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Abstract: The duo of better insulated and more air-tight envelopes without appropriate consideration
of water vapour diffusion and envelope moisture management has often demonstrated an increased
potential of moisture accumulation, interstitial condensation, and mould growth within the building
envelope. To inform a resilient, energy efficient, and healthy building design, long-term transient
hygrothermal modelling are required. Since 2008, concern has been raised to the Australian building
regulators regarding the need to establish the vapour diffusion properties of construction materials,
in order to develop a hygrothermal regulatory framework. This paper discusses the results from
laboratory testing of the vapour diffusion properties of two common reflective pliable membranes,
and one smart pliable membrane. The two reflective pliable membranes are often used within the
exterior walls of Australian buildings. The smart pliable membrane is a relatively new, internationally
available product. The three membranes were tested as per ISO 12,572 at 23 ◦C and 50% RH.
To establish if the vapour resistivity properties were constant, under different relative humidity
conditions, the membranes were further tested at 23 ◦C and relative humidity values of 35%, 65%,
and 80%. The results of the three pliable membranes show that the vapour resistivity properties
varied in a non-linear (dynamic) manner subject to relative humidity. In conclusion, this research
demonstrates that regardless of the class, each of the tested membrane types behaved differently
under varying relative humidity and pressure gradients within the testing laboratory.

Keywords: vapour resistivity; hygrothermal modelling; energy efficient; airtightness; condensation;
hygrothermal boundary curve; moisture management; impermeable membrane; diffusion; smart
membrane; relative humidity

1. Introduction

The aim of this research was to investigate whether the single point vapour resistivity
test method as described in ISO 12572 and ASTM E 96m provides adequate data to inform
building envelope hygrothermal simulation. The current standard only requires a single
point measurement for materials tested at 23 ◦C and 50% relative humidity (RH). The
incorporation of high-quality material property inputs in the hygrothermal simulation has
been identified by many as critical, which may significantly impact the moisture and mould
risk calculations. This article reports on the observed water vapour resistivity properties of
two impermeable pliable membranes, and one smart pliable membrane, when tested under
different relative humidity conditions (humidity-dependent), in order to plot multiple
point, rather than single point, hygrothermal boundary curves for each of these materials.

The combination of thermal insulation and airtightness without appropriate consider-
ation of the external envelope’s ability to manage water vapour diffusion and moisture
have been identified as key contributors to moisture, moisture accumulation, and mould
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growth within internal and interstitial spaces in energy efficient buildings [1–4]. Since
the 1990s, design processes have increasingly included complex hygrothermal simulation
methods, which calculate moisture accumulation and mould growth. In 2019, Australia’s
national building regulations, the National Construction Code (NCC), included the first
performance requirement regarding condensation. These regulations were the result of
significant market-based concerns about the visible presence of condensation and mould
prevalent in many Australian new buildings. The performance requirement states, “Risks
associated with water vapour and condensation must be managed to minimise their impact on
the health of occupants” [5]. Reflecting the universal acceptance that mould spores affect
human health, the new clauses were included within the Health and Amenity section [6–8].
In Australia, the development of guidelines, policy, and the regulatory framework re-
garding material data and bio-hygrothermal simulation methods is of importance due to
the increased requirements for highly energy-efficient buildings and the corresponding
development of condensation-related regulations for 2019, 2022, and 2025.

In this research, the water vapour resistivity properties of two types of impermeable
membrane, and one type of smart pliable membrane were measured under different rela-
tive humidity conditions. Following international methods, the data was then modified to
obtain variable hygrothermal boundary curves for inclusion in hygrothermal simulation.
The effect of the differences between hygrothermal simulations completed using a single
point, or a multi-point hygrothermal boundary curve will be reported in a future article.
Within this context, the research collaboration between the University of Tasmania and
Fraunhofer Institute of Building Physics (IBP) Germany, also addressed the matter of how
to establish the hygrothermal boundary curves for materials tested via the gravimetric cup
method and under different relative humidity conditions. This boundary curve is of great
importance, especially if it is identified that construction materials have variable character-
istics subject to different relative humidity conditions [9–11]. This is because the vapour
resistivity properties of construction materials is not constant across the boundary curve
but varies continuously along the cross-section of such materials. Previous publications
about this research project have described the advanced method for construction material
water vapour resistivity testing that has been completed to assist in providing high quality
data for hygrothermal simulation.

There has been a growing concern that the standard testing method normally adopted
in North America and Europe may provide insufficient hygrothermal guidance for the
design guidance of building envelopes [2,12–15]. The current methods were developed at
a time of limited computer processing capacity and for non-transient simulation methods.
This method has been critiqued internationally, due to its focus on a single environmental
condition, namely, 23 ◦C and 50% RH, which may not adequately represent the condi-
tions within the external envelope [2,13,16]. Currently, Australia has adopted the North
American Testing Method, ASTM E 96m, to obtain water vapour diffusion properties, as
referenced in Australia Standard, AS4200:1, which deals with the application of pliable
membranes in buildings [17,18]. As Australia seeks a more detailed climatically- based
approach to address surface and interstitial moisture problems in buildings, it has been
acknowledged that there is a need to quantify construction material’s hygrothermal diffu-
sion characteristics under different relative humidity conditions that may better represent
the boundary conditions within external walls [13]. Relative humidity considerations are
important, as the normal level of relative humidity varies significantly between climate
types, whether they be desert, cool/temperate, maritime, or hot and humid climates.
ASHRAE Standard 160 recommends interior relative humidity (RH) conditions be main-
tained between 30 and 60% [19]. Several researchers have identified internal relative
humidity levels within occupied, conditioned, and unconditioned housing well above
the 50% RH level prescribed in the single point vapour resistivity test method [16]. To
adequately complete hygrothermal simulations requires appropriately detailed interior
and exterior climatic data and precise water vapour diffusion properties for each material
in the external envelope. A common standpoint for any simulation-based decision making
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is: garbage in—garbage out. Similarly, as buildings become more complex, apply increased
air tightness and insulation levels, increase the use of sustainable/renewable construction
materials, and include many materials within an envelope system, the sensitivity of the
hygrothermal model to any change may significantly impact on the simulation result [20].
To enhance and give confidence to the accuracy of hygrothermal simulations, which predict
the wetting, drying, and mould growth potential, a more comprehensive understanding of
the vapour resistivity properties of all materials used in the external envelope of buildings
is required under different temperate and relative humidity conditions.

The application of pliable membranes has a long history and is common in many
sectors. Increasingly, the advancement of pliable membranes will continue to usher new
opportunities within the construction sector [21–23]. However, in the building design and
construction industry, pliable membranes used to assist building energy efficiency have
gone through many stages of product development, and manufacturers have used many
terminologies to drive the marketing values of different products. These terms include
vapour retarder, thermal barrier, vapour barrier, water resistive barrier, air barrier, damp
proof membrane, weather barrier, and breathable building wrap. In Australia, these terms
are often misunderstood and confused when considering the selection for building design
and construction. The most acceptable way to define and classify different types of pliable
membranes is according to their degree of resistance to gas or vapour transport, which is
either permeable, semi permeable, semi-impermeable, and impermeable [13,21]. Further-
more, climate change is driving national demand for more airtight and energy-efficient
buildings, progressively requiring manufacturers to create more innovative products. This
is expected to allow new buildings to be more resilient, supportive, and responsive to
changing interior and exterior climates, and improve the building envelope thermal per-
formance and indoor air quality. Depending on the polymer, or other technology, of these
products, manufacturers are now shifting towards the use of the terms such as smart
or variable vapour diffusion/resistivity membranes to describe these new generations
of product lines. An impermeable membrane is usually referred to as a vapour barrier
because they do not allow water vapour diffusion to occur through the membrane. On the
other hand, semi-impermeable membranes do allow moderate vapour diffusion through
the membrane. However, their vapour resistance factor and air layer equivalent thickness
values are moderate, but still high in comparison to a permeable membrane, which is very
open to the vapour diffusion process [24].

