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Abstract: Moisture ingress is a major cause of damage to masonry cavity walls. Products of various
chemical compositions are available for wall surface treatment, aimed at reducing/eliminating water
ingress. This study presents the results of full-scale wall tests designed to quantify water absorption
into uninsulated and insulated brick masonry cavity walls exposed to wind-driven rain (WDR) with
and without surface waterproofing. Two different waterproofing products were used: acrylic and
silane-siloxane mixture. Untreated and treated walls were exposed to cycles consisting of 10 min
wetting at 2.25 L/m?-min every 60 min. The results show that both treatments lead to a reduction in
water ingress ranging from 90% to 97%. However, while a more consistent performance was obtained
for the silane/siloxane-treated walls under repeated exposure, the results for the acrylic treatment
were dominated by the original wall conditions, improved with a reapplication of the treatment. The
testing protocol proposed in this study is effective in determining the performance of waterproofing
treatments exposed to different levels of WDR. Both treatments prove to be effective in preventing
moisture uptake in walls in moderate WDR exposure conditions, while in extreme WDR exposure
conditions, the acrylic treatment is less effective.

Keywords: waterproofing; water repellence; surface treatment; brick masonry; wind-driven rain

(WDR); absorption; cavity wall construction; insulation

1. Introduction

Masonry wall construction is the most popular and traditional construction method in
the UK [1,2], representing around 90.4% of all homes in England [3]. Within this building
stock, the relatively more recent cavity wall construction technique is found in 64.2%
of all dwellings in England [3]. A significant portion of these buildings are located in
WDR exposure zones classified as severe or very severe according to criteria given in
BS 8104:1992 [4,5], without sufficient construction features to prevent water ingress [6],
(see Figure 1).

Exposure Zone Expected Wind-Driven Rain per Spell (L/m?)
Sheltered WDR <33
Moderate 33 <WDR <56.5
Severe 55.5 <WDR <100
100 < WDR

Figure 1. UK wind-driven rain exposure zones derived from BS 8104 [5]. A spell is defined as a
period of driving rain separated by at least 96 h of dry weather.

The Domestic Minimum Energy Efficiency Standard (MEES) Regulations [7] provide
guidance for interventions aimed at improving building energy performance. Among the
recommended measures, insulating walls is recognised as key in improving the energy
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efficiency of buildings. Improved energy efficiency will undoubtably help achieve govern-
mental milestones for the decarbonisation of the UK built environment, including fuel-poor
homes, estimated to account for more than 10% of the residential building stock in England,
12% in Wales, 18% in Northern Ireland, and 25% in Scotland [8,9].

Wind-driven rain (WDR), one of the key sources of moisture ingress in masonry build-
ings, can impact on the hygrothermal performance, durability, and indoor environmental
quality of buildings [10-12]. Water penetrating into building fabrics and moisture trapped
inside can lead to damage through freeze-thaw, material decay, and mould growth and may
affect structural integrity [13,14]. Further, according to the English Housing Survey [3], the
most commonly used insulation materials might not be suitable for exposed conventional
masonry fabrics due to their high permeability, which can substantially reduce insulation
effectiveness in the presence of water ingress, so that this class of buildings is nicknamed
“hard-to-treat cavity walls”.

Methods to manage moisture risk under WDR exposure therefore are critical for a
significant number of existing buildings. Water-repellent products that are directly applied
onto the exposed faces of walls for surface hydrophilisation have long been advocated and
used as a solution to reduce moisture ingress in WDR-exposed masonry walls, while still
allowing water vapour permeation to minimise dampness retention risk. Since the 1960s, re-
search on these products has focused on their suitability for historic building fabrics, as they
are mostly colourless and therefore do not change the appearance of the substrate [15,16].
Attention has recently shifted to existing buildings more generally, with the aim of reducing
risks and damage caused by moisture ingress. Combining water-repellent products and
traditional insulation materials may provide a potentially economic and effective solution
for retrofitting existing masonry cavity facades in exposed areas for a longer service life
and for higher energy efficiency. Research has focused on three major fields: firstly, the
effectiveness of these applications, including water absorption reduction rate and uniform
performance [17,18]; secondly, product-substrate compatibility, involving limited or no
appearance alteration and lower impact on water vapour permeability (i.e., [19,20]); and
finally, durability, representing service life of the product on wall surfaces and long-term
performance degradation under various deterioration agents, such as solar radiation and
cyclic freeze and thaw (i.e., [21,22]). Developments in these fields have spun multiple com-
mercially available surface water-repellent products with different chemical compositions.
Researchers characterised the hydrophobicity, water absorption, and vapour transmis-
sion of some of these products when applied to masonry substrates [23-26]. However,
controversial findings are reported, even with products based on similar chemical com-
position [27,28]. Further, the real-life performance of water-repellent-treated elements
can be very different to the lab environment due to the complex factors that govern their
behaviour [29] and the application technique may influence the penetration depth of the
treatment [30]; the workmanship can impact the uniformity of the performance across
the facade [27,31]; the effectiveness of the water-repellent material can change depending
on the suitability of its physical-chemical properties to the smoothness and unevenness
of the substrates [32]. Indeed, the interface between brick and mortar is reported to be a
critical location of water ingress [33] as the diverse porous structures of the mortar joints
compared to those of bricks makes them more vulnerable to WDR [27]. The role that
defects and other surface irregularities play on the surface waterproofing performance
are commonly reported in the field [29], as most existing masonry buildings in exposed
areas have various levels and types of damage to their facades. A major possible drawback
of using water-repellent products is identified by [25], as the reduction in water vapour
permeability, which, when compounded with insulation-filled cavities, may further extend
the drying time in masonry walls. This aspect has not yet received sufficient attention.

The present study looks into the impact of an acrylic-based liquid product and a
silane/siloxane blend cream product on cavity walls” water uptake under WDR exposure
through a series of wall-scale tests and identifies how surface waterproofing affects the walls’
hygrothermal performance in uninsulated and insulated conditions. The overarching aim
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is to determine whether the coupling of external surface treatment and cavity insulation can
be considered a cost-effective retrofitting measure, feasible to benefit a significant number
of homes in exposed areas in the UK to improve their moisture and energy performance to
extend their life in an age of new climatic conditions and in the face of carbon reduction
efforts. The primary objective is to quantify the capacity of surface waterproofing products
to prevent or reduce WDR-induced moisture ingress into existing masonry cavity walls by
evaluating the water uptake using load cells and temperature (T) and relative humidity
(RH) sensors embedded into the wall specimens. Other objectives are to identify the
extent to which the treatments hinder or facilitate the drying process and to determine
whether the presence of the insulation alters the behaviour of the treated walls. The testing
campaign described was achieved by developing a bespoke testing protocol applied to
both uninsulated and insulated full-scale masonry cavity wall elements.

The rest of the paper is organised as follows: In Section 2, the details of the methodol-
ogy developed for the WDR tests, including selection of materials, experimental setup, and
testing protocol are presented. In Section 3, the results are given for each treatment for the
uninsulated and insulated conditions of the specimens, including variations in RH, T, and
weight, to determine the water absorption and loss during the test. A discussion on the
comparative performance of the treatments is presented in Section 4, correlating results
with previous findings from a bench test study conducted using small-scale specimens [23],
followed by conclusions and the need for further research. The study successfully pro-
poses an appropriate testing and sensing protocol, which is effective in demonstrating the
performance of waterproofing treatments exposed to WDR.

