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Summary

Clay brick masonry is a building material commonly used in facades because of its
high durability and a reduced need for costly maintenance. While being a
comparatively slow process, brick masonry fagades 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 facades
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 fagade. 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 fagades 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
fagades.

There are many parameters affecting moisture content and water penetration of
masonry fagades. 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 fagades 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,



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 fagades 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 fagade 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 facades.
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 fagades, 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 fagades depends on several
parameters categorized into two groups. The first group is related to the WDR
deposition rate on building fagades, 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 fagade 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 fagades, 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 facade is repointing, recommended being carried out after
40-50 years of the facade 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 facade to WDR and keep the integrity of the masonry. On the other hand,
repointing only to improve the aesthetics of the fagcade 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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facade includes windows, joints, and other connections that are expected to be more
vulnerable to WDR exposure. Moreover, masonry facades 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 facades 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 fagades 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 facades, 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 fagades 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 fagades, 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 fagade 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 facade. 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 facade
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 facade before, during, and after
repointing.
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Figure 1. A clay brick masonry fagade, 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 facades 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 fagcade 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 fagades 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 fagade 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 fagades, 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 facade [34]. Figure 2 exemplifies the
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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,

¢) crack widths larger than 2 mm have been measured, d) the rate of water absorption
is more than 4.5 1/m*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].
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2.2 Wind-driven rain

WDR is one of the most important moisture sources affecting the performance of
building facades and resulting in the erosion of mortar joints. Therefore, the study
of WDR in order to quantify WDR intensity on building facades 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 facades, and ii) the second category
studies the response of buildings to WDR impingement and its effect on building
facades. In order to assess the hygrothermal performance of a building envelope, the
appropriate estimation of the amount of rainwater striking the building’s fagade, 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 fagades. 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
facades, 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 fagades 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 runoft [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 facades.
Further, several studies on the rain absorption and the rainwater runoff, which are
responsible for water leakage in building facades and the appearance of surface
soiling patterns on fagades, 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]:

U
Ryar = Ry 7t (D

where Ry is the horizontal rain intensity (mm/h), U is the wind speed (m/s), and V;
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:

Rygr = 0.222-U - R,*58 )

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 fagade 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 fagade, 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 facade, an adapted WDR
coefficient, a, was introduced. Hence, the WDR relationship can be written as
follows:

Rygr=a U - R,*®® - cos® 3)

where a is the WDR coefficient (s/m), and 0 is the angle between the wind direction
and the normal to the fagade.

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 fagade. Thus, the WDR coefficient in the ISO model is
calculated as follows.

a=§-CR-CT-0-W (4)

where Cr is the terrain roughness coefficient, Cr 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.

Cr(z) =KgIn (%) for z > Zpyj (5)

CR(Z) = Cr(Zmin) for z < zpyip (6)

where z is the height above ground [m]; Kr is the terrain factor [-]; zo is the
roughness length [m], and Zuyi, is the minimum height [m].

In order to account for the increase in mean wind speed over hills and escarpments,
the topography coefficient, Cr 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 fagade 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,
Malmd, Gothenburg, Uppsala, and Horby, 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 Malmo, Gothenburg, Uppsala, and Horby 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 fagade during
1995 — 2020, a low-rise building with a 15-m height is considered. It is assumed
that the wind direction is perpendicular to the fagade (8 = 0°) and the building
neighbors to farmlands, thus belonging to terrain category I, according to the ISO
model. Values of Kg, 7o, and zmin as a function of the terrain category are given in
the ISO model, in which Kg = 0.19, zo=0.05 m, and zmnn = 4 m for terrain
category II. Thus, the roughness coefficient Ck 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 fagade. 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 Malmo, Gothenburg, Uppsala, and Horby 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.

20



Gothenburg

Malmo
551 8000 20
80 =

73 £ 100
=, 0
2 6000| 60 e L [
= b 60
2 4000 90 24000
= ke 40
= 20 = 0
€ 2000 - §2000 i
Q [&]

0 0
1.7 27 3.7 47 57 6.7 7.7 8.7 1.7 47 7.7 107 137 16.7 197

0
0 2 4 6 8 10 00 2 4 6 8 10
a) driving rain intensity [mm/h] b) driving rain intensity [mm/h]
Uppsala Hérby
15 12000
__8000 80
= —=10000
2 == 60
E£6000| 10 2 000
0 b 40
£4000] s 2 6000
"g 5 20
£ g 4000
3 2000 oMl l 3 i e
1.7 6.7 11.716.7 21.7 26.7 31.7 36.7 2000 qL? 2737475767 7.78797
0 L : i ; i .
0
9 0 2 4 & 8 W g0 2 4 6 8 10
driving rain intensity [mm/h] driving rain intensity [mm/h]

Figure 3. Driving rain intensities from 1995 to 2020 for the considered building located in a) Malmg, b) Gothenburg, c)
Uppsala, and d) Horby

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) Malmo, b)
Gothenburg, c) Uppsala, and d) Horby

2.2.3 Input to test design

The analysis in Section 2.2.2 indicates that water application rates of 72—138 1/m*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 fagade 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 Horby 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
Horby 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 1/m*h
and 120 /m%h in accordance with NBI method 29/1983 [8] and NEN 2778 [7]
represent extreme and non-frequent WDR events encountered in Sweden.
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Figure 5. WDR intensity during three rainfall events with the duration of 21 h in Horby during 1955-2020

2.3 Moisture transport

As moisture is one of the primary agents of damage and deterioration of facades,
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

23



content in bricks in the hygroscopic region is limited, normally below 10 kg/m?,
whereas it usually is several times higher in mortar.

absorption ——

desorption ===: /

moisture content 0

relative humidity (0 — 100 %)

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

Although clay brick masonry fagades 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=—-K®) x Ve (7

where u is the flow rate within porous medium [m/s] and K () is the liquid
conductivity, also known as unsaturated permeability [m/s], a function of the
normalized water content 9. The driving force, Ve, 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). 9 denotes the normalized water content [-] and can be calculated as follows
[57, 58]:

9-6,

8 N eS_Gr

&0<9<1 (8)

where 0 is the volumetric water content [m?], 8,. is the residual water content [m?’],
and 0 is the saturated water content [m’].

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, t'2. In addition, the
absorbed mass of water is proportional to the square root of time and can be written
as follows.

m=p, SAtY/? )

where m is the absorbed mass [kg], p,, is the density of water [kg/m’], S is the
sorptivity [m/s'?], and A is the cross-sectional area [m”]. 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:

t = p z? where u = (%)2 (10)

where u is the capillary resistance number [s/m?], 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.

brick-mortar interfacial zone

e

brick mortar

a) b)

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]:

__ kxAxAp
T (1 1)

Where Q is the volumetric flow rate [m?/s], k is the permeability [m*], A is the cross-
sectional area [m?], Ap is the pressure gradient, i.e., the hydrostatic pressure
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difference across the studied length, [Pa], 1 is the dynamic viscosity [Pa.s], and Ax
is the length [m] (Figure 8).

Ax

A

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, Vp = Ap/Ax,
Darcy’s law is commonly written in terms of the flow rate or Darcy velocity, u [m/s],
[57]:

_ 2 _ kXVp
u= === [m/s] (12)

The hydrostatic pressure is expressed as p= p - g- h; thus, Darcy’s law can be
written as follows:

_ kxpxgxdh _ Kgxdh
- uxaox T ox

(13)

where p is the liquid density [kg/m®] and g is the gravity [m/s*]. The permeability
coefficient, the saturated permeability of the material, K, is then described with the
following equation [57, 63]:

k
Ks =<2 [7] (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 facades

During WDR events, a thin water film may form on the exposed surface of the
facades 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 facades 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 fagade 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 — 1/4, Full Cone, and 90° Spray Angle). 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.

Water Pressure Regulators

L

Digital

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 I1I.

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 I/m*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/m?*h
are only very rarely encountered, even on tall buildings. Eventually, Sandin [73]
recorded a maximum WDR intensity of about 6 1/m?*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 I/m%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 1/m*h+ 5 % and zero differential air pressure. A water spray rate ranging
between 5 and 101/m*/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/m?, 1.81 kg/m?, and 0.71 kg/m? 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)

Dimensions Density Average
Materials Average IRA  CoV  24-hwater Cov AverageAw  CoV
(mm x mm x (kg/m?/min) (%)  absorption (%) (kg/(M2.8%5)) (%)

mm) (kg/m3) (%) :

Bricktype |  250x120x62 1800 1.95 23 16.0 1.6 0.193 08
Bricktype Il 250x120x62 1990 1.81 5.1 8.6 14.5 0.133 16.1
Brick type Il 240x115x62 2235 0.71 13.7 4.0 38.6 0.042 2238
Mortar M 2.5 100x100x100 1869 0.30 15.8 - - 0.022 8.7
Mortar N 100x100x100 1715 0.80 20.4 ; - 0.159 9.2
Mortar NHL5  100x100x100 1733 1.10 156 - R 0.236 153

Moreover, tests to determine the water absorption coefficient of bricks, Ay, were
done on ten bricks from each type according to the ASTM C1403 — 15 standard
[75]. The water absorption coefficient, A, 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/m?] is defined as the ratio between the difference of increased
weight (w; [kg]) and initial weight (wo [kg]) and the cross-sectional area of the brick
A [m?] (Eq. (15)).

Q === [kg/m] (15)

To present the results of the tests, Q [kg/m?] is plotted against the square root of
time [s"?] (Figure 11.a). Eventually, the water absorption coefficient, Ay
[kg/(m?.s°°)], is mathematically defined as the tangent to the initial, linear branch
of the Q — t"? function (Figure 11.b). The average water absorption coefficient for
each type of brick is presented in Table 1.
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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, Il, & Ill): 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 facades, was supplied by Weber Saint-
Gobain AB; Natural hydraulic lime (NHL) 3.5 and 5 mortars, commonly used for
repointing of clay brick facades, were supplied by Maélarkalk 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.
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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
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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 [I1], 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 [1] belong to Series I, whereas Series 11
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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Group G3
After-pointed

Group G2
Raked

Group G1
2 Flush

Flush
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After-
pointed
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b)

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 the mortar joint profile finish (F = flush, R = raked, AF =
after-pointed), and C refers to the specimen number. For example, specimen A-II-
R-2 is one of the specimens tested in the 1* 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

Ave
: ’ ) water
Experimental Series Group Brick Mortar Joint profile spray No. of
campaign finish rate specimen
(I/m2/h)
Medium suction
G1 M 2.5 Flush 3.6 5
type [I]
Series| G2 Medium suction M2.5 Raked 36 5
type [I]
Medium suction M25/ .
. G3 type [] NHL 3.5 After-pointed 34 5
First Medi "
campaign Gl-a edium suction M2.5 Flush 3.2 5
A type [I1]
G1-b Medtiurls[ﬁ]c“o“ M 2.5 Flush 2.0 3
Series Il v d,y ,
G2 edium suction M25 Raked 23 8
type [l1]
Medium suction M25/ .
G3 type Il NHL 3.5 After-pointed 2.0 8
G1 Medium suction M2.5 Flush 6.3 4
type [I]
Series| G2  Mediumsudtion 5 g Raked 6.3 4
type [I]
Medium suction M25/ .
G3 type [1] NHL 3.5 After-pointed 6.3 4
Medium suction
c:;(::?gn G1 type [I1] M 2.5 Flush 6.3 4
B Seriesll G2 Medium suction M2.5 Raked 6.3 4
type [I1]
Medium suction M25/ .
G3 type il NHL 3.5 After-pointed 6.3 4
G1 Low suction M 2.5 Flush 6.3 4
) G2 Low suction M 2.5 Raked 6.3 4
Series IlI V257
G3 Low suction NHL 5 After-pointed 6.3 4

In the first campaign (A), the specimens in groups G1, G2, and G3 of Series | were
exposed to an average water spraying rate of 3.6, 3.6, and 3.4 I/m%*h. Specimens of
group G1 of Series Il 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 Gl-a, Gl-b, G2, and G3 of Series II was 3.2, 2.0, 2.3, and 2.0 I/m%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 1/m%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 I/m%h. The water absorption,
Q [kg/m?], herein is defined as the amount of absorbed water [kg] per unit area of
the masonry specimen [m?*]. 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 Il 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 Il Group G1-a were exposed to a more intensive
spray rate (3.2 — 3.6 I/m?/h) than the specimens in Series II group G1-b, G2, and G3
(2.0 — 2.3 I/m*/h).

It is clear that during the 1* 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 Il 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 Gl-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 1* 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 1/m*/h,
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in comparison with group G1-b and G3 exposed to the average water spray rate of
2.0 /m*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.
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Figure 14. Average water absorption vs. time response of a) Series | and Series Il group G1-a; b) Series Il 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 Gl-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 3™ cycle for all groups of Series I
and II, except Series 11 group G1-a in which the absorption curve becomes nonlinear
at the end of the 2™ 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 6" 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 5™ 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/m?], 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 1/m?/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 1* cycle
for all groups, G1, G2, and G3, within each Series, though it took more time for
Series 1, specimens prepared with bricks with the absorption coefficient of 0.193
kg/(m*s™), in comparison with Series I and III, built with bricks with the
absorption coefficient of 0.133 kg/(m?.s™*) and 0.042 kg/(m?.s"), 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 4" 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 1% 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.

