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Executive summary

Climate change will potentially cause higher moisture related degradation risks of wood-frame building
envelopes, and impact on their durability performance. To assess the moisture related risks and investigate the
risk mitigation solutions of the wood-frame building envelopes that are subjected to climate change, NRC
Construction Research Centre has launched a 5-year (2021 to 2026) research project “Decision support tools for
building envelope performance assessment’”.

In this project, hygrothermal simulations will be performed to assess the impact of climate change on durability
performance of building envelopes and evaluate the potential solutions to mitigate the moisture related
degradation risks. Hygrothermal properties of building materials are very important input parameters that
influence the accuracy of the simulation results and significantly impact the reliability of the risk assessment and
the recommendation of mitigation solutions. Amongst the material property related input parameters, saturation
water content and liquid diffusivity were proved to have the most significant influence on simulation results,
particularly for walls that are susceptible to a higher risk of rainwater penetration in the future climate. However,
these two parameters are subjected to large uncertainties, which are caused by not only the random error from
measurement or heterogeneity of the specimens used for measurement, but also a variety of measurement and
mathematical derivation methods (systematic measurement uncertainty and modelling uncertainty) used to
acquire the parameters. The first type of uncertainty source could be taken into account by stochastic simulation,
which uses random numbers from a specific probability distribution as the inputs for hygrothermal simulation.
However, the second type of uncertainty source should be minimized before implementing simulation in order to
ensure: 1) the simulation results — either stochastic or deterministic, properly reflect the wall responses to the
climatic conditions in a climatological period; and, 2) the variance-based sensitivity analysis properly reflects the
part of variation in the simulation results that could be attributed to the stochastic nature of material properties
when evaluating the relative importance of material properties as compared to other design or climate
parameters.

As one of milestones of the project “Decision support tools for building envelope performance assessment’, this
report aims at identifying systematic measurement uncertainty of saturation water content and modelling
uncertainty of liquid diffusivity. To achieve this goal, firstly, the mathematical description of moisture storage
property and related measurements were reviewed; the saturation water content of bricks, oriented strand board
(OSB) and spruce from different literatures were summarized to identify the uncertainty of saturation water
content caused by different methods used to saturate the test specimens. For the same material, the samples
that have similar density and water absorption coefficient (A-value) in different literature sources were selected
to make sure the comparison can be focused on the uncertainty caused by different saturating methods. The A-
value of some water resistive barriers (WRBs) were also summarized, since it is an important parameter for
deriving the liquid diffusivity for hygrothermal simulation, particularly when considering the liquid water deposited
on the WRB. Then, the equations for calculating the moisture dependent and averaged liquid diffusivity (LD) in
literature were reviewed, the accuracy of the most widely used equations were assessed by comparing the
derived LDs with the measured LDs for bricks, OSB and spruce. In order to evaluate the impact of the saturation
water content on the accuracy of the derived LDs, two levels of saturation- vacuum and free water saturation
were used to derive the LDs. Since the measured LDs of WRBs were not found in literature, the derived LDs of
WRBs were compared with those of OSB and spruce to assess the applicability of the LD equations for WRBs.
Hygrothermal simulations were performed for a brick clad wood-frame wall to demonstrate the difference in
simulation results caused by different saturation water contents and liquid diffusivities of brick.

This report has shown that the large variation of saturation water content caused by systematic measurement
uncertainties could result in significant variation of liquid diffusivity obtained from derived equations. The LDs
derived based on vacuum saturation are generally lower than the measured LDs, and those derived based on
free water saturation are closer to the measured ones. The differences between the derived and the measured
LDs are more significant for OSB and spruce than for bricks. The derived LDs for WRBs are in the same or higher
level with those for OSB and spruce, which indicates the derived equations may not be applicable for WRBs.
Given the importance of free water saturation in the derivation of LDs, this material property should be recorded
from standard water uptake test in the future laboratory material tests. Since the shaping factor (b-value), which
determines the slope of the moisture content (MC) dependent LD, significantly influence the LD in the
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intermediate range between hygroscopic and capillary ranges, the wetting and drying curves should be plotted
to calibrate the MC dependent LD for hygrothermal simulation. The hygrothermal simulations have shown that
the saturation water content and liquid diffusivty jointly determined the simulation results. The model using
vacuum saturation of brick tends to have a higher moisture content and mould growth index of OSB than that
using free water saturation. The liquid diffusivity in capillary activity range substaintally influence the simulation
results, i,e, higher liquid diffusivity of brick results in higher moisture content and mould growth index of OSB.
Different levels of saturation water content of brick can result in conclusive difference in mould growth risk
assessment.
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A review of critical material properties for
hygrothermal simulations —
saturation water content and liquid diffusivity

1 Introduction

Hygrothermal simulation has been widely used for analyzing the moisture performance and assessing the
moisture-related degradation risks of building envelopes, which will be exposed to more severe future moisture
loads due to the changing climate. In order to provide a reliable risk assessment and recommendation of risk
mitigation solutions based on hygrothermal simulation, the accuracy of simulation results is of critical importance.
The inputs of material properties for hygrothermal simulation significantly influence the accuracy of simulation
results, however, the material property parameters are subjected to large uncertainties which might be
propagated to the simulation results and make the moisture performance analysis unreliable.

In the past two decades, many studies have been carried out to investigate the uncertainties of material properties
and their influences on hygrothermal simulation results. Salonvaara et al. (2001) investigated the influence of the
uncertainties of material properties of a stucco wall on the simulation results of the moisture content of OSB
through Monte Carlo analysis (MCA). All the material properties of stucco and OSB in the simulation model were
varied by +5% to +20%, it was found that such variations can result in a +50% uncertainty of the simulated
moisture content of OSB. Holm and Kunzel (2002) conducted sensitivity analysis of the hygrothermal simulation
results of an autoclaved aerated concrete (AAC) roof through differential sensitivity analysis (DSA) and MCA. All
the material properties of the AAC roof were varied by +5% to +30%. It was found that the free water saturation
and water absorption coefficient (A-value) of AAC are the most important parameters, since these two parameters
have resulted in the largest variation of the simulated moisture content of the roof as compared to other
parameters. Zhao et al. (2011) applied MCA and partial correlation coefficient (PCC) analysis of a stucco wall to
rank the importance of different material properties and boundary condition coefficients. All the material
properties and boundary condition coefficients were considered as stochastic variables, and the material property
parameters were assigned with normal distributions which reflect the random measurement uncertainties and
heterogeneity uncertainties. They found that the saturation water content of stucco and OSB and the liquid
conductivity of stucco are the most important parameters that influence the total moisture content of the wall
assembly, given their PCC values were on the top among the investigated properties. Similar studies were also
conducted by Mukhopadhyaya et al. (2010), Defraeye et al. (2013) and Grint et al. (2020), they all concluded that
the moisture storage and liquid transport properties of the building materials have significant influence on the
hygrothermal simulation results.

Recently, Aggarwal et al. (2021) investigated the influence of these two properties of brick on the simulated
moisture content and mold growth index of OSB in a brick veneer clad wood-frame wall exposed to historical and
future climate in selected Canadian cities. They found that the £50% random measurement uncertainties of liquid
diffusivity could result in around 150% variation (relative difference between the min. and max. values) of
averaged mould growth index for 3 years’ simulation in cold climate cities such as Ottawa and Toronto; and the
+20% uncertainties of saturation water content could result in around 80% (relative difference between the min.
and max. values) variation in simulated mould growth index for these cities. The 150% variation in mould growth
index for three years simulation could result in a conclusive difference in mould growth risk assessment, for
example, if the simulated mould growth index is 2 (within acceptable range according to ASHRAE 160 (2021)),
then due to the uncertainty of liquid diffusivity, the possible higher bound could be 3 (unacceptable according to
ASHRAE 160 (2021)).

Given the importance of the saturation water content and liquid diffusivity on the hygrothermal simulation, the
uncertainties of these two parameters could be taken into consideration through stochastic simulation. However,
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there are different sources of uncertainties during the process of preparing the material property parameters for
hygrothermal simulation. As shown in Figure 1, the uncertainties can be categorized to heterogeneity uncertainty,
measurement uncertainty and modelling uncertainty. Most of the previous studies focused on the heterogeneity
uncertainty caused by different specimens within one type of material and measurement uncertainty caused by
random error. However, the systematic measurement uncertainty and the modelling uncertainty may result in
larger variation of the property parameters for hygrothermal simulation and significantly skew the simulation
results and make the risk assessment unreliable.

Different types of one

/ specific material
Heterogeneity Pl

e Different specimens
h within one type of one
specific material

Random error: human
error; accuracy limitation
Uncertainties of ) of instruments
material g
properties

Different empirical
equations
Modelling

R TIY \\ Missed information for
fitting the coefficients in
the empirical equations

Figure 1 Categorization of uncertainties of material properties

This report aims at identifying the systematic measurement uncertainty of saturation water content and modelling
uncertainty of liquid diffusivity and demonstrating the influence of such uncertainties on hygrothermal simulation
results. Firstly, a literature review is provided for the mathematical descriptions of the moisture storage and liquid
transport properties. Then, the saturation water content of brick, OSB and spruce reported from different
laboratories and different hygrothermal simulation programs aresummarized to quantify the systematic
measurement uncertainty, i.e. the uncertainty caused by different methods used for saturating the test
specimens; the saturation water content and A-value of WRBs were also summarized since the liquid transport
of WRBs may need to be taken into consideration when the penetrated rain water is incident on the WRBs. The
liquid diffusivities of these four materials derived from different empirical equations and different levels of
saturation water content were compared to quantify the modelling uncertainty. The differences of the
hygrothermal simulation results, specifically the moisture content and mould growth index of OSB sheathing,
caused by different levels of saturation water content and liquid diffusivities of brick were identified through the
simulations of a brick clad wood-frame wall using WUFI Pro 6.5. Finally, this report identified the information
required from laboratory tests to prepare reliable saturation water content and liquid diffusivity for hygrothermal
simulation.

RESEARCH REPORT CRBE A1-020287-R01 PAGE 12
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2 Literature review

2.1 Moisture balance equations

The liquid transport phenomena in porous building materials can be described by the: 1) moisture storage
function together with the liquid diffusivity approach, or; 2) moisture retention curve together with the liquid
conductivity approach. The moisture balance equations for these two approaches are:

ow ad

o ar = V(@ +8) =V(7p, + Dy IW) + Q. (1)
ow 0p¢

a_ma_pt =-V(g,+8g) =V(Vp, —K|Vpo) + @, (2)
Where:

w - water content, kg/m?

@ - relative humidity

® - vapor permeability, kg/s.m.Pa
Vp, - vapor pressure gradient
D,, - liquid diffusivity, m?/s

w - water content gradient

K; - liquid conductivity, s

Vp. - capillary pressure gradient
Q,, - moisture source, kg/m?