2. Materials and Methods
2.1. Selection of Materials and Specimen Design

The authors investigated the impact of four surface waterproofing treatments of differ-
ent chemical compositions on three different types of brick-and-mortar samples and small
masonry assemblies [23] (see Figure 2a). This testing programme focussed on hydropho-
bicity, water absorption, and water vapour permeability representing three major stages
of moisture exposure life-cycle: first contact with water, wetting, and drying. The results
show that out of four products that were tested, silane/siloxane blend cream is the most
effective, with up to 96% reduction in water absorption, but, as a drawback, its hydropho-
bicity performance was found to be inconsistent and water vapour resistance increased by
18%, impairing vapour transmission for moisture stored within the fabric. On the other
hand, specimens treated with the acrylic-based product showed satisfactory performance
in hydrophobicity and water vapour transmission tests, showing good beading effect and
ease of drying. However, the 40% reduction in water absorption indicated a comparatively
poor performance. Given the very different performance and characteristics observed in
the small specimens’ tests, these two surface waterproofing products were selected for the
wall-scale tests reported here, to further the understanding of their impact on the dynamic
process of wetting and drying of real-scale cavity walls exposed to WDR. The information
provided by the manufacturer and a summary of bench test outcomes are given in Table 1.

Table 1. Product information and performance summary.

Hydrophobicity . Vapour
Product Type Service Life =~ Number of Coats gmollimtﬁp elf (Average ‘/(\i/at:r Gg::rpttlg)n Transmission BenchSTfs:nOutcome
pplicatio Contact Angle) oto cate (% to Untreated) ummary
Good hydrophobicity,
Acr{hc—based 10 years 2 on absorbent 2.61/m? 1135° + 5.07° —39.1% -+ 0.94% +3.6% -+ 4.39% low water resistance,
iquid substrates good vapour
transmission.
Inconsistent
Silane/siloxane 25 2 o o o o o, o hydroP hobicity,
years 1 5L/m 102.8° £ 10.33 —96.3% % 0.19% +17.9% £ 7.24% effective water

blend cream

resistance, low vapour
transmission.
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(@) (b)

Figure 2. (a) Two-brick-and-mortar assembly 28 mm thick used for bench tests and (b) Part of wall

specimen built with standard size brick and 10 mm concave mortar bed and head joints showing
manufacturing irregularities.

The outcomes of these bench tests were used to select vulnerable brick types, on the
basis of comparatively lower water vapour resistance, showing consistency of performance
with each applied waterproofing treatment [34]. The Forterra Atherstone Red, is a fired
clay brick with a smooth finish, of a standard size of 215 x 102.5 x 65 mm, with the
manufacturer’s reported gross density equal to 1900 kg/m? and 15% frogged volume.
Particle composition and manufacturing methods are both representative of bricks kilned
in the 1960s to 1980s and are still commonly used in current construction practice in the
UK [35,36]. Hydrated lime M4 mortar with a lime, cement, and sand ratio of 1:1:6, was
used, representing typical mortars used in the 1960s and 1970s [37].

The masonry cavity wall specimens were built in dimensions of 1.1 m x 1.1 m x 0.28 m,
each wall consisting of two 102.5 mm thick leaves of bricks in stretcher bond and with a
75 mm cavity in between. Mortar bed and head joints were bucket-handled and 10 mm
thick. The height of the wall specimens differed from the specifications recommended
in [38], which suggests a height of 2.4 m. The decision to limit the height of the specimen
stems from the fact that taller specimens would result in a higher level of runoff in the
lower portions of the walls [39], while the emphasis of the present study is on determining
the effect of WDR exposure conditions.

Six wall specimens were built by professional brick layers and cured in a constant
environment maintained at 22 °C and 55% relative humidity for 28 days before applying the
water-repellent treatments. After applying the treatment, the walls were further conditioned
for 14 days. The walls were built at the end of 2018 and exposed to WDR tests during the
summer of 2019 as part of a project sponsored by the Department for Business, Energy &
Industrial Strategy (BEIS, [36]) (Figure 2b). The specimens were then stored in a curing
room under variable environmental conditions until May 2022, before the set of tests
reported here were performed. As the wall condition and quality of workmanship have
a substantial impact on masonry as rainwater can easily penetrate cracks and reach the
interior surface (see [40]), the crack locations on test walls were recorded and mapped
in detail.

The insulation material filling the cavity of the walls was closed-cell, expanded
polystyrene (EPS) beads with a diameter around 2 mm, manufactured following [41]
and meeting the requirements of KIWA BDA Agrément. The installation of beads started
with sealing the sides of the specimens with insulation tape from Pavatax, a thermal-
resistant tape with high-strength adhesive; then, the insulation beads were poured into
the cavity without use of adhesives, compacted until full, for a total of 1.4 kg of beads
per cavity, achieving a density of 12 kg/m? + 2 per installation recommended by [41,42].
The water vapour transmission factor (i), measured according to [43], for loose-fill EPS
beads is 2, a value notably lower than the average of 18.23 observed in untreated masonry
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specimens reported by [23]. Additionally, the 24 h water absorption, measured through
partial immersion following [44], method A, is found to be lower than 1 kg/ m3.

2.2. Test Setup

The progression of moisture from the outer surface of the outdoor leaf to the inner
surface of the indoor leaf is affected by outdoor and indoor environmental conditions,
including the differential in temperature and relative humidity of the two environments.
To reproduce such conditions simultaneously while applying cyclic WDR to the specimens,
the coupled environmental chambers of the integrated mechanical-climatic testing facility
of the UCL StrEnTHE lab (Figure 3) were used. The two bespoke WEISS chambers were
connected by a shared mounting frame of 5 m x 4 m x 0.4 m with structural testing
capacity. The outdoor chamber simulated environmental conditions from —30 to 70 °C
with RH control from 5 to 98%, while the indoor chamber simulated 5 to 40 °C with RH
from 20 to 98%. Each test batch included two specimens for a total of 12 specimens tested
in two rounds. The first round included couples of uninsulated untreated reference walls,
acrylic-treated walls, and silane/siloxane blend cream-treated walls. The same walls were
then insulated and tested again in the second round (Figure 3).

Figure 3. Outdoor-indoor-coupled environmental chambers at UCL-StrEnTHE laboratory (Strength
and Environmental Testing @ Here East) and wall specimens: (a) overview of the environmental
chambers and loading rig; (b) open view of the mobile indoor chamber and specimens; (c) WDR
equipment in the outdoor chamber; (d) view from indoor chamber of wall specimens mounted on
loadcells and equipped with T&RH sensors.

The WDR was dispersed via a three-layer built-in horizontal rain simulation system
in the outdoor chamber, each layer equipped with six nozzles (Figure 3c). The nozzles had
a 400 mm horizontal interval and sprayed with 60° cone, the vertical height of each layer
being adjustable. The bottom layer of 6 nozzles at a height of 600 mm from the chamber
floor were used in these tests, aligned with the mid-height of the specimens, to ensure even
and full coverage of the specimens’ surface through horizontal spraying. The nozzle spray
pressure was enhanced by two fans installed behind the nozzles and set to achieve 6 m/s
(22 Pa) wind speed for the rain.
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Each wall specimen was built on a steel plate of 17.5 mm thickness, with four load
cells installed under each corner of the wall and fixed to a base steel plate. Each load cell
had a range up to 200 kg with an accuracy of +0.04 kg, determining any weight change
due to water absorption, redistribution, and evaporation separately for each leaf.