- Series | Group G1 —Series [ Group G2

—Series I Group G3 --- Series II Group G1
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Figure 15. Average water absorption vs. time response of Series |, Series Il, and Series Ill 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 11, the lowest average water absorption, amounting
to 5.9 kg/m?, is exhibited by group G3, exposed to the lowest average water
application rate of 2.0 1/m*h. Similarly, group G1-a, which was exposed to the
highest average water application rate of 3.2 1/m’/h, has the highest average water
absorption of 8.5 kg/m” in Series II. However, in campaign B, as specimens were
exposed to the same water spray rate, 6.3 I/m*/h, the slight difference in the amount
of water absorption after the 1* 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 Ave Time to
Ave water spray rate CoV the 1st
1st cycle Absorption Total Absorption dampness
(Im2/h) %
(kg/m?) (kg/m?) (h)
Series |
e G 3.6 9.4 31.3 0.6 7.9
Series | 3.6 9.6 31.5 0.3 7.8
group G2
Series |
?:: group G3 3.4 9.0 31.5 0.2 8.0
2 i
g Series Il 3.2 8.5 21.2 10.4 4.8
g group G1-a
s -
3] Series Il
e Gkl 2.0 6.3 22.4 6.3 6.3
Series Il 23 6.8 222 6.0 5.9
group G2
Series Il 20 5.9 20.6 5.6 6.4
group G3
Series | 6.3 17.8 30.9 0.9 2.5
group G1
Series | 6.3 19.0 30.9 0.5 2.6
group G2
Series |
group G3 6.3 17.3 31.0 0.7 3.7
Series Il
ncn o & 6.3 13.8 21.4 10.0 2.0
S -
‘S Series Il
®
% group G2 6.3 14.0 20.5 10.4 1.5
s -
S Series Il 6.3 11.8 19.6 27 3.1
group G3
Series |lI
group G 6.3 4.8 10.4 19.3 1.0
Series Il 6.3 35 7.7 10.1 6.9
group G2
Series |lI
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/m?,
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 I varied between 20.6 kg/m* and 22.4 kg/m? in campaign A and
between 19.6 kg/m? and 21.4 kg/m? 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
water absorption capacity of the bricks (CoV = 38.6 %).

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 fagades 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 11, the dampness appeared
after 4.8 h on the backside of group G1-a specimens with the water spray rate of 3.2
1/m?/h, whereas it took nearly 6.4 h for group G1-b and G3 specimens exposed to
the water spray rate of 2.0 1/m%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 Gl-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.

time of appearance / h

hi2

w/2 w w/2 w

Series | Series 11

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.

time of appearance (h)
0 5 10 15

Series 1 Series 11 Series 111

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 II1, specimens prepared with low suction bricks,
did not reach even 50 % dampness after 21 h of water spray exposure.

t = 00:37:00 t = 07:17:00 t = 08:17:00

first patch

t = 09:57:00 t = 13:17:00

Figure 18. Appearance and growth of dampness on the backside of specimen A-lI-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/m”] 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 |
and IL. In this regard, the average amount of penetrated water of groups G1, G2, and
G3 of Series I and I are in the range of 2.0 kg/m?— 4.4 kg/m”. In contrast, there is
no considerable water penetration for specimens of Series 111, except specimen B-
III-F-1, B-ITI-AF-2, and B-I1I-AF-3.
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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

Ave Leak
. . . Ave in the Tot
Time to time to Penetration . Ave Ave
Specimens  leakage  leakage Penetration 6"; leak
(h) (kg/mz) (kg/mZ) cycle (%) (%) (%)
®) (%)
Series B-I-F-1 11.0 1.1 1.3 0.8
I B-I-F-2 9.9 22 3.0 1.7
104 —= 2.0 26 15
group B-I-F-3 10.1 2.7 36 2.1
G1 B-I-F-4 104 19 26 14
B-I-R-1 8.4 35 46 26
Series B-I-R-2 6.9 2.8 3.3 2.2
' B-I-R-3 9.4 8.8 6.3 33 78 40 T4g 25
group _—
G2 B-I-R-4 10.4 0.6 0.2 0.4
Series __B-AF-1 8.5 35 5.3 2.7
I B-I-AF-2 9.4 5.9 8.8 44
82 — 44 5.8 33
group  B-l-AF-3 6.6 8.0 8.9 6.1
G3 B-I-AF-4 ; 0.0 0.0 0.0
B-II-F-1 8.1 35 43 2.7
Series B-II-F-2 15.0 04 0.5 . 1.3 a6 0.4 v8
I B-Il-F-3 6.3 : 46 : 56 ® T3 2
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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].
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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 I, 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 11
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 111, the
amount of water penetration was nearly equal to 0 kg/m?. Compared to Series I and
11, the sharp contrast is attributed to continuous contact in the brick-mortar interface
and the absence of known defects. However, in specimens B-1II-F-1, B-III-AF-2,
and B-III-AF-3, a water penetration of 0.9 kg/m* 1.3 kg/m?, and 2.2 kg/m?,
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/m* and 0.3 — 6.3 kg/m?, 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 Il 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 1/m*/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 I/m*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 1/m?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 1/m*/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.

Incompletely filled head joint Fully filled head joint

Pushing the head joint Buttering

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

Paper 1

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 fagades in relation to WDR action is discussed. Accordingly, destructive and
non-destructive test methods to measure moisture content and water absorption in
masonry facades 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 facade, 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 11

Brick masonry fagades 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 facades. 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 1/m%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 111

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 1/m*/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 /m%*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:
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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 1/m?*/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



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 I/m?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
facades 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
facades 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 fagades 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.

¢) The compatibility of the repointing mortar with the existing units and
mortar.
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ABSTRACT: Use of clay brick masonry in fagades is often motivated by its aesthetic values and durability.
Yet, mortar joints exposed to climate agents erode over time, expected to cause elevated moisture content and
water absorption. Thus, it is often recommended that 40- to 50-year-old facades should be repointed —
a measure which is intrusive and costly. Decision is in many cases taken without a clear evidence that repoint-
ing will diminish water absorption and moisture content in the renovated walls. This paper presents the results
of a state-of-the-art study on field and laboratory methods to measure moisture content and water absorption
in clay brick masonry. For common buildings, use of low cost and time efficient measurement methods is
feasible. However, prior to measurements, analysis of technical and climate data combined with a visual
inspection might give a rational basis for decision on repointing or other alternative maintenance measures.

1 INTRODUCTION According to the present practice in the Nordic

Clay brick masonry is one of the most common build-
ing materials in the facades of residential buildings in
the Nordic countries. The ubiquitous use of clay brick
masonry as facade material is due to its aesthetic
values, good durability and low maintenance needs.
Although the expected technical life time of a clay
brick fagade is more than hundred years, maintenance
can still be needed due to inevitable deterioration
caused by climate and ambiance actions. Important
climate actions in a Nordic climate include wind-
driven rain (WDR) and freeze-thaw-cycles — actions
that individually or in conjunction can cause spalling,
delamination or cracking of bricks and erosion and
cracking of mortar joints.

The focus in this paper is on the repointing of
mortar joints, since it is an intrusive and costly main-
tenance measure. A common argument for repoint-
ing is that the erosion of mortar joints facilitates
water up-take in facades exposed to WDR (Fried
et al., 2014). Further, erosion of mortar joints is, at
least in the Nordic countries, regarded as detrimental
from an aesthetic point of view, since it creates, seen
superficially, the impression of poor technical condi-
tion of the building. Understanding that aging of
clay brick facades can be perceived as an aesthetic
value, e.g. through exposure of fossil shells in the
surface of the mortar joints, is generally poor (Tégil
etal., 2011).

countries, repointing shall be carried out as part of
a regular maintenance scheme, after 40-50 years from
erection or when limited fagade parties with more or
less eroded mortar joints are observed (Tindall, 1987,
Brief, 2017). No further investigations, e.g. concern-
ing factual water up-take, are usually carried out. Nor
are alternative measures, such as partial repointing of
eroded fagade parties, considered - full repointing is
regularly carried out without a more in-depth analysis
of the possible technical, economic or aesthetic impli-
cations of this measure. In the light of the presented
practices it can be objected that decision concerning
repointing of clay brick facades usually is not based
on rational grounds.

In the present paper the results of a state-of-the-
art study concerning field and laboratory methods to
assess water content and water up-take caused by
WDR are presented. Using information on water
content and water up-take to rationally analyse
whether repointing can improve the technical condi-
tion of clay brick facades in relation to WDR action
is discussed and research and development needs are
identified.

2 RESEARCH APPROACH

A literature review concerning repointing of clay
brick fagades has been carried out with keywords
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including repointing, masonry, clay brick fagade,
masonry fagade, brick masonry, mortar joints,
mortar, environmental factors, wind-driven rain,
impingement, water up-take, water penetration,
moisture content, durability, erosion and deterior-
ation. Other search terms include destructive and
non-destructive tests, study of WDR, field, labora-
tory, etc. Main literature sources and databases
include Lund University Library, National Library of
Sweden including the libraries of all Swedish univer-
sities, ASCE Library, Engineering Village (Elsevier),
Wiley Online Library. In addition to library searches,
meetings with Swedish and German researchers and
industry representatives provided additional sources
of information.

3 RESULTS

3.1 Tests measuring moisture content

A number of non-destructive and destructive experi-
mental procedures for assessing moisture conditions
of brick facades have been reviewed based on previ-
ous research studies (Emerisda, 2014, Bison et al.,
2011, Litti et al., 2015, Hola, 2017, Larsen, 2012).
Experimental procedures can be categorized into
three groups based on their destructiveness and their
type of output. The groups are described as follows:
group A - destructive tests (DT) measuring moisture
content quantitatively; group B non-destructive tests
(NDT) measuring moisture content quantitatively;
and group C - NDT indicating moisture content
qualitatively. The potential for making on-site meas-
urements using each experimental procedure is also
assessed.

Tests belonging to group A4 include, among others,
gravimetric tests, the calcium carbide test and the
chemical method (Karl Fisher). Although destructive
tests are generally seldom carried out on historical
buildings, there is no consensus whether or not they
are appropriate for residential buildings.

Gravimetric testing involves sampling by core
drilling, after which the samples are dried in an oven
at a specified temperature. Finally, the actual mois-
ture content (MC) is generally derived from the dif-
ference in weight of the sample before and after
drying (Camuffo and Bertolin, 2012, EN, 1993).
Gravimetric testing is considered being a precise and
reliable method to measure moisture content in
masonry walls; however, sampling by core drilling is
perceived as a drawback.

The calcium carbide test involves grinding
a sample from the masonry wall and mixing the
powder with a certain amount of calcium carbide
(Blystone et al., 1962, ASTM, 2011, Camuffo and
Bertolin, 2012). Subsequently, the moisture content
can be derived from the pressure of the gas released
during the reaction between calcium carbide and
water, by the use of a calibration curve (Binda et al.,
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1996). While the test is appropriate for on-site meas-
urements, it is less reliable than the gravimetric test.

The chemical method, invented by Karl Fisher, is
based on the reaction between iodine and water, pro-
ducing a non-conductive chemical substance. It is
possible to carry out titration on site to determine
trace amounts of water in a sample. The capabilities
of this test are measuring accurately small amounts
of moisture and determining the water content level
from low values till saturation (Schoffski, 2006,
Bruttel and Schlink, 2003). However, it is stated that
the chemical method would be helpful for small
samples and not reliable for masonry walls (Hola
etal., 2012).

Among tests belonging to group B, nuclear
magnetic resonance (NMR) and neutron radiog-
raphy are of special interest. Nuclear magnetic
resonance (NMR) is a non-contacting, fast, accur-
ate, and reliable technology to measure the water
content in masonry walls and to evaluate the dis-
tribution of moisture content along the wall sur-
face (Pel et al., 1996, Wolter and Krus, 2005,
Litti et al., 2015). Neutron radiography records
the radiation passing through an object by
a position sensitive detector. Although both
methods quantitatively and non-destructively
measure the water content in walls, their high
cost and limited availability (Hola, 2017) make
their applicability to common buildings rather
limited. They could, however, be employed under
certain circumstances, such as for buildings with
great cultural or economic values.

Tests in group C include, among others, the paper
indicator method, infrared thermography (IRT),
holographic radar and the dielectric and microwave
methods. The paper indicator method is a simple
and inexpensive method to qualitatively evaluate the
moisture content in a masonry wall. In this test, con-
tact between chemical papers and the moist surface
of a facade provides indications of the moisture con-
tent based on the subsequent change in colour of the
paper; similar to the litmus paper test for evaluating
acidity (Hola, 2017).

IRT uses thermal imagery to map the location of
damp areas and the existence of voids (Griffin,
2013), yet without the possibility of quantitative
evaluation of the moisture content. This non-
destructive test is carried out in-situ with at
a relatively low cost. The time when the test can be
performed is critical and limits its use, since it is
strongly affected by environmental conditions [high
relative humidity and low temperature] (Emerisda,
2014, Bison et al., 2011).

Holographic radar has the capability to detect
moisture in the range of 50 to 200 mm beneath the
surface as a function of continuous wave frequency
(Litti et al., 2015, Bison et al., 2011). Also, detection
of voids is possible. In contrast with IRT, the holo-
graphic radar technique is not influenced by relative
humidity or air temperature (Litti et al., 2015).



The dielectric method works on the principle of
variation of the dielectric constant of a material in
the presence of water. The dielectric constant
increases with increasing moisture content, making
differences in moisture content detectable. This test
is commonly employed by surveyors to determine
the moisture distribution along the height of masonry
walls. The method is, however, limited to depths of
50 to 100 mm (Hola, 2017). The microwave method
is another non-destructive method which works on
the principle of reduction of the radiation intensity
as microwaves pass through a damp material (Hola,
2017). Thus, the more water the specimen contains,
the bigger the energy loss. This method is procedur-
ally similar to the dielectric one, however the micro-
wave method can be used to depths up to 300 mm
(Hola, 2017). The advantages of these two tech-
niques are low cost of the equipment and ease of use
(Emerisda, 2014, Hola, 2017).

The main features of the test methods described
in this section are, together with methods to be
described in section 3.2, summarized in Table 1.