The first approach was established based on the empirically derived transport potential, based on the water
content (Kunzel 1995). The parameters required for describing the moisture storage and liquid transport
properties are the: moisture storage function; moisture content as a function of relative humidity, and; liquid
diffusivity curve, which is the liquid diffusivity as a function of moisture content.

The second approach was established based on the thermodynamic transport potential, i.e., the capillary
pressure (Grunewald et al. 2003). The required parameters to solve this approach in respect to the liquid transport
function are the moisture retention curve, which is the moisture content as a function of capillary pressure, and
the liquid conductivity curve, which is the liquid conductivity as a function of moisture content.

These two approaches established the theoretical foundations of the most widely used simulation programs -
WUFI and DELPHIN. WUFI was developed based on the first approach, whereas DELPHIN was developed
based on the second approach.

2.2 Moisture storage property

2.2.1 Moisture storage function

The moisture storage function can be described using empirical equations that require the measurement of the
equilibrium moisture content (EMC) at different levels of RH to estimate the fitting factors. Kunzel (1995)
suggested an empirical equation for the moisture storage function:

b-
(T 3)

w(g;b) =w

Where:
w - moisture content at specific relative humidity, kg/m?3

wi - free water saturation, kg/m?®
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@ - relative humidity, between 0 and 1
b - fitting factor

To use this equation, only the moisture content at a relative humidity of 80% (reference moisture content) and
100% (free water saturation) are needed to estimate the fitting factor, b. From this, the moisture content at any
relative humidity level can be calculated using equation 3. Kunzel (1995) compared the moisture storage function
estimated by equation (3) with the measured moisture storage function for four materials: lime silica brick, cellular
concrete, clay brick and gypsum board. The estimated storage functions showed a good agreement with the
measured values. However, this formula is not sufficiently accurate for all building materials, and some materials
(e.g. some kinds of concrete) cannot be estimated using this equation. Burch and Chi (1997) proposed another
empirical equation, which is more accurate than Kunzel's equation but requires more test points to estimate the
fitting factors:

w(g;ab;e) = ——r  (4)

Where:
w - moisture content at specific relative humidity, kg/m?3
@ - relative humidity, between 0 and 1
a, b, c - fitting factor

The measurement of EMC in the hygroscopic range (10%-90% RH) at different levels of RH has been
standardized (ASTM C1498-04a, 2016), and most of the laboratory tests have included at least three test points
to determine the moisture storage function. Generally, measurement of the moisture storage function is up to
90% RH, and points higher than 90%RH could be obtained by extrapolation using equation (3) or (4), or
measuring the moisture retention curve using a pressure plate apparatus. Since the variation of moisture content
in the hygroscopic range is much lower than that in the capillary range (generally RH between 95% and 100%),
the influence of measurement and modelling uncertainties on the simulation results in the hygroscopic range are
less significant than those in capillary range. It is worthwhile to mention that the hysteresis effect of the moisture
storage function, the difference between adsorption and desorption curves as shown in Figure 2, was not
considered in the most widely used simulation programs- WUFI and DELPHIN. According to a recent study by
Libralato et al. (2021), this effect considerably influences the reliability of wood decay prediction for mass timber
materials. However, the uncertainty caused by the hysteresis effect was not in the scope of this report.

Desorption curve

N

Scanning curve

MC (kg/kg, %)

T~

Adsorption curve

b RH [%)] 100

Figure 2 Hysteresis effect on moisture storage function (adapted from Rode (2018))
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2.2.2 Moisture retention curve

The moisture storage function in the capillary range and over-saturation (RH 100%) range becomes extremely
steep, and the relationship between MC and RH is not easy to be captured by lab tests and interpreted through
numerical analysis. The moisture retention curve can be used to describe the moisture storage property in such
ranges. The moisture retention curve was originally used in soil science to model the transient water and solute
transport in the unsaturated zone (vadose zone), at which the groundwater is at atmospheric pressure. The
relationship between the moisture content in soil and the capillary pressure can be described by analytical
functions, and the parameters can be obtained by fitting the function to experimental water content and liquid
conductivity data (van Genuchten, 1980). Based on van Genuchten’s equation (1980), Durner (1994) developed
an unimodal curve that can be used in the field of building physics:

w(pc;a,n,m) = we[l+ (ap)"]™ (5)

Where:
pc - capillary pressure, Pa
wi - free water saturation, kg/m?®
a - scalling factor determining the position of the pore volume maximum
n,m - deimensionless curve-shape parameters

Carmeliet and Roels (2002) developed a bimodal equation and a mixed equation, as presented in equation (6)
and (7), respectively. The bimodal equation has more fitting factors than the unimodal, therefore, it requires more
test points to estimate the fitting factors. The mixed equation uses two driving potentials to describe the
hygroscopic and over-hygroscopic ranges separately.

W(pc; ll' aq, g, My, lZ' az, Ny, mz) = Wcapll [1 + ("‘lll:)c)nl]_m1 + Wcaplz [1 + (azpc)nz]_mz (6)

W((p' Po: Wiim, &, 1, m) = Vvlim(Pn + (Wcap - Wlim) [1 + (O‘pc)m]_(l_(%)) (7)

Where:
wim - the limit moisture content that divides the hygroscopic region and capillary region (kg/m3)
Weap - free water saturation (kg/m?®)

Carmeliet and Roels (2002) compared the moisture retention curve derived using the unimodal curve and the
bimodal with the measured moisture retention curve for ceramic brick and calcium silicate. It was found that the
unimodal equation is only applicable in the hygroscopic range, whereas, the bimodal equation is more suitable
for materials having fewer hygroscopic characteristics but nonetheless, significant capillary activity. The mixed
equation also showed good accuracy in both the hygroscopic and capillary ranges.

A more complicated equation, the gauss model, involves the use of pore structure analysis; this equation was
suggested by Grunewald et al. (2003).

6i ci—Pc
01(pe) = Zilo 73 (1 + erf (L29))  (8)
Where:
pc- the capillary pressure (Pa)
i - the partial volume fraction
Si- the deviation parameter describing the width of the pore volume distribution

In this equation, more information, such as the pore structure and pore radii, is needed to obtain the moisture
retention curve. However, such information is not easy to obtain using standard material tests.
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The measurement of the moisture retention curve has also been standardized (ASTM C1699-09, 2015). To
measure the moisture retention curve, the specimen has to be fully immersed in water under a vacuum condition
in order to forcefully remove and entrapped air within the pores of the material. The vacuum saturation approach
is considered as the starting point for the pressure plate desorption test, for which the specimen is pressurized
and water is forced out of the specimen. During the desorption process, the different pressure levels and
corresponding moisture contents are recorded; thereafter, the moisture retention curve can be plotted using
interpolation or the empirical equations.

2.2.3 Relationship between moisture storage function and
moisture retention curve
The relationship between the capillary pressure and relative humidity can be described by Kelvin’'s equation:

Pc = - lelen(q)) (9)

Where:
Pc - capillary pressure, Pa
pi - density of liquid water, kg/m?®
Ry - gas constant for water vapor, 461.5 J/(kg.K)

T - temperature in Kelvin, since the measurements of moisture storage function and moisture retention
curve are commonly performed under isotherm condition, T is assumed as 22 + 273.15 = 295.15 K

@ - relative humidity, between 0 and 1

By using equation (9), the pressure, as applied in the pressure plate test, can be converted to relative humidity.
The moisture storage function, in the over-hygroscopic range, can be completed using the data obtained from
the pressure plate test. Similarly, the relative humidity in the hygroscopic range, can be converted to capillary
pressure and the moisture retention curve, in the hygroscopic range, can be completed using the data obtained
from the environmental chamber test. Figure 3 shows a typical moisture storage function for brick masonry
(Figure 3a), which covers the over-hygroscopic range, and has been produced from a pressure plate test. In
Figure 3b is a moisture retention curve, which also covers the hygroscopic range and was obtained from tests
conducted in an environmental chamber. In WUFI, the moisture storage function is used as a parameter to
describe the moisture storage property. Whereas in DELPHIN, either the moisture storage function or the
moisture retention curve can be used as an input parameter, but these two curves cannot be used
simultaneously.

10 10
8 ! 8
T 6 g6

o o
§ 4 s 4
2 2
log(Pc) = 6.9 RH=94.2%

0 ' 0

0 20 40 60 80 100 0 2 4 6 8 10 12

RH (%) log (Pc)
a) Moisture storage function b) Moisture retention curve

Figure 3 Comparison between moisture storage function and moisture retention curve of a brick
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2.2.4 Uncertainty of saturation water content

The saturation water content is the most important parameter to complete either the moisture storage function or
moisture retention curve for the purposes of undertaking hygrothermal simulations. However, the value for the
saturation water content of building materials is subjected to large variations depending on the methods used for
saturating the test specimen. Such variations can be considered as a systematic uncertainty which may
significantly influence the simulation results affecting the reliability of moisture response and the moisture related
risk assessments. The saturation water content can be classified into three levels: free water saturation/capillary
saturation; effective saturation, and; vacuum saturation.

e As defined by Kunzel (1995), the free water saturation can be obtained by keeping the specimen in contact
with water until the EMC is reached. However, the duration and the conditions needed to obtain free water
saturation have not been specified. The free water saturation can be considered as equivalent to capillary
saturation, being defined as the turning point between first and second stages of the wetting curve (Carmeliet
et al., 2004). To undertake hygrothermal simulations using WUFI, the moisture storage function requires a
value for the free water saturation. Although it also allows users to define the over-hygroscopic range for the
moisture storage function, the steep slope in this range might cause numerical problems, and there is still a
lack of studies investigating whether the relationship between MC and RH in the over-hygroscopic range can
be properly interpreted through numerical analysis. In WUFI, one cannot use the moisture retention curve
as an input for hygrothermal simulations.

e The effective saturation is the saturation level where the pore volume is filled by water and dissolved air
without entrapped air (Grunewald, 2003), and this saturation level is close to vacuum saturation and can be
attained after immersing the specimen in water for a long period of, e.g., two weeks under natural condition.
It can be used as the starting point for a pressure plate test (Zhao, 2012). DELPHIN requires this level of
saturation to complete the moisture retention curve or moisture storage function for use in undertaking
hygrothermal simulations.

e Vacuum saturation is the saturation level where, for masonry materials, the volumetric water is equal to the
open pore volume whereas for wood-based materials the volumetric water is greater than the open pore
volume. It can be attained by totally immersing the specimen in water for a week under a vacuum condition.
This level of saturation can be used as the starting point for a pressure plate desorption test (ASTM C1699-
09, 2015).