To understand the movement of moisture inside the specimens, each wall was moni-
tored by five in-wall sensors installed in the outer leaf at various depths and heights, and
one in the inner leaf at the centre, to record RH and T in both brick and mortar. One of the
sensors in the mortar of the outer leaf had higher accuracy. Holes were drilled at sensor
sizes at different depths from the inner leaf to the outer leaf and sealed with waterproof
silicone putty after the sensors’ installation to prevent moisture leakage.

Load cell and in-wall sensor specifications and locations are given in Table 2 and
Figure 4, respectively. All RH and T sensors measured in-wall conditions, providing
an accurate representation of the moisture uptake in the outer leaf and hence a direct
measure of the effectiveness of the superficial treatments as barriers to water absorption.
All in-wall sensors and load cells were connected and logged simultaneously using the
National Instrument LabView data acquisition system at a frequency of 30 s. All obtained
data were further averaged at one reading per minute on each sensor. T and RH of both
indoor and outdoor chambers were controlled and recorded by using the WEISS SIMPATI®
4.80.1 software.

Table 2. In-wall sensors and load cell specifications.

Instrument Type Manufacturer Model Number per Wall Measuring Range Accuracy
Measurement
T and RH sensor Specialties Hampton, HTM2500LF 5 1-99% RH, —40-85 °C +3% RH
VA, USA
. . . at 23 °C and 10, 35,
Fleh ;Zizgtzgl‘; f;r)‘d Ompi Istruments, SC05 1 0-100% RH, —40-100°C  80% RH =+ 0.8%
2 RH/40.1 K
Single-Point Load Cell PCM, Kenilworth, UK SP-1022 4 0-200 kg Linearity 4 0.04 kg
280mm
| | | | )
Internal " " " " " " ,Ha " —> ] ] INDOOR
Leaf Sensor 1 @ Sentor2 o o o
View I n I I I 2.25 L/m*min :::1
(Left wall) " " " " 15°C _ =
I I I I I L[]
I | |
F——=265mm
| J==sn | I o [ oo
[ I B =
| I | | I :
I [ ]
I I I I I
Senﬁ)r 5 @ " II “Sensor 6 i
I I I | ]
Edge loaficell C Front logdcell Back Joadcell

o

Figure 4. Layout of the in-wall T and RH sensors and their depth from the inner surface of the
internal leaf. Sensor 3 is SCO05; other sensors are HTM2500LF.

2.3. Test Protocol

Table 3 summarises the methods and specifications of commonly used WDR test
standards on different building elements. The water application rate, wind pressure, and
test duration differ with the climate/weather conditions represented, corresponding to
three diverse test purposes:

e  Water tightness with a pass/fail criterion after exposure to given test conditions for a
period oftime;
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e  Water tightness failure in static or dynamic conditions with different levels of
wind pressure;
e  Record of absorption rate within a given test duration.

Table 3. Standards for WDR testing (superscripts “a” and “b” represent two distinct alternative test

methods within a specific standard).

Test Method Test Purpose Test Type Water ?{I;It)ehcatmn Wind Speed Duration Nature of Result
BS EN 12155:2000 Curtain walling lab test at Static pressure 2 L/m2-mi 150-600+ Pa, Up to 50 min Pressure limit to
[45] static pressure sequence me-min 15.6-31.3+ m/s p failure
BS EN 13050:2011 Curtain walling dynarplc Dynamic 2 L/m?-min . Time required for Pressure limit to
) lab test (pulses @ 5 s in . Design pressure . R
[46] . pressure pulses or higher vertical passes failure
vertical passes across wall)
BS EN 13051:2001 . . . . 5 L/min per metre B . , , .
[47] Curtain walling site test Static spray rate length of spray bar 30 min Pass’ after 30 min
. External wall tested under 1.5 L/m?-min 1h®@ Pressure limit
BSEN [132?%65'2001 pulsing air pressure Static by steps surface and 1.2 L/m 1 51 560;6102 N Pa/, ®) to failure ©
: (every 15 s) min at top bolot m/s 5h Absorbed kg/m?®
BS EN 1027:2016 Water tightness of windows Static by steps 2L/m?-mi 150-600+ Pa, Time required for Pressure limit
[48] and doors y step me-min 15.6-31.3+ m/s water penetration to failure
ASTM C1601-22a, ; Static spray rate 2 . Steady Absorbed
E514 [49,50] Masonry lab/site test and pressure 23L/m*-min 500 Pa, 28.6 m/s penetration or 4 h litres/hour
Permeable wall water ) 48Hh @
BS 4315-2:1970 penetration test (1 min Cyclic water 0.5 L/m2-min 250 Pa, 20.1 m/s % absorption

[51]

every 30 min @,
6hin24h ®)

application

Any number
of days ®

Weather data

Swansea 2012-2017 (WDR
index = 116 L/m? spell)

0.13 L/m?-min

185Pa, 174 m/s

13 h (To 100 L)

As the objective of this study is to identify the impact on water uptake in masonry cav-
ity wall specimens of surface waterproofing treatments exposed to WDR, the quantification
of absorption rate was deemed of vital importance to establish their performance.

Examples of different testing protocols from previous research were also examined.
The work of [52,53] adheres to [38] but uses different spray systems compared to the
standard. The authors of [52] deliver a much lower WDR application rate at 0.28 L/m?-min
in their test on external wood claddings compared to the 1.5 L/m?-min required by [38].
Ref. [53] uses only driving rain, excluding runoff water while using specimen dimensions
differing from the standard requirements. Similarly, Ref. [54] introduces a spray rate of
1.44 L/m? min in high-velocity rainfall simulation, exceeding the 0.5 L/m?-min required
in [51]. The authors of [55] provide an overview of 30 test standards worldwide and note
the lack of clarity on which type of test procedure renders the most realistic or severe
test conditions. They consider that available standards provide testing procedures for
the resistance to water penetration of either window and door elements (e.g., [48]) or for
generic fagade systems (e.g., [38]). Therefore, adjusting the test conditions based on the
materials/elements being tested and the specific weather conditions of interest is deemed
necessary and justified.

In the study by [56], the peak WDR intensity, peak WDR wind pressure, and combined
average for return periods up to 1 in 50 years for Belgium and the Netherlands were
studied. The results indicate that procedures using both high wind pressure, i.e., 600 Pa,
and high water dispersion, i.e., 2 L/m?-min, as specified by standards such as [45,48], are
extreme test conditions and are unlikely to occur under normal service conditions [57],
as high wind speeds and intense rainfall do not usually occur at the same time [10].
Research involving on-site monitoring at different locations in the UK reported similar
findings [11,58]. Therefore, it would be beneficial to study the behaviour of specimens
exposed to high water applications and low wind pressure or vice versa in order to reduce
the discrepancy between laboratory test results and real-world performance. Ref. [59]
tested clay brick masonry with reduced water application of 0.03-0.06 L/m?-min with no
wind load applied, resulting in no water penetration over six cycles of 210 min of wetting
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and 20 min of pause. Ref. [60] tested historic masonry-infilled timber frames using low
rates of spraying and wind speed, 0.375 L/m?-min and 2 m/s, respectively, to encourage
wetting of the walls while matching typical rainfall amounts for given return periods and
to study the strength and stiffness deterioration of the load-bearing system, with up to
100 cycles of wetting and drying. Further research is needed to investigate the impact of
wind speed and water application rate on water uptake and system performance.