3.2 Tests measuring water absorption

There are several quantitative methods available for
measuring the amount of water being absorbed
through a brick masonry wall. They are divided into
two groups - group D comprising low-intrusive
methods, while group E including NDT methods.
Again, the potential for making on-site measurements
using each experimental procedure is also assessed.
A newly developed, group D technique to measure
water absorption is named Wasseraufnahme Mess-
gerit — WAM (Instrument for measurement of water
up-take — the author’s translation), which measures
water absorption in the absence of wind pressure

(Moller and Stelzmann, 2013, Stelzmann et al., 2015).
The apparatus includes a scale, a storage tank and
a pipe with nozzles. The apparatus is attached to
a section of the wall with the edges and sealed in order
to create a closed system (Figure la). The apparatus
then projects a water film on the entire section. Run-
off water that is not absorbed is collected. The rate of
absorption can be calculated and monitored in real
time by continuously weighing the amount of moisture
in the closed system. The apparatus is portable and can
easily be used in-situ. If attached to the lower end of
a wall, the apparatus can rest on the ground or alterna-
tively on a small support. In order to test the upper
parts of a wall, the apparatus needs to be attached by 8
screws, making it semi-intrusive (group D).

Among NDT methods (group E), the RILEM tube
test, the Franke plate and the Stockbridge method are
reviewed here. The RILEM tube test is widely used to
quantify water absorption during a specified period of
time through an up-take tube, with possible applica-
tion in laboratory and on site (RILEM, 1978, Crissin-
ger, 2005). The uptake tube is first sealed to the
substrate with a putty and then filled with water. The
amount of absorbed water is recorded during specified
time intervals. This simple NDT test is helpful for
assessing the water absorption rate before and after
repointing. However, it only provides results for
a small area of masonry wall and results are not pre-
cise when the tube is applied on mortar joints. In
order to speed up the procedure, it is suggested to use
several tubes in different locations (Figure 1.b).

The Franke-Platte method consists of a plate
(25 cm x 8.1 cm absorption area) and a tube like the
RILEM tube (Figure 1.c). The procedure is similar
to the RILEM tube test with the exception that rather
than attaching a tube to a small area, a plate is
attached to an area including bricks and mortar

Table 1. Summary of test method features.

Test Group Destructiveness' Output®  Application On site
Gravimetric A De QN moisture content and its distribution -
Calcium carbide A De QN moisture content v
Chemical method (Karl Fisher) A De QN moisture content indirectly v
Nuclear magnetic resonance (NMR) B N QN surface (flat) moisture content v
Neutron radiography B N QN moisture content v
Paper indicator method C N QL moisture content level v
Infrared thermography (IRT) C N QL surface moisture content v
Holographic radar C N QL moisture content (flat surface) v
Dielectric method C N QL moisture content v
Microwave method C N QL moisture content v
Wasseraufnahme Messgerdt (WAM) D L QN water penetration v
RILEM tube test E N QN water penetration v
Franke-Platte E N QN water penetration v
Stockbridge (Stockbridge, 1989) E N QN water penetration v

1. De — destructive, N — non-destructive, and L — low intrusive

2. QL — qualitative and QN — quantitative
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Figure 1. Apparatus and set-up of test methods measuring water absorption; (a) WAM Device, (b) RILEM tube test,

(c) Franke Platte.

joints (Franke and Bentrup, 1991, Neumann et al.,
2014, Stelzmann et al., 2015).

Stockbridge developed a watertight frame (91 x
122 cm area of the wall) to be attached to a masonry
facade while measuring the water absorption (Stock-
bridge, 1989, ASTM, 2014), without refilling the
absorbed water. It is recommended that if the rate of
absorption is less than one litre per hour, no repoint-
ing is needed. Further, it is stated that if the absorp-
tion rate is larger than five litres per hour, repointing
will result in a substantial decrease in water absorp-
tion. Unfortunately, it is not shown how these criteria
have been established.
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4 DISCUSSION AND STRATEGIES

The results presented in the previous section show
that there are a couple of methods to assess moisture
content and water absorption in clay brick facades.
Each method is associated with costs related to
investment in equipment and operation. Qualitative
or quantitative information possible to obtain must
be valued in relation to its usefulness. In the follow-
ing sections a brief analysis and discussion are pre-
sented concerning circumstances when decision on
repointing can be more rational by using information
obtained by the presented methods.



4.1 Preliminary investigations

Prior to carrying out potentially costly and time-
consuming experimental studies, either in laboratory
or on-site, gathering basic information concerning
the building, local climate and weather history can
provide useful information such as:

- Age of the building; previous fagade maintenance
measures; type and/or brand of the bricks and of
the mortar;

- Occupants’ or building owners’ reports on prob-
lems with dampness of external walls; dampness
or discoloration of facades;

- Local climate data indicating temperature, precipi-
tation, wind intensity and direction; current, reli-
able weather records.

Based on the above information, previous experi-
ence and knowledge of the performance of similar
facades, a competent inspector might conclude
whether increased dampness of facades and external
walls depends on moisture and water absorption
characteristics of the bricks and mortar, seasonal
increase in WDR or recent heavy driving rain
events. Further investigations might not be needed
nor repointing.

A visual inspection can further shed light on the
general condition of the facade, including moisture
and moisture related aspects, by registering inci-
dence of:

- Eroded mortar joints with respect to erosion depth
and cracks;

- Damaged bricks with respect to spalling and
cracks;

- Efflorescence, discoloration and microbiolo-gical
growth.

Presence of eroded mortar joints indicate that cli-
mate actions have a tangible impact on the facade,
a hypothesis that can be further underpinned if the
incidence and degree of erosion is correlated with
the exposure of the fagade to WDR. Efflorescence,
discolorations and microbiological growth concen-
trated to fagade parties with eroded mortar joints
might indicate that the erosion of the mortar joints
constitute the root cause of these phenomena,
making repointing, especially of the eroded parties,
justifiable. Yet, there is a lack of knowledge concern-
ing to what extent water absorption from WDR can
be diminished by repointing.

4.2 On-site and laboratory testing

When preliminary examinations are considered
inconclusive, on-site and laboratory testing of mois-
ture content and water absorption might be justifi-
able. By taking into consideration benefits and
drawbacks, one or more suitable test methods among
those presented in section 3 might be chosen.
Despite their high accuracy, the usability of
Group A tests is somewhat limited, since they
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damage the examined buildings. Similarly, although
the nuclear magnetic resonance (NMR) method can
provide accurate results concerning moisture con-
tent, its high cost will limit its usage when it comes
to common residential buildings. Thus, in most resi-
dential projects, NDT methods determining moisture
content qualitatively (Group C) are recommended,
though their accuracy is lower than that of other
methods’.

Although high moisture content is not necessarily
an indicator that repointing is needed, alteration of
moisture content over time might indicate erosion of
both mortar joints and of bricks. Thus, recurring
measurements or continuous monitoring over time of
moisture content of brick facades of high cultural or
economic value might, in spite of high costs, be
justifiable.

Methods measuring water absorption, named
group D and E in this paper, can indicate the degree
of erosion of different facade parties, since both
larger, protrusive cracks and surfaces with micro-
cracks are expected to absorb more water. Clay brick
facades with eroded and recessed joints are further
believed to absorb more water, yet, to the knowledge
of the authors, no quantitative models have been
established.

4.3 Criteria for decision on repointing

Qualitative and quantitative criteria concerning the
need for repointing have been proposed by e.g. (Grif-
fin, 2013, Tindall, 1987, Holland, 2012, Brief, 2005,
Stockbridge, 1989), recommending repointing when
a) the surface of the mortar joints contain hairline
cracks, b) eroded mortar joints to a certain depth [a
quarter of an inch, i.e. 6.4 mm] have been observed,
c) high suction/retention mortar has been used,
d) crack widths larger than 2 mm have been meas-
ured, e) the rate of water absorption is more than 4.5
litre/nour/m?, or f) presence of voids has been
detected, e.g. by means of the IRT test.

Considering the suitability of the mentioned cri-
teria and that during repointing joints are generally
raked out to approximately 25 mm or 2.5 times of
the mortar joint thickness (Maurenbrecher et al.,
2008, Young, 2015), it should be investigated to
what extent high moisture content and water absorp-
tion are related to the condition of the outer part of
the mortar joints and whether a repointing can make
a difference. In this context, the relation between the
depth of erosion of the mortar joints and the possible
increase in water absorption from WDR should be
quantified.

Furthermore, the rationality of some of the pro-
posed criteria can be questioned, 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
(Wang et al., 1997, Aldea et al., 1999).

Eventually, possible benefits and drawbacks of
other maintenance techniques rather than repointing



to restore the appearance and technical condition of
a facade should be considered as well.

4.4 Alternative maintenance techniques

Cleaning and plant removal techniques can be used
to postpone the need of costlier maintenance actions.
Furthermore, their implementation may uncover
potential hidden defects or problems.

Cleaning techniques can be categorized into three
different groups: abrasive cleaning, chemical clean-
ing and water cleaning. Cleaning dirt, soil, stains and
paints is not only a way to restore aesthetics of
a facade; it is also a method to maintain the structure
and postpone repointing (Mack and Grimmer, 2000).
However, if inappropriate cleaning techniques are
adopted, damage to the masonry facade may result.
Generally, washing gently with low pressure water is
a lenient cleaning technique. Application of mechan-
ical or chemical cleaning is not recommended, par-
ticularly not in the case of historic fagades, since it
might damage the masonry surface.

Plant removal can even be considered as an alter-
native technique to repointing. The presence of bio-
logical growths like ivy, lichens, and mosses affect
water penetration, water evaporation and drying pro-
cess. As such, removing these growths will result in
a reduced moisture content and potentially eliminate
the need for repointing.

Superficial hairline cracks in mortar joints can be
repaired by surface grouting. Texture, colour, and
properties of the repair grout must be chosen to
match the existing mortar. Bricks with larger cracks
can be replaced.

High water content in combination with freeze-
thaw cycles over the service life of the facade may
cause spalling (with the brick face flaking and crum-
bling) due to the volume increase of water when it is
freezing. Damaged bricks should be with new units
with similar properties. However, to limit future dam-
ages, the root cause of high-water content has to be
identified and dealt with appropriately, if possible.

Water-repellent (WR) coating has been considered
as a technique to reduce water penetration (Brown,
1982, Coney and Stockbridge, 1988), although there
is a debate about its efficiency. In some cases it has
been argued that applying water repellents cannot
protect the brick-mortar interfacial zone from water
ingress (Slape and AL, 2017).

5 CONCLUSIONS

To reach a rational decision concerning repointing,
different methods to measure moisture content and
water absorption in clay brick fagades were dis-
cussed. A systematic review of the available tech-
niques, as presented in this paper, might contribute
to improve current recommendations with respect to
maintenance of clay brick masonry facades. To sum

up, a rational strategy including following steps can
reveal the real need for repointing:

* Preliminary studies prior to conducting costly and
time-consuming measurements might clarify
whether repointing is needed.

* Measurements of moisture content and water
absorption can deliver data for deeper analyses. In
selecting the most appropriate measuring tech-
nique, the stakeholder should consider the purpose
of the measurements and the value of the data.

* Non-destructive, qualitative and inexpensive
measurement techniques such as the RILEM tube
or the dielectric method may therefore be favour-
able over more complex ones.

e Criteria available in the literature, can be used,
with due engineering judgement, to reach
a rational decision on repointing.

» Other maintenance techniques such as removal of
microbiological growth or cleaning by water,
have the potential to reduce moisture content and
water absorption into brick fagades, and thus to
postpone the need of more fundamental mainten-
ance measures such as repointing.
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In this study, we performed an experimental investigation of water absorption and penetration in clay brick
masonry exposed to cyclic water spraying by employing a newly developed test setup. Several parameters,
including brick absorption properties and different mortar joint profiles, were investigated. The specimens were
exposed to a uniform water spray rate ranging between 1.7 and 3.8 1/m?/h, and water absorption and dampness
patches on the non-exposed backside (the protected side) of the specimens monitored continuously. The results
indicate that the amount of absorbed water is highly dependent on the water absorption coefficient and ab-
sorption capacity of the bricks, whereas the mortar joint profiles do not influence water absorption. The first
dampness patches on the specimens’ backside appeared in the vicinity of the head joint, and the time until the
first patch appeared correlated well with water content levels. Accordingly, the first visible dampness patches
appeared on the specimens’ backside at water content levels corresponding to 50%-60% of full saturation level.
Additionally, the specimens’ backside reached 90% dampness at water content levels corresponding to 95% of
full saturation level. As a feature attributed to the absence of known defects and zero differential air pressure, no
measurable amounts of penetrated water could be collected at the specimens’ backside. The newly developed test
setup might facilitate verification of moisture simulations and provide a basis for rational decision-making
concerning clay brick masonry design and maintenance.

1. Introduction surrounding terrain as important parameters [11-14]; and ii) the

Clay brick masonry facades are widely used in Nordic countries
because of their durability and a lowered need for costly maintenance.
Nevertheless, exposure to wind-driven rain (WDR) may cause moisture
accumulation and water penetration [1-3], that is, conditions that have
the potential to deteriorate both the masonry itself and other wall
components in exterior walls [4-6]. WDR might further cause erosion of
the joints in clay brick masonry [7,8], thus impairing the aesthetics of
facades. Currently, there is a widespread perception among practitioners
that eroded mortar joints cause increased water uptake from WDR, a
perception that is used as motivation for repointing. Yet, there is a
divergence in experts’ views on this question [9,10]. Accordingly,
studying water absorption and water penetration in clay brick masonry
with mortar joint profiles resembling eroded mortar joints might create
rational decision support concerning repointing.

Generally, WDR studies can be divided into two categories: i)
quantification of WDR deposition on facades, with rain intensity, rain-
drop size, wind speed, building geometry, and the topography of the

* Corresponding author.

response of facades to WDR impingement in relation to, for example,
splashing, bouncing, runoff, differential air pressure, material proper-
ties, and presence of cracks and voids [15,16].