Previously, this research program has measured and reported the vapour diffusion
properties of other types of pliable building membranes. Like the research reported in this
article, the water vapour diffusion properties were measured under different relative hu-
midity conditions. This research revealed that vapour permeable pliable membranes which
were identified as Class 3 and Class 4, within the Australian Standards (AS4200), behaved
differently and in a non-linear manner under different relative humidity conditions [13].

Therefore, this paper reports on the results obtained from laboratory gravimetric
cup measurements and the method employed to plot the hygrothermal boundary curves
of two types of vapour impermeable, and reflective, pliable membranes, and one type
of semi-impermeable (commonly called variable) pliable membrane. The reflective and
vapour impermeable pliable membrane products are often used within the exterior timber
and steel-framed walls of Australian buildings, and classified as a class 1 vapour control
membrane (0.0 to 0.0022 µg/N/s) in AS4200 [17]. Similarly, the smart pliable membrane
is a relatively new, internationally available product and is classified as a class 2 vapour
control membrane (0.022 to 0.1429 µg/N/s) in AS4200:1.

2. Materials and Methods

The methodology involved undertaking gravimetric testing of the water vapour re-
sistivity characteristics of two types of impermeable membranes and one type of smart
membrane in a laboratory environment. For easy identification purposes in this paper, the
sample from the smart membrane is tagged as specimen C, while samples from the two im-
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permeable reflective pliable membranes are tagged specimen D and E, respectively. These
membranes are commonly applied to the external face of the timber or steel frame (outside
the insulation layer), of low-rise buildings, to improve air tightness (thermal performance),
as a water barrier (façade durability), and as a vapour control layer (condensation and
mould) in walls and roofs of buildings. The two types of impermeable membrane were
reflective foil products from different manufacturers. They both had similar polymer
characteristics and were coated with aluminium foil on the surface of one side. The smart
membrane, which is commonly used in walls and roofs is a polyethylene copolymer prod-
uct with varying water vapour diffusion properties, subject to the air moisture content. The
total measurement period for all pliable membrane testing took fourteen months, which
involved four experiments during which the temperature was maintained at 23 ◦C and the
relative humidity conditions of the hygrothermally-controlled room were maintained at
35%, 50%, 65%, and 80%, respectively. Since the three membrane types discussed here are
not readily open to the water vapour diffusion process, it took an average of three and a
half months to establish a moisture equilibrium state for each specimen for each period of
relative humidity conditioning.

2.1. Boundary Conditions

The experiments are based on the principle of diffusion of water vapour from an area
with higher partial pressure of water vapour to an area with lower partial pressure. In
these experiments, the vapour drive was established as a result of the pressure differences
between the relative humidity within the internal air space of the test dish and the relative
humidity within the internal condition of the hygrothermal testing room. This creates
partial vapour pressure differences which cause water vapour diffusion to occur, which
is similar to what the external building envelope may be experiencing in real life. The
production and control of the testing room for these experiments has been discussed in
previous publications. To avoid both air temperature and humidity stratification within
the test room, a fan was in operation throughout the entire measurement period. This fan
generated an air velocity of approximately 0.2 m/s which stabilised the pressure within the
room. The average air temperature of the room was maintained at 23 ◦C throughout the
four periods of measurement with ±1 ◦C variation. The relative humidity and their vapour
pressure differences, which represent the targeted boundary condition for the four periods
of the experiment, are shown in Table 1. This table was adapted from ISO 12,572 with
additional testing points that were identified based on common climatic condition adopted
for the four testing periods in this research. This table is important as it provides input data
for the calculation and tabulation of the vapour resistivity properties of materials involving
multiple moisture-dependent variables, which are needed to plot the hygrothermal curves
that reflect different boundary conditions. In each of the experiments, the relative humidity
in the hygrothermally-controlled room was carefully controlled. The relative humidity was
maintained between 35.0% to 36.9%, with an average of 36% in the first test period. In the
second test period, the relative humidity was maintained between 49.8% to 50.8%, with
the average humidity of 50.4%. The relative humidity was maintained between 64.5% to
65.2%, with an average relative humidity of 65.12% in the third test period. During the
fourth test period, the relative humidity was maintained between 77.84% to 83.2% with
an average relative humidity of 80.29%. The details about the temperature and relative
humidity performance of the chamber with respective variation has been reported in the
previous publication [13].
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Table 1. ∆P values for each of the test conditions.

Experimental Period Temperature (◦C) Relative Humidity
(Dry Side) (%)

Relative Humidity
(Wet Side) (%)

Water Vapour Pressure
Difference ∆P (Pa)

1 dry test 23 3 35 898

1 wet test 23 35 93 1628

2 dry test 23 3 50 1319.8

2 wet test 23 50 93 1207.25

3 dry test 23 3 65 1740.74

3 wet test 23 65 93 786.12

4 dry test 23 3 80 2161.83

4 wet test 23 80 93 364.99

2.2. Experimenal Procedure

The gravimetric procedure employed in this research followed the guidelines of the
international standard ISO 12,572 [25]. The procedure involved completing both wet cup
and dry cup gravimetric water vapour transmission measurement for samples from the
three membranes. In each testing period, ten specimens were cut from the smart membrane
(C), and another ten specimens from each of the two types of impermeable membrane (D).
For each of the pliable membranes, five of these specimens were for wet cup testing and
five specimens were for dry cup testing. Due to the amount of sample material provided,
only six specimens were prepared for the second type of impermeable membrane (E),
representing three specimens for wet cup and three specimens for the dry cup test. The
test dishes comprised a round glass dish with 200 mm diameter and a 60 mm depth. The
thickness of each specimen was measured by a digital micrometre screw gauge over ten
different points on the surface of each specimen and the mean value was determined
and recorded for later use during the water vapour diffusion calculation process. The
specimens were precisely cut to the dish size (200 mm) such that they fit to the edge of
the mouth of the dishes. The desired relative humidity within the cups were achieved by
the use of dry and wet substrates. This research adopted silica gel as dry cup substrate
because it was very stable at 3% relative humidity. The wet cup test achieved the desired
relative humidity of 93% through the use of anhydrous ammonium dihydrogen phosphate
solution at 23 ◦C. The substrates were gently poured into the dishes until an airspace of
20 mm was established between the top of the substrate and the top of the test dish. The
specimens were then sealed to the edge of the test dishes with glue, followed by tightly
wrapping the edge of the dishes with paper tape. To achieve adequate vapour seal, paraffin
wax of 6:4 ratio and melting at 58–60 ◦C was gently applied around the paper tape with an
artist’s brush until the paper tape was no longer visible and the molten wax was allowed to
harden. The gravimetric measurement began once a set of five specimens were completed
for a particular test. Given that the temperatures inside the cup and outside the cup are
the same, partial vapour pressure differential was achieved by the difference between
the conditioned room’s relative humidity and the wet or dry substrate within each dish,
causing water vapour diffusion through the test specimen. The amount of water vapour
diffusion was established by periodically measuring the weight of the cup assembly. The
measurement of the dish weight continued until a steady state was reached. However,
due to these membranes being vapour impermeable, after an initial period of regular
measurements, the time between measurements was expanded to once a week, for a period
of three months, and the diffusion properties of the specimens were determined through
mathematical calculations.
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3. Results

The result for the water vapour resistivity properties for each specimen tested was
calculated from the mathematical equations provided by the ISO 12,572 [25]. The mathe-
matical calculation and procedure for obtaining various iterative resistivity properties using
specimen C 1 as an example is presented in the Appendix A. This calculation procedure
was repeated for all the specimens, for all the boundary conditions (35%, 50%, 65%, and
80%). The detail results for the properties of each membrane tested and the statistical anal-
ysis for all the four testing periods are tabulated in Appendix C Tables A2–A13. Table 2,
below, shows the average barometric pressure and the calculated vapour permeability of
air for the four testing periods. Table 3 shows the summary of results for the water vapour
permeability and permeance, in dry cup and wet cup scenarios, from the 26 tested materials.
Similarly, the summary of the average water vapour resistance factor µ and diffusion air
layer thickness SD for all the tested specimens is tabulated in Appendix B. The air gap
resistance used for calculating the water vapour resistance factor for each of these mem-
branes was calculated by multiplying the initial resistance factor by the mean thickness of
each membrane to get the initial equivalent air layer thickness SD. This is then followed
by deducting 20 mm air gap from the initial equivalent air layer thickness to obtain the
final SD values. This final SD value is in turn divided by the mean thickness resulting
into the final vapour resistance factor (also see Appendix A for details). Tables 4 and 5
shows the summary of hygrothermal water vapour resistance factor and equivalent air
layer thickness across the boundary conditions over the average relative humidity for the
three tested materials respectively, which were used to plot the hygrothermal boundary
curves for specimen C, D, and E after harmonic adjustment.