Ref. [61] carried out a comparative study of weather data including average annual
rainfall, average annual wind speed, and WDR spell index for locations in very severe
exposure areas across the UK. By excluding low-population-density locations, Swansea
in South Wales was deemed typical of a mid-size city in a very severe exposure zone
and was used to compare test protocols from the standards with historical weather data
(see Figure 1). Weather data for Swansea are available for a number of stations from
the Met Office [62]. According to the most recent dataset spanning the period 1991 to
2020, the average annual maximum and minimum temperatures are 13.72 °C and 8.81 °C,
respectively, with annual mean wind speed of 6.85 m/s. Additionally, through Swansea
City Council, data at hourly intervals are available for the period between 2012 and 2017.
The highest hourly rainfall rate recorded is 7.8 mm /hour (0.13 L/m?-min), while the highest
hourly average wind speed is 17.5 m/s, yielding a pressure exerted of approximately 185 Pa.
These measurements yield a water application rate significantly lower than the minimum
rate recommended by the test standards shown in Table 3. Considering indications from
the literature discussed above, the average monthly wind speed of 6.85 m/s, recorded from
1991 to 2020 in Swansea, was considered the most suitable reference for the WDR test.

Surface waterproofing treatments form a hydrophobic layer on the exterior surface of
the masonry to prevent/reduce the ingress of rainwater. Therefore, a test condition at a
sustained water application rate was deemed more suitable to monitor the absorption rate,
while lower wind speeds reduce the influence of splashing and bouncing of raindrops [63].
From the water application rates shown in Table 3, it can be inferred that in European
standards, a spray rate of 2.0 L/m?-min is the most common spray rate used to apply a
constant and continuous film to the outside surface of the specimen.

As previously mentioned, the vapour pressure differential between indoors and
outdoors, primarily resulting from the temperature differences, can have a significant
effect on moisture movement in walls. By examining the data for Swansea, the average
monthly temperature during the month with the highest rain and wind occurrence was
7.6 °C [61]. To account for the average conditions as well as the extremes, while ensuring
wide applicability of the results and accurate control of the environmental chambers, a
consistent outdoor temperature of 15 °C was kept during the wetting period, while the
water temperature was maintained at 6-7 °C and the indoor temperature was set at 20 °C.

Figure 5 shows the WDR setup of six nozzles and how nozzles spray cones overlap,
causing parts of the specimens’ surface to be wetted to different degrees. Each nozzle was
set to deliver 1 L/min of water, resulting in an average wetting rate at the walls equal to
1.91 L/m?-min. During the actual testing, with the wind pressure provided by the fans, the
water dispersion pattern and intensity can be different from the theoretical case. To confirm
this, three WDR gauges were put at the centre and edges of both walls to measure the
overall amount of water delivered to the wall surface during a wetting cycle. The average
was measured at 2.25 L/m?-min. Ref. [38] prescribes that the deviation of the measured
WDR application from the nominal values should not surpass 0.5 L/m?-min, which was
adhered to by all measured values as proven by the WDR gauge readings. Furthermore,
the flow meter utilised in the setup complied with the standard’s requirement for £10%
accuracy in measuring the amount of supplied water.
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Figure 5. (a) Theoretical wetting patterns of wall specimens during WDR tests and (b) WDR wetting
in action.

In summary, the WDR test protocol in the outdoor chamber consisted of cyclic ap-
plication of 10 min of wetting at a rate of 2.25 L/m?-min at 15 °C every 60 min between
conditioning intervals at a constant 20 °C, with a wind speed of 6 m/s (22 Pa). Indoor
conditions were set at a constant of 20 °C and 50% RH. As shown in Table 4, the WDR test
was divided into four phases over 52 h: all walls were exposed to 2 WDR cycles in the
first phase of the test, then conditioned for 20 h at 20 °C T, 50% RH in Phase 2; in Phase
3, untreated walls were exposed to 6 wetting cycles, while treated ones were exposed to
8 cycles, and again all underwent 22 h of drying with the same conditions in Phase 4. The
drying times for Phases 2 and 4 took into account the observation that no significant weight
loss could be observed after 20 h of drying.

Table 4. WDR test program.

Phase Test Duration Condition
. 10 min wetting at 2.25 L/m?-min, 15 °C and 50 min
! 2 wetting cycles 2h conditioning at 20 °C.
2 Overnight drying 20h 20 °C, 50% RH
. . 2. ° .
3 Untreated/treated: 6/8 wetting cycles 6h/8h 10'min wetting at 225 L(m mm,015 € and 50 min
conditioning at 20 °C.
4 Post-test conditioning 22h 20 °C, 50% RH

Tables 4 and 5 summarise the rate and amount of water applied to each specimen
in each phase. Phase 1 applies a total of 45 L/m? to the specimen, an amount within the
range of 33-56.5 L/m? per spell, representative of a moderate exposure zone. Phase 3
represents an exposure rate of 135 L/m? and 180 L/m? per spell for untreated and treated
specimens, respectively, in excess of both the severe exposure range (56.5-100 L/m?) and
the very severe exposure range threshold (100+ L/m?), as defined in Figure 1, and therefore
representing extreme conditions.
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Table 5. Water application rate per wall specimen.

Test Event Quantity Unit
Average flow rate 2.25 L/m?-min
Wetting time per cycle 10 min/cycle
Wall surface area 1.21 m?
Amount of water dispersed to specimen per cycle 27.22 L
Phases 1-2 cycles 45 L/m?
Phases 3-6 cycles (untreated) 135 L/m?
Phases 3-8 cycles (treated) 180 L/m?
Total (untreated) 180 L/m?
Total (treated) 225 L/m?

3. Results

For each of the phases described in Table 4, the results were analysed and compared
for each specimen couples considering the in-wall RH and T sensor readings and various
combinations of the readings of the load cells to best interpret the weight change in terms
of water absorption and release.

Given the substantial difference in performance and responses to WDR, the results of
the untreated and treated specimens are presented separately. For the untreated specimens,
a more comprehensive discussion is provided, including detailed results and analyses of the
RH and T variations, as well as weight changes for the inner/outer leaves and central/edge
regions. In contrast, the focus in the presentation of the treated specimens is primarily on
highlighting their distinct behaviour compared to the untreated specimens. Although two
specimens were tested for each treatment, for the sake of ease of reporting, the results for
specimen 1 are directly compared in Section 3.2.

3.1. Untreated Walls
3.1.1. Phase 1: Two Wetting Cycles

Figure 6 shows the in-wall RH and T sensor readings of the untreated specimens 1
and 2, both uninsulated and insulated conditions, during the two wetting cycles of the first
phase. In the uninsulated case, the RH readings of Sensors 3 in both walls and Sensor 5 in
wall 2 show a rapid increase after 5 min of contact with water and reach near saturation
by the end of the two wetting cycles. A similar trend can also be observed for Sensor 5
in insulated wall 1 and Sensors 2 and 3 in insulated wall 2. It should be noted that apart
from Sensor 3, there is no consistency among the sensors’ quick gain in moisture in the
uninsulated and insulated states of the same specimen, indicating that this might not be
necessarily related to lack of integrity in the wall fabric. The wetting pattern and water
runoff may also have an impact on the results. Indeed, Sensors 1 and 2 located near the
top of the walls usually gain RH at a lower rate compared to Sensors 5 and 6 located near
the bottom of the walls due to the impact of runoff. A faster increase is observed for the
unsaturated sensors in the outer leaf at the beginning of the second wetting cycle. On the
other hand, a minor RH gain from 33%RH to 42%RH is observed for Sensor 4 in the inner
leaf of both uninsulated walls, while in the insulated conditions, it remains constant at 40%,
showing the effectiveness of the insulation.