Although each of the three classifications of saturation water content levels is subjected to random uncertainty
during measurements, such uncertainty can be taken into account through stochastic simulation. The systematic
measurement uncertainty, i.e. different levels of saturation obtained by different saturating methods, is more
significant than the random uncertainty, and may result in a larger variation in the simulation results. Table 1,
Table 2 and Table 3 show the saturation water content of brick, OSB and spruce wood from several data sources.

For brick masonry, the MEWS Task 3 report (Kumaran et al., 2002a), ASHRAE 1018-RP report (Kumaran et al.,
2002b), and the latest ASHRAE 1696-RP report (Schumacher et al., 2020) only reported the vacuum saturation.
It is worthwhile mentioning that the brick masonry in WUFI’'s North American database was adapted from the
MEWS Task 3 report (Kumaran et al., 2002a), however, the vacuum saturation value reported by Kumaran et al.
(2002a) was not part of the WUFI database. The water content that corresponds to a suction pressure of 6.5 x
108 Pa (RH 95.35%) was used in WUFI's database as the free water saturation, and this level of water content
is much lower than the vacuum saturation level. As indicated in DELPHIN’s material database, for some brick
masonry products, the vacuum saturation level can be around two times higher than the capillary saturation, e.g.,
Dresden ZQ with hydrophobic treatment and Dresden ZF. It is noted that the red brick masonry tested for the
ASHRAE 1696-RP project has similar density and vacuum saturation to those of the red matt clay brick masonry
tested in the MEWS project. However, the A-value of the red brick masonry is almost 10 times higher than that
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of red matt clay brick. This may indicate a significant heterogeneity and uncertainty amongst different types of
material within the same category.

Table 1 Saturation water content of bricks from several data sources

. A-value Wsat .
3
Reference Name of bricks p (kg/m?) (kg/m?.s%%) | (kalkg,%) Saturation level
Kumaran etal., | \yhite concrete brick | 2294 0.0076 5.3
2002a
Red matt clay brick 1935 0.0268 11.2
Buff matt clay brick 1719 0.0012 20.4 Vacuum saturation
Textured coated clay
brick 1821 0.0322 18.3
Concrete brick 2315 0.0097 5.6
Calcium silicate brick 1973 0.0181 13.8
gg(r)\;e;)ran etal., Charleston brick 1980 0.17 9.9 Vacuum saturation
White concrete brick 2294 0.0076 3.1
Red matt clay brick 1935 0.0268 29
WUFI North Buff matt clay brick 1719 0.0012 04 .
. Free water saturation
American Textured coated clay 1821 0.0322 4.9
Database brick ) )
Concrete brick 2315 0.0097 2.8
Calcium Silicate brick | 1973 0.0181 7.3
Old Building Clinker 6.7 Capillary saturation
Hamburg 2009 0.0058 8.4 Effective saturation
Holstenkamp 12.7 Vacuum saturation
8.3 Capillary saturation
Dresden ZQ 1948 0.0219 9.2 Effective saturation
13.6 Vacuum saturation
18 Capillary saturation
DELPHIN Dresden ZI 1736 0.034 18.4
Dresden resaen : ) Effective saturation
University of .
Technology 19.8 Vacuum saturation
Database' 6.7 Capillary saturation
Dresden ZQ with 9
hydrophobic 1970 0.01 Effective saturation
treatment 3
Vacuum saturation
6.4 Capillary saturation
Dresden ZF 1975 0.0168 8.5 Effective saturation
12.9 Vacuum saturation
Effective saturation (In
his thesis, it was
named as “Capillary
Yousefi, 20192 Clay brick 2080 0.0102 5.6 saturation” , however,
the test protocal is
similar to that for
effective saturation)
ASHRAE RP Red brick 1845 0.22 9.91 v wrati
- - . acuum saturation
1696, 20202 Beige br|c.k . 2088 0.28 16.85
Commercial brick 2025 0.29 8.78
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' The A-value of bricks in DELPHIN’s DUT Database are ranging from 0.0058 to 0.44. Only those are similar
with NRC’s report are listed in the table.

2The A-value reported by Yousefi (2019) and ASHRAE RP-1696 (2020) are dependent on relative humidity, the
value listed in the table is based on RH 50%.

For OSB, as given in the MEWS Task 3 report (Kumaran et al., 2002a) and the ASHRAE RP-1018 report
(Kumaran et al., 2002b), only the vacuum saturation was reported. However, in WUFI's North American
Database, the OSB having a density of 650 kg/m® taken from the ASHRAE RP-1018 report, used a value of
72.3% as free water saturation which is 10% higher than the EMC at RH 99.8% reported in the ASHRAE RP-
1018 report (Kumaran et al., 2002b), but significantly lower than the vacuum saturation water content. In the
DELPHIN database for OSB, which included all the three levels of saturation, the relative difference between
vacuum saturation and capillary saturation is not as significant as that for brick masonry products. The A-value
reported by Kumaran (Kumaran et al., 2002a; Kumaran et al., 2002b) is very similar with those in DELPHIN’s
database as well as that reported by Yousefi (2019). The saturation water content reported by Yousefi (2019)
was achieved by totally submersing the specimens in water for 8 days; this value is considerably lower than the
vacuum saturation reported by Kumaran, but higher than the free water saturation in WUFI's database.

Table 2 Saturation water content of OSB from several data sources

Reference p (kg/m3) A-value Wesat Saturation level
(kg/mZ2.s°%) (kg/kg, %)
Kumaran et al., 650 0.0022 150 Vacuum saturation
2002a
Kumaran et al., 650 0.0022 160 Vacuum saturation
2002b
WUFI North 650 0.0022 72.3 Free water saturation,
American derived through a 3-point-
Database' function
WUFI Fraunhofer- | 630 N/A 74.6 Free water saturation
IBP Database
DELPHIN 640 0.0018 86 Capillary saturation
Syracuse
University 89 Effective saturation
Database
94 Vacuum saturation
DELPHIN MASEA | 595 0.002 136.8 Capillary saturation
Database
142.3 Effective saturation
151.2 Vacuum saturation
DELPHIN material | 630 0.0019 43 Capillary saturation
data base
55.5 Effective saturation
63.4 Vacuum saturation
Yousefi, 2019 620 0.00234 125.7 Effective saturation

As shown by Table 3, and in accordance with that provided in the NRC report, WUFI Fraunhofer-IBP database
and the DELPHIN TUD database, the saturation water content of spruce, a mass-timber material, is higher than
OSB, a composite wood material. The properties of spruce included in WUFI's North American Database were
adapted from the ASHRAE 1018-RP report. However, the free water saturation was extrapolated based on a 3-
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point-function, which is lower than the vacuum saturation value. It is noted that the effective saturation level
reported by Yousefi (2019), is similar with that of the radial spruce value given in the DELPHIN TUD database,
and much lower than the vacuum saturation level reported by Kumaran et al. (2002b). The free water saturation
in WUFI's Lund University database (32%) is much lower than the effective saturation level and is in the range
of fibre saturation (30% to 40%) of wood materials as suggested by Glass and Zilinka (2010), and Wang et al.
(2014). For the spruce in the DELPHIN TUD database, the capillary saturation level is not much less than the
vacuum saturation level for spruce-longitudinal and spruce-tangential, but for spruce-radial, the vacuum
saturation is 2 times higher than the capillary saturation level.

Table 3 Saturation water content for spruce from several data sources

Reference p (kg/md) A-value Wsat Saturation level
(kg/mZ2.s°%) (kg/kg,%)
Kumaran et al., Spruce 400 0.002 228 Vacuum saturation
2002b
Yousefi, 2019 Spruce 469 0.00154 91.4 Effective saturation
WUFI 5.1 North Spruce 400 0.002 211.2 Free water saturation,
American derived through a 3-point-
Database function
WUFI 5.1 Spruce 455 0.007 132 Free water saturation
Fraunhofer-IBP longitudinal
Database Spruce 455 0.0004 132
radial
WUFI 6.5 Lund Spruce 430 N/A 32 Free water saturation
university tangential
database
DELPHIN TUD Spruce 414 0.012 157 Capillary saturation
Database longitudinal
174 Effective saturation
175 Vacuum saturation
Spruce 437 0.013 78 Capillary saturation
radial 102 Effective saturation
162 Vacuum saturation
Spruce 394 0.005 175 Capillary saturation
tangential 185 Effective saturation
187 Vacuum saturation

For the information on the moisture storage and water absorption properties of water resistive barriers (WRB)
given in Table 4, the liquid uptake and water storage capacity is much smaller than brick and OSB, so that it can
serve to protect the wood sheathing from rainwater penetration. Although Kumaran et al. (2006) reported the
water absorption coefficient of WRBs, WUFI does not consider the liquid transport for WRB materials. The A-
value of some WRBs have been reported in the most recent report from Yousefi (2019) and in the ASHRAE RP-
1696 report (2020), but the saturation water content of WRB materials was not reported. Although the vacuum
saturation (open porosity) of SBP in DELPHIN'‘s database is 128%, this value was not used for hygrothermal
simulations, and might not be meaningful for describing the moisture storage in WRB materials. According to
Maref et al. (2003), the saturation water content of paper-based membranes is almost 10 times higher than
polymer-based membranes, however, the saturation method was not mentioned. In Yousefi (2019) and
ASHRAE-1696 (2020), the saturation water content was not reported, and the maximum EMC was the one that
corresponded to RH90%. This value for WRB membranes, as reported in ASHRAE-1696 (2020), was below
10%, and for the 60 min. building paper reported by Yousefi was 12.5%.
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Table 4 Moisture storage and water absorption properties of water resistive barrier from several data sources

Reference Type P A-value Wsat Saturation level
(kg/m?) | (kg/m?.s°%) (kglkg,%)

Kumaran et | 10-min 855 0.00096 N/A No saturation and sorption
al., 2006 building isotherm tests

paper

30-min 957 0.001 N/A

building

paper

60-min 872 0.0011 N/A

building

paper

Felt 798 0.00048 N/A

SBP-I 360 0.0052 N/A

SBP-II 618 0.00057 N/A

SBP-IV 464 0.00031 N/A

SBP-V 609 0.00024 N/A
Maref et al. Paper-based | 798 N/A 24 No specification of the
(2003) membrane saturating method

Polymer- 567 N/A 2.6

based

membrane

(SBP)
WUFI North | WUFI does not consider liquid transport for WRBs.
American
Database
DELPHIN SBP 463 0.0001 21 Capillary saturation
DUT 10.7 Effective saturation
database 128 Vacuum saturation
Yousefi, 60-min 0.000566 RH90%, 12.5 | No saturation tests
2019 building

paper

SBP 0.00012 N/A
ASHRAE Asphalt 899 0.0003 RH90%, 2.5 No saturation tests
RP-1696 Acrylic 1250 0.001 RH90%, 1.3

polymer

Latex VI 1161 0.00008 RH90%, 0.6

Silicone 1214 0.0006

STPE 1291 0.002 RH90%, 1.5

Latex VP 1384 0.001 RH90%, 0.8

In practical situations, where the wall components are directly exposed to wind-driven rain or condensation, the
moisture content above capillary pressure could occur due to long-term wetting, hydrostatic pressure or freeze-
thaw action (Carmeliet and Roels, 2002). However, for wall components separated by a capillary break or
exposed to periodical short-term wetting, the accurate determination of the moisture retention curve may not be
necessary (Kunzel, 1995) since the water content of such components is less likely to go to the over-hygroscopic
range. For the rain leakage scenario, some laboratory tests have shown that even if water was deliberately
injected into the OSB layer, the maximum moisture content at different locations of OSB sheathing was less likely
to be higher than 30% (Trainor, 2014; Carbonez et al., 2015; Boardman and Glass, 2019), which is far less than
either effective or vacuum saturation. However, a higher moisture content level could be found on the bottom
plate. According to experimental results from a study undertaken by Carbonez et al. (2015), the moisture content
at the bottom plate varied between 60% and 80% during experiments having a periodic and recurring water
injection to the surface of OSB sheathing.
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In hygrothermal simulations, it is important, indeed vital, to select a saturation water content to properly capture
the wetting behavior of different wall components, particularly when the wall components are exposed to wind-
driven rain or rainwater penetration. The saturation water content of wall components not only influences the
maximum moisture content that components could reach in a real situation, but also influences estimates of liquid
diffusivity, which in turn determines the wetting and drying rate of the wall components. These facts cannot be
overstated.