During WDR events, the outer surface of masonry facades absorbs
parts of the incident rainwater, dependent on the capillary absorption
properties of units and mortar, until capillary saturation is attained.
Once the exposed surface is saturated, a water film is formed on the
exposed surface. When cracks and voids are present, large amounts of
water may penetrate through the masonry [17-19]; in such instances,
wind pressure is a significant agent that promotes water penetration.

Formation of a water film on the facade surface and subsequent
water penetration due to wind pressure is the basis for many established
test setups used in experimental studies of WDR penetration in walls
[17,20-22]. In the test setups of the earliest studies on water penetration
in brick masonry [17,20,22-24], which then became the basis of many
of the current testing standards, water was sprayed with the aid of a pipe
placed near the upper edge of specimens and the surface of specimens
kept covered with a water film. Although various test setups for
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exploring water penetration in masonry have been proposed in different
standards and research studies, the applied water spray and air pressure
rates represent rather extreme WDR conditions [20,25-34]. For
instance, water application rates of 72-138 I/m%/h [25-27,29,31-33,
35-37] in combination with differential air pressure levels of 400-1000
Pa [25-27,31,35,38] represent extreme driving rain conditions [22,23],
most probably relevant for tall buildings. Hence, several authors have
pointed out the need to develop a simple test setup able to operate at
considerably lower water application rates [25,28,39-41].

Accordingly, Forghani et al. [37] adjusted the differential air pres-
sure of 500 Pa in the ASTM E514 [31] to 45 Pa. Further, tests with
differential air pressure in the range of 0-750 Pa were carried out in
studies conducted by Slapg et al. [26], Anand et al. [29], and Lacasse
et al. [42]. In experimental studies carried out by Rathbone [43] and
Hens et al. [44], clay brick masonry walls were subjected to water spray
rates between 2.0 and 6.4 1/m%/h. Although Rathbone [43] and Hens
et al. [44] reduced the water spray rates by 95% in comparison with the
ASTM E514 standard [31], still the method to spray water was similar to
the one applied in ASTM E514 [31], i.e. concentrated to a line close to
the specimens’ top aiming to create a water film on the exposed surface.

To overcome shortcomings highlighted with water penetration
methods used in ASTM E514 [31], we have developed a new test method
for producing a uniform water spray exposure in this study. The test
setup is adapted to simulate exposure to a wide range of WDR in-
tensities. The mass gain—that is, the amount of absorbed water by the
test specimens—is measured continuously throughout the test, and
water penetration through clay brick masonry specimens is studied by
employing a digital camera to record when and where visible dampness
patches appear and how they spread on specimens’ backside. Thus, the
present study diverges from existing studies investigating water pene-
tration and dampness on the backside, the protected side, of masonry
walls, exposed to extreme conditions [9,25,26,31], facilitating acquisi-
tion of information about the moisture conditions and water accumu-
lation in masonry.

The experimental campaign included two series of clay brick ma-
sonry specimens, prepared with two different types of bricks and two
different mortar joint profiles, namely raked and flush. Raked specimens
were used to gain knowledge on how WDR related water absorption and
penetration might be affected in eroded mortar joints. 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 the day after bricklaying, the remained part is finally filled with
mortar and tooled. The tests were conducted at zero differential air
pressure, at water spray rates varying between 1.7 and 3.8 1/m?/h,
approximately 95% lower than the water application rate specified in
current standards and many studies [25,27,29,31,35,37].
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2. Materials and methods
2.1. Test setup

In this study, a test setup was designed to expose brick masonry
specimens to water spraying, simulating WDR. A uniform and well-
distributed water spraying pattern was achieved using a low flow, full
cone BETE WL nozzle (WL — 1/4, Full Cone, and 90° Spray Angle),
creating a conical spray pattern with droplets, which was placed 55 cm
away from the specimens’ surface. The schematic of the test setup is
shown in Fig. 1. Moreover, two pressure regulators were mounted in
series to minimize fluctuations stemming from pressure variations in the
urban water supply. An IFM SM4000 electronic magnetic-inductive
water flow meter was also used to continuously monitor the output
flow for further corrections. The tests were performed with zero differ-
ential air pressure between the specimens’ exposed side (the front side)
and protected side (the backside) with a water application rate varying
between 1.7 and 3.8 1/m?/h, representing WDR intensities frequently
encountered in Sweden, see Fig. A.1. Significant efforts have been made
to reduce the water application rate to the mentioned interval, which
indicates that using larger water application rates poses no difficulties.

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.

Each test lasted 23 h, divided into six cycles, with each cycle con-
sisting of 210 min of watering and 20 min of pausing. The specimens’
front face, the exposed side, was carefully centered within the test
apparatus to be uniformly covered by water droplets. To this end, first, a
sealing tape was applied on the scale plate to avoid any undesired water
accumulation under the specimens, and the specimens were then placed
on the sealing tape. A DINI ARGEO digital scale 30 kg/2 g was used for
continuous logging of the weight of the specimens. Although the
weighing of specimens is usually done before and after the test in other
studies [26], the possibility to measure it continuously during the test
was considered in the modified test setup. Additionally, a digital camera
was placed behind the specimens to take photos every 2 min, resulting in
time-lapse videos. Hence, the time and location of the first visible
dampness patch appearing on the backside of specimens were recorded
as well as the spatial distribution and spread of subsequent patches.

2.1.1. Image processing

A GoPro HEROS8 Black digital camera with a 12-megapixel sensor
recorded the backside of the specimens every 2 min; its position was
fixed, and a ColorChecker was placed next to the masonry specimen. The
first recorded image was used as a reference image, and each subsequent
image was compared with it to detect dampness patches. The image
analysis was performed in MATLAB (R2019a) using the following pro-
cedure. As slight changes in illumination occurred, the ColorChecker
was used for color correction. Any displacement between the two
images—owing to, for example, vibrations causing unintended camera

Water Pressure Regulators

Flow Meter

Fig. 1. Schematic of the test setup.
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movement—was corrected using image cross-correlation. The difference
between each image and the reference image was then calculated as the
squared sum of the difference in each color channel (R, G, and B). The
resulting image, representing the change in color from the initial state,
was then thresholded with a fixed value. Finally, the resulting binary
image was subjected to a morphological filter to reduce any residual
noise. The relative damp area could then be calculated in each time step
as the sum of white pixels divided by the sum of pixels within the area
confined by the specimen edges. The algorithm used for the analysis was
designed to ignore any patches originating from the specimen boundary,
which occurred in some instances.

2.2. Materials

Units and mortars selected in this study are representative of that
used in typical Swedish brick masonry facades. Two types of bricks,
based on their absorption properties, and two different types of mortars,
namely M 2.5 and natural hydraulic lime (NHL) 3.5 mortar, were used in
the experimental campaign. The bricks, type Rod Slat and Rod Mark-
tegel, are Haga red solid clay bricks from Wienerberger AB. Mortar M
2.5 is a cement-based mortar typically used for bricklaying in Northern
Europe, whereas NHL 3.5 mortar is recommended for repointing clay
brick facades with high and medium suction bricks. Ready-mixed mor-
tars M 2.5 and NHL 3.5 were supplied from Weber Saint-Gobain AB and
Maélarkalk, respectively.

In the following sections, the water absorption properties of both
bricks and mortars are presented.

2.2.1. Bricks

In total, 40 bricks (20 bricks of each kind) were used to determine
their initial rate of absorption (IRA) and 24-h water absorption prop-
erties. Tests to determine the IRA and water absorption properties of
bricks were performed as described in the ASTM C67 standard [45].

The average IRA of type I bricks, amounting to 1.95 kg/m?, is 7.7%
higher than the average IRA of type II bricks, which amounts to 1.81 kg/
m?. Therefore, both types of bricks can be classified as medium suction
bricks. Nevertheless, the average 24-h water absorption of type I bricks
is 86% larger than that of type II bricks (Table 1). 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, here expressed as the ratio be-
tween the absorbed water and the initial weight.

Moreover, to determine the water absorption coefficient Ay, 10
bricks from each type were studied. In this regard, the bricks were
immersed in water at a depth of 3-5 mm for a specific period of time, as
described in the ASTM C1403 — 15 standard [46]. 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 min. The amount of absorbed
water per unit area of the brick Q [kg/mz] is defined as the ratio between
the difference of increased weight (w; [kg]) and initial weight (wo [kg])
and the cross-sectional area of the brick A [m?] (Eq. (1)).

Wi

0="1"0 fkg /] eV

Table 1
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To present the results of the tests, Q [kg/mz] is plotted against the
square root of time [s/?] (Fig. 2.a). Eventually, the water absorption
coefficient A, [kg/ (m2s%%)] is mathematically defined as the tangent to
the initial, linear branch of the Q — t'/2 function (Fig. 2.b).

The IRA, 24-h cold-water absorption, and water absorption coeffi-
cient of bricks type I and II are summarized in Table 1. For simplicity and
according to the IRA test values, in the following sections, brick types I
and II are considered medium suction brick [I] and [II], respectively.
Although both types of bricks were classified as medium suction bricks
according to their IRA value, the difference in the 24-h absorption and
water absorption coefficient results is notable.

2.2.2. Mortars

A total of 15, 100 mm-side cubic mortar specimens, 12 M 2.5, and 3
NHL 3.5, were cast to determine the water absorption coefficient of the
respective mortar types. The same preconditioning and test method used

20
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Fig. 2. Plot of water absorption per unit area against the square root of time for
10 masonry brick units from each type (bricks type I & II): a) up to 72 h; and b)
during the initial stage of the test.

Density and average water absorption properties, including initial rate of absorption, 24-h absorption, and water absorption coefficient of bricks and mortars.

Dimensions (mm x Density p (kg/  Average IRA CoV Average 24-h water CoV Average water absorption coefficient ~ CoV
mm x mm) m®) (kg/m? /min) (%) absorption (%) (%) Ay, (kg/(m*5°%)) (%)
Bricks I 252 x 120 x 62 1800 1.95 2.3 16.0 1.6 0.193 0.8
Bricks 252 x 120 x 62 1990 1.81 5.1 8.6 145 0.133 16.1
I
M25 100 x 100 x 100 1869 0.30 19.7 - - 0.022 19.7
NHL 100 x 100 x 100 1715 0.80 20.4 - - 0.159 20.4
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to determine the water absorption coefficient of the bricks was per-
formed for the cubic mortar specimens, as described in the ASTM C1403
—15 standard [46]. Fig. 3 shows the water absorption rate of the mortars
over the square root of time, and Table 1 summarizes the average results
of the IRA and water absorption coefficient properties of two different
types of mortar.

2.3. Masonry specimens

This experimental work focused on studying water absorption and
penetration in brick masonry specimens as a function of (i) the brick
type (medium suction [I], medium suction [II]), and (ii) the mortar joint
profile finish (flush, raked, after-pointed). A total of 39 triplet masonry
specimens were built from the same batch of brick. The specimens were
intended to be representative of a masonry veneer wall. The sample size
is 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 [20], who studied water penetration in brick masonry
by using specimens consisting of five bricks yet without any head joints.
As shown in Fig. 4, the masonry specimens consisted of three courses of
brick, with the length of one brick and the depth of half brick. The
thickness of the bed joints varied between 13 and 18 mm to achieve a
fixed height of 215 + 3 mm for all specimens. The length and depth of
the specimens were 250 + 5 mm and 120 + 2 mm, respectively.

The specimens are divided into two series based on the brick types
(Table 2). Series I, which included 15 specimens, was built with bricks
type I (medium suction bricks [I]), whereas Series II comprised 24
specimens built with bricks type II (medium suction bricks [II]).

2 AT
18 =-Maortar M2.5
T —Mortar NHL 3.5
2+ 24h il
o e
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g O 200 400 600 800 1000
Time (s ?)
24 R
Q=0.159t12
, R2=0.998
18 K
E
=14
12 '
g ; Q =0.0223112
=0.9951
(4] A sl
o lsesr=""
b} 0 100 200 300 400
Time (s ')

Fig. 3. Average absorption of mortar M 2.5 and NHL 3.5: a) up to 8 days; and
b) during the initial stage of the test.
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Additionally, specimens within each series were divided into three
groups, namely G1, G2, and G3, according to the mortar joint finish
(Table 2). Group G1 comprises specimens pointed with mortar M 2.5 and
tooled to have a flush joint profile. Specimens with a 5 mm raked joint
pointing with mortar M 2.5 belong to group G2. Group G3 is also made
up of specimens 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 and tooled to flush joint profile. A schematic of the
prepared specimens and joint profile finishes is shown in Fig. 4.

The specimens are named according to the notation X-Y-Z, where X,
Y, and Z correspond to the brick type (I = medium suction [I], Il =
medium suction [II]), mortar joint profile finishes (F = flush, R = raked,
and AF = after-pointed), and specimen number, respectively. For
example, specimen I-R-2 belongs to Series I, was built with medium
suction bricks [I], with a 5 mm raked joint, and it is the second specimen
of group G2.

Before bricklaying, all bricks were stored for three weeks in a labo-
ratory with a controlled indoor climate (18-20 °C and 30-35% RH). To
follow the recommendations of the brick manufacturer, the specimens
were prepared without pre-wetting of the bricks before bricklaying.
Each mortar mix was prepared with the same amount of water. Speci-
mens of group G1, with mortar M 2.5, were tooled professionally to have
a flush profile. For specimens with the raked joint profile, group G2, the
specimens were pointed with mortar M 2.5, and then 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 NHL 3.5 and tooled to have a flush joint profile. Finally, all
specimens were cured for 28 days by daily wetting and storage under
plastic sheets.

Testing took place three months after the bricklaying. Prior to
testing, the specimens were stored in a climate room for two months at a
temperature of 20 °C and relative humidity of 60%. All sides of the
specimens, except front and back sides, were sealed to avoid any un-
desirable water absorption/evaporation through the top, bottom, and
lateral sides. A two-component sealant composed of a base component
and activator component, typically used for waterproofing applications,
was employed.