A temperature reduction up to 1 °C can be observed during the 10 min wetting cycle
with a consequent slight increase during the 50 min conditioning period. Sensors with a
higher rate of RH gain show a proportionally greater reduction in temperature. This is
consistent throughout all tests.
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Figure 6. Untreated Specimens 1 and 2, uninsulated and insulated, RH and T variations during Phase 1.

The load cells installed under each specimen record the weight change in the inner
and outer leaves during each test period, indicating the amount of water absorbed by the
walls. Figure 7 shows the percentage of weight change in the inner and outer leaves of
the untreated specimens 1 and 2, uninsulated and insulated conditions. The load cells are
very sensitive and responsive to the variation in weight resulting from slight out-of-plane
oscillations generated by a variation in the wind pressure produced by the fans and by the
vibration caused by the chamber motors. To eliminate these spikes, which do not refer to a
gain in weight, a moving average was applied to the reading of the coupled load cells in
Figure 7. Spikes appearing during the 10 min wetting were removed by averaging the inner
and outer leaf readings using adjacent data points while keeping the sum of the weights
measured at the two edges of each wall and the sum of the four load cells constant. In the
50 min conditioning periods, the noise mirrored on the inner and outer leaves is caused by
the wind load of the chamber’s circulation and drying fans.

As a result of the wetting, the outer leaf of the untreated uninsulated specimen 1
gained around 0.95% of its overall weight after the first cycle and 0.9% after the second,
while the outer leaf of the untreated uninsulated specimen 2 gained 1.3% after the wetting
of the first cycle and 0.8% from the second cycle. The inner leaf of both walls shows a minor
gain in the first cycle, 0.1% and 0.08%, respectively, but gradually increased to 0.4% and
0.5% by the end of this phase.

The behaviour observed in terms of the RH gain between the uninsulated and insu-
lated cases is also confirmed by the weight gain. However, for the insulated specimens,
the weight gain during the first cycle is substantially greater than in the second, and the
apparent reduction in weight in specimen 1 during the second drying cycle is more pro-
nounced. Overall, the untreated insulated specimen 1 gained up to 1.4% on the outer leaf,
before losing 0.3% by the end of Phase 1 and gained 0.8% on the inner leaf. The untreated
insulated specimen 2 gained 1.65% on the outer leaf and 0.8% on the inner leaf.
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Figure 7. Untreated Specimens 1 and 2, uninsulated and insulated, inner/outer leaf weight change
during Phase 1 (OUTL and INNL stand for outer and inner leaves, respectively).

The comparison of the graphs in Figure 7 clearly highlights that the presence of
the insulating beads increases the water transfer to the inner leaf, although this was not
confirmed by an increase in RH by Sensor 4, which leads to the hypothesis that this water
transfer occurs in the lower courses of the specimens. This is often a concern in practice.

An overview of the water absorption for the four specimens based on the overall
weight change is given in Figure 8. It is evident that specimen 2 absorbed more water
in both uninsulated and insulated cases (2.5% and 2.64%, respectively) with respect to
specimen 1 (1.98% in both cases). It should also be noted that the difference in the overall
relative weight gain is substantially the same for the uninsulated and insulated cases,
outlining the importance of analysing the inner and outer leaf gains separately, see Figure 7.
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Figure 8. Phase 1 total weight change in Untreated specimens 1 and 2, uninsulated and insulated.

3.1.2. Phase 2: Overnight Drying

Following the two wetting cycles, specimens were conditioned at constant 20 °C T and
50% RH for 20 h, for both indoor and outdoor chambers, with the wind speed maintained
at 6 m/s on the exposed face of the walls. For all specimens, the unsaturated sensors
on the outer leaf show a further gain in RH of about 15%. A similar gain of about 20%
RH is observed for Sensor 4 on the inner leaf. The drying conditions, while reducing
the surface moisture, aid the process of moisture migration. This confirms the results of
previous tests conducted by [6,60]. Moisture readings are in broad agreement with the
weight change observed at the inner and outer leaves of both walls. Uninsulated specimen



Buildings 2024, 14, 447 13 of 26

1 undergoes a weight reduction of about 0.34% on the outer leaf and of 0.13% on the
inner leaf, while for the uninsulated specimen 2, the measurements are 0.11% and 0.36%,
respectively. For the insulated specimens though, a weight loss of about 0.2% at the outer
leaf is accompanied by a weight gain at the inner leaf of 0.4% on average, indicating the
migration of moisture through the insulation beads and absorption on the inner leaf. This
is a common phenomenon in masonry walls be they single- or double-leaf. However, this
migration of moisture continues during the conditioning phase when insulation is present,
so that the loss of weight of the internal leaf is not apparent. This is why it is important to
treat the external surface of the external leaf to prevent moisture ingress in the first place.

3.1.3. Phase 3: Six Wetting Cycles

For the third phase, the specimens were exposed to six cycles of wetting and drying,
following the same protocol as Phase 1. For all four specimens, all the sensors on the outer
leaf become saturated in the earlier part of this phase. During the test, the increase in RH
at the inner leaf ranges between 2.4% and 3.1% across all specimens. The reduction in
temperature at the end of the phase is about 2 °C.

The change in weight for the outer and inner leaves is presented in Figure 9a for the
uninsulated and insulated specimens. For the uninsulated pair, the weight gains on the
outer leaf reach a maximum of 2.6% for specimen 1 and 1.9% for specimen 2, while the
inner leaf gains are 0.2% and 0.7%, respectively. Gains for the insulated cases are more
modest for the outer leaves, with specimen 1 absorbing less than specimen 2. The weight
increase in the inner leaves is greater for the insulated cases reaching a peak of 0.9%. For
all walls, the amount of weight gain on the outer leaf gradually reduces over the wetting
cycles, but for specimen 1 in both the uninsulated and insulated cases, an upward trend
is maintained. Figure 9b presents the total weight gain of the four specimens. For the
uninsulated walls, the gain is 2.85% for specimen 1 and 2.62% for specimen 2, while for
the insulated cases, the weight gains are 2.29% and 2.6%, respectively. In the case of wall
2, the total weight gains in the uninsulated and insulated cases are virtually equal, and of
the same order of magnitude as in Phase 1, notwithstanding the three-fold increase in the
number of wetting cycles.

Overall weight change
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Figure 9. (a) Untreated specimens 1 and 2, uninsulated and insulated, inner/outer leaf weight change
in Phase 3; (b) Total weight change in Untreated specimens 1 and 2, uninsulated and insulated
in Phase 3.

3.1.4. Phase 4: Post-Test Conditioning

The post-wetting conditioning lasts 22 h at 20 °C and 50% RH for both the outdoor
and indoor chambers. No major recovery of the RH sensors of the outer leaves was noted
for any specimen. However, the RH readings of the inner leaf sensor increase from 66%
to 71% for the uninsulated walls, while for the insulated cases, the increase is from 61%
to 64% on wall 1 and 63% to 65.5% on wall 2. On the other hand, all specimens show a
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substantial weight loss at the outer leaf of all walls (see Figure 10). Overall, there were
much smaller gains on the inner leaf compared with Phase 2. Figure 10 shows that the
majority of weight loss occurs between 100 and 800 min from the start of the conditioning
period. By the end of this phase, specimen 1 loses 0.73% weight, while specimen 2 loses
0.94% in the uninsulated case. For the insulated specimens, losses are 0.58% and 0.68%,
respectively, showing greater moisture retention compared to the uninsulated conditions.