Table 2. Average barometric pressure (Pa) and water vapour permeability of air for each experiment.

Method Test Period 1 (35%) Test Period 2 (50%) Test Period 3 (65%) Test Period 4 (80%)

Material 1 (C)

Dry test 1017.92 1018.04 1009.79 1010.85

Wet test 1017.92 1018.04 1009.79 1026.31

Calculated water vapour
permeability of air

1.95 × 10−10

kg/(m. s. Pa)
1.944× 10−10

kg/(m. s. Pa)
1.96 × 10−10

kg/(m. s. Pa)
1.9579 × 10−10

kg/(m. s. Pa)

Material 2 (D)

Dry test 1013.38 1023.31 1015.45 1017.85

Wet test 1013.38 1023.31 1015.45 1017.85

Calculated water vapour
permeability of air

1.9533 × 10−10

kg/(m. s. Pa)
1.933 × 10−10

kg/(m. s. Pa)
1.9492 × 10−10

kg/(m. s. Pa)
1.9492 × 10−10

kg/(m. s. Pa)

Material 3 (E)

Dry test 1017.92 1023.07 1013.06 1014.52

Wet test 1017.92 1023.07 1013.06 1014.52

Calculated water vapour
permeability of air

1.950 × 10−10

kg/(m. s. Pa)
1.9348 × 10−10

kg/(m. s. Pa)
1.9539 × 10−10

kg/(m. s. Pa)
1.9512 × 10−10

kg/(m. s. Pa)
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Table 3. Summary of average water vapour permeance and water vapour permeability of samples.

RH% Dry Test Water Vapour
Permeance kg/(s·m2·Pa)

Wet Test Water Vapour
Permeance kg/(s·m2·Pa)

Dry Test Water Vapour
Permeability kg/(s·m·Pa)

Wet Test Water Vapour
Permeability kg/(s·m·Pa)

Sample C

35 4.2 × 10−9 5.8 × 10−11 1.0 × 10−15 1.5 × 10−14

50 8.4 × 10−12 1.0 × 10−10 2.0 × 10−15 2.7 × 10−14

65 1.2 × 10−11 8.2 × 10−11 3.0 × 10−15 2.2 × 10−14

80 7.1 × 10−11 1.0 × 10−10 1.9 × 10−15 2.8 × 10−14

Sample D

35 3.95 × 10−12 7.32 × 10−12 8.79 × 10−16 1.62 × 10−15

50 6.15 × 10−12 4.17 × 10−12 1.39 × 10−15 9.23 × 10−16

65 3.25 × 10−12 3.94 × 10−12 7.35 × 10−16 8.73 × 10−16

80 2.22 × 10−12 9.63 × 10−12 5.02 × 10−16 2.14 × 10−15

Sample E

35 1.71 × 10−12 2.00 × 10−12 5.20 × 10−16 6.41 × 10−16

50 1.20 × 10−12 8.32 × 10−12 3.64 × 10−16 2.67 × 10−15

65 1.35 × 10−12 6.76 × 10−12 4.13 × 10−16 2.15 × 10−15

80 1.70 × 10−12 1.28 × 10−11 5.15 × 10−16 4.06 × 10−15

Table 4. Water vapour resistance factor with different boundary conditions.

Temperature Dry Side RH
(%)

Wet Side RH
(%)

Average RH
(%)

Specimen C
Resistance
Factor (µ)

Specimen D
Resistance
Factor (µ)

Specimen E
Resistance
Factor (µ)

23 3 35 19 189,398 222,099 383,221

23 3 50 26.5 94,895 139,160 530,781

23 3 65 34 64,499 265,273 472,951

23 3 80 41.5 10,005 388,586 378,743

23 35 93 64 13,043 120,265 304,191

23 50 93 71.5 7180 210,033 71,909

23 65 93 79 7640 223,063 90,899

23 80 93 81.5 6918 91,312 47,612

Table 5. Equivalent air layer thickness with different boundary conditions.

Temperature Dry Side RH
(%)

Wet Side RH
(%)

Average RH
(%)

Specimen C Sd
(m)

Specimen D Sd
(m)

Specimen E Sd
(m)

23 3 35 19 46.21 49.5 116.4

23 3 50 26.5 23.25 31.4 160.8

23 3 65 34 16.04 59.9 144.6

23 3 80 41.5 2.72 87.7 114.9

23 35 93 64 3.4 26.6 97.5

23 50 93 71.5 2.5 46.5 23.07

23 65 93 79 2.37 40.19 30.9

23 80 93 81.5 1.98 20.3 15.2
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4. Discussion

The aim of this research was to investigate the diffusion behaviour of water vapour
impermeable, semi-impermeable, and permeable pliable membranes under different rela-
tive humidity boundary (moisture-dependent). This article focusses on the measured and
calculated water vapour permeability values from two types of water vapour impermeable
and one type of semi-impermeable membrane. A previous article reported the results from
the measured and calculated water vapour diffusion properties of tested water vapour per-
meable membranes [13]. Firstly, it is important to state that this research successfully kept
the temperature in the hygrothermal chamber stable at 23 ◦C with ±1 ◦C variation through-
out all the four testing periods. Therefore, the shape of all the samples from the three tested
pliable membranes observed was flat throughout the four testing periods, suggesting that
there were no significant impact caused by temperature variation. Variation in temperature
may alter the shape of membrane, which would affect the surface area calculations, which
is very important when considering temperature-dependent measurement.

In Figure 1, the blue colour in the plot show the values for the water vapour resistance
factor against the hygrothermal boundary conditions established from the average relative
humidity conditions from the four laboratory measuring periods for Specimen C, which is
classified as a class 2 (semi-impermeable membrane). In these measurements, the results
indicate that the specimen was exposed to different relative humidities on both dry and wet
sides. This difference in vapour pressure normally generates water vapour flow through
the specimens, and as the humidity varies along the cross-section of the specimens, say
from wet side to the dry, the vapour resistance also varies. Figure 1 shows that specimen C
has different µ-values. From approximately 20% RH to 40% RH, the rate of water vapour
diffusion varies significantly. Whilst from 40% RH to 80% RH, the water vapour diffusion
rate is relatively constant. The vapour flow thus contains information about all the µ-
values corresponding to the applied humidity interval as shown in Figure 2. This indicates
that the water vapour diffusion resistivity properties of specimen C are non-linear as the
amount of water vapour diffusion which passed through the specimen encounters different
resistances, subject to the level of humidity. The graph also shows that the µ-values indicate
an inverse relationship as the strength of the resistance factor decreased with increases in
relative humidity.