2.4. Testing regime

As shown in Table 2, 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 1/
m%/h, respectively. 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/mz/h, respectively.

3. Results
3.1. Water absorption time response

The average amount of absorbed water Q (kg/m?) for all groups in
Series I and II during 23 h of testing is presented in Fig. 5a and Fig. 5b. In
order to better compare the water spraying tests and the water absorp-
tion tests for bricks and mortars (Figs. 2 and 3), Q is plotted against the
square root of time (t'/2). 1t 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 (3.0-3.8 1/m?/h) than the specimens in Series II
Group G1-b, G2, and G3 (1.7-2.6 1/m>/h).

As shown in Fig. 5a, the absorption behavior of Series I group G1-a is
similar to those of Series I during the first cycle, indicating that most of
the sprayed water was absorbed, no matter what the absorption prop-
erties of bricks were. Similarly, the absorption behavior of group G1-b,
G2, G3 during the first cycle is similar to each other (Fig. 5.b), indicating
that in this case, the water spray rate is the governing agent influencing
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Fig. 4. Schematic of the specimens and mortar joint profile finishes.

Table 2
Specimen designation and configurations.
Group  Brick Mortar Joint No. of Water
profile specimens spray
finishes rate (1/
m?/h)

Series Gl Medium M25 Flush 5 3.6
(250 G2 Suction M25 Raked 5 3.6
mm x G3 Type (I) M 25/ After- 5 3.4
215 NHL pointed
mm x 3.5
120
mm)

Series 1T Gl-a Medium M25 Flush 5 3.2
(250 Gl-b Suction M25 Flush 3 2.0
mmx G2 Type (M  M25 Raked 8 2.3
215 G3 M 2.5/ After- 8 2.0
mm x NHL pointed
120 3.5
mm)

the amount of absorbed water. Accordingly, the slight difference in the
amount of absorption after the 1st cycle is due to the difference in the
water spray rate; Series II group G2 was exposed to a higher water spray
rate in comparison with group G1-b and G3.

After performing the 1st cycle, the absorption response versus the
square root of time became linear. The linearity of the Q — 12 rela-
tionship indicates that the capacity of the specimens to absorb water was
in balance with the water supplied to the surface. Subsequently, once
surface saturation occurred, the absorption behavior against the square
root of time became nonlinear. 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 became nonlinear at the end of the
2nd cycle. It can be seen that surface saturation was attained more
quickly in group G1-a of Series II, exposed to a water spray rate close to
those of all groups within Series I, indicating that a higher water ab-
sorption coefficient allows rapid moisture transport and postpones
saturation of the exposed masonry surface layer, as stated by Van Den
Bossche et al. [41].

Moreover, it can be seen that for the specimens in Series I, absorption
continues until the middle of the sixth cycle. From the middle of the
sixth cycle (21 h after starting the test), roughly no water is absorbed in
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Fig. 5. Average water absorption vs. square root of time response of a) Series I
and Series II group G1-a; b) Series II group G1-b, G2, and G3.

the specimens, indicating that they are close to full saturation. At the
same time, for specimens of group G1-a in Series II, saturation took place
at the beginning of the fifth cycle, indicated by the slope of the Q — 72
curve becoming close to zero (i.e., nearly no water accumulation in the
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specimens) during the remainder of the test. In contrast, for specimens of
groups G1-b, G2, and G3 of Series 11, the absorption did not end, indi-
cating that the specimens did not attain full saturation, a fact mainly
attributed to the relatively low water spray rate. Since saturation of the
mortar used in the joint takes more than 23 h, see Fig. 3.a, it seems
reasonable that neither Series I nor Series II achieve full saturation
during the 23 h long water spraying tests.

For each specimen, the water application rate and water absorption
after the first and the sixth cycle are summarized in Table 3. Results
indicate that 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/m?, is exhibited by group G3, exposed
to the lowest average water application rate of 2.0 I/m?/h. Similarly,
group G1-a, which was exposed to the highest average water application
rate of 3.2 1/m?/h, has the highest average water absorption of 8.5 kg/
m? in Series II. Fig. 6 shows the water absorption in each specimen after
the first cycle as a function of the corresponding water application rate
Vo (I/m?/h). As surface saturation was not attained in the first cycle and
the specimens absorbed most of the sprayed water, there is a nearly
linear relationship between water application rate and water absorption.
Furthermore, from Fig. 6 it can be observed that the rate of water ab-
sorption decreases with increasing water application rate, which in-
dicates that bounce off increases with increasing water application rates,
as already noted by Van Den Bossche et al. [41] and Abuku et al. [47].

Eventually, as the test progressed and the surface of the specimens
became saturated, the results indicate that the water absorption was
decreasingly influenced by the water application rate. Consequently, the
amount of absorbed water at the end of the test is mostly correlated to

Table 3
Water absorption of tested specimens after the first and sixth cycle.
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Fig. 6. Water absorption in the first cycle vs. water application rate, Vo.

the absorption capacity of the masonry. Accordingly, for Series I, it can
be observed that after the sixth cycle, there is a negligible difference in
the average water absorption between groups G1, G2, and G3, as the
average water absorption for all three groups is approximately equal to
31.5 kg/mz‘ In contrast, in Series II, the average water absorption varies
between 20.6 and 22.4 kg/m?, mainly attributed to a higher variability
in the water absorption capacity of these bricks, 14.5%, versus 1.6% for
Series I bricks.

Fig. 7 shows the average amount of absorbed water after each cycle

Specimens  Initial Weight ~ Water spray rate  Average (I/ First cycle Absorp.  Average (kg/  Total Absorp. Average (kg/  CoV

[€3) (1/m?/h) m?/h) (kg/m?) m?) (kg/m?) m%) (%)

Series 1 Group  I-F-1 11700 3.8 3.6 10.4 9.4 316 31.3 0.6
G1 I-F-2 11722 3.8 9.6 31.1
1F-3 11434 37 2.8 31.2
LF-4 11656 3.2 8.4 31.4
LF-5 11694 3.4 9.1 31.3

Series | Group ~ L-R-1 11672 37 36 9.6 9.6 31.4 315 0.3
G2 R-2 11586 37 9.8 315
1R-3 11622 3.6 9.1 31.3
1R-4 11588 35 9.7 317
LR-5 11668 37 9.9 31.4

Series 1 Group  I-AF-1 11756 36 3.4 9.6 9.0 31.6 315 0.2
G3 L-AF-2 11598 3.4 9.1 31.6
L-AF-3 11552 35 9.0 31.4
I-AF-4 11634 3.3 9.0 31.5
I-AF-5 11738 3.2 8.5 31.5

Series IT Group II-F-1 12664 3.4 3.2 9.2 8.5 21.5 21.2 10.4
Gl-a II-F-2 12623 3.4 8.3 18.3
II-F-3 12591 3.0 8.4 23.2
I1F-4 12684 3.0 8.6 24.0
ILF-5 12468 3.0 8.1 19.2

Series Il Group ~ I1-F-6 12684 1.9 2.0 5.4 6.3 21.3 22.4 6.3
G1-b 1I-F-7 12637 2.1 6.9 24.4
I1-F-8 12669 2.1 6.6 21.5

Series I Group ~ IL-R-1 12762 2.1 2.3 5.4 6.8 24.0 222 6.0
G2 I1-R-2 12575 25 7.1 20.1
I1-R-3 12628 25 7.7 223
1-R-4 12762 26 7.9 21.3
I-R-5 12624 23 7.7 24.0
1-R-6 12649 2.2 6.9 226
I1-R-7 12609 2.2 6.2 20.9
II-R-8 12665 23 5.7 22.3

Series IT Group II-AF-1 12598 1.9 2.0 5.5 59 20.6 20.6 5.6
G3 II-AF-2 12995 21 5.5 20.4
II-AF-3 12697 21 6.0 19.6
II-AF-4 12669 2.1 6.8 21.1
II-AF-5 12712 2.0 6.3 20.4
II-AF-6 12599 21 5.4 19.7
II-AF-7 12745 1.8 5.9 23.4
1I-AF-8 12669 17 5.3 19.6
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Fig. 7. Effects of the joint finishes (G1, G2, and G3) on the average water
absorption in Series I.

for each group of Series I. The average water absorption after each cycle
is of similar magnitude, irrespectively, of the mortar profile finish, as
shown in Fig. 7. This indicates that mortar joint profile finishes have a
negligible effect on water absorption.

3.2. Dampness patches

Since no water runoff that could be collected from the backside of the
specimens was observed during the tests, only dampness on the backside
of the specimens is reported. As mentioned in Section 2.1.1, a digital
camera taking photos every second minute was employed to monitor the
specimens’ backside. The images were post-processed to identify the
time and location of the first dampness patch and used to trace the
spread of dampness until the end of the test. Fig. 8 shows the relative
location of the first dampness patch in the x and y directions projected
on the image of a single specimen to visualize the geometry. The exact
geometry and location of the head joint were subject to some variation
between specimens, which explains the scatter in the x-direction.

The high concentration of points around the head joint (position w/
2) shows that the first visible dampness patch consistently appeared on
the bricks in the second course, close to the head joint.

The appearance of the first visible dampness patch in the vicinity of

time of appearance / h
4 5 6 7 8 9 10

wi2 w
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the head joint could be related to the poor compaction of the head joint,
difficulty in filling the head joint adequately [17], and open
brick-mortar interfaces [25].

The first dampness patch appeared on the bricks in the second
course, close to the brick-mortar interface zone, and then typically
spread on the entire second course, including the head joint, see Fig. 9.
Appearance of the first dampness patches in the vicinity of the head joint
indicates that besides capillary transport through the pore system of the
bricks, moisture might have also been transported by a system of gaps at
the brick-head joint interface [25]. Subsequently, the bottommost
course became damp. The dampness eventually spread to the uppermost
course until the entire protected side of the specimen became damp.

The time to appearance of the first visible dampness patch on the
backside of specimens is summarized in Table 4. The first dampness
patch appeared after 7.8-8.0 h in Series I and 4.8-6.4 h in Series II. The
time to the appearance of the first visible dampness patch on the
backside of the specimens and the corresponding water application rate
is shown in Fig. 10.

As shown in Fig. 10, a higher water application rate corresponds to a
shorter time to the appearance of the first visible dampness patch on the
protected side of the specimens. Furthermore, time to the appearance of
the first visible dampness patch is not only dependent on the water
application rate but also is influenced by the specimens’ water absorp-
tion properties. Accordingly, when specimens are exposed to similar
water spray rates, the time to the appearance of the first visible damp-
ness patch is longer for specimens with high water absorption capacity
(Series I, made of bricks with an average absorption capacity of 16%)
than for specimens with medium water absorption capacity (Series II,
group G1-a, made of bricks with an average water absorption capacity of
8.6%). Higher water absorption capacity seems to delay the time to
appearance of dampness patches on the protected side.

The time to achieving 90% of the specimens’ backside covered with
dampness patches is reported in Table 4. The average time to reach 90%
dampness coverage on the backside of specimens was 16.0, 16.3, and
16.8 h for groups G1, G2, and G3 of Series I, respectively. For groups G1-
a, G1-b, G2, and G3 of Series 11, it took 12.5, 16.5, 15.3, and 17.2 h,
respectively. Thus, the water application rate affected not only the time
to the appearance of the first visible dampness patch but also the time to
reach 90% of dampness on the specimens’ backside.

Besides the water application rate, the appearance of dampness
patches is also influenced by the water content in the specimens. As
shown in Fig. 11.a, the first dampness patch appeared at a water

v AF * R » F

wi2 w

Fig. 8. Location of the first visible dampness patch on the backside of the specimens: a) Series I; and b) Series II.
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Fig. 9. Dampness appearance and growth on the backside of specimen II-F-6 at different time intervals.