Overall weight change
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Figure 10. Untreated specimens 1 and 2, uninsulated and insulated, overall weight change
during Phase 4.

3.2. Surface Waterproofing-Treated Walls

Four specimens were treated with two different waterproofing products, one with an
acrylic base and one with a silane-siloxane base. In what follows, the results are presented
for one specimen only for each treatment directly comparing their performance. As a
substantially different behaviour was observed between specimens Acrylic 1 and Acrylic 2
in the uninsulated condition, with a substantial intake of water by Acrylic 2, it was decided
to reapply this surface treatment before testing the insulated specimens. The tests took
place one month apart, during which time the two specimens were conditioned under
22 °C and 50% RH.

3.2.1. Phase 1: Two Wetting Cycles

Figure 11a shows the RH and T changes in the uninsulated and insulated acrylic-
treated specimen 1 during the two WDR cycles of Phase 1. For the Acrylic 1 uninsulated
specimen, the first wetting cycle produces a modest increase in moisture in all sensors
during the drying interval, while sensors 2, 3, and 5, show a sharper uptake of moisture
during the second cycle, although the maximum RH does not exceed 50%. The reapplication
of the treatment before testing the insulated specimens did not substantially change the
behaviour of specimen 1, as can be seen from Figure 11a. Figure 11b shows the RH and T
changes in the silane/siloxane cream-treated specimen 1, both uninsulated and insulated,
during Phase 1. The RH readings of Sensor 2 set in the external leaf in bricks, reached the
highest RH reading of about 40% RH. This is in agreement with the finding that the stronger
waterproofing performance was seen on mortar rather than brick specimens during the
water absorption test for this product. Overall, all RH readings of these specimens did
not exceed 40% by the end of Phase 1, showing a consistent performance compared to
the acrylic-treated specimens and a substantial reduction in RH gain compared with the
untreated specimens.
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Figure 11. (a) Acrylic-treated 1, uninsulated and insulated, RH and T readings during Phase 1;
(b) Silane/siloxane cream-treated 1, uninsulated and insulated, RH and T readings during Phase 1.

The percentage weight gain of the acrylic-treated and silane/siloxane cream-treated
specimens, shown in Figure 12a for all four specimens, both uninsulated and insulated
cases, confirms the observations on the basis of the RH sensors. It is evident that the second
application of the treatment was indeed effective in substantially reducing the water uptake
by about 55% for the Acrylic 2 insulated case with respect to the uninsulated case.
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Figure 12. Weight change for acrylic- and silane-treated specimens 1 and 2, uninsulated and insulated,
in Phase 1. (a) comparison of the four tests; (b) detailed behaviour of Acrylic 1 and Silane 1,
uninsulated and insulated.

From Figure 12b, showing an enlarged view of weight change in the specimens Acrylic
1 and Silane 1, uninsulated and insulated cases, it can be noted that, for both treatments,
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the minor weight gain during the 10 min wetting cycle is off-set by a non-negligible weight
reduction during the 50 min conditioning period. The uptake is greater in the second
cycle, while the drying is also less effective. The acrylic and silane treatments were both
effective in preventing water ingress, and the drying regime is sufficient to reduce the
modest weight increase in the wall system in both the uninsulated and insulated conditions.
The RH sensors show a delayed increase in RH during the drying period as the surface
wetting slowly diffuses to the inner pores.

3.2.2. Phase 2: Overnight Drying

The overnight drying led to, in all specimens, an initial increase in RH for the sensors
that were not saturated. However, for the insulated Acrylic 1, this was followed by a
reduction in RH. This is in agreement with the good water vapour transmission this acrylic-
based treatment has shown in the bench test [23]. Such behaviour is confirmed by the rate
of weight loss of both Acrylic 1, uninsulated and insulated cases. Overall, no additional
weight loss was observed in the acrylic-treated specimens after 12 h. In the case of the
silane specimens, a gain in RH was observed on some of the sensors during the first couple
of hours, while the weight change during Phase 2 was minimal.

3.2.3. Phase 3: Eight Wetting Cycles

The acrylic- and silane-treated specimens were subjected in Phases 3 to 8 cycles of
wetting and drying in both the uninsulated and insulated conditions. Figure 13a shows
a comparison of the RH and T changes for specimen Acrylic 1 in both conditions: the
behaviour is qualitatively very similar, with an RH gain and T oscillations during each
wetting cycle for all sensors in the outer leaf, particularly evident for Sensors 1, 2, and 3,
while Sensor 5 in the uninsulated condition became saturated after the sixth cycle. The
highest gain appeared in both cases on Sensor 3, which is located at the centre of the
specimen, therefore affected by the highest WDR rate of wetting, and set in a mortar joint,
which is more absorbent than the brick and more prone to microcracks, which might have
occurred during the curing period [33].
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Figure 13. (a) Acrylic 1 uninsulated and insulated specimens RH and T changes during Phase 3;
(b) Silane 1 uninsulated and insulated RH and T readings during Phase 3.
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Figure 13b shows the RH and T changes in Silane 1, uninsulated and insulated cases,
during eight wetting cycles. An RH increase and a T reduction are observed for each
wetting cycle in Sensors 1, 2, and 3 consistently in both conditions. The pattern of increase
is very similar to the one observed for the Acrylic 1 specimen and substantially constant
from cycle to cycle. By the end of eight wetting cycles, the RH readings did not exceed 60%
and were significantly lower than both the untreated and the acrylic-treated specimens. In
addition, the temperature reduction is more focused on the outer leaf, while the inner leaf
dropped 0.5 °C in the uninsulated case and 0.1 °C in the insulated case, showing that the
insulation remains effective in maintaining indoor comfort. This is also the case for the
Acrylic 1-treated specimen.

For the acrylic-treated specimens, the trend observed for the increase in RH is repli-
cated by the weight gain exhibited by both specimens in both conditions, to different
degrees of magnitudes as already observed for the two wetting cycles (Figure 14). Acrylic 1
and Acrylic 2 gained 0.70% and 2.7% in the uninsulated condition and 0.30% and 1.98% in
the insulated condition, respectively. It is noticeable in the readings for Acrylic 2 how the
latter wetting cycles contribute less to the total weight gain for the uninsulated case. This is
not replicated in the insulated case, with a smaller overall weight gain thanks to the second
treatment application but a constant uptake at each cycle. It is also noticeable that in this
third phase, the drying period does not have the same marked effect in weight reduction,
even for specimen 1 with low rates of absorption.
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Figure 14. Total weight change in acrylic- and silane/siloxane cream-treated specimens 1 and 2,
uninsulated and insulated in Phase 3.

Figure 14 also shows the weight change in the uninsulated and insulated silane-treated
walls during Phase 3. Two observations are noteworthy: a sensible reduction in weight
during the first drying cycle for specimen 1, similar to the phenomenon observed in Phase
1, sustained for the first three cycles for both the uninsulated and insulated cases; and an
increase in water uptake for both conditions of specimen 2, especially in the first cycle and
greater for the insulated case. Hence, overall, for the uninsulated cases, Silane 1 loses 0.04%,
while Silane 2 gains 0.15% in weight, while for the insulated cases, Silane 1 loses 0.018%
and Silane 2 gains 0.28% in weight.