Similar behaviour is observed from Figure 2, the blue colour is the plot of values of
the equivalent air layer thickness against the established boundary conditions of the four
experiment testing periods for specimen C. This also indicates that the water vapour flow
across the cross-section of the specimen causes the equivalent air layer thickness to decrease
in higher relative humidity, as the SD value is high at lower relative humidity and lower in
higher relative humidity in an inverse and dynamic pattern. Even though this dynamic
behaviour is consistent with previous findings, it further supports the suggestion that the
hygrothermal properties of construction materials should be considered under different
relative humidity conditions. In Australia, hygrothermal diffusion function of pliable mem-
brane is not yet defined under the current AS4200:1, and determining the appropriateness
of pliable membranes according to their diffusion properties in different relative humidity
conditions has become contestable among design professionals and researchers. Moreover,
there are no appropriate and recent hygrothermal data for construction materials, typically
used in Australia. Therefore, the ability to determine the hygrothermal boundary condi-
tions of specimen C, with the resistance factor and equivalent layer thickness, is essential
for accurately fulfilling the hygrothermal modelling pathway for moisture management
introduced to NCC in 2019.
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Similarly, the plot of the vapour resistance values against the relative humidity bound-
ary condition for specimen D and E were indicated by the red colour and green, respectively,
in Figure 1. The red and the green colour in Figure 2 also show the plot of equivalent air
layer thickness against the humidity boundary conditions of specimen D and E respectively.
Generally, impermeable pliable membranes usually have a very high vapour resistance
factor and air layer equivalent thickness values as observed in Figure 2. However, it is
essential to point out that even these graphs further document dynamic behaviour, similar
to what this research has observed with other pliable membranes under varying relative
humidity boundary conditions. The expectation was that these reflective impermeable
pliable membranes would have a constant high resistance to water vapour diffusion. On
the contrary, this did not occur as these reflective foil products have a rather unusual
water vapour diffusion behaviour as the relative humidity conditions increased. The rea-
son for the dynamic patterns observed in these graphs has resulted from the changes in
air permeability and vapour pressure that has occurred under the four different relative
humidity conditions. This level of water vapour diffusion resistance will cause these im-
permeable pliable membranes to have narrow usability potential for moisture-permeable
construction systems.

As previously mentioned, measurements were usually taken weekly because of high
water vapour diffusion resistance of these specimens. In this scenario, this research ob-
served that when the specimens from the two types of reflective membranes were tested
at 80% RH, the specimen were swelling within a week. Additionally, by the second week
of weighing, there was a visible formation of mould growth on the reflective surface of
all the specimens (see Figures 3 and 4). The program for this research involved testing
specimens from all the classes of pliable membranes at 80% RH during the same period.
The yellow-brownish colouration of mould formation on these reflective materials was not
observed on any of the other materials tested.

Comparing the result of these three membranes with each other, specimen C, which is
semi-impermeable and belongs to Class 2, appears to be more open to vapour diffusion
process with higher vapour resistance values when the humidity was less than 40%.
Specimen D and E, which are classified as Class 1, impermeable pliable membranes, have
very high vapour resistance factors and equivalent air layer thickness despite the increase
in relative humidity conditions.
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Harmonic Adjusment of Hygrothermal Boundary Curve

The cup measurements are used to determine the boundary condition of the water
vapour diffusion characteristics of a material by plotting a curve after harmonic adjustment
of the data from dry and wet cup gravimetric measurement. This is because there is the
need to establish the different values of vapour diffusion at any given specified relative
humidity φ, as the cup measurements do not directly provide these values. During the
gravimetric measurement, the specimen is exposed to different relative humidities on
both sides, for example, 50% on one side and 80% on the other side. The humidity varies
continuously along the cross-section of the specimen, from 50% RH on one side to 80% RH
on the other side, with all intermediate values also occurring somewhere in the specimen.
Furthermore, the material in different parts of the specimen also has different µ-values,
and all µ-values from µ (50%) to µ (80%) occur simultaneously somewhere in the specimen.
However, the cup measurement can only tell us the strength of the vapour flow which
diffused through the specimen. The vapour flow thus contains information about all the
µ-values corresponding to the applied humidity interval, which are encoded in a single
number. The task now is to determine µ-values for individual humidities. This can be done
by combining the results of cup measurements using different humidity ranges. Hence,
analysing gravimetric cup measurements as if the material had a constant µ-value, provides
the effective µ-value of the specimen in such states of moisture. Therefore, the effective
µ-value for a given humidity range is the harmonic mean of the µ(φ)-curve, taken over the
humidity range. This is why it may be misleading to draw a µ(φ)-curve by simply plotting
the effective µ-values against the mean applied humidity ranges from purely gravimetric
measurement.

Figure 5 shows a µ(φ)-curve (grey) and a series of mean values (orange bars) of this
curve, taken over humidity ranges with the same midpoint but with increasing widths.
First, due to the curvature of the µ-curve, all those mean values are lower than the curve
itself at the midpoint. The curve point is the desired µ-value corresponding to the midpoint
humidity. The mean values correspond to the results of cup measurements performed
by applying the respective humidity ranges. The results of all cup measurements are
lower than the µ-curve point corresponding to the midpoint humidity, so it would be
inappropriate to simply substitute a cup measurement result for this µ-value. Secondly, the
mean values for humidity ranges with the same midpoint are lower for wider ranges. This
means that when cup measurements with different wide humidity ranges are combined
into one diagram (plotting them against the midpoint humidity), a misleading zigzag-
shape of the diagram may result, even though the underlying true µ(φ)-curve may be
continuously falling for increasing humidity.
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Figure 5. Plotting mean of values with the same midpoint from cup measurements.

A better approach than plotting the cup results against the midpoints of the applied
humidity ranges is to determine a curve which has the properties that the harmonic mean
values provide, taken over the humidity ranges which were used for the cup measurements,
and are identical with the cup results. Figure 6 illustrates the procedure using data from
WUFI for an adaptive vapour retarder, with the green bars representing a set of cup
measurements, the grey curve being the adjusted test curve, and the thin orange bars
being the mean values of the test curve, taken over the indicated ranges. The test curve is
adjusted until the orange bars coincide as well as possible with the green bars.
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Figure 6. Example of plotted hygrothermal curve boundary of an adaptive vapour retarder
from WUFI.

The above principle was applied to the three materials measured in this research,
to plot the final hygrothermal boundary curve for the equivalent air layer thickness for
specimen C, D, and E (see Figure 7) after the harmonic adjustment. These harmonically bal-
anced values could be applied to the material properties within the transient hygrothermal
simulation software to provide a more accurate simulation of the water vapour diffusion
through an external envelope.
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5. Conclusions

This research has investigated through laboratory measurement the water vapour
diffusion characteristics of two types of water vapour impermeable reflective pliable
membranes and one type of smart membrane. The research included measuring their water
vapour diffusion behaviour under varying boundary conditions, with specific attention to
different relative humidity conditions.

The results from the cup measurements show that the two vapour impermeable pliable
membrane products are not open to vapour diffusion even at higher relative humidity
conditions, as their resistance factor and air layer thickness are too high to allow for vapour
diffusion. On the other hand, the result from the smart pliable membrane product indicates
that vapour diffusion is possible at higher relative humidity, as the resistance factor and air
layer thickness decreases with increases in relative humidity. Contrary to the single point
test method applied typically to construction materials, the graphs for all the three types of
pliable membrane material show that they behave in a dynamic non-linear manner subject
to the relative humidity conditions. This finding is similar in nature to the previously
published findings which reported on the non-linear vapour diffusion properties for tested
vapour permeable pliable membranes [13]. Alarmingly, the composite materials that make
up the vapour impermeable pliable foil-faced membranes supported mould growth during
the test period, whilst the non-foil polyethylene copolymer products did not support
mould growth. Further analysis based on the harmonic adjustment approach was then
employed to plot the hygrothermal boundary curves for each of these pliable membranes.
This is because the results from the gravimetric cup measurement may not be enough to
determine the effectiveness of a materials’ moisture behaviour along the cross-section of
these materials, which is needed for hygrothermal modelling.
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In conclusion, this research demonstrates that regardless of the water vapour diffusion
class, each of the tested pliable membrane types behaved differently under different relative
humidity conditions and vapour pressure gradients within the testing laboratory. This
may indicate that the current single point value for construction material vapour diffusion
properties used in hygrothermal simulation may be inadequate and may provide inaccurate
guidance regarding moisture, moisture accumulation, and mould growth.
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Appendix A

Calculation procedure for various water vapour resistivity properties for Specimen C1.
The mass change G for specimen C1 is calculated as:

G =
change in mass

total time(S)
kg

Therefore, for specimen C1:

1743.45−1743.24
1,735,200(S)

= 2.1×10−4

1,735,200(S)
kg

= 1.21 × 10−10 kg/s

The vapour flux g is calculated = G
A kg/s.m2.