Table 4
Time to the first dampness patch and to 90% of dampness on the backside of specimens and their corresponding water absorption.
Specimen  time to the 1st ~ Average Absorption (kg/ Average (kg/ time to reach Average Absorption (kg/ Average (kg/
(h) (h) m? m? 90% (h) (h) m? m?
Series I I-F-1 7.6 7.9 18.6 18.6 15.9 16.0 29.9 29.6
Group G1 I-F-2 7.1 17.7 16.5 29.7
I-F-3 7.5 18.1 15.7 29.4
I-F-4 9.1 20.0 15.5 29.6
I-F-5 8.4 18.3 16.5 29.6
Series I I-R-1 7.6 7.8 18.1 18.3 15.8 16.3 29.8 29.9
Group G2 I-R-2 7.8 18.4 16.5 30.0
I-R-3 7.5 17.6 15.9 29.7
I-R-4 8.2 19.0 16.4 30.0
I-R-5 7.9 18.3 16.7 29.8
Series I I-AF-1 7.9 8.0 18.7 18.3 15.9 16.9 29.8 30.0
Group G3 T-AF-2 8.1 18.4 17.1 30.0
I-AF-3 7.9 17.9 16.8 29.9
I-AF-4 8.1 18.5 17.1 30.1
I-AF-5 8.2 18.2 17.4 30.0
Series II Group I-F-1 4.3 4.8 10.4 10.7 12.4 12.5 20.6 20.2
Gl-a 1I-F-2 4.6 9.9 11.7 17.5
II-F-3 4.8 10.6 12.9 21.8
1I-F-4 5.6 12.7 13.6 22.7
II-F-5 4.7 9.8 12.1 18.6
Series II Group 1I-F-6 6.4 6.3 9.7 10.8 18.4 16.5 20.6 21.1
G1-b II-F-7 6.1 11.3 15.5 22.4
II-F-8 6.5 11.3 15.6 20.3
Series II Group II-R-1 6.7 5.9 10.9 10.7 16.3 15.3 22.6 20.8
G2 II-R-2 4.5 8.5 14.2 19.0
II-R-3 5.4 11.3 14.0 21.2
I-R-4 5.5 11.4 14.0 20.0
IIR-5 5.7 11.5 15.0 22.1
II-R-6 5.5 10.2 14.9 20.8
II-R-7 6.3 10.3 16.7 19.5
II-R-8 7.2 11.8 17.6 21.0
Series II Group 1I-AF-1 6.8 6.4 10.3 10.3 16.5 17.2 19.5 19.8
G3 I-AF-2 6.7 10.4 17.7 19.2
1I-AF-3 6.9 11.1 16.4 19.0
1I-AF-4 5.4 9.7 16.2 20.1
1I-AF-5 6.6 10.9 17.8 18.8
1I-AF-6 6.1 9.0 18.9 22.8
1I-AF-7 6.2 10.7 16.9 19.1
II-AF-8 6.7 10.2 17.1 19.6

absorption of 18.3-18.6 kg/m2 and 10.3-10.8 kg/m2 in the specimens of joint finish has a limited effect on the time to the apparition of the first
Series I and II, respectively. The difference in the amount of absorbed dampness patch.
water within the same Series is rather limited, indicating that the mortar The registered water absorption levels correspond to 58% and 49%
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Fig. 11. Corresponding average water absorption: a) when the first dampness
appeared on the backside of specimens; and b) when the specimens’ backside
became 90% damp.

of the final water content of Series I and II, respectively. The registered
difference might be related to a more permeable contact zone in the
head joints of the specimens prepared with bricks with lower water
absorption coefficient and lower water absorption capacity. Similar to
the appearance of the first visible dampness patch, the time to reach
90% dampness area on the backside of the specimens was roughly the
same within each Series. Accordingly, the corresponding average water
absorption was approximately 29.6-30.0 kg/m2 for Series I and varied
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between 19.8 kg/m? and 21.1 kg/m? for Series II, as shown in Fig. 11.b.
4. Discussion
4.1. Influence of test parameters

4.1.1. Water absorption

Experimental results indicate that a large proportion of the water
applied on the surface of the specimens during the first cycle, namely
76%-92%, was absorbed by the specimens. As shown in Fig. 6, in the
first cycle, there is a nearly linear relationship between the water
application rate and absorption. The remainder of the applied water
spray, namely 8%-23%, is considered to have bounced off from the
specimens’ surface.

This conclusion is supported by visual observations carried out
during the test, indicating the absence of runoff during the first test
cycles. The plausibility of this conclusion is also underpinned by the fact
that the amount of bounce off increased with increasing spraying rate,
which can be observed by comparing group G1-a and G1-b of Series II,
where the specimens have the same material and mortar joint finish
characteristics. The specimens in group G1-a, exposed to a water spray
rate of 3.2 1/m?/h, accumulated 8.5 kg/m2 water during the first cycle,
corresponding to a bounce off of around 24%, see Table 3. In compari-
son, the specimens in group G1-b, exposed to a water spray rate of 2.0 1/
m?%/h, accumulated 6.3 kg/m> water during the same cycle, corre-
sponding to a bounce off of nearly 10%. These findings indicate, that
increasing WDR intensities increase the percentage of bounce off, a
phenomenon described by Van Den Bossche et al. [41] and Abuku et al.
[471.

As mentioned in Section 3.1, the linear relationship between the
amount of absorbed water and the square root of time during the 2nd
and the 3rd cycle indicated that the amount of absorption is in good
agreement with the absorption behavior of the bricks. For instance, the
slope of the Q — t'/2 curve in the 2nd and the 3rd cycle for specimens of
Series I is approximately equal to 0.192 kg/(m%s*%), showing the in-
fluence of the water absorption coefficient of the bricks. The mortar joint
finish does not seem to have a discernible effect on the absorption
behavior of the masonry specimens.

Moreover, based on the available results, first, the impact of joint
profile finishes on water absorption of masonry is negligible, particu-
larly after long exposure to driving rain. Second, when surface satura-
tion is attained, the water application rate is less significant.

4.1.2. Dampness patches

As mentioned in Section 3.2, the first visible dampness appeared on
the bricks in the second course, in the vicinity of the head joint. This
indicates that the primary path for water to penetrate a brick masonry
wall is passing through the brick-mortar interfacial zone [25,48]. The
location of the first dampness patch in the vicinity of the head joints
might be explained by deficient contact between mortar and bricks or
the presence of voids, often attributed to practical difficulties during
bricklaying. In the present study, the specimens were built by pushing
the head joint, while the recommended technique is to butter the end of
bricks prior to laying to ensure optimal filling of the head joints [19,26].
Jonell and Moller [17] suggest that it is practically difficult to get the
vertical joint completely filled with pushing technique; thus, unfilled
joints are the primary path for water penetration in brick walls. Slapg
et al. [26] found that buttering the bricks can significantly improve the
masonry quality. This highlights the importance of good workmanship
to control water penetration in masonry walls [9,17,19,26].

According to Table 4, the first visible dampness patch in the Series I
specimens appeared at the end of the second and the beginning of the
third exposure cycle. In contrast, for specimens of Series II, group G1-b
to G3, the first dampness patch was already observed during the second
exposure cycle, that is, approximately 90 min earlier than in the speci-
mens of Series I.
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For all groups, except group Gl-a of Series II, the dampness area
reached 90% on the specimens’ backside during the fifth cycle. For
group G1 of Series II, 90% of dampness was observed on the specimens’
backside during the fourth cycle.

Based on the available results, the impact of joint profile finishes on
the appearance of the first dampness patch on the specimens’ backside is
negligible, particularly after long exposure to driving rain. Hence, the
present findings do not support the results presented by Hines and Mehta
[9], namely that joint profile finishes substantially influence water
penetration in masonry walls. This difference in results might be
explained by the fact that, in their study [9], a considerably higher water
exposure rate was used in combination with high differential air
pressure.

4.2. Time to attain surface saturation

The time to reach surface saturation for a masonry facade when
exposed to driving rain is dependent on both the sorptivity of the ma-
sonry and the WDR intensity, as shown by Hall and Kalimeris [49].
According to the Sharp Front (SF) model [50], the time to attain surface
saturation, ts [h], is given by Eq. (2)

60 x §?
Vo?

;=05 (2

where § is the sorptivity [mm/min®°], and Vj is the driving rain in-

tensity [mm/h]. The sorptivity is calculated as the ratio between the
water absorption coefficient, A,, [kg/ (mz.so's)], and the density [kg/ms]
of water.

In the present study, the average time to reach surface saturation, t,
for both bricks and mortars are summarized in Table 5. It should be
noted that for Series I and Series II group Gl-a, around 23% of the
applied water is considered to have been bounced off. The correspond-
ing bounced off for Series II, except group Gl-a, is considered to be
around 11%. It can be seen that the theoretical time to attain surface
saturation of bricks, ts, varied between 8.7 h-9.8 h for Series I, whereas,
for Series II, it ranged from 5.2 h to 10.0 h. It must be observed that the
average water spray rate varied between 2.0 and 3.6 mm/h. While the
time to surface saturation of the bricks generally varies between 5 and
10 h, the time to attain surface saturation for mortar M 2.5 is only

Table 5
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around 0.1 h and 0.3 h. In the case of mortar NHL 3.5, the time to surface
saturation varies between 6.6 and 14.4 h, though this calculation is valid
only if the joint was fully filled with mortar NHL 3.5, while it is not the
case in the specimens of group G3, which were filled with 114 mm of
mortar M 2.5 and 6 mm of mortar NHL 3.5. As the surface of the joints
manufactured with mortar M 2.5 became saturated earlier, the water
running off from the joints was probably absorbed by the bricks.
Consequently, the actual time to attain surface saturation for bricks
during testing might have happened earlier than indicated by t;.

Fig. 12 shows the average water absorption versus time response for
all groups in Series I and II during 23 h of testing. The linear branch in
the first cycles shows that the specimens absorbed a large part of the
sprayed water. As the test progressed, the water absorption curve
became nonlinear, indicating runoff due to saturation of the exposed
surface. Therefore, according to Fig. 12, the time when the absorption
curve became nonlinear can be considered as the time to surface satu-
ration. This time is denoted tex, as summarized in Table 5. It can be seen
that the absorption behavior became nonlinear roughly at the end of the
3rd cycle for all groups within Series I and II except group G1-a in Series
11. For group G1-a in Series II, the absorption curve against time became

35
I eyele 2"eycle 3Yeycle 4"cycle 5t eycle 6% eycle

8.0

0.0 12.0

Time (h)
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Fig. 12. Average water absorption time response.

Average time to attain surface saturation and the corresponding amount of absorbed water. t; - time calculated with Eq. (2); tey, — time estimated using Fig. 12.

Sorptivity (mm/  Water spray Time to surface

Q, at the time of surface Qexp at the time of surface Time to surface

min®®) rate (mm/h) saturation t; (h) saturation (kg/m?) saturation t; (kg/m?) saturation tex, (h)
Series I Brick type I 1.49 3.6 8.7 24.2 21.7 10.0
Group G1 Mortar M 0.17 0.1 0.3
25
Series 1 Brick type I 1.49 3.6 8.7 24.2 21.8 10.0
Group G2 Mortar M 0.17 0.1 0.3
2.5
Series I Brick typel ~ 1.49 3.4 9.8 25.6 23.5 10.0
Group G3 Mortar 1.23 6.6 -
NHL 3.5
Series II Brick type 1.03 3.2 5.2 12.9 12.4 6.5
Group G1-a I
Mortar M 0.17 0.1 0.4
25
Series II Brick type 1.03 2.0 10.0 17.8 17.4 10.0
Group G1-b  II
Mortar M 0.17 0.3 0.5
25
Series I Brick type 1.03 2.3 7.6 15.5 14.3 85
Group G2 I
Mortar M 0.17 0.2 0.4
2.5
Series I Brick type 1.03 2.0 10.0 17.8 15.7 10.0
Group G3 it
Mortar 1.23 14.4 -
NHL 3.5
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nonlinear at the end of the 2nd cycle.

The amount of absorbed water Q; (kg/mz) at the time when the
surface saturation was attained is summarized in Table 5. Q. is defined as
the product of the water spray rate and the time to reach surface satu-
ration of the bricks, t;, taking into account the already mentioned per-
centage of the bounce off. Qexp represents the amount of absorbed water
at tg taken from Fig. 12. It should be noted that the 20 min pausing
between each cycle was deducted and not considered in the calculations
of Q¢ and Qexp. Comparing Q; and Qexp (Table 5), corresponding to
theoretical and experimental water absorption at the time of attaining
surface saturation, respectively, a reasonable accordance can be seen.
The differences between theoretically and experimentally determined
data might be related to a) bricks might have different sorptivity prop-
erties in different directions, mentioned as anisotropy in sorptivity [50,
511; and b) Q¢ has been calculated based on the sorptivity of the bricks,
whereas the experimentally determined Qex, represents the amount of
water absorbed by the masonry.

4.3. Test setup

In this study, three main criteria were considered to develop the test
setup: 1) the sprayed water on the specimens’ surface should be
distributed uniformly on the exposed surface; 2) the sprayed water
should consist of water drops, a representative for rainfall, and not mist
or drizzle; and 3) the water application rate should be lowered in
comparison with the test conditions of ASTM E514 [31] to be more
representative of a wide range of WDR events. To achieve a uniform
spray pattern covering the whole area of the exposed face, a full cone
nozzle was used. Furthermore, many trials were done to find a suitable
water pressure level and distance between the nozzle and the specimen,
finally arriving at the test parameters presented in Fig. 1. It must be
mentioned that the chosen combination of test parameters is only one
out of many possible combinations.

The capability of different nozzle types to produce a water spray
consisting of droplets was examined visually and by exposing sheets of
paper with high absorption capacity for the water spray during
approximately 1-2 s. The result of such a test is shown in Fig. 13, where
the wet dots are attributed to water droplets.

To meet the third criterion, different low-flow nozzles have been
tested. The largest difficulty consisted in combining low flow levels with
a water spray consisting of droplets since this, in many cases, required
operation of the nozzles below the pressure range specified by the
supplier. When choosing water spray rates to be used in the tests,
weather data and WDR intensities for three different locations in Swe-
den, a region with moderate WDR events, were analyzed; the details are
provided in Appendix A.

Notably, continuous water absorption measurement provides

Fig. 13. Wet dots on a paper sheet exposed to water spray for 1-2 s.
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valuable information about moisture conditions in the specimens. As
during short-duration rainfalls or initial phases of rainfall events similar
to the first and second cycles of the performed tests in this study,
dampness patches usually do not appear on the backside of masonry
walls, monitoring water absorption is a suitable measure to characterize
the response of masonry exposed to WDR. Furthermore, results from
water absorption measurements, combined with data on water pene-
tration and appearance of dampness areas on the backside of masonry,
can be beneficial for subsequent modeling of moisture conditions in
masonry.

Nevertheless, the results suggest that for a more realistic investiga-
tion of masonry facade’s response to WDR exposure, the conditions in
the newly developed test setup need to be revised as no water pene-
tration that could be collected from the backside of specimens was
observed, in spite of 21 h of exposure of water spraying.

Notably, this study has addressed the question of the effects of
mortar joint profile finishes on water absorption and water penetration
in masonry exposed to water spraying, yet without any differential air
pressure. As the specimens were prepared without known defects, the
results of this study cannot be taken as representative of the response of
masonry fagades with cracks and voids, especially when these are
exposed to WDR with high wind pressure. Thus, it is anticipated that the
test setup can be developed to encompass studies of the WDR response of
specimens with defects exposed to significant differential air pressure.