3.2.4. Phase 4: Post-Test Conditioning

During Phase 4, no significant variation was observed in the RH and T readings
except for a slight reduction in Sensor 2 of Acrylic 1, in both conditions of the acrylic-
treated specimens. The changes in weight are very minor over a period of 20 h and show
a significantly lower drying rate than in the overnight drying of Phase 2. This might
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confirm the increased difficulty in drying acrylic-treated walls with a high moisture content
observed in the bench test [23].

Similar to the behaviour observed during Phase 2, a gain in RH was observed in some
of the sensors during the first couple of hours, and then this gradually reduced to a stable
state and was maintained to the end of the testing phase. By the end of Phase 4, there was
no notable weight change for both the uninsulated and insulated specimens, showing a
good performance in reducing water ingress but impacting on the drying, which is in line
with the findings in the bench test [23].

3.3. Treatment Comparison

A summary of the weight change from each testing phase is provided in Table 6. The
results for the untreated walls are rather consistent, both across specimens and when com-
paring the uninsulated and insulated cases. The greater difference between the uninsulated
and insulated cases comes from the drying phase, which is less effective in the presence
of insulation. Therefore, by the end of the experiment, the untreated insulated specimens
show the greatest weight gain. Both treatments are effective in substantially reducing water
ingress with respect to the untreated case, albeit the acrylic with a lesser level of consistency.
Due to this issue, the acrylic tests were performed a second time in insulated conditions.
While the disparity between the two specimens was somewhat reduced, the difference was
still substantial, confirming the inconsistency. The silane/siloxane treatment performed
better in terms of preventing water ingress; however, a gain across both specimens and
for all phases of the tests can be identified when the insulation is present. Such gains,
however, are only about 5% of the weight gain for the corresponding untreated case. In
terms of drying efficiency, it should be noted that in all cases, to a greater or lesser extent,
the insulation has an adverse effect. Nonetheless, the acrylic treatment shows a better
performance than the silane/siloxane treatment in the drying phases, in agreement with
the higher breathability observed in the bench test [23].

Table 6. Percentage weight change in wall specimens by the end of each testing phase.

Waterproofing and Insulation Conditions

Untreated Acrylic Silane/Siloxane
Phase UN1 UN2 IN1 IN2 UN1 UN2 IN1 IN2 UN1 UN2 IN1 IN2
2 cycles 1.97% 2.50% 1.96% 2.62% 0.18% 1.69% —0.03%  0.61% —-0.07%  0.17% 0.02% 0.29%
Day 1 drying —053% —052%  0.39% 0.18%  —0.16% —0.60%  0.08% 0.03% 0.11%  —0.06%  0.17% 0.05%
6/8 cycles 3.41% 3.02% 2.28% 2.56% 0.76% 2.83% 0.24% 1.93% —0.03%  0.15% —0.01%  0.25%
Day 2 drying —0.65% —0.82% —0.07% —0.68% —0.15% —0.38% 0.05%  —0.04%  0.08% 0.04% 0.18%  —0.02%
Final 4.18% 4.18% 4.56% 4.68% 0.63% 3.55% 0.35% 2.53% 0.10% 0.31% 0.36% 0.57%

The water-repellent performance of the surface treatments can also be reflected in
the colour change in the wall surfaces. Figure 15 shows the surface colour change and
the beading effect observed from the wall surfaces after two wetting cycles. In Figure 15a,
representing the untreated specimen, a local colour difference can be observed after the
first wetting cycle; this can be related to the variation in absorption on the specimen
surface due to the nature of the brick manufacturing process. This colour difference
disappeared after the second wetting cycle with increased water ingress and internal
moisture redistribution. A similar colour difference can also be observed on both the acrylic-
and silane-treated wall specimens after two cycles as shown in Figure 15b,c. The fact that all
the wall surfaces reverted to their original colour after they were fully dried suggests that
the observed changes were likely linked to water ingress during the testing process. Thus,
this phenomenon can be considered as an indication of water ingress at the surface of the
wall specimens. However, being a local phenomenon, not only is not representative of the
water ingress condition of the entire specimen, but also the penetration depth and the level
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f saturation cannot be assessed accurately. Equipment such as microwave moisture sensors
can be used in further tests to support the research on the relevance of colour difference on
water ingress.

(a) (b) (c)

Figure 15. Surface colour change and beading effect of (a) untreated after 1 wetting cycle, (b) acrylic-

treated specimen after 2 wetting cycles and (c) silane-treated specimen after 2 wetting cycles.

4. Discussion and Conclusions

The purpose of the study is to determine the impact of two surface waterproofing
treatments of different chemical compositions on the performance of masonry cavity walls
under cyclic WDR loading when uninsulated and insulated, in order to comment on the
feasibility of pairing surface waterproofing with conventional insulation materials for better
hygric and hence energy performance of this construction form in the UK.

The four distinct test phases were designed to simulate various WDR exposure levels
from moderate exposure to very severe exposure (Table 4). The cyclic wetting approach
used has the benefit of reproducing the alternance of WDR spells to periods of dryness,
while achieving a more precise control of the amount of water applied to the specimens and
allowing for the observation of the complex movement of the water through the section of
the composite masonry wall characterised by diverse porous structures of brick and mortar
and other heterogeneities. The two drying phases within the test protocol highlighted the
further moisture movement within the two leaves of the cavity walls in drying conditions
and the role played by the insulation.

The following sections discuss the correlation between the weight gain measured
by the load cells and absolute humidity as measured by the RH sensors, the correlation
between the weight gain of the large-scale tests and the weight gain measured by the
standard absorption test on small masonry units, and, finally, the correlation between the
water application and the masonry absorption rate.

4.1. Correlation of Weight Gain and Absolute Humidity

The correlation between sensed humidity and weight gain has been studied recently
by [64-66] in reference to experimental work, with the purpose of transferring such cor-
relations from the laboratory to the real world of buildings, where weight measurements
cannot be used to determine the level of moisture presence in walls.

As the purpose of the study is to determine the efficiency of surface treatments and
their coupling with cavity wall insulation, the weight gain of the inner leaf is compared
with the increase in absolute humidity measured by the sensor positioned in the centre of
the surface area of the inner leaf as shown in Figure 4, first for the untreated cases during
the third phase. Figure 16 shows the results for the four untreated specimens. A linear
regression fits well with the correlation between the two parameters with an R? value of 0.9
or greater for all cases. The different slopes of the regression lines indicate that specimen 1
has a smaller weight gain than specimen 2 for the same value of sensed absolute humidity
in both conditions. Moreover, the insulated untreated walls gain less weight compared
to the uninsulated cases, while they show an increased absolute humidity at the point of
measurement in the inner leaf.
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Figure 16. Correlation between weight change and absolute humidity (AH) of Sensor 4 in inner leaf
of untreated walls during 6 wetting cycles.

For the treated specimens, given the very modest increases in weight and RH at the
inner leaf, the correlation was studied between the overall weight gain and the higher
resolution sensors RH3 at the centre of the outer leaf (see Figure 4), in a position close to
the inner sensor, but set in mortar, which recorded a considerable increase in RH, without
reaching saturation, in all specimens in both conditions during the Phase 3 tests. Figure 17
compares the behaviour of specimen Acrylic 1 and specimen Silane 2, in other words, the
best of the acrylic with the worst of the silane/siloxane performances. Linear regressions
show good agreement with the data: the acrylic-treated specimens were retreated before the
test with the insulation, which explains the significant difference in total weight gain, while
the absolute humidity remains comparable. For the silane/siloxane case, the uninsulated
specimen shows a smaller weight gain than the insulated one for a very similar level
of overall increase in absolute humidity. Therefore, it can be concluded that while the
correlation between weight gain and absolute humidity can be consistently represented
with a linear model, further tests are needed to associate a specific analytical model to each
type of treatment and insulation.