Where A is the arithmetic mean of the exposed area of the test specimen in m2, for
specimen C1, the diameter of the specimen after sealing is 190 mm:

∴ A = πr2 where r = d
2 = 190

2 = 95 mm
r = 0.095 m

∴ A = 3.14 × 0.0952 = 0.0283

∴ g = G
A =

1.21×10−10 kg/s
0.0283 m2 = 4.28 × 10−9 kg/s.m2

The water vapour permeance is then calculated as:

W =
g

∆PV
in kg/(s·m2·Pa),

To calculate ∆PV = Psatwetside − Psatdryside
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Considering the relative humidity at 35% (0.35) for wet side and 3% (0.03) for dry side:

∅wetside = 0.35 × 610 e1.5258 = 982.65 Pa

∅dryside = 0.03 × 610.5 e1.5258

= 0.03 × 2807.58 = 84.19 Pa

∆PV = 982.65 − 84 = 898.46 Pa

W =
g

∆PV
=

4.28 × 10−9 kg/s.m2

898.46
= 4.74 × 10−12 kg/s·m2·Pa

The water vapour resistance is calculated as follows:

Z =
1

W
=

1
4.74 × 10−12 kg/s.m2.Pa

Z = 2.11 × 1011 s.m2.Pa/kg

If the thickness of the specimen is d = 2.13 × 10−4 m, permeability of the specimen is
calculated as δ = W.d:

δ = W.d = 2.13 × 10−4 m × 4.72 × 10−12 kg/s.m2.Pa

δ = 1.00536 × 10−15 kg/s·m·Pa

Therefore, the resistance factor µ = δa
δ where δa is the vapour permeability of air

around the laboratory site at 23 ◦C. This can either be calculated from Schirmer equation or
extrapolated from Figure 2 in ISO 12,572.

Therefore, δa = 1.95 × 10−10 kg/s·m·Pa:

∴ µ =
δa

δ
=

1.95 × 10−10 kg/s·m·Pa
1.00536 × 10−15 kg/s·m·Pa

= 193, 960.37

SD (equivalent air layer thickness) = µ × d:

SD = 193, 960.37 × 2.13 × 10−4 = 41.31 m

Recall that air gap is 20 mm = 0.02 m. Final SD = 41.31 − 0.02 = 41.29 m:

∴ Final µ =
41.29

2.13 × 10−4 = 193, 666

Appendix B

Table A1. Summary of average resistance factor µ and diffusion air layer thickness Sd of samples.

RH% Dry Test Resistance Factor µ Wet Test Resistance Factor µ Dry Test SD (m) Wet Test SD (m)

Sample C

35 189,398 13,043 46.21 3.4

50 94,895 7180 23.25 2.5

65 64,499 7640 16.04 2.37

80 10,005 6918 2.72 1.98
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Table A1. Cont.

RH% Dry Test Resistance Factor µ Wet Test Resistance Factor µ Dry Test SD (m) Wet Test SD (m)

Sample D

35 222,099 120,265 49.5 26.82

50 139,160 210,033 31.4 48.99

65 265,273 223,063 59.9 50.44

80 388,586 91,312 87.7 20.27

Sample E

35 383,221 304,191 116.4 97.5

50 530,781 71,909 160.8 23.07

65 472,951 90,899 144.6 30.9

80 378,743 47,612 114.9 15.2
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Appendix C

Table A2. Water vapour resistivity properties for sample C at 35% RH 23 ◦C.

Sample Mean
Thickness Mass Change Rate Area Water Vapour Flux Water Vapour

Permeance
Water Vapour

Resistance
Water Vapour
Permeability

Water Vapour
Resistance

Diffusion-
Equivalent

at 23 ◦C 35% RH d (m) /time (G in kg/s) m2 g = G/A in
kg/(s·m2)

W = g/dp in
kg/(s·m2·Pa)

Z = 1/W in
(s·m2·Pa)/kg

δ = W × d in
kg/(s·m·Pa) factor µ air layer

thickness Sd

Dry cup test

C-1 0.000213 1.2 × 10−10 0.02830 4.3 × 10−9 4.7 × 10−12 2.1 × 1011 1.0 × 10−15 193,866.0000 41.2900

C-2 0.000248 9.8 × 10−11 0.02630 3.7 × 10−9 4.2 × 10−12 2.4 × 1011 1.0 × 10−15 189,233.8700 46.9300

C-3 0.000256 9.2 × 10−11 0.02540 3.6 × 10−9 4.0 × 10−12 2.5 × 1011 1.0 × 10−15 188,509.8800 48.2600

C-4 0.000256 9.8 × 10−11 0.02750 3.6 × 10−9 4.0 × 10−12 2.5 × 1011 1.0 × 10−15 191,794.3500 49.1000

C-5 0.000252 9.8 × 10−11 0.02600 3.8 × 10−9 4.2 × 10−12 2.3 × 1011 1.1 × 10−15 183,888.8900 46.3600

Mean 0.000245 1.0 × 10−10 0.02670 3.8 × 10−9 4.2 × 10−12 2.4 × 1011 1.0 × 10−15 189,458.5980 46.3880

Wet cup test

C-6 0.000246 2.8 × 10−9 0.02630 1.1 × 10−7 6.6 × 10−11 1.5 × 1010 1.6 × 10−14 11,910.5800 2.9300

C-7 0.000287 2.3 × 10−9 0.02780 8.2 × 10−8 5.0 × 10−11 2.0 × 1010 1.4 × 10−14 13,491.7600 3.8700

C-8 0.000255 2.2 × 10−9 0.02690 8.2 × 10−8 5.1 × 10−11 2.0 × 1010 1.3 × 10−14 15,034.3300 3.8340

C-9 0.000251 2.6 × 10−9 0.02690 9.6 × 10−8 5.9 × 10−11 1.7 × 1010 1.5 × 10−14 13,149.6300 3.3000

C-10 0.000253 2.9 × 10−9 0.02780 1.0 × 10−7 6.3 × 10−11 1.6 × 1010 1.6 × 10−14 12,090.9500 3.0600

Mean 0.0002584 2.6 × 10−9 0.02714 9.4 × 10−8 5.8 × 10−11 1.8 × 1010 1.5 × 10−14 13,135.4500 3.3988
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Table A3. Water vapour resistivity properties of sample C at 23 ◦C 50% RH.

Sample Tested Mean
Thickness Mass Change Rate Area Water Vapour Flux Water Vapour

Permeance
Water Vapour

Resistance
Water Vapour
Permeability

Water Vapour
Resistance

Diffusion-
Equivalent

at 23 ◦C 50% RH d (m) /time (G in kg/s) m2 g = G/A in
kg/(s·m2)

W = g/dp in
kg/(s·m2·Pa)

Z = 1/W in
(s·m2·Pa)/kg

δ = W × d in
kg/(s·m·Pa) factor µ air layer

thickness Sd

Dry cup test

C-1 0.000213 3.2 × 10−10 0.02830 1.1 × 10−8 8.6 × 10−12 1.2 × 1011 1.8 × 10−15 106,291.0800 22.6600

C-2 0.000248 2.4 × 10−10 0.02630 9.3 × 10−9 7.0 × 10−12 1.4 × 1011 1.7 × 10−15 111,688.4600 27.7000

C-3 0.000256 2.9 × 10−10 0.02550 1.2 × 10−8 8.8 × 10−12 1.1 × 1011 2.2 × 10−15 86,641.7800 22.1800

C-4 0.000256 3.2 × 10−10 0.02750 1.2 × 10−8 8.8 × 10−12 1.1 × 1011 2.3 × 10−15 85,962.4200 22.0100

C-5 0.000252 3.0 × 10−10 0.02600 1.1 × 10−8 8.6 × 10−12 1.2 × 1011 2.2 × 10−15 89,654.7600 22.5900

Mean 0.000245 2.9 × 10−10 0.02672 1.1 × 10−8 8.4 × 10−12 1.2 × 1011 2.0 × 10−15 96,047.7000 23.4280

Wet cup test

C-6 0.000246 2.9 × 10−9 0.02630 1.1 × 10−7 9.1 × 10−11 1.1 × 1010 2.2 × 10−14 8570.3800 2.1100

C-7 0.000287 2.6 × 10−9 0.02780 9.2 × 10−8 7.6 × 10−11 1.3 × 1010 2.2 × 10−14 8810.0270 2.5300

C-8 0.000251 3.8 × 10−9 0.02690 1.4 × 10−7 1.2 × 10−10 8.5 × 109 3.0 × 10−14 6494.0200 1.6300

C-9 0.000251 3.9 × 10−9 0.02550 1.5 × 10−7 1.3 × 10−10 8.0 × 109 3.2 × 10−14 6091.5500 1.5300

C-10 0.000253 3.8 × 10−9 0.02780 1.4 × 10−7 1.1 × 10−10 8.9 × 109 2.8 × 10−14 6758.0000 1.7100

Mean 0.0002576 3.4 × 10−9 0.02686 1.3 × 10−7 1.0 × 10−10 9.9 × 109 2.7 × 10−14 7344.7954 1.9020
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Table A4. Water vapour resistivity properties of sample C at 23 ◦C 65% RH.