2.3 Liquid transport property

The liquid transport property of porous building materials can be described by liquid conductivity or liquid
diffusivity. The liquid conductivity should be used in combination with the moisture retention curve to describe
the liquid transport phenomenon, and the driving potential for the liquid flux is capillary pressure, as shown in
equation (1). On the other hand, the liquid diffusivity should be used when combining the moisture storage
function, and the driving potential for liquid flux is the water content. The measurement and derivation of liquid
conductivity can be found in the literature (Scheffler, 2008; Zhao, 2012). DELPHIN uses liquid conductivity as a
default input parameter to describe the liquid transport property. The advantage of using the liquid conductivity
is that it can be used to describe the liquid transport in the over-capillary range, in which the liquid transport
cannot be reliably interpreted by liquid diffusivity and the water content gradient (Grunewald et al., 2003;
Carmeliet et al., 2004). However, the measurement of liquid conductivity requires some special apparatus, such
as head permeameter and tension infiltrometer (Plagge et al., 2007); it is to be noted that the measurement
procedure has not been standardized. As such, in this report focuses only on the liquid diffusivity, which can be
derived from standardized measurements.

2.3.1 Derivation of liquid diffusivity

The liquid diffusivity can be derived by the: 1) Boltzmann transformation with measured values for the moisture
content profile; 2) a conversion equation between liquid diffusivity and conductivity with the measured values of
liquid conductivity and moisture retention curve; 3) empirical equations with measured values for the saturation
water content and water absorption coefficient (A-value).

For the first approach, the moisture content profile needs to be measured. Although there are various established
methods to measure the moisture content profile, such as nuclear-magnetic resonance (NMR) method, x-ray
method, and Gamma-ray method (Edelmann et al., 2019; Roels and Carmeliet, 2006; Kumaran and Bomberg,
1985), these methods generally require expensive test facilities and the measurement procedure is time and
labour consuming, and as well, the data processing is complicated. Therefore, the measurement of moisture
content profile has not yet been standardized and is not widely used. The second approach requires a reliable
value for liquid conductivity, but the measurement of the liquid conductivity also has not been standardized. One
can only derive the liquid diffusivity based on the liquid conductivities that are available in DELPHIN’s database.
The third approach is the most widely used approach to obtain the liquid diffusivity, since the A-value and
saturation water content can be obtained from standardized tests. However, this approach is subject to modelling
uncertainties, due to different derived equations and the lack of information required for use of these equations.

Table 5 shows some of the liquid diffusivity equations found in literatures. Some of the equations require more
information other than A-value and saturation water content to capture more detailed information of the wetting
and drying behavior of the material. For example, Carmeliet et al. (2007) proposed two liquid diffusivity equations,
which separately describe the liquid transport in the hygroscopic/intermediate range and capillary range.
However, this set of equations still require the moisture content profile and other vapor transport information to
reliably estimate the fitting parameters. The other equations may not be able to accurately reproduce the moisture
content profile during wetting and drying, but they are able to reliably predict the global wetting behavior as long
as proper parameters have been assigned to the equations. In this report, focus is on investigating the accuracy
of equation (9), (10) and (14), which are simplified equations that are widely used to estimate the value of liquid
diffusivity.
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References Derived equations Symbols
Wit and  Schindel _ (A2, w Dw — liquid diffusivity (m?s), no
(1993) Dw(w) = (wc) 2b-1 exp(b (Wc 1) (10) specification for suction or

redistribution

A — water absorption coefficient
(kg/mZ_SOAS)

wc — saturation water content
(kg/m®), no specification for
which level of saturation

b — shaping factor, between 5
and 10

w — unsaturated water content
(kg/m®)

Kunzel (1995)

D,,c(w) = 3.8 (Wi})2 -1000%7 " (11)

Dws — liquid diffusivity (m?/s),
suction
ws — free water saturation (kg/m?®)

Krus and Holm (1999)

Dys (W) = Dy - eXP(K : lnM) (12)
Wpr Dwo

D
KnAzln(DLf)
— 0
Dwf - 4w (W~ wgo) + DWO (13)

Dwo — liquid diffusivity at
hygroscopic range, generally
assumed as the start point of MC
dependent  liquid  diffusivity
curve, for masonry materials it
was assumed as 2-107'° (m?/s) at
RH 80%

Dwt — liquid diffusivity at free
water saturation

K — correction factor

Kumaran (1999)

A

Dwa = E(W_C)z (14)
(15)

= )

Dwa — liquid diffusivity (m?/s), no
specification for suction or
redistribution

Carmeliet (2007)

LD;(w) = a + [LD(0) — a] exp(—bw) + cw
LDy (w) = LD(w;) + F(—Z)/In10
11 'f
Wr
Dys = f(F)- (i)2
wf — f Wf
FZ
2 F—1—(F~1+(15-2) F?) eF

fF) =

(16)

LD — logarithmic liquid diffusivity
in hygroscopic and intermediate
range, when w < w;

LDii — logarithmic liquid diffusivity
in capillary range, when w > w;
w; — limiting moisture content

separating  hygroscopic and
capillary range (kg/m®)

LD(0) - logarithmic liquid
diffusivity at zero moisture
content

LD(wf) — logarithmic liquid

diffusivity at capillary saturation
a,b,c,F- fitting parameters

The saturation water content for deriving the liquid diffusivity used in these equations is subject to a large
uncertainty. Some researchers hold the opinion that the liquid transport above the capillary saturation does not
strictly follow the moisture balance equation (1), given the moisture transport in the over-capillary range is not
only driven by capillary pressure but also the movement of entrapped air (Carmeliet et al., 2004). Therefore, it
has been suggested that the capillary saturation be used to derive the liquid diffusivity. As well, Kunzel (1995)
has suggested that the free water saturation be used to derive the liquid diffusivity. However, the capillary
saturation cannot be clearly defined for all materials. As shown by Figure 4, some of the materials i.e. the masonry
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materials, the turning point between the first and second wetting stages is very clear; however, for other materials
i.e. the wood-based materials, the turning point between the first and second wetting stages is not clear.

35 T - - -
. . P e e s T T
Clear turning point | | Brick Wienerberger
Calcium silicate
Sandstone
x | | Aerated concrete
ol x 1 Spruce longitudinal | |
x | | | Spruce radial
x | : + Plaster

30

+r@E N e

{1 _» Turning point is not clear

Water mass [kg/m2]

260 250 300 350 400
Time [sqrt(s)]

Figure 4 Wetting curves for different materials (adapted from Zhao (2012))

Kumaran (1999) suggested the use of equations (10), (14) or (15) to calculate the MC dependent and averaged
liquid diffusivity based on the water absorption coefficient and vacuum saturation water content (in his paper, it
was mentioned that the capillary saturation water content was used to calculate the LD and,in fact, the value of
saturation water content- 200% of spruce is very close to vacuum saturation), which can be used to represent
the liquid diffusivity in the entire range of liquid transport up to vacuum saturation. These three equations were
applied to derive the liquid diffusivity of spruce and reasonable agreement was obtained with the measured liquid
diffusivity. Thereafter, these equations were applied to derive the liquid diffusivity for different masonry, wood-
based and membrane materials (Kumaran et al., 2002a; Mukhopadhyaya et al., 2002; Kumaran et al., 2006).
However, there was no comprehensive comparison between the derived values for liquid diffusivity and those
measured for the different materials tested. In this report, the liquid diffusivity derived from equations (10) and
(15), as were suggested by Kumaran (1999), were compared with the measured values for liquid diffusivity. The
liquid diffusivity derived from Kunzel's equation (equation 11) was also compared with the measured values for
liquid diffusivity, since Kunzel’'s equation is widely used in WUFI. The comparison was conducted for six types of
brick masonry products, two types of wood-based materials, OSB and spruce, as well as two types of
membranes, building paper and SBPO.

2.3.2 Uncertainty of liquid diffusivity

Figure 5 shows the comparison between the measured and derived values for liquid diffusivity for six types of
bricks tested in the MEWS project (Kumaran et al., 2002a) and the ASHRAE 1018-RP project (Kumaran et al.,
2002b). The derived liquid diffusivity was based on equations (10), (11) and (15). The vacuum saturation, free
water saturation and A-values listed in Table 1 were used in the equations to derive the liquid diffusivity to
investigate the influence of the uncertainty in saturation water content. For the cases which use vacuum
saturation to derive the liquid diffusivity, the A-value was also applied to the over-capillary range. Since the free
water saturation/capillary saturation were not measured in the MEWS or the ASHRAE 1018-RP projects, the
equilibrium moisture content (EMC) at a suction pressure of 6.5 x 108 Pa (RH 95.35%) was used as the free
water saturation, and this level of water content was also used by WUFI to define the free water saturation for
the bricks tested in the MEWS project. For equation (10), the b-value of 5, 7.5 and 10 were used to derive the
liquid diffusivity. The liquid diffusivity of the first five bricks published in the MEWS Task 3 report (Kumaran et al.,
2002a) were not measured but estimated without specifying the derived equation. The measured liquid diffusivity
of these bricks were published in Kumaran et al. (2004). Since the MEWS Task 3 report is a widely reviewed
report and the liquid diffusivity published in this report was adopted by WUFI's North American database, the
WUFI database being widely used in industry, the liquid diffusivity published in MEWS Task 3 report was
compared with the measured and derived values for liquid diffusivity.
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In general, the liquid diffusivities (LD) published in the MEWS Task 3 report (Kumaran et al., 2002a) are
significantly lower than the measured and derived values for liquid diffusivity using equation (10), (11) and (15)
in the capillary range. Only the LD values at maximum MC are close to the measured and derived LDs when
vacuum saturation was used in the derived equations.