5. Conclusions

In this study, we investigated the response of clay brick masonry
exposed to uniform water spray with application rates of 1.7-3.8 1/m?/h
at zero differential air pressure on triplet specimens, with dimensions
250 mm (length) x 215 mm (height) x 120 mm (depth), in laboratory
conditions. The mass gain in the specimens was continuously measured,
and the specimens’ backside was photographed every second minute to
trace dampness areas. Based on these results, the following conclusions
can be drawn:

1. The amount of absorbed water is highly dependent on not only the
water absorption coefficient and absorption capacity of the bricks
but also the water spray rate, whereas the mortar joint profile finish
had limited influence on the amount of absorbed water.

The first dampness patches on the specimens’ backside appear in the
vicinity of the head joint, at water content levels corresponding to
50%-60% of full saturation level. This corresponds to 5-8 h of
exposure at the actual water spray rates.

The specimens’ backside reached 90% dampness at water content
levels corresponding to 95% of full saturation level.

4. Asafeature attributed to the actual, relatively low, water application
rates, absence of known defects and zero differential air pressure, no
measurable amounts of penetrated water could be collected at the
specimens’ backside.

The newly developed test setup might facilitate the verification of
moisture simulations as it enables continuous water absorption
measurement combined with tracing of dampness areas on the
backside of masonry specimens.

Time-lapse image analysis could provide useful information in the
context of masonry characterization under conditions with indis-
cernible WDR penetration.

N

©

o

o

Further improvement of the test setup by application of a differential
air pressure in conjunction with water spraying will create conditions
that can more realistically reproduce wind-driven rain. Further studies
with specimens containing known defects, e.g., cracks or incompletely
filled joints, might produce more conclusive results that could support
decision-making in practical situations.
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Appendix A
A.1. WDR events characteristic for Swedish conditions

As one of the aims of this study is to expose masonry specimens to water spray that reflects realistic WDR events in Sweden, in this section, we
calculated WDR intensities for a multi-story building located in three different geographical locations in Sweden. Notably, Sweden can be a good
representative of regions with moderate WDR events. Among available semi-empirical WDR deposition models [52-54], the advanced and widely
used ISO model [52] is considered. The climate data is taken from the Swedish Meteorological Hydrological Institute (SMHI) [55]. First, the WDR
relationship and ISO model are briefly presented. Second, the hourly rain intensities and wind velocities in Malmo, Gothenburg, and Uppsala for the
period 1995-2020 are used to calculate driving rain intensities for the considered building.

A.1.1. WDR calculations
The general equation to calculate WDR intensity, Rygr [mm/h] on a building facade in semi-empirical models can be written as follows:

0.88

Rugr=ax Uy xR x cos 6 (A1)

where a is WDR coefficient [s/m] to be elaborated in the next paragraph; Uj ¢ is the reference wind speed (unobstructed streamwise wind speed at 10 m
height) [m/s]; Ry, is the unobstructed horizontal rainfall intensity (i.e., the intensity of rainfall falling through a horizontal plane, as measured by a
standard rain gauge with a horizontal orifice) [mm/h]; and 0 is the angle between the wind direction and the normal to the facade [°].

As in free-field conditions, WDR intensity can differ from WDR intensity on a building facade [56], the two factors, a and cos 6, were introduced in
Eq. (A.1).

The WDR coefficient a in the ISO model [52] is given in Eq. (A.2):

2
a:§><CT><O><W><CR (A.2)

where Cr is the topography coefficient [—]; O is the obstruction factor [—]; W is the wall factor [—]; and Cg is the roughness coefficient [—].

Although the ISO model provides the average annual amount of WDR, it can nevertheless be used to determine WDR intensity for any period during
ayear [56]. In this regard, based on the ISO model, Blocken and Carmeliet [56] presented Eq. (A.3) to calculate WDR intensity on a building facade by
inserting Eq. (A.2) to Eq. (A.1):

Rw.l,:g x Cr x O xW xCg x Uy xR x cos (0) (A.3)

A.1.2. WDR for multi-story building

WDR intensities Ryq, are calculated for a 15-m high multi-story building with a flat roof. The wind direction is perpendicular to the facade (6 = 0°).
Regarding the topography coefficient Cr and obstruction factor O, it is considered that the building is located in a terrain that is flat and free of
obstructions. Therefore, Cr and O are equal to one. The wall factor, W, for a multi-story building with a flat roof is 0.5 for the top 2.5 m and 0.2 for the
remainder of the exposed fagade. In this case, the top part of the facade is considered; thus, W is equal to 0.5. The equation to calculate the roughness
coefficient (Cg), dependent on the terrain category, as provided in the ISO model, is as follows:

Cr(e)= KeIn(X) forz > zum oo
20

Cr(2) = Cr (2min) for 2 < Zmin (A.5)

where z is the height above ground [m]; Ky is the terrain factor [—]; zg is the roughness length [m]; and zpiy is the minimum height [m].

It is further assumed that the 15-m high building is neighboring to farmlands, thus belonging to terrain category II, according to the ISO model
[52]. Values of Kg, 2o, and zmi, as a function of the terrain category are given in the ISO model [52], in which Kg = 0.19, zg = 0.05 m, and zmjn = 4 m.
Hence, Cp is equal to 1.084, and the WDR coefficient a, for the given building facade is then equal to 0.12.

To calculate the WDR intensity Ryq,, the same building with the same terrain and building geometry was considered to be located in Malmo,
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Gothenburg, and Uppsala.
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Fig. A.1. Driving rain intensities from 1995 until 2020 for a) Malmo, b) Gothenburg, and ¢) Uppsala; Small diagrams show highest driving rain intensities.

Fig. A.1 shows that the highest WDR intensity for Malmo, Gothenburg, and Uppsala is equal to 8.4, 6.5, and 10.1 mm/h, respectively. As shown in
the figure, the range of the water application rate used in this study, varying between 1.7 and 3.8 1/m?/h, falls within the range of realistic WDR
intensities in Sweden, although a clear majority (>99%) of the WDR events has intensities below 1 mm/h. Thus, the test setup should be further

developed to reproduce even lower water application rates.
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ABSTRACT

This experimental study investigates the effect of brick absorption properties and mortar joint
profiles on water absorption and penetration in clay brick masonry. A test setup is presented,
making continuous measurements of absorbed and penetrating water possible. Further, damp
patches on the backside of the specimens are tracked by utilizing a digital camera and image
analysis. Twenty-four masonry specimens are prepared using three different brick types with two
different types of mortar joint profile: flush and raked. The tests are performed with a water
application rate of 6.3 1/m%h + 5 % and zero differential air pressure. Results indicate that water
absorption and penetration are mostly dependent on brick absorption properties, and the main way
for water to penetrate is through brick-mortar interfacial zone. Additionally, the effect of joint
profile on water absorption and penetration in specimens is negligible. The first visible damp
patches on the backside of specimens appeared close to the head joint, indicating the difficulty of
workmanship in filling the head joints and the brick-mortar interface as the primary water
penetration path.
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INTRODUCTION

Clay brick masonry fagades have been used frequently for centuries because of their high longevity
and long-term durability. Nevertheless, deterioration of masonry fagades exposed to climate agents
such as wind-driven rain (WDR) is inevitable [1]. Since moisture is one of the main causes of the
damage to the buildings’ facades and WDR is the primary source of moisture, the resistance of
masonry veneer walls against WDR penetration has been a design issue for several decades [2-4].

Several experimental studies are available in the literature investigating masonry’s response to
WDR [3, 5-12]. Water penetration through the masonry facade depends on brick and mortar
absorption properties, the profile of mortar joints, mortar consistency, presence of cracks, the
compatibility of units and mortar, thickness of mortar joint, and workmanship [9, 10, 12-17].
Accordingly, there are several test methods available in standards to assess the water penetration
in masonry walls [18-20], where ASTM E514 is one of the most frequently used test methods [3,
11, 21]. In the ASTM E514 standard, the specimens should be tested at a water spray rate of
138 1/m?/h and 500 Pa pressure difference.

The test condition of ASTM E514 standard is, in most cases, more severe than natural exposures,
as stated by Fishburn et al. [5], and can only occur at specific locations, with very low probabilities,
as analyzed by Cornick and Lacasse [22]. Additionally, a comparative study reviewing existing
water penetration test methods, conducted by Driscoll and Gates [23], identifies a need for a simple
test method to complement existing ones. Furthermore, Ribar [8] suggests that current test
standards need to be revised to incorporate a realistic exposure condition approach. Thus, Forghani
et al. [11] adjusted the air pressure of 500 Pa in ASTM E514 [18] to 45 Pa, a reduction of 91 %.
Further, performing tests with zero pressure was considered in studies conducted by Shahreza et
al. [12], Slapg et al. [10], Anand et al. [21], and Lacasse et al. [24]. Besides, Gigla [4] developed
a test setup to study the water absorption of veneer masonry walls without evaluating air pressure.
Additionally, Shahreza et al. [12] developed a test setup to expose masonry specimens to a uniform
water spray rate varying between 1.7 and 3.8 1/m%h, a reduction of 95 % with respect to the
ASTM E514 [18] test condition. Yet, as no water penetration that could be collected from the
backside of the specimens was observed, that study focused on the measurement of water
absorption and the analysis of damp patches on the backside of specimens.

In this experimental study, water absorption and penetration in brick masonry are studied using a
newly developed test setup. Instead of the other test methods where a water film is maintained on
the specimen surface [3, 6, 7], the present test applies a uniform and adjustable water spray to the
surface. In addition to continuous water absorption and penetration measurements, the area and
location of damp patches on the backside of specimens during the entire test period are monitored.
The experimental campaign includes three Series of clay brick masonry specimens, prepared with
three different types of bricks and two different mortar joint profiles, namely flush and raked. Since
the overall objective of the present study is to investigate the WDR-related effects of mortar joint
erosion on increased water uptake and penetration in clay brick masonry, raked specimens were
chosen to be studied as a representative of eroded mortar joints. The comparison between water



absorption and penetration of flush and raked specimens can facilitate understanding of how
WDR-related water absorption and penetration might be affected in eroded mortar joints. The tests
were conducted at zero differential air pressure, at a water spray rate of 6.3 /m%*h + 5 %,
approximately 90% lower than the water application rate in current standards and studies [3, 11,
18, 21].

MATERIALS AND METHODS

Test setup

A test setup was designed to expose masonry specimens to a uniform water spray. The specimen
was mounted on a scale to allow for continuous monitoring of weight. Any water penetrating
through the backside of the specimen was led to a collector mounted on a second scale. A nozzle
with a conical spray pattern was mounted in a fixed position at a horizontal distance of 50 cm from
the specimen’s exposed surface. In order to minimize variation and monitor the water flow, two
water pressure regulators and a water flow meter were mounted between the water supply and the
nozzle. A digital camera was mounted behind the specimen to record any visible dampness. The
resulting time-lapse image sequence was analyzed through image analysis to obtain the location
of the first visible dampness and the relative damp area over time. A more detailed description of
the test setup is presented in Reference [12]. A schematic illustration of the test setup is shown in
Figure 1.

Each specimen was 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. Tests were done with zero pressure,
whereas the water application rate was maintained at 6.3 /m%/h + 5 %.

Water Pressure Regulators

| /N

= P i
' N
[y Flow Meter
r_T

Digital Scales

Figure 1: Schematic of the test setup

Bricks and mortar

In this study, three types of bricks, type I, II, and III with different absorption properties, were
tested. Twenty bricks from each type were studied to characterize their initial rate of absorption
(IRA) and 24-h water absorption properties. Ten bricks of each type were tested to characterize
the sorptivity of the bricks. Table 1 summarizes the results of IRA, 24-hour cold water absorption,



and sorptivity tests. Brick types I and II are both classified as medium suction bricks, whereas type
II1 is categorized as low suction. Note that the absorption capacity of type I and II differ by a factor
of 2.

Mortar M 2.5, widely used in Northern Europe for masonry fagades, was used in this study. Twelve
100 mm-side cubes were cast to characterize the mortar. Table 1 summarizes the average results
of the IRA and sorptivity properties of mortar. It should be noted that all tests to characterize brick
and mortar properties were conducted according to ASTM C67 [25] and ASTM C1403 — 15 [26]
standards.

Table 1: Average water absorption properties, including initial rate of absorption, 24-hour
absorption, and sorptivity of bricks and mortars

Average

_— (m]?;:l;r:zf;?n ) Del;slty Average IRA Average IRA CoV  24-hwater CoV S/Z:];rii%;, CoV
2/ 2/ o, i 0 0
(ke/m?) (kg/m?*/min.) (g/30in*/min.) (%) abs<()0r/p)t10n (%) m/min’ (%)
J

?yf;ikls 250x120x62 1800 1.95 37.7 23 16.0 1.6 1.495 0.6

Bricks ©5s0x120x62 1990 1.81 35.0 5.1 8.6 145  1.028 184
type I

Bricks o jox115x62 2235 071 13.7 230 40 386 0268 228
type 111

M";’;TM 100x100x100 1869 03 5.8 19.7 - - 0159 87

Masonry specimens

This study aimed to study water absorption and penetration in clay brick masonry exposed to a
uniform water spraying. Three different types of bricks and two different joint profiles were
considered. In total, 24 triplet specimens were built consisting of three courses of brick, with the
length of one brick and the thickness of half-brick length.

Specimens herein presented are divided into three Series according to the brick absorption
properties. Each Series is divided into two groups according to the joint profile (Table 2). Group
G1 includes twelve specimens pointed with mortar M 2.5 with a tooled flush joint profile, whereas
Group G2 consists of twelve specimens pointed with mortar M 2.5 with a raked joint profile. To
eliminate uncertainties regarding workmanship, a single craftsman built all 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, the specimens were pointed with mortar
M 2.5, and then a 5 mm screw was used to remove extra mortar to reach the depth of 5 mm (Figure
2). The workmanship technique used for bricklaying in this study was the so called pushing of the
head joints. Figure 3 shows the backside of the representative specimens.