Sample Tested Mean
Thickness Mass Change Rate Area Water Vapour Flux Water Vapour

Permeance
Water Vapour

Resistance
Water Vapour
Permeability

Water Vapour
Resistance

Diffusion-
Equivalent

at 23 ◦C 65% RH d (m) /time (G in kg/s) m2 g = G/A in
kg/(s·m2)

W = g/dp in
kg/(s·m2·Pa)

Z = 1/W in
(s·m2·Pa)/kg

δ = W × d in
kg/(s·m·Pa) factor µ air layer

thickness Sd

Dry cup test

C-1 0.000229 5.6 × 10−10 0.02720 2.1 × 10−8 1.2 × 10−11 8.5 × 1010 2.7 × 10−15 72,237.3900 16.5400

C-2 0.000248 5.9 × 10−10 0.02750 2.1 × 10−8 1.2 × 10−11 8.2 × 1010 3.0 × 10−15 64,399.4000 15.9700

C-3 0.000256 6.1 × 10−10 0.02690 2.3 × 10−8 1.3 × 10−11 7.7 × 1010 3.3 × 10−15 59,677.9700 15.2800

C-4 0.000258 5.8 × 10−10 0.02750 2.1 × 10−8 1.2 × 10−11 8.3 × 1010 3.1 × 10−15 63,056.0000 16.2700

C-5 0.000252 5.6 × 10−10 0.02689 2.1 × 10−8 1.2 × 10−11 8.3 × 1010 3.0 × 10−15 64,375.2400 16.2200

Mean 0.0002486 5.8 × 10−10 0.02720 2.1 × 10−8 1.2 × 10−11 8.2 × 1010 3.0 × 10−15 64,749.2000 16.0560

Wet cup test

C-6 0.000277 1.9 × 10−9 0.02750 6.8 × 10−8 8.6 × 10−11 1.2 × 1010 2.4 × 10−14 8158.8500 2.2600

C-7 0.000284 1.7 × 10−9 0.02750 6.1 × 10−8 7.8 × 10−11 1.3 × 1010 2.2 × 10−14 8802.8200 2.5000

C-8 0.000278 2.0 × 10−9 0.02720 7.2 × 10−8 9.1 × 10−11 1.1 × 1010 2.5 × 10−14 7645.3800 2.1300

C-9 0.000262 1.7 × 10−9 0.02660 6.2 × 10−8 7.9 × 10−11 1.3 × 1010 2.1 × 10−14 9395.5200 2.4600

C-10 0.000263 1.6 × 10−9 0.02660 5.9 × 10−8 7.5 × 10−11 1.3 × 1010 2.0 × 10−14 9809.4800 2.5800

Mean 0.0002728 1.7 × 10−9 0.02708 6.4 × 10−8 8.2 × 10−11 1.2 × 1010 2.2 × 10−14 8762.4100 2.3860
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Table A5. Water vapour resistivity properties of sample C at 23 ◦C 80% RH.

Sample Tested
at 23 ◦C 80%

RH

Mean
Thickness

d (m)

Mass Change
Rate/Time
(G in kg/s)

Area
m2

Water Vapour Flux
g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion
Equivalent
Air Layer

Thickness Sd

Dry cup test

C-1 0.000284 4.2 × 10−9 0.02720 1.5 × 10−7 7.1 × 10−11 1.4 × 1010 2.0 × 10−14 9628.2300 2.7300

C-2 0.000277 4.3 × 10−9 0.02750 1.5 × 10−7 7.2 × 10−11 1.4 × 1010 2.0 × 10−14 9797.8500 2.7100

C-3 0.000278 4.1 × 10−9 0.02690 1.5 × 10−7 7.0 × 10−11 1.4 × 1010 1.9 × 10−14 10,035.9700 2.7900

C-4 0.000262 4.2 × 10−9 0.02750 1.5 × 10−7 7.0 × 10−11 1.4 × 1010 1.8 × 10−14 10,584.5300 2.7700

C-5 0.000263 4.3 × 10−9 0.02690 1.6 × 10−7 7.4 × 10−11 1.4 × 1010 1.9 × 10−14 10,030.1700 2.6400

Mean 0.0002728 4.2 × 10−9 0.02720 1.5 × 10−7 7.1 × 10−11 1.4 × 1010 1.9 × 10−14 10,015.3500 2.7280

Wet cup test

C-6 0.000277 9.3 × 10−10 0.02750 3.4 × 10−8 9.2 × 10−11 1.1 × 1010 2.6 × 10−14 7476.8900 2.0700

C-7 0.000284 1.1 × 10−9 0.02750 4.1 × 10−8 1.1 × 10−10 8.9 × 109 3.2 × 10−14 5954.2400 1.6900

C-8 0.000278 1.2 × 10−9 0.02720 4.3 × 10−8 1.2 × 10−10 8.6 × 109 3.2 × 10−14 5882.1300 1.6400

C-9 0.000262 9.3 × 10−10 0.02660 3.5 × 10−8 9.5 × 10−11 1.0 × 1010 2.5 × 10−14 7643.6600 2.0000

C-10 0.000263 8.5 × 10−10 0.02660 3.2 × 10−8 8.7 × 10−11 1.1 × 1010 2.3 × 10−14 8314.1600 2.9000

Mean 0.0002728 1.0 × 10−9 0.02708 3.7 × 10−8 1.0 × 10−10 1.0 × 1010 2.8 × 10−14 7054.2160 2.0600
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Table A6. Water vapour resistivity properties for sample D at 23 ◦C 35% RH.

Sample Tested
at 23 ◦C 35%

RH

Mean
Thickness d

(m)

Mass Change
Rate/Time
(G in kg/s)

Area m2
Water Vapour

Flux g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion-Air
Layer

Thickness Sd

Dry cup test

D-1 0.000224 7.23 × 10−11 2.60 × 10−2 2.78 × 10−9 3.10 × 10−12 3.23 × 1011 6.94 × 10−16 281,432.34 63.04

D-2 0.00022 9.65 × 10−11 2.57 × 10−2 3.75 × 10−9 4.18 × 10−12 2.39 × 1011 9.19 × 10−16 212,427.32 46.73

D-3 0.000221 8.20 × 10−11 2.49 × 10−2 3.29 × 10−9 3.66 × 10−12 2.73 × 1011 8.10 × 10−16 241,020.61 53.27

D-4 0.000227 1.01 × 10−10 2.32 × 10−2 4.37 × 10−9 4.86 × 10−12 2.06 × 1011 1.10 × 10−15 176,990.51 40.18

D-5 0.000221 8.20 × 10−11 2.32 × 10−2 3.53 × 10−9 3.93 × 10−12 2.54 × 1011 8.69 × 10−16 224,580.78 49.63

Mean 0.000223 8.68 × 10−11 0.0246 3.54 × 10−9 3.95 × 10−12 2.59 × 1011 8.79 × 10−16 2.27 × 105 50.57

Wet cup test

D-6 0.00022 3.71 × 10−10 0.0275 1.35 × 10−8 8.24 × 10−12 1.21 × 1011 1.81 × 10−15 1.08 × 105 23.69

D-7 0.00022 3.08 × 10−10 0.0269 1.14 × 10−8 6.98 × 10−12 1.43 × 1011 1.54 × 10−15 1.27 × 105 27.96

D-8 0.00023 2.86 × 10−10 0.0263 1.09 × 10−8 6.64 × 10−12 1.51 × 1011 1.50 × 10−15 1.31 × 105 29.38

D-9 0.00022 2.97 × 10−10 0.0255 1.16 × 10−8 7.11 × 10−12 1.41 × 1011 1.57 × 10−15 1.24 × 105 27.46

D-10 0.00022 3.29 × 10−10 0.0263 1.25 × 10−8 7.63 × 10−12 1.31 × 1011 1.69 × 10−15 1.15 × 105 25.59

Mean 0.00022 3.18 × 10−10 0.0265 1.20 × 10−8 7.32 × 10−12 1.37 × 1011 1.62 × 10−15 1.21 × 105 26.816
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Table A7. Water vapour resistivity properties for sample D at 23 ◦C 50% RH.