When vacuum saturation was used in the derivation equations, the averaged LDs derived from equation (15) are
close to the measured LDs for the red matt clay brick, texture coated clay brick, concrete brick, and Calcium
silicate brick; although the derived LDs cannot capture the non-monotonic shape of the measured LDs. For buff
matt clay brick, the averaged value for LD is significantly lower than the measured LD with a difference of 4
orders of magnitude. For the Carleston brick, as reported in the ASHRAE 1018-RP project, the averaged value
for LD is significantly higher than the measured LD in the lower level of moisture content, whereas it is close to
the measured value of LD when the moisture content is increased. The MC dependent LDs derived from
equations (10) and (11) are generally lower than the measured values of LD at hygroscopic range and capillary
range (since the capillary saturation water contents and wetting curves were not measured, it is difficult to
quantify the capillary range); however, they are close to the measured values of LD when the MC approaches
the vacuum saturation level, with the exception of buff matt clay brick for which the derived LDs are 4 orders of
magnitude lower than the measured LD even at the maximum MC.

When the free water saturation was used to derive the LDs, the differences between the averaged LDs and the
measured LDs are not significant, except for Carleston brick, for which the averaged LD is 2 orders of magnitude
higher than the measured LD. The MC dependent LDs derived from equations (10) and (11) are closer to the
measured LDs than those derived using vacuum satruation, the difference in the lower level of MC becomes less
signficant, but the derived LDs are higher than the measured LDs when the MC approaches the free water
saturation level.
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Figure 5 Comparison between the derived LD and measured LD for bricks

Figure 6 shows a comparison between measured and derived liquid diffusivity for two types of wood-based
materials - OSB and spruce. When the vacuum saturation was used to derive the LDs, the derived LDs are
significantly lower than the measured ones for the entire capillary range. The average LDs are around two orders
of magnitude lower than the measured LDs, and the MC dependent LDs are three to five orders of magnitude
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lower than the measured LD in the lower MC level, becoming closer to the average and measured LDs when the
MC is increased. However, the differences are still as high as two orders of magnitude in the maximum moisture
content range the LD curves ended with 80% to 120% MC, which are much lower than the vacuum saturation.
This might be an implication of the maximum moisture content range in which the liquid water transport can be
described by liquid diffusivity. However, in their report, there was no wetting curve which can show the transition
point of the first and second stages of wetting, therefore, it is difficult to verify whether the measured liquid
diffusivity curve has exceeded capillary saturation or not). When the free water saturation was used to derive
the LDs, the average and MC dependent LDs are closer to the measured LDs than those derived using vacuum
saturation, and the derived LDs at a water content level above fibre saturation are in the same order of magnitude
with the measured ones. But there are still three to five orders of magnitude difference between the derived and
measured LDs in the lower MC range.
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Figure 6 Comparison between derived LD and measured LD for wood-based materials

For water resistive barriers, there were no measurements of LDs in NRC’s material testing reports, therefore,
comparison was only made amongst the derived LDs. The saturation water content used for deriving LDs were
based on those reported by Maref et al. (2003). As shown by Figure 7, for building paper, the averaged and MC
dependent LDs are even higher than those for wood-based materials. For SBPO, the averaged LD is close to
the measured LD of wood-based materials and the maximum value is even higher than the measured LD of
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wood-based materials. Since the water resistive barriers are supposed to be more water resistive than wood-
based materials in order to protect the wood sheathing from water penetration, the derived LD of the water
resistive barriers may not be in a reasonable range to reflect their water resistive properties.
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Figure 7 Comparison between different derived LDs for water resistive barriers

2.3.3 Hygrothermal simulation

To demonstrate the impact of the uncertainties of saturation water content and liquid diffusivity on the
hygrothermal simulation results, simulations were performed for a brick clad wood-frame wall, which uses calcium
silicate brick as exterior cladding. The configuration of the wall is presented in Figure 8:

‘ From ext. to int.
Calcium silicate brick, 90 mm (3.5 in.)

Cladding cavity air layer, 25 mm (1 in.)
SBPO, 0.24 mm (9.4 mil)
0SB, 11 mm (0.43 in.)

: S 1 Fibre glass, 140 mm (5.5 in.)
\ [l
\ i Il
| | Il

PE membrane, 0.15 mm (6 mil)

Gypsum board, 12.5 mm (0.5 in.)

Figure 8 A brick clad wood-frame wall
Five models were created with different values of saturation water content and liquid diffusivities of brick:

Model 1- The default values of saturation water content and liquid diffusivity in WUFI’'s North American Database.
What should be noted is that the liquid diffusivity in WUFI's database is the same as thatin MEWS Task 3 report,
however, the saturation water content (7.3%) used in WUFI is much lower than the maximum moisture content
(13.18%) of the liquid diffusivity curve in MEWS Task 3 report. This model was considered as a base model,
because it might be the one that is widely used by practitioners.

Model 2- The maximum moisture content (13.18%) of the liquid diffusivity curve was used as the saturation water
cotent, this level of water content is very close to vacuum saturation (13.8%); the liquid diffusivity is kept
unchanged.

Model 3- The maximum moisture content (13.18%) of the liquid diffusivity curve was used as the saturation water
cotent, the liquid diffusivity curve was calculated from equation (10) (Wit and Schindel, 1993), with a b-value of
7.5.
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Model 4- The default value of saturation water content (free water saturation, 7.3%) in WUFI database was used
as saturation water content, and the liquid diffusivity curve was calculated from equation (10) (Wit and Schindel,
1993), with a b-value of 7.5.

Model 5- The maximum moisture content (10.6%) of the measured liquid diffusivity curve was used as saturation
water content, and the liquid diffusivity was the measure liquid diffusivity curve.

The material property values of other materials are the default values in WUFI’s North American Database. The
simulations were performed for Vancouver, a warm and humid coastal city in Canada. The climate data was
taken from WUF/I’s climate database, it is a warm reference year in historical climate data. Indoor conditions were
generated based on ASHRAE 160 model (ASHRAE, 2021). The boundary conditions were set as default values
in WUFI. The ACH in the cladding cavity air layer was set as 5 1/h to reflect typical cladding ventilation rate for
brick walls, and a moisture source which is equivalent with 1% of wind-driven rain was assigned on the water
resistive barrer. The wall was assumed to face to east orientation, which receives the highest amount of WDR.
The mould growth index was calculated according to VTT model with a decline factor of 0.1. The details of the
inputs of hygrothermal simulations were provided in APPENDIX.

Simulations were performed for consecutive five years. Figure 9 shows the moisture content (MC) of OSB
(averaged moisture content of the entire panel), and the mould growth index of the exterior layer of OSB (1 mm
from exterior surface). The MC of model 1 shows a seasonal cyclic trend, while it does not increase over the
years, and keeps below 20%. It shows the lowest MC level amongst the 5 models because of two reasons: 1) it
uses free water saturation (7.3%) as saturation water content of brick; 2) the liquid diffusivity in the high moisture
content range (higher than 5% in this case) is in the magnitude of 10*-12, which is even lower than the moisture
diffusivity obtained by wet cup test (10*-10 according to Krus and Holm (1999) ), therefore, it can be said this
level of liquid diffusivity cannot substantially reflect liquid transport caused by capillary activity. The MC of model
2 and model 3, which consider a value (13.18%) closing to vacuum saturation as saturation water content, show
increasing trend, and they are much higher than model 1. Using vaccum saturation as saturation water content
makes the brick to absorb more water during the rain event, therefore, more moisture can be transferred to the
OSB sheathing, resulting higher moisture content. In fact, the moisture content above free water saturation is
less likely to occur in the saturation which the exterior fagade exposed to wind-driven rain, since such level of
moisture content can only be reached by immersing the specimens in water for long time, i.e. few days to weeks,
or in a vacuum condition for several days. However, such conditions are rare in the real situation. Model 3 has
higher moisture content than model 2 because the calculated liquid diffusivity is much higher than the liquid
diffusivity provided in MEWS Task 3 report (Model 3 v.s. Model 2 in the APPENDIX).

For model 4 and model 5, which consider free water saturation (7.3%) and a value (10.6%) in between free water
saturation and vacuum saturation as saturation water content seperately, there are also seasonal variations no
significant increase over the years. The model 4 is higher than model 5 because the liquid diffusivity in the high
moisture content range (MC from 5% to 7.3%) of model 4 is higher than that of model 5 (Model 4 v.s. Model 5 in
the APPENDIX). Although the saturation water content of Model 5 is higher than Model 4, the LD in the range
7.3% to 10.6% of Model 5 is even lower than that in the range 5% to 7.3% of Model 4. Therefore, saturation
water content and liquid diffusivity of brick jointly determined the MC of OSB sheathing; and the liquid diffusivity
in the low range (lower than 10*-10) does not substaintally influence the moisture content of OSB.