AH-WEIGHT
0.80%
R?=0.9578
0.70%
0.60%
=
< 0.50%
{-"1]
c
o
5 0.40%
£ P
é"o.ao% o R =08859

R? = 47928
0.20%

q R*=0.7801
0.10% @5

0.00%

AH(g/m3)

Acrylic-UN1 Acrylic-IN1 Silane-UN2 > Silane-IN2

Figure 17. Correlation between weight change and absolute humidity (AH) of acrylic- and silane-
treated walls during 8 wetting cycles.
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4.2. Comparison between WDR Weight Gain and Absorption Tests

The water absorption of the thin masonry samples determined according to [67] was
compared to the weight gain by the wind-driven rain simulation observed in this study.
Several conditions differ in the two cases: (i) the thickness of the samples is a first important
parameter as the specimens exposed to the absorption tests are 28 mm thick in contrast
with the 102 mm thickness of the external leaf wall; (ii) the sequence of wetting differs, as
during the absorption test, one surface of the specimen is in continuous contact with a still
water surface and measurements of its weight increase are taken at regular intervals, while
in the WDR test, one surface of the wall panel is exposed to cycles of intense spray and
drying over a period of several hours; (iii) the pressure conditions at which the water comes
into contact with the specimen surfaces. In the case of the absorption test, it is ambient
pressure, while in the case of the walls, there is an additional pressure of 22 Pa. Finally, after
the application of the treatment, the absorption tests were repeated yearly, to monitor the
change in waterproofing product performance over time. Figures 18-20 show the uptake of
water with time for the three conditions of treatment, with and without insulation and for
the absorption tests at 12, 24 and 36 months. There is very good agreement between the
curves for the untreated case.
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Figure 18. Comparison of weight gain from WDR and absorption test for untreated specimens.
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Figure 19. Comparison of weight gain from WDR and absorption test of acrylic-treated specimens.
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Figure 20. Comparison of weight gain from WDR and absorption test of silane-treated walls.

A logarithmic regression model represents the phenomenon well. For the two surface
treatments, the first observation is that the rate of absorption is one order of magnitude
smaller than the one for the untreated specimens. It can also be noted that the rate of
absorption of the four specimens of each treatment presents a greater scatter than the
untreated case, and it is one order of magnitude greater than the rate observed in the
absorption test, except for the specimen with the best performance. These results also
confirm that for the silane/siloxane treatment, the insulated cases are more absorptive than
the uninsulated cases, while this cannot be confirmed for the acrylic treatment, which was
reapplied before the insulated tests.

4.3. Correlation of Water Application and Wall Absorption Rate

The weight change from each test phase is summarised in Table 6, while the water
application rate and total amount are defined in Table 4. Table 7 summarises the proportion
of applied water absorbed for each test phase by each specimen. For the untreated cases,
both uninsulated and insulated, the ratio of absorption in Phase 1 is greater than the ratio
of absorption in Phase 3, notwithstanding the larger number of cycles. This also applies
to most of the treated walls. This behaviour reflects the gradually reduced weight gain
during the 6/8 wetting cycles shown in Figures 9b and 14. On the other hand, most of the
insulated cases show a negative impact on the drying phases with modest weight losses or
indeed small weight gains. This can be related to the formation of water beads in the brick’s
surface open pores which increases the water storage capacity and reduces the evaporation.

Table 7. Ratio of applied water absorbed per test phase.

Untreated Acrylic Silane/Siloxane
Phase UN1 UN2 IN1 IN2 UN1 UN2 IN1 IN2 UN1 UN2 IN1 IN2

2 Cycles 17.9% 22.3% 18.5% 22.0%  —-09% 104% —-05% 37% —08% 08% —04% 2.0%
6/8 Cycles 8.6% 7.8% 7.1% 7.2% 1.6% 6.2% 0.5% 4.6% —01% 0.3% 0.0% 0.6%
Total 10.9% 11.4% 10.0% 10.9% 1.1% 7.0% 0.3% 44% —02% 04% —01% 09%

From the results obtained from the small-scale absorption test [23], the maximum
water absorption capacity of brick and mortar can be calculated as 18.39% and 28.57% of
the specimen volume, respectively. Thus, the maximum water absorption capacity of the
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external leaf of the wall specimens can be calculated by using Equation (1) based on the
estimate of the volume of each material for each specimen:

W_v =(V brick X W brick + V_mortar X W_mortar)/ (V brick + V_mortar) X 100% 1)

W _y: maximum volume water absorption capacity of outer leaf of wall specimens (%);
V brick/ V_mortar: volume of brick/mortar in outer leaf (m3);
W brick/W_mortar: maximum volume water absorption capacity of brick/mortar (%).

The resulting value is 21.27%. Based on the estimated absorption capacity together
with the results in Table 7, the absorbed water to maximum water absorption capacity of
the outer leaf per test phase can be obtained as shown in Figure 21. The total water gains of
the untreated specimens from Phases 1 and 3 reach between 80% and 90% of the maximum
absorption capacity. However, the ratios obtained from Phases 1 and 3 are very close, both
reaching around 40% of the maximum absorption capacity. By combining the ratio of the
dispersed water absorbed per test phase shown in Table 7, it is evident that the runoff rate
increased significantly in Phase 3. On the other hand, both treated specimens showed minor
gains or even no gains during Phase 1, while most of the gains in Phase 3 remain within
5% of the absorption capacity. For specimen Acrylic 2 with less ideal wall conditions, the
reapplication of the treatment successfully reduced the overall ingress, reaching around a
13% reduction in absorption capacity in both wetting phases. Ultimately, from both Table 7
and Figure 21, it can be concluded that the silane/siloxane blend cream has the best and
most consistent performance in reducing water ingress, while the acrylic-based liquid is
capable of achieving a similar performance with almost no weight gain under moderate
WDR simulated in Phase 1. However, its performance falls behind the silane/siloxane
blend cream in the severe WDR event simulated in Phase 3.

Absorbed water to absorption capacity of outer leaf
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2 .
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= . (1]
Untreated Acrylic Silane/siloxane
Wall Type

H2cycle m6/8cycle
Figure 21. Absorbed water to maximum water absorption capacity of outer leaf per test phase.

Overall, the results of the wall-scale WDR test on masonry cavity structures are in line
with the findings in the bench test [23] although important limitations of the standard bench
tests are identified in terms of representing the complex uptake and release of moisture in
walls exposed to WDR.

Both the acrylic-based liquid and the silane/siloxane blend cream are capable of
improving the waterproofing performance of masonry cavity walls, even in very severe
exposure zones in the UK. In particular, under the testing protocol developed in this study,
it is possible to define both the resistance to water absorption and the ability to dry between
rain spells for both treatments. For modest exposure conditions (Phase 1), both treatments,
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when properly applied, are effective in both their water-repellent role and in retaining
sufficient breathability, to the extent that the drying interval is sufficient to even reduce
the specimens’ initial moisture content. When exposed to extreme conditions, (Phase 3),
the waterproofing is still effective, especially for the silane/siloxane treatment. The drying
process becomes more complex and in general less efficient; it is worth noting that both
the HR sensors and the weight sensors registered an increase in moisture beyond the end
of the wetting cycles and into the drying phases. The role played by the insulation is
less immediately evident, and further testing with different values of cavity and type of
insulation needs to be considered in order to obtain more robust results.
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