Sample Tested
at 23 ◦C 50%

RH

Mean
Thickness d

(m)

Mass Change
Rate/Time
(G in kg/s)

Area m2
Water Vapour

Flux g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion-Air
Layer

Thickness Sd

Dry cup test

D-1 0.000230 2.02 × 10−10 0.02750 7.33 × 10−9 5.56 × 10−12 1.80 × 1011 1.28 × 10−15 151,165 34.77

D-2 0.000223 3.17 × 10−10 0.02776 1.14 × 10−8 8.65 × 10−12 1.16 × 1011 1.93 × 10−15 100,117.68 22.33

D-3 0.000228 2.59 × 10−10 0.02750 9.43 × 10−9 7.14 × 10−12 1.40 × 1011 1.63 × 10−15 118,581.32 27.04

D-4 0.000227 2.02 × 10−10 0.02750 7.33 × 10−9 5.56 × 10−12 1.80 × 1011 1.26 × 10−15 153,171.81 34.77

D-5 0.000221 1.38 × 10−10 0.02750 5.04 × 10−9 3.82 × 10−12 2.62 × 1011 8.43 × 10−16 229,117.18 50.64

Mean 0.000226 2.236 × 10−10 0.02755 8.108 × 10−9 6.145 × 10−12 1.755 × 1011 1.388 × 10−15 1.504 × 105 33.91

Wet cup test

D-6 0.00022 2.04 × 10−10 0.02750 7.42 × 10−9 6.15 × 10−12 1.63 × 1011 1.35 × 10−15 143,277.73 31.52

D-7 0.000221 1.15 × 10−10 0.02690 4.29 × 10−9 3.55 × 10−12 2.82 × 1011 7.85 × 10−16 246,887.09 54.56

D-8 0.000225 1.06 × 10−10 0.02630 4.05 × 10−9 3.35 × 10−12 2.98 × 1011 7.55 × 10−16 256,844.44 57.79

D-9 0.000221 1.15 × 10−10 0.02780 4.15 × 10−9 3.44 × 10−12 2.91 × 1011 7.60 × 10−16 255,149.38 56.39

D-10 0.000222 1.42 × 10−10 0.02690 5.28 × 10−9 4.37 × 10−12 2.29 × 1011 9.62 × 10−16 201,486.17 44.73

Mean 0.000222 1.37 × 10−10 0.02708 5.04 × 10−9 4.17 × 10−12 2.52 × 1011 9.23 × 10−16 220,728.96 48.998
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Table A8. Water vapour resistivity properties for sample D at 23 ◦C 65% RH.

Sample Tested
at 23 ◦C 65%

RH

Mean
Thickness d

(m)

Mass Change
Rate/Time
(G in kg/s)

Area m2
Water Vapour

Flux g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion-Air
Layer

Thickness Sd

Dry cup test

D-1 0.000230 1.434 × 10−10 0.0275 5.216 × 10−9 2.996 × 10−12 3.338 × 1011 6.892 × 10−16 282,754.23 65.03

D-2 0.000223 1.149 × 10−10 0.2780 5.358 × 10−9 3.078 × 10−12 3.249 × 1011 6.864 × 10−16 283,905.36 63.31

D-3 0.000228 1.545 × 10−10 0.0275 5.617 × 10−9 3.227 × 10−12 3.099 × 1011 7.357 × 10−16 264,860.83 60.39

D-4 0.000225 1.545 × 10−10 0.0241 6.409 × 10−9 3.682 × 10−12 2.716 × 1011 8.284 × 10−16 235,199.55 52.92

D-5 0.000223 1.379 × 10−10 0.0241 5.722 × 10−9 3.287 × 10−12 3.042 × 1011 7.331 × 10−16 265,798.54 59.27

Mean 0.000226 1.410 × 10−10 0.0762 5.664 × 10−9 3.254 × 10−12 3.089 × 1011 7.345 × 10−16 266,503.70 60.184

Wet cup test

D-6 0.000220 1.048 × 10−10 0.02750 3.811 × 10−9 4.848 × 10−12 2.063 × 1011 1.067 × 10−15 182,658.01 40.19

D-7 0.000221 7.723 × 10−11 0.02690 2.871 × 10−9 3.652 × 10−12 2.714 × 1011 8.071 × 10−16 241,413.14 53.35

D-8 0.000225 6.620 × 10−11 0.02630 2.517 × 10−9 3.202 × 10−12 3.123 × 1011 7.204 × 10−16 270,479.00 60.86

D-9 0.000221 7.723 × 10−11 0.02630 2.937 × 10−9 3.735 × 10−12 2.677 × 1011 8.255 × 10−16 236,027.34 52.16

D-10 0.000222 8.826 × 10−11 0.02630 3.356 × 10−9 4.269 × 10−12 2.343 × 1011 9.477 × 10−16 205,582.47 45.64

Mean 0.000222 8.275 × 10−11 0.02666 3.098 × 10−9 3.941 × 10−12 2.584 × 1011 8.735 × 10−16 227,231.99 50.44
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Table A9. Water vapour resistivity properties for sample D at 23 ◦C 80% RH.

Sample Tested
at 23 ◦C 80%

RH

Mean
Thickness d

(m)

Mass Change
Rate/Time
(G in kg/s)

Area m2
Water Vapour

Flux g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion-Air
Layer

Thickness Sd

Dry cup test

D-1 0.000230 1.412 × 10−10 0.0275 5.135 × 10−9 2.375 × 10−12 4.210 × 1011 5.463 × 10−16 356,892.45 82.09

D-2 0.000223 1.540 × 10−10 0.0278 5.541 × 10−9 2.563 × 10−12 3.902 × 1011 5.716 × 10−16 341,081.84 76.06

D-3 0.000228 1.284 × 10−10 0.0275 4.668 × 10−9 2.159 × 10−12 4.632 × 1011 4.923 × 10−16 396,028.31 90.3

D-4 0.000225 1.091 × 10−10 0.0269 4.056 × 10−9 1.876 × 10−12 5.330 × 1011 4.222 × 10−16 461,832.23 103.91

D-5 0.000223 1.284 × 10−10 0.0278 4.617 × 10−9 2.136 × 10−12 4.682 × 1011 4.763 × 10−16 409,333.34 91.3

Mean 0.000226 1.322 × 10−10 0.0275 4.803 × 10−9 2.222 × 10−12 4.551 × 1011 5.017 × 10−16 393,033.63 88.732

Wet cup test

D-6 0.000220 1.012 × 10−10 0.0275 3.368 × 10−9 1.009 × 10−11 9.909 × 10−10 2.220 × 10−15 87,878.64 19.33

D-7 0.000221 9.662 × 10−11 0.0269 3.592 × 10−9 9.847 × 10−12 1.016 × 1011 2.176 × 10−15 89,638.00 19.81

D-8 0.000225 9.202 × 10−11 0.0263 3.499 × 10−9 9.592 × 10−12 1.043 × 1011 2.158 × 10−15 90,400.00 20.34

D-9 0.000221 9.662 × 10−11 0.0278 3.476 × 10−9 9.528 × 10−12 1.050 × 1011 2.106 × 10−15 92,658.10 20.48

D-10 0.000222 8.742 × 10−11 0.0263 3.324 × 10−9 9.113 × 10−12 1.097 × 1011 2.023 × 10−15 96,454.65 21.41

Mean 0.000222 9.478 × 10−11 0.0270 3.452 × 10−9 9.635 × 10−12 8.409 × 1010 2.137 × 10−15 91,405.88 20.274
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Table A10. Water vapour resistivity properties for sample E at 23 ◦C 35% RH.