For mould growth indices, model 1 has never exceeded 3 during the 5 years simulation, which has no mould
growth risk according to ASHRAE 160 (2021); while all the other models have exceeded 3, which indicate mould
growth risks. Model 3 has the highest mould growth risk, the maximum value of mould index is 4.7. The maximum
mould groth indices for model 2, model 4 and model 5 are close. What should be noted is that, the lower mould
index of model 2 is because of the lower liquid diffusivity as compared to model 3, but the lower mould index of
model 4 and model 5 are because of the lower saturation water content. Apperantly, model 2 does not have
significant difference from moldel 4 and model 5 in terms of mould growth risk, however, they have significant
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difference in the MC variation pattern. Therefore, it is very important to observe multiple simulation outputs to
verify the correctness of the model.
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Figure 9 Simulation results of moisture content and mould growth index of OSB

3 Conclusions and future work

3.1 Conclusions

In this report, the critical hygrothermal properties of building materials were reviewed in respect to values of
parameters, and their uncertainties, for the saturation water content and liquid diffusivity as may be used for
conducting hygrothermal simulations. The mathematical description for the moisture storage property was first
reviewed, which was followed by the related measurements and uncertainties associated with such
measurements. Thereafter, the different levels of saturation water content were summarized based on
information obtained from literature as well as hygrothermal simulation program databases. This included the
free water saturation, effective saturation and vacuum saturation of different materials including brick masonry,
OSB and spruce wood. The different equations for deriving liquid diffusivity were reviewed, and the derived values
for liquid diffusivity were compared to those from measurements of brick masonry, OSB and spruce wood as
measured during the MEWS and ASHRAE 1018-RP projects. The primary findings from this work as descried in
this report are:

e Although the measurements for the moisture storage function and moisture retention curve have been
standardized, there are still significant inconsistencies evident from the different publications in respect to
the methods used to saturate the test specimens. Such inconsistencies result in significant differences in the
saturation water content for the same materials having similar density and water absorption coefficient.

e The systematic uncertainty in the measurement of the saturation water content significantly influences the
value of liquid diffusivity as derived from the simplified liquid diffusivity equations. The derived value for liquid
diffusivity based on the free water saturation is generally higher than that derived based on vacuum
saturation, and is in fact, closer to the measured value for liquid diffusivity.

e For brick masonry products, the average value for liquid diffusivity from the derived equation is generally in
the same order of magnitude with that of the measured liquid diffusivity, except for buff matt clay brick
masonry and Carleston brick masonry. The moisture content dependent liquid diffusivities obtained from the
derived equations are generally lower than that of the measured liquid diffusivities in the low moisture content
range. Whereas, when the moisture content of the material approaches the saturation water contents i.e.
vacuum or free water saturation , such values are close to the measured value for liquid diffusivity. The
discrepancy in the low moisture content range is more significant for those derived based on the vacuum
saturation values as compared to those values obtained from free water saturation. However, the value for
liquid diffusivity derived from free water saturation tends to be higher than that measured at free water
saturation.
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e For OSB, the derived liquid diffusivities are lower than the measured liquid diffusivities, and the difference is
more significant for those derived from vacuum saturation. For the liquid diffusivities derived from free water
saturation, the maximum liquid diffusivity values from the equations are close to the measured liquid
diffusivity.

o For water resistive barriers, the derived liquid diffusivities are higher than those of wood-based materials,
which might not reflect the water resistive property of the WRBs. Therefore, the liquid diffusivity equations
may not be applicable for WRB materials.

e Hygrothermal simulation of a brick clad wood-frame wall demonstrated that the uncertaintis of saturation
water content and liquid diffusivities of brick can result in conclusive difference in mould growth risk
assessment of OSB sheathing.

3.2 Future work

For the future work, the wetting curve should be recorded based on the standardized water uptake test (ASTM-
C1794, 2015). Since the measurement of liquid diffusivity is difficult to implement, the liquid diffusivity can be
derived based on the A-value and the free water/capillary saturation, this being obtained from the results of the
water uptake test, and then calibrated based on the wetting curve. The wetting curve can be used to identify the
free water/capillary saturation and from this information, the liquid diffusivity used for simulation can then be
calibrated.
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APPENDIX Input Parameters for Hygrothermal

Simulations

Moisture storage functions and liquid diffusivities of brick for

different models
Model 1

Hygrothermal Functions Material Information

Moisture Storage Function RH Water Cont...
Liquid Transport Coefficient, Suction Ne. [-1 [g/m]
Liquid Transport Coefficient, Redistnibution 1 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 05 53.27
Thermal Conductivity, moisture-dependent 3 0.695 £3.1
Thermal Conductivity, temperature-dependent 4 0.915 92.7
|Enthalpy, temperature-dependent 5 1 144.029
Approximate
Hygrothermal Functions Material Information
Moisture Storage Function Water Cont... DWS
Liquid Transport Coefficient, Suction No. lkgfrn'] [mzll,.s]
Liquid Transport Coefficient, Redistribution 1 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 50 1.56-13
Thermal Conductivity, moisture-dependent 3 70 4.3E-13
Thermal Conductivity, temperature-dependent 4 90 1.23E-12
Enthalpy, temperature-dependent 5 110 3.53E-12
6 160 4.9E-11
Generate 7 23 1.95E-9
Hygrothermal Functions Material Information
Moisture Storage Function Water Cont... DWW
Liquid Transport Coefficient, Suction No. (kg/m] [m¥/s]
Liquid Transp: oeffic stnbution 1 5
Water Vapour Diffusion Resistance Factor, moisture-de 2 50 1.5E-14
Thermal Conductivity, moisture-dependent 3 70 43E-14
Thermal Conductivity, temperature-dependent 4 30 123E-13
Enthalpy, temperature-dependent 5 110 3.53E-13
6 180 4.9E-12
Generate 7 230 1.95E-10
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Model 2

Hygrothermal Functions Material Information

RH Water Cont...
Liquid Transport Coefficient, Suction No. [-1 [kg/m’]
Liquid Transport Coefficient, Redistribution i 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 05 $3.27
Thermal Conductivity, moisture-dependent 3 0.695 63.1
Thermal Conductivity, temperature-dependent 4 0915 92.7
Enthalpy, temperature-dependent 5 0.9535 144,092
6 0.9978 205
["] Approximate 7 1 260
Hygrothermal Functions Matenial Information
iMnistur: Storage Function Water Cont... DWS
Liquid Transport Coefficient, Suction No. [kglm'] lmsz]
Liquid Transport Coefficient, Redistribution 3 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 50 1.56-13
Thermal Conductivity, moisture-dependent 3 70 4.3E-13
Thermal Conductivity, temperature-dependent 4 90 1.23€-12
|Enthalpy, temperature-dependent 5 110 3.53E-12
6 160 49E-11
[ Generate 7 230 1.95€-9
8 260 9.46E-9
Hygrothermal Functions  Material Information
Moisture Storage Function Water Cont... DWW
Liquid Transport Coefficient, Suction No (kg/m’] (mie]
it on
\Water Vapour Diffusion Resistance Factor, moisture-de ; 53 1_55_12
Thermal Conductivity, moisture-dependent 3 70 4.3E-14
Thermal Conductivity, temperature-dependent 4 o0 1.23E-13
Enthalpy, temperature-dependent 5 110 3.53E-13
6 160 49E-12
[ Generate 7 230 1.95€-10
8 260 9.46E-10
Model 3
Hygrothermal Functions Material Information
Moisture Storage Function RH Water Cont...
Liquid Transport Coefficient, Suction No. [-1 [kg/m"]
Liquid Transport Coefficient, Redistribution 1 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 3 05 53.27
Thermal Conductivity, moisture-dependent 3 0.605 63.1
Thermal Conductivity, temperature-dependent 4 0.915 9.7
Enthalpy, temperature-dependent 5 0.9535 144.092
6 0.9978 205
() Approximate 7 1 260
Hygrothermal Functions Material Information
|Muisture Storage Function Water Cont... DWS
Liquid Trar t Coefficient, Suction Ne. [kg/'l'l'l"] [mé/s]
Liquid Transport Coefficient, Redistribution | 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 50 4.56E-11
Thermal Conductivity, moisture-dependent 3 70 8.11E-11
Thermal Conductivity, temperature-dependent 4 %0 1.44E-10
Enthalpy, temperature-dependent 5 110 2.57E-10
6 160 1.09E-9
[] Generate 7 230 8.2E-9
8 260 1.95E-8
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Hygrothermal Functions Material Information

Moisture Storage Function Water Cont... DWW
Liquid Transport Coefficient, Suction No. [kg/m] [m/s]
Liquid Transp Coefficient, Redistnbution 1 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 50 4.56E-12
Thermal Conductivity, moisture-dependent 3 70 8.11E-12
Thermal Conductivity, temperature-dependent 4 90 1.44€-11
Enthalpy, temperature-dependent 5 110 2.5TE-11
b 160 1.09€-10
() Generate 7 230 8.26-10
8 260 1.95€-9
Model 4
Hygrothermal Functions Material Information
Moisture Storage Function RH Water Cont...
|Liquid Transport Coefficient, Suction No. [-] (kg /m’]
Liquid Transport Coefficient, Redistribution . 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 05 53.27
Thermal Conductivity, moisture-dependent 3 0.695 63.1
Thermal Conductivity, temperature-dependent 4 0,915 97
Enthalpy, temperature-dependent 3 1 144,029
(] Approximate
Hygrothermal Functions Material Information
Moisture Storage Function Water Cont... DWS
Liquid Transport Coeffici No. [kq/mt] [m/s]
Liquid Transport Coefficient, Redistribution 3 0 0
Water Vapour Diffusicon Resi € Factor, moisture-de 2 30 1.436-10
Thermal Conductivity, moisture-dependent 3 40 2.36E-10
Thermal Conductivity, temperature-dependent 4 50 3.B8E-10
Enthalpy, temperature-dependent 5 60 6.39€-10
6 70 1.05e-9
[ Generate 7 8 1.736-9
B 90 2.85E-9
g 100 4.69E-9
10 110 1.71E-9
1 120 1.27E-8
12 130 2.09E-8
13 144,029 3.44E-8
Hygrothermal Functions Material Information
|Moisture Storage Function Witer Canticc DWW
Liquid Transport Coefficient, Suction No. lkg/m’] [m¥s]
Liquid Transpor ent, Redistributic 1 0 o
Water Vapour Diffusion Resistance Factor, moisture-de 3 0 1.43E-11
Thermal Conductivity, moisture-dependent 3 40 2.36E-11
Thermal Conductivity, temperature-dependent 4 50 3.88E-11
Enthalpy, temperature-dependent 5 60 6.39E-11
6 70 1.05E-10|
] Generate 7 80 1.736-10]
8 90 2.85E-10]
9 100 4.69E-10
10 110 7.7T1E-10,
11 120 1.27E-9
12 130 2.09E-9
13 144,029 3.44E-9
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Model 5
Hygrothermal Functions Material Information
Moisture Storage Function RH ‘Water Cont...
Liquid Transpert Coefficient, Suction No. -1 [kg/m’]
Liquid Transport Coefficient, Redistribution [ 3 0 0
Water Vapour Diffusion Resistance Factor, moisture-d 2 05 53.27
Thermal Conductivity, moisture-dependent 3 0.695 63.1
Thermal Conductivity, temperature-dependent 4 0.915 9.7
Enthalpy, temperature-dependent | 5 0.9535 144,092
6 0.9978 205
[C) Approximate 7 1 210
Hygrothermal Functions Material Information
‘Moistnre Storage Function Water Con... DWS
Liquid Transport Coefficient, Suction Ne. [kg/m’] [m¥s]
Liquid Transport Coefficient, Redistribution - a0 5.63E-0
Water Vapour Diffusion Resistance Factor, moisture-de 8 30 B8.37E-9
Thermal Conductivity, moisture-dependent 9 100 1.93E-8
Thermal Conductivity, temperature-dependent 10 110 6.41E-9
Enthalpy, temperature-dependent n 120 44E-8
12 130 3.TE-9
() Generate 13 140 3.42E-9
14 150 3.34E-9
15 160 341E-9
16 170 3.66E-9
17 180 4.15E-9
18 190 5.21E-9
19 200 8.24E-9
20 210 209E-8 |
Hygrothermal Functions Material Information
Moisture Storage Function Water Con... DWW
Liquid Transport Coefficient, Suction 0 [kg/m?] [mi/s]
Liquid Transport Coefficient, Redistribution - 80 5.63E-10
Water Vapour Diffusion Resistance Factor, moisture-de 8 90 8.37E-10
Thermal Conductivity, moisture-dependent g 100 1.93E-9
Thermal Conductivity, temperature-dependent 10 110 6.41E-10
Enthalpy, temperature-dependent 1 120 44E-10
12 130 3.71E-10
[ Generate 13 140 342610
14 150 3.34E-10
15 160 341E-10
16 170 3.66E-10
17 180 4.15e-10
18 190 5.21E-10
19 200 8.24E-10
L 20 210 2099 |
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Other property values of brick and other materials

