent that influences water 
penetration in masonry. The focus of the current study was to produce low water 
spray rates, which are uniform and representative of WDR in Sweden, while the 
effect of pressure stemming from wind has so far not been considered. However, 
the developed test setup presented in this study is capable of producing different 
levels of air pressure. An important point for future research is to study masonry 
exposure to WDR with different levels of differential air pressure. 

The masonry specimens in the present project were prepared in laboratory 
conditions and built without any known defects such as cracks. Based on the present 
as well as previous research, it is believed that the brick-mortar interface provides a 
path of least resistance for water penetration. Further, many of the existing masonry 
façades are cracked and eroded due to differential movements, reinforcement 
corrosion, and harsh weather conditions. These imperfections can provide other 
similar pathways for water to penetrate through the masonry. Thus, to better 
understand the effect of cracks and other imperfections, there is a need to study 
water absorption and penetration in such masonry specimens both in laboratory and 
field.   

Imperfections may also be caused by workmanship, and the current work revealed 
the importance of workmanship in filling the joints and brick-mortar interface on 
the resistance of masonry to WDR. Another critical step is comparing the effect of 
different workmanship methods on the resistance of masonry to driving rain. 

The masonry specimens in the present project were prepared with solid bricks. Yet, 
many clay brick masonry façades in Sweden have been constructed with perforated 
bricks. Thus, studying water absorption and water penetration in masonry with 
perforated bricks might generate useful knowledge.   

In the absence of differential air pressure, the expected driving force to push water 
through masonry seems to be the gravitational force. In the current study, water 
penetration could be detected in the absence of a pressure difference. Thus, there is 
a need to shed light on the effect of hydrostatic pressure due to gravitational forces 
on leakage. 
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Simulations of moisture accumulation in masonry walls with other configurations 
than studied in the present project might be a possible way to extend the validity of 
the present results. This is especially interesting in the case of thick masonry walls, 
in which experimental studies might be much more difficult to be carried out in 
practice.  

Simulations could further be used to analyze moisture safety in external walls with 
the external leaf consisting of clay brick masonry, especially in the light of the 
indications that gravity might be an important driving force for water penetration in 
walls exposed to WDR. 

Techniques that are used to apply new mortar during repointing may affect water 
absorption and penetration into clay brick masonry. Compared to the traditional 
method to fill the raked joints with a trowel by hand, machine-driven equipment to 
apply new mortar is often used. The mortar used for machinery equipment usually 
has higher water content, resulting in difficulties in compacting the mortar. 
Consequently, filling mortar joints with machine-driven equipment may result in 
lower strength, air voids, and poor contact between bricks and mortar. Thus, the 
effects of different methods to fill the raked joints should be investigated. 

Eventually, there is a need to develop a solid knowledge to make rational decisions 
on repointing and address the following questions: 

a) The tools and methods that can be employed to rake out the mortar. 

b) The depth to which the existing mortar should be raked out. 

c) The compatibility of the repointing mortar with the existing units and 
mortar. 
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