Sample Tested
at 23 ◦C 35%

RH

Mean
Thickness d

(m)

Mass Change
Rate/Time
(G in kg/s)

Area m2
Water Vapour

Flux g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion-Air
Layer

Thickness Sd

Dry cup test

E-1 0.00031 4.306 × 10−11 0.02780 1.549 × 10−9 1.724 × 10−12 5.800 × 1011 5.345 × 10−16 389,498.37 120.75

E-2 0.00029 4.037 × 10−11 0.02460 1.640 × 10−9 1.827 × 10−12 5.475 × 1011 5.297 × 10−16 368,056.99 106.74

E-3 0.00031 4.038 × 10−11 0.02840 1.424 × 10−9 1.584 × 10−12 6.312 × 10−11 4.960 × 10−16 393,081.26 123.03

Mean 0.00030 4.127 × 10−11 0.02693 1.538 × 10−9 1.712 × 10−12 3.758 × 1011 5.201 × 10−16 383,545.54 116.84

Wet cup test

E-4 0.000335 9.802 × 10−11 0.0278 3.553 × 10−9 2.165 × 10−12 4.618 × 1011 7.26 × 10−16 268,715.42 90.04

E-5 0.000324 8.524 × 10−11 0.0269 3.169 × 10−9 1.946 × 10−12 5.139 × 1011 6.30 × 10−16 309,231.34 100.19

E-6 0.000301 8.524 × 10−11 0.0278 3.066 × 10−9 1.883 × 10−12 5.311 × 1011 5.67 × 10−16 344,000.60 103.54

Mean 0.000320 8.950 × 10−11 0.0275 3.262 × 10−9 1.998 × 10−12 5.023 × 1011 6.41 × 10−16 307,315.79 97.92
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Table A11. Water vapour resistivity properties for sample E at 23 ◦C 50% RH.

Sample Tested
at 23 ◦C 50%

RH

Mean
Thickness d

(m)

Mass Change
Rate/Time
(G in kg/s)

Area m2
Water Vapour

Flux g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion-Air
Layer

Thickness Sd

Dry cup test

E-1 0.00031 3.851 × 10−11 0.0278 1.385 × 10−9 1.050 × 10−12 9.526 × 1011 3.254 × 10−16 594,508.48 184.3

E-2 0.00029 4.630 × 10−11 0.0246 1.882 × 10−9 1.426 × 10−12 7.012 × 1011 4.136 × 10−16 467,726.01 135.64

E-3 0.00031 4.243 × 10−11 0.0284 1.494 × 10−9 1.132 × 10−12 8.832 × 1011 3.544 × 10−16 545,857.49 170.85

Mean 0.00030 4.241 × 10−11 0.0269 1.587 × 10−9 1.203 × 10−12 8.457 × 1011 3.645 × 10−16 536,030.66 163.5966667

Wet cup test

E-4 0.00034 3.110 × 10−10 0.0278 1.119 × 10−8 9.267 × 10−12 1.079 × 1011 3.105 × 10−15 62,260.73 20.86

E-5 0.00032 2.534 × 10−10 0.0269 9.421 × 10−9 7.804 × 10−12 1.281 × 1011 2.528 × 10−15 74,814.43 24.24

E-6 0.00030 2.650 × 10−10 0.0278 9.531 × 10−9 7.894 × 10−12 1.267 × 1011 2.376 × 10−15 81,357.68 24.49

Mean 0.00032 2.765 × 10−10 0.0275 1.005 × 10−8 8.322 × 10−12 1.209 × 1011 2.670 × 10−15 72,810.95 23.19666667
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Table A12. Water vapour resistivity properties for sample E at 23 ◦C 65% RH.

Sample Tested
at 23 ◦C 65%

RH

Mean
Thickness d

(m)

Mass Change
Rate/Time
(G in kg/s)

Area m2
Water Vapour

Flux g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion-Air
Layer

Thickness Sd

Dry cup test

E-1 0.00031 9.181 × 10−11 0.0278 3.303 × 10−9 1.897 × 10−12 5.271 × 1011 5.881 × 10−16 332,157.95 102.97

E-2 0.00029 4.391 × 10−11 0.0246 1.784 × 10−9 1.025 × 10−12 9.757 × 1011 2.973 × 10−16 657,256.52 190.60

E-3 0.00031 5.588 × 10−11 0.0284 1.968 × 10−9 1.130 × 10−12 8.846 × 1011 3.538 × 10−16 552,166.05 172.83

Mean 0.00030 6.387 × 10−11 0.0269 2.351 × 10−9 1.351 × 10−12 7.958 × 1011 4.131 × 10−16 513,860.17 155.47

Wet cup test

E-4 0.00034 1.357 × 10−10 0.0278 4.882 × 10−9 6.210 × 10−12 1.610 × 1011 2.080 × 10−15 93,864.25 40.19

E-5 0.00032 1.198 × 10−10 0.0269 4.452 × 10−9 5.663 × 10−12 1.766 × 1011 1.835 × 10−15 106,429.44 34.48

E-6 0.00030 1.836 × 10−10 0.0278 6.605 × 10−9 8.402 × 10−12 1.190 × 1011 2.529 × 10−15 77,196.40 23.24

Mean 0.00032 1.464 × 10−10 0.0275 5.313 × 10−9 6.758 × 10−12 1.522 × 1011 2.148 × 10−15 92,496.70 32.64
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Table A13. Water vapour resistivity properties for sample E at 23 ◦C 80% RH.

Sample Tested
at 23 ◦C 80%

RH

Mean
Thickness d

(m)

Mass Change
Rate/Time
(G in kg/s)

Area m2
Water Vapour

Flux g = G/A in
kg/(s·m2)

Water Vapour
Permeance
W = g/dp in
kg/(s·m2·Pa)

Water Vapour
Resistance
Z = 1/W in

(s·m2·Pa)/kg

Water Vapour
Permeability
δ = W × d in
kg/(s·m·Pa)

Water Vapour
Resistance

Factor µ

Diffusion-Air
Layer

Thickness Sd

Dry cup test

E-1 0.00031 1.158 × 10−10 0.0278 4.164 × 10−9 1.926 × 10−12 5.191 × 1011 5.972 × 10−16 326,677.42 101.27

E-2 0.00029 9.710 × 10−11 0.0246 3.945 × 10−9 1.825 × 10−12 5.479 × 1011 5.293 × 10−16 368,603.69 106.90

E-3 0.00031 8.216 × 10−11 0.0284 2.893 × 10−9 1.338 × 10−12 7.473 × 1011 4.188 × 10−16 465,794.19 145.79

Mean 0.00030 9.834 × 10−11 0.0269 3.667 × 10−9 1.697 × 10−12 6.048 × 1011 5.151 × 10−16 387,025.10 117.99

Wet cup test

E-4 0.00034 1.232 × 10−10 0.0278 4.433 × 10−9 1.215 × 10−11 8.233 × 1010 4.069 × 10−15 47,894.29 16.05

E-5 0.00032 1.083 × 10−10 0.0269 4.026 × 10−9 1.103 × 10−11 9.066 × 1010 3.574 × 10−15 54,534.09 17.67

E-6 0.00030 1.531 × 10−10 0.0278 5.508 × 10−9 1.509 × 10−11 6.627 × 1010 4.542 × 10−15 42,029.55 12.65

Mean 0.00032 1.282 × 10−10 0.0275 4.656 × 10−9 1.276 × 10−11 7.975 × 1010 4.062 × 10−15 48,152.64 15.46
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