Brick

Layer/Material Name: | Calcium Silicate Brick

Bulk density [kg/m’]:

Spec. Heat Capacity [J/kgK]:

Porosity [m’/m’]: [D.ZTZ
|
Thermal Conductivity [W/mK]: |

Water Vapour Diffusion Resistance Factor [ - |: |1 82.5
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Hygrothermal Functions Material Information

Moisture Storage Function RH u-Value
Liquid Transport Coefficient, Suction Ne. [-1 -1
Liquid Transport Coefficient, Redistribution 1 0 1825
Water Vapour Diffu nce Factor, moist 2 01 182.5
Thermal Conductivity, moisture-dependent 3 0.2 119.6
Thermal Conductivity, temperature-dependent 4 03 78.5
Enthalpy, temperature-dependent 5 04 51.2
6 0.5 333
7 0.6 214
B 0.7 13.5
9 0.8 83
10 0.9 4.
" 1 2.6
Hygroth | Functions Material Information
Moisture Storage Function Water Cont... Therm. Con...
Liquid Transport Coefficient, Suction No. [kg/m’] W/mK]
Liquid Transport Coefficient, Redistribution 3 0 0,619
Water Vapour Diffusion Resistance Factor, moisture-d
T noisture-dependent
Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent
Generate
Hygrothermal Functions Material Information
Moisture Storage Function Temperature Therm. Con...
Liquid Transport Coefficient, Suction No. rrcl [W/mK]
Liquid Transport Coefficient, Redistribution 1 20 0613
Water Vapour Diffusion Resistance Factor, moisture-dy 2 80 0.633
Thermal Conductivity, moisture-dependent

Thermal Conductivity, temperature-dependent

Enthalpy, temperature-dependent

Generate

Approximation Parameters:

Temp-dep. Thermal Cond. Supplement
[W/mK?): S

Air layer

Layer/Material Name: |Air Layer 25 mm; without additional moisture capacity

Bulk density [kg/m’}: |13
Porosity [m*/m’]: !._D‘O{)‘I

Spec. Heat Capacity [I/kgK}: |1000
Thermal Conductivity [W/mKJ: |0.155

Water Vapour Diffusion Resistance Factor [ - |: [D‘_Et

Hygrothermal Functions Material Information

Moisture Storage Function RH Water Cont...
Liquid Transport Coefficient, Suction No. [-3 Tkg/m]
Liquid Transport Coefficient, Redistribution 1 0 0
Water Vapour Diffusion Resistance Factor, moisture-d 2 1 0.017

Thermal Conductivity, moisture-dependent
Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

Approximate
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Hygrothermal Functions Material Information

Moisture Storage Function RH p-Value
Liquid Transport Coefficient, Suction Ne. [-1 [-1
Liquid Transport Coefficient, Redistribution

Water Vapour Diffusion Resistanc

Thermal Conductivity, moisture-dependent
Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

Hygrothermal Functions Material Information

Mnis.ture Storage F“"m‘“’“ . N Water Cont... Therm. Con...
Liquid Transport Coefficient, Suction o [kg/m'] W/mK]

Liquid Transport Coefficient, Redistribution 1 0 0155
Water Vapour Diffusion Resistance Factor, moisture-d

Thermal Conductivity, mo

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

Generate

Hygrothermal Functions Material Information

Moisture Storage Function Temperature  Therm. Con...
Liquid Transport Coefficient, Suction No. cl [W/mK]
Liquid Transport Coefficient, Redistribution

Water Vapour Diffusion Resistance Factor, moisture-d
Thermal Conductivity, moisture-dependent

1 10 0.155

Thermal Conductivity, temperature-dependent

Enthalpy, temperature-dependent

Generate

SBPO
Layer/Material Name: _Epun Bonded Polyolefine Membrane (SBPJ_

Bulk density [kg/m’}: 442
Porosity [m*/m’}: [0.001

Spec. Heat Capacity [I/kgK]: | 1500
Thermal Conductivity [W/mK]: |2.4

Water Vapour Diffusion Resistance Factor [ - |: :328.4_
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Hygrothermal Functions Material Information

Moisture Storage Function

Liquid Transport Coefficient, Suction

Liquid Transport Coefficient, Redistribution

Water Vapour Diffusion Resistance Factor, moisture-de
Thermal Conductivity, moisture-dependent

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

Approximate

No.

RH Water Cont...
[-1 [kg/m’]

I @

Hygrothermal Functions Material Information

Moisture Storage Function
Liquid Transport Coefficient, Suction
Liquid Transport Coefficient, Redistribution

ion Resistance Factor, moisture-d

Thermal Conductivity, moisture-dependent
Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

Hygrothermal Functions Matenal Information

RH p-Value

1 0 3284

Moisture Storage Function

Liquid Transport Coefficient, Suction

Liquid Transport Coefficient, Redistribution

Water Vapour Diffusion Resistance Factor, moisture-d.

nductivity sture-dependent

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

Generate

Hygrothermal Functions Material Information

No.

Water Cont... Therm. Con...
[kg/m'] [W/mK]
24

0 Z4

Moisture Storage Function

Liquid Transport Coefficient, Suctien

Liquid Transport Coefficient, Redistribution

Water Vapour Diffusion Resistance Factor, moisture-d
Thermal Conductivity, moisture-dependent

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

| Generate

Approximation Parameters:

Temp-dep. Thermal Cond. Supplement
[W/mi]:

RESEARCH REPORT CRBE A1-020287-R

0.0002

01

Temperature Therm. Con...
[°cl [W/mK]

1 -20 2394

2 80 2414

No.
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OsB

Layer/Material Name: | Oriented Strand Board

Bulk density [kg/m’]:
Porosity [m*/m’): 095

Spec. Heat Capacity [J/kgK]: | 1880
Thermal Conductivity [W/mK]: | 0.092 _

Water Vapour Diffusion Resistance Factor [ - |: |_él 2.

Hygrothermal Functions Material Information

Moisture Storage Function RH Water Cont...
Liquid Transport Coefficient, Suction No. -1 [kg/m’]

Liquid Transport Coefficient, Redistribution 0 0
Water Vapour Diffusion Resistance Factor, moisture-d 0.494 43.55
Thermal Conductivity, moisture-dependent 0.693 58.15
Thermal Conductivity, temperature-dependent 0.895 104,65

Enthalpy, temperature-dependent 0.998 407.55
1 470

O B g =

Approximate

Hygrothermal Functions Material Information

Moisture Storage Function Water Cont... DWS
= No.
% kg/md [m?s]
0

833
470

Liquid Transport Coefficient, Suctior

Liquid Transport Ceefficient, Redistribution

Water Vapour Diffusion Resistance Factor, moisture-d
Thermal Conductivity, moisture-dependent

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

WoRa =
o
w o
prrig
m m
-

_ Generate
Approximation Parameters:

Reference Water Content [kg/m’L: 833
Free Water Saturation [kg/m’]: 470

Water Absorption Coefficient [kg/m™Vs}: 0.0022

Hygrothermal Functions Material Information

Moisture Storage Function Water Cont... DWW
I.lquld Tunsport Cndﬁcnent, Suction No. [kg/m’] (ms]

' - 0 0
233 2.83E-13
470 8.33E-12

ransport Coeffi

Wstev Vapour Diffusion Resnstance Factol, moisture-d
Thermal Conductivity, moisture-dependent

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

o s

% Generate
Approximation Parameters:
Reference Water Content [kg/m"}: 833
Free Water Saturation [kg/m’]: 470
Water Absorption Coefficient [kg/m®Vs): 0.0022
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Hygrothermal Functions Material Information

Moisture Storage Function RH u-Value
Liquid Transport Coefficient, Suction Ne. -1 -1
Liquid Transport Coefficient, R:dlstrlon " i 0 8128
el 2 01 8128
Thermal Conductivity, moisture-dependent 3 0.2 518.9
Thermal Conductivity, temperature-dependent 4 0.3 345.7
Enthalpy, temperature-dependent 5 04 2384
6 0.5 169.2
7 0.6 1224
8 0.7 90.5
9 0.8 67.6
10 0.8 51
1 1 389
Hygrothermal Functions Material Information
Moisture Storage Function Water Cont... Therm. Con...
Liquid Transport Coefficient, Suction No. [kg/m’] W/mK]
Liquid Transport Coefficient, Redistribution ] 0 0.002
Water Vapour Diffusion Resistance Factor, moisture-di =
Thermal Conductivity, moisture-dependent
Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent
Generate
Hygrothermal Functions Material Information
Moisture Storage Function Temperature  Therm. Con...
Liquid Transport Coefficient, Suction No. a [(W/mK]
Liquid Transport Coefficient, Redistribution 1 20 0.085
Water Vapour Diffusion Resistance Factor, moisture-d 2 ?w 0.106
Thermal Conductivity, moisture-dependent
Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent
-l Generate
Approximation Parameters:
Temp-dep. Thermal Cond. Supplement
W/ s
Fiber glass
Layer/Material Name:  Fibre Glass
Bulk density [kg/m’]: 30
Porosity [m*/m*: |0.99
Spec. Heat Capacity [J/kgK]: |E'.4{1
Thermal Conductivity [W/mK]: |D.033

Water Vapour Diffusion Resistance Factor [ - |:
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Hygrothermal Functions Material Information