The specimens are named according to the notation A-B-C, where A, B, and C correspond to the
brick type (I =medium suction [I], II = medium suction [II], III = low suction), mortar joint profile
(F = flush and R = raked), and specimen number, respectively. For example, specimen I-R-2
belongs to Series I, was built with medium suction bricks, with a raked joint, and it is the second
specimen of group G2.

Table 2: Specimen designation and configurations

Series Group Brick Mortar J01nt‘p rofile NO.' of
finishes specimens
Series 1 (251(; (I)nm x 215 mm % Gl Medium Suction I M25 Flush 4
mm) G2 Raked 4
Series I (251(;(1)nm x 215 mm x Gl Medium Suction 11 M25 Flush 4
mm) G2 Raked 4
Series 111 (214200mm % 215 mm x Gl Low Suction M25 Flush 4
mm) G2 Raked 4

After bricklaying, the specimens were cured for 28 days under plastic sheets. Subsequently, all
sides of the specimens except the exposed surface and backside were sealed using a two-
component sealant producing a flexible waterproof coating. Prior to testing, all specimens were
kept in a climate room under controlled conditions (temperature of 20 °C and relative humidity of
60 %). Figure 2 shows a representative sealed specimen of each group within each Series.

Series | Series Il Series 111

Group G2
Raked

Group G1
Flush

Figure 3: Backside of the representative specimens



RESULTS AND DISCUSSION

Water absorption

As the test setup was capable of measuring the amount of absorbed water, i.e., mass gain
continuously, it provides the opportunity to study each specimen’s absorption behavior during
testing. The absorption herein is defined as the ratio between the mass gain, i.e., the difference
between measured weight and initial weight, and the initial weight. Figure 4 shows the average
absorption of each group within each Series during 23-h of the test. The linear branch of the
absorption curve indicates that surface saturation was not yet attained, as most sprayed water is
absorbed. The point when surface saturation occurs can be seen from the deviation from a linear
slope of the absorption curve. Surface saturation is attained during the 1% cycle for all groups of
each Series. The obtained results suggest that there is a strong correlation between brick’s
sorptivity and the time to attain surface saturation. Accordingly, a high sorptivity allows rapid
moisture transport and postpones surface saturation, as shown by Van Den Bossche et al. [27] and
Shahreza et al. [12]. As can be seen in Figure 1, surface saturation takes a shorter time to occur for
Series III than Series I and II. Thus, the higher the brick’s sorptivity is, the shorter time it takes to
attain surface saturation.

------ Series | Group G1 —Series | Group G2 --- Series Il Group G1
-+ Series Il Group G2 — Series Il Group G1 — Series 111 Group G2

I#eyele 2™ cycle 3™ ceycle 4% cyele 5% cycle 6" cycle

Absorption (%)

Dk L 'l l 3 b
0.0 4.0 8.0 12.0 16.0 20.0 24.0
Time (h)

Figure 4: Average water absorption vs. time response for each group within each Series

As the test progressed beyond surface saturation, the slope of the absorption curve decreases. For
Series I and II, specimens prepared with medium suction bricks type I and II, the absorption ends
during the 4" cycle, whereas for Series III, specimens built by low suction bricks, the absorption
continues until the end of the test. The results indicate that the rate of absorption in masonry
specimens during 23-h of the test is highly dependent on the sorptivity of the bricks, whereas the
amount of absorbed water at the end of the test is mostly correlated to the absorption capacity of
the masonry.



Further, in Series I and I, in spite of the relatively high absorption capacity of bricks, full saturation
of specimens occurred during the 4™ cycle because of the relatively high sorptivity properties of
bricks (the sorptivity of medium suction bricks type I and II was roughly 5.5 and 3.8 times more
those of low suction bricks). In contrast, for Series III, specimens prepared with relatively low
water absorption capacity, the low sorptivity of bricks resulted in continuous absorption during the
test, indicating that the specimens did not attain full saturation.

The absorption in each specimen after the Ist cycle and the 6th cycle is summarized in Table 3. It
can be seen that the difference in the average total absorption between each group within Series I
and I is negligible. In contrast, after performing the 1% cycle, for both Series I and II, the average
absorption of group G1, specimens with flush joint profile, is roughly 7.0 % smaller than that of
group G2, specimens with raked joint profile. However, it can be observed that after the 6" cycle,
the total absorption is consistent with the absorption capacity of the corresponding brick type and
the effect of joint profile is negligible, e.g., the absorption is equal to roughly 14.5 % for both
groups G1 and G2 of Series I, whereas for groups G1 and G2 of Series II, the absorption is equal
t0 9.3 % and 8.9 %, respectively. The difference between the total absorption of group G1 and G2
of Series III is related to the large variability in bricks’ absorption properties (CoV = 38.6 %).

Table 3: Water absorption of specimens after the 1% and the 6™ cycle

Initial weight 1%cycle Absorp Ave Total Absorp Ave CoV

Specimens (@ (%) (%) (%) %) (%)

I-F-1 11746 8.1 14.4

. I-F-2 11766 8.6 14.3
Series I Group G1 -F-3 11558 8.4 8.4 14.9 145 19

1-F-4 11731 8.4 14.4

I-R-1 11668 8.8 14.5

. I-R-2 11718 9.3 14.4
Series I Group G2 LR3 11628 91 9.0 146 146 09

I-R-4 11585 8.8 14.8

1I-F-1 12664 5.5 9.1

. 1I-F-2 12623 43 7.9
Series II Group Gl 11-F-3 12591 75 5.9 9.7 9.3 10.1

11-F-4 12637 6.3 10.4

II-R-1 12762 7.3 10.1

. 1I-R-2 12575 53 8.6
Series II Group G2 II-R-3 12628 6.1 6.1 93 8.9 10.2

1I-R-4 12720 5.7 7.6

III-F-1 12405 1.3 3.1

. 1I1-F-2 12356 2.4 43
Series 111 Group G1 HIF-3 12469 24 2.1 55 44 202

111-F-4 12219 2.1 4.9

1I1-R-1 12184 1.7 39

. 1II-R-2 12134 1.5 34
Series 111 Group G2 III-R-3 12010 15 1.5 29 33 110

111-R-4 12320 1.4 3.2




Based on the available results, water absorption in brick masonry depends on the brick absorption
properties, particularly sorptivity, whereas the impact of joint profile is negligible, particularly
after a long exposure to driving rain, as already noted by Shahreza et al [12].

Damp patches

Figure 5 shows the location of the 1% damp patch on the backside of the specimens. With some
exceptions, the first patch appeared in close proximity to the head joint. Exceptions include
specimens III-F-4, III-R-2, and III-R-4. Due to the difficulty of workmanship in filling and
compacting the head joint, the vertical joints can be the primary path for water penetration and
leakage.

lime of appearance (h)

wi2 w wi2 w wi2 w

Figure 5: Location of the first visible damp patch on the backside of specimens

The first visible damp patch appeared after 2.5, 2.6, 2.0, and 1.5 hours for groups G1 and G2 of
Series I and II, respectively (Table 4). Whereas, for group G1 and G2 of Series III, the dampness
appeared after 1.0 and 6.9 hours (Table 4). In Series I11, the first dampness appeared after 0.1 h for
specimen III-R-1, whereas it took 14 h for specimen III-R-2. This large variability is attributed to
the relatively large variability of the bricks’ properties and the effects of workmanship.

Additionally, the time when the backside of the specimens reached a relative dampness of 15 %
and 50 % are summarized in Table 4. As can be seen, the backside of the specimens in Series I
and Il reached 15 % dampness roughly 2 hours after the apparition of the 1% visible dampness. The
corresponding time in Series III varied between 5 — 10 hours, indicating the importance of the
sorptivity on water transport in masonry. A similar trend is discernible when it comes to reach
50 % dampness as it takes roughly 5 hours more in the case of Series I and II and 14 hours in the
case of Series III. It should be further observed that for Series III Group G2, 50 % dampness was
not reached during the 21 hours of water spray exposure.



Moreover, it can be observed that the adequate filling of the head joint might affect the location
and the time to the appearance of the first visible damp patch, as demonstrated for Series III (Figure
35).

Table 4: Time to the first damp patch, 15 % dampness, and 50 % dampness on the
backside of specimens, and total water penetration of tested specimens

time to time to reach time to reach

Specimen e 1% Ave 15 % Ave 50 % Ave pezgzrion Ave
patch (h) dampness (h) dampness (h) () (2)
(h) (h) (h) ¢
I-F-1 2.0 44 8.0 60
Series I I-F-2 33 2.5 52 5.0 7.5 7.6 120 108
Group G1 I-F-3 1.7 5.5 7.2 150
I-F-4 3.0 4.8 7.5 102
I-R-1 2.0 4.7 6.8 190
Series I I-R-2 2.8 2.6 43 4.7 5.7 6.7 156 182
Group G2 [-R-3 32 5.0 6.8 344
I-R-4 2.3 4.8 7.3 32
II-F-1 1.6 4.0 7.2 198
Series 11 1I-F-2 3.2 2.0 4.7 4.0 11.7 7.7 30 206
Group G1 1I-F-3 1.3 33 4.8 250
11-F-4 1.8 3.8 7.0 346
1I-R-1 23 33 5.8 216
Series 11 1I-R-2 1.2 1.5 33 3.4 6.2 6.3 154 146
Group G2 II-R-3 1.3 4.0 6.7 16
1I-R-4 1.2 2.8 6.5 196
II-F-1 0.6 3.3 11.8 50
Series 111 1II-F-2 0.7 1.0 5.0 5.7 15.7 14.9 0 14
Group G1 III-F-3 0.3 6.8 15.4 2
111-F-4 2.3 7.5 16.5 2
1II-R-1 0.1 13.3 - 0
Series 111 II1-R-2 14.0 21.0 - 2
Group G2 1II-R-3 2.5 6.9 14.0 17.5 - B 0 !
111-R-4 10.8 21.7 - 2
Water penetration

The amount of water penetration that could be collected from the backside of specimens after 21
hours of exposure to water spraying is summarized in Table 4. As can be seen, the average amount
of penetrated water of group G1 and G2 of Series I and II is equal to 108 g, 182 g, 206 g, and 146
g, respectively. In contrast, there is no considerable water penetration for specimens of Series I11
except specimen III-F-1. The results suggest that water penetration is highly dependent on the
water absorption properties of bricks.

The importance of brick-mortar interface on masonry’s resistance to WDR is also noticeable, as
most of the collected water from the backside of the specimens, penetrated through the interfacial
zone. For instance, in seven out of eight specimens in Series III, the amount of water penetration
was limited to between 0 — 2 g. The sharp contrast compared to Series I and II is attributed to
continuous contact in the brick-mortar interface and absence of known defects. Yet, in specimen



ITI-F-1, a water penetration of 50 g was registered, indicating that the quality of the workmanship
might not have been as high as in the case of the previously mentioned specimens. It should be
further observed that the amount of penetrated water varied within a considerable range also in
Series I and II — between 32 — 344 g and 16 — 346 g respectively.

In addition, comparing water penetration of Series I and II with Series III highlights the impact of
brick water absorption properties, particularly sorptivity, on the leakage through specimens, as
already noted by Ritchie and Plewes [14]. Moreover, comparing water penetration of groups G1
and G2 within each Series indicates the negligible effect of mortar joint profile on water
penetration.

Based on the available results, several factors might influence water penetration in brick masonry.
Firstly, the primary path for water to penetrate masonry walls is through the brick-mortar interface
for low to medium suction bricks, as already noted by Groot and Gunneweg [9] and Slapg et al.
[10]. Secondly, although specimens were prepared without any known defects and voids, the
difficulty of filling head joints can lead to leakage through masonry specimens. Nevertheless,
Jonell and Moller [15] believe on the difficulty of complete filling of the head joint with the
pushing technique, as the head joint of specimens in this study were prepared with this technique.

CONCLUSIONS

The presented experimental study was aimed to study water absorption and penetration in clay
brick masonry exposed to a uniform water spray by employing a modified test setup. A digital
camera was employed to monitor damp patches on the backside (the protected side) of the
specimens, and continuous water absorption and penetration measurements were catried out using
two digital scales. Parameters investigated were: three different types of bricks and two different
mortar joint profiles: flush and raked. The tests were performed with zero differential air pressure
between the specimens’ exposed side (the front side) and protected side (the backside) with a water
application rate of 6.3 I/m*h + 5 %.

Based on the obtained results, the effect of mortar joint profiles on water absorption is negligible,
whereas the water absorption in masonry specimens is highly dependent on the water spray rate
and sorptivity of bricks prior to the surface saturation. Once the surface saturation was attained,
the behavior was dependent on both sorptivity and water absorption capacity of the bricks.
Moreover, the first visible damp patch appeared close to the brick-mortar interface, indicating low
resistance of the head joint to WDR attributed to low compaction and difficulty in filling the
vertical joints.

Furthermore, the main way for water to penetrate a brick masonry was the brick-mortar interface
and the water penetration in masonry specimens was influenced by the bricks’ absorption
properties, whereas the mortar joint profiles did not affect water penetration considerably. The
average penetrated water of group G1 and G2 of Series I and 11 is equal to 108 g, 182 g, 206 g, and
146 g, respectively. However, the water penetration in Series III specimens was roughly zero



except for specimen III-F-1, indicating the high resistance of masonry specimens built with low
sorptivity and low absorption capacity bricks to WDR.

Nevertheless, the effect of workmanship to achieve non-open brick-mortar interface on the water
penetration in all three Series is noteworthy; a) the difference between the water penetration of
individual specimens in Series I and II is substantial, with a minimum of 16 g and a maximum of
346 g; and b) water penetration in specimen III-F-1 was around 50 g despite near zero penetration
for the rest of the specimens in Series III.

Eventually, 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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