Thermal Conductivity, moisture-dependent

Thermal Conductivity, temperature-dependent

Enthalpy, temperature-dependent

i Generate

Approximation Parameters:
Temp-dep. Thermal Cond. Supplement [W/mK®]: 0.0002

RESEARCH REPORT CRBE A1-020287-R01

Moisture Storage Function RH Water Cont...
Liquid Transport Coefficient, Suction No i-1 [kg/m]
Liquid Transpert Coefficient, Redistribution 1 0 S55ETT
Water Vapour Diffusion Resistance Factor, moisture-d 2 0.48
Thermal Conductivity, moisture-dependent 3 0.716
Thermal Conductivity, temperature-dependent 4 1.1
Enthalpy, temperature-dependent 5
Approximate f
8
9
10
1
12
13
14
15
16
17 5
18 1
Hygrothermal Functions Material Information
Moisture Storage Function RH p-Value
Liquid Transport Coefficient, Suction Ne. -1 [-1
Liquid Transport Coefficient, Redistribution 1 0 13
Vag iff
Thermal Conductivity, moisture-dependent
Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent
Hygrothermal Functions Matenal Information
Moisture Storage Function Water Cont... Therm. Con...
Liquid Transport Coefficient, Suction No. [kg/m"] [W/mK]
Liquid Transport Coefficient, Redistribution 1 0 0.035
Water Vapour Diffusion Resistance Factor, moisture-d; 2 50 0.043
Thermal Co Tvity, moisture-dependent 3 100 0.049
Thermal Conductivity, temperature-dependent 4 300 0.1
Enthalpy, temperature-dependent 5 500 0.2
6 800 0.44
Generate 7 900 0.55
8 950 0.6
9 990 0.61
Hygrothermal Functions Material Information
Moisture Storage Function Temperature Therm. Con...
Liquid Transport Coefficient, Suction No. rq [W/mK]
Liquid Transport Coefficient, Redistribution 1 20 0.029
Water Vapour Diffusion Resistance Factor, moisture-de 2 80 0.049
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PE-Membrane

Layer/Material Name: i_F-JE;-r\_flembrane (PoFy;-D.D? perm)

Bulk density [kg/m®): 130
Porosity [m*/m*): [0.001
Spec. Heat Capacity [J/kgK]: | 2300
Thermal Conductivity [W/mK]: : 23
Water Vapour Diffusion Resistance Factor [ - ]: |5%}DGD
Hygrothermal Functions Material Information
Moisture Storage Function RH Water Cont...
.L?quid Transport Coeﬁicient, Suct‘iur‘i . No. (-1 [kg/m’]
Liquid Transport Coefficient, Redistribution ] 2
Water Vapour Diffusion Resistance Factor, moisture-de 2 _
Thermal Conductivity, moisture-dependent 3 0.6
Thermal Conductivity, temperature-dependent 4 7
|Enthalpy, temperature-dependent 5
6
Approximate 7 0.9
8 0.91
9 0.92
10 0.93
1 0.94
12 0.95
13 0.96
14 0
15
16
17
18
Hygrothermal Functions Material Information
Moisture Storage Function RH p-Value
Liquid Transport Coefficient, Suction No. [-] F-)
Liquid Transport Coefficient, Redistribution " 0 50000

Water Vapour Diffusion Resistance Factor, moisture-de
Thermal Conductivity, moisture-dependent

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent
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Hygrothermal Functions Material Information

® ® ® NRC.CANADA.CA

|Moisture Storage Function

Liquid Transport Coefficient, Suction
Liquid Transport Coefficient, Redistribution
Water Vapour Diffusion Resistance Factor, moisture-de

Thermal Conductivity, moisture-depenc

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

Generate

Hygrothermal Functions Matenial Information

No.

Water Cont... Therm. Con...
[kg/m’]

[W/mK]

0 3
v 23

\Moisture Storage Function

Liquid Transport Coefficient, Suction
Liquid Transport Coefficient, Redistribution
Water Vapour Diffusion Resistance Factor, moisture-d
Thermal Conductivity, moisture-dependent

tem ture-dependent

Generate

Approximation Parameters:
Temp-dep. Thermal Cond. Supplement [W/mK’]: 0.0002

Gypsum board

No.

N

Temperature Therm. Con...

ra

-20
80

[W/mK]

[T
W

. B

Layer/Material Name: Ilnterior Gypsum Board

Bulk density [kg/m’}:

Porosity [m*/m’):

Spec. Heat Capacity [J/kgK]:
Thermal Conductivity [W/mK]:

Water Vapour Diffusion Resistance Factor [ - ]:

[625
| R

10706

1870

10.16 |
[7.03 |

Hygrothermal Functions Material Information

Moisture Storage Function

Liquid Transport Coefficient, Suction

Liquid Transport Coefficient, Redistribution

Water Vapour Diffusion Resistance Factor, moisture-de
Thermal Conductivity, moisture-dependent

Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent

Approximate

RESEARCH REPORT CRBE A1-020287-R01

Ne.

oL e o —

RH
-1

0.505
0.7
0.896
0.99

Water Cont...
[ka/m’]

0

434275
6.15625
11.3125

93|

430.625
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Hygrothermal Functions Material Information

Moisture Storage Function

Water Cont... DWsS
Liquid Transport Coeffici Suctic No. lkg/m’] (m¥s]
Liquid Transport Coefficient, Redistribution 3 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 20 2.00E-8
Thermal Conductivity, moisture-dependent 3 ) 6.98E-8
Thermal Conductivity, temperature-dependent 4 140 1.34E-7
Enthalpy, temperature-dependent 5 240 2.91E-7
6 310 8.46E-7
Generate 7 390 2.13E-7
8 4%0 T.11E-7
Hygrothermal Functions  Material Information
Moisture Storage Function Water Cont... DWW
Liquid Transport Coefficient, Suction Ne. [kg/m'] [mi/s]
Liquid Tra t cient, Redistribution . 0 0
Water Vapour Diffusion Resistance Factor, moisture-de 2 20 2.00E-9
Thermal Conductivity, moisture-dependent 3 80 6.98E-9
Thermal Conductivity, temperature-dependent 4 140 1.34E-8
Enthalpy, temperature-dependent 5 240 2.91E-8
6 310 8.56E-8
Generate 7 390 2.136-8
8 490 7.11E-8
Hygrothermal Functions Material Information
Moisture Storage Function RH u-Value
Liquid Transport Coefficient, Suction No. -] -1
Liquid Transport Coefficient, Redistribution 1 0 703
e = - 2 0.1 7.03
Thermal Conductivity, moisture-dependent 3 02 6.48
Thermal Conductivity, temperature-dependent 4 03 5.98
Enthalpy, temperature-dependent 5 04 5.5
6 0.5 5.05
7 0.6 4.63
8 0.7 424
9 0.8 387
10 09 3.52
n 1 3.19
Hygrothermal Functions Material Information
Moisture Storage Function Water Cont... Therm. Con...
Liquid Transport Coefficient, Suction No. [kg/m’] W/mK]
Liquid Transport Coefficient, Redistribution 1 0 0.16
Water Vapour Diffusion
T nduc
Enthalpy, temperature-dependent
Generate
Hygrothermal Functions Material Information
Moisture Storage Function Temperature  Therm. Con...
Liquid Transport Coefficient, Suction No. cl [W/mK]
Liquid Transport Coefficient, Redistribution ; 20 0154
Water Vapour Diffusion Resistance Factor, moisture-deg 2 20 0.174
Thermal Conductivity, moisture-dependent
Thermal Conductivity, temperature-dependent
Enthalpy, temperature-dependent
£ Generate
Approximation Parameters:
Temp-dep. Thermal Cond. Supplement [W/mK?]: 0.0002
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Orientation/inclination

~Orientation

East v

~Inclination

Inclination[] 90

ar

~Building Height/Driving Rain Coefficients

B Rain load calculation according to ASHRAE Standard 160

Building Height [m] ~ Exposure Category
rain exposure factor (FE) 1.0 <10 ~  Medium v
rain deposition factor (FD) 05 Walls below a low-slope roof v
Nate:
Rain Load =

Rain* FE " FD " 0.2 s/m * Wind Velocity

Surface transfer coefficients

~Exterior Surface (Left Side)
Heat Resistance [(m?* K)/W] 0.0588 External Wall
icludes long-wave radiation pars [W/(m? K)] 65
wind-dependent O
sd-Value [m] = No coating
Note: This setting does not affect rain absorption
Short-Wave Radiation Absorptivity [ - ] 04 DIN 4108-3: white, bright hue
Long-Wave Radiation Emissivity [ -] =
Reduction factors caused by shading:
r absorplivity == Nao shading
Explicit Radiation Balance 0 Note: This option takes radiative cooling due to long-wave
emission into account. ve cases may require
accurate counterradiation data in the weather
Ground ShortWave Reflectivity [ -] 02 Standard value
Adhering Fraction of Rain [ -] 0.7 Depending on inclination of component
(“Interior Surface (Right Side)
Heat Resistance [(m? K)/W] 0.125 (External Wall)
sd-Value [m] = No coating
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Initial conditions
Initial Moisture in Component i rInitial Temperature in Component

© Constant Across Component © Constant Across Component

O ln each Layer
ORead from File ORead rom Fiie
Initial Relative Humidity [ - ] 08 Initial Temperature in Component['C] 20
Climate conditions
| Temperature / Relative Humidity ¢ Climate Analysis
E 30
220
=
®
g 10
E
2 0
31-Dec 30:.!" 02-Mar D1-;Ap| 02-1‘&1“' 02-Jun 30-Jun 31-Jul 30-Aug 30-Sep 30:0-:% 30-Now 31-Dec
E
g
2
E
3
T
B
& + +
31-Dec 30-Jan 02-Mar D1-Apr 02-May 02-Jun 30-Jun 31-Jul 30-Aug 30-Sep 30-0ct 30-Nov 31-Dec
Additional Data Diagrams
| Global Radiation v
- 800
g 600
§ 400
=200
0
31-Dec 30-Jan 02-Mar D1-Apr 02-May 02-Jun 30-Jun 31-Jul 30-Aug 30-Sep 30-0ct 30-Nov 31-Dec

[ Temperature / Relative Humidity @% Climate Analysis

Mean Temperature [*C]: 105 Mean Relative Humidity [%]: 815
Max. Temperature [*C]: 37 Max. Relative Humidity [Jo]: 100
Min. Temperature [*C]: -44 Min. Relative Humidity [%]: 24
Counterradiation Sum [kWh/ma]: 2845.1 Mean Wind Speed [m/s]: 37
Mean Cloud Index [ - ]: 0.67 Normal Rain Sum [mm/a]: 1314.5
Solar Radiation Sum [kWh/m*a] Driving Rain Sum [mm/a]
N
1320
1258
1.108
1137
1078
1015
054
804
833
m
m
850
589
528
488

RESEARCH REPORT CRBE A1-020287-R01 PAGE 49



® ® ® NRC.CANADA.CA

Indoor conditions

derived from: | Vancouver, warm year | @ sercimste. 8 Detils.. 8 UseleftClimate
100 Air-conditioning system
5 e

%0 floating indoor temperature shift [*Cl:
85 set point for heating ["Cl:
% st point for cooling [*Cl:
T Rt Ex—
70
65 Relstive Humidiy

5 o & Moisture Generation Rate

= s rumboolbeiooms I

g 0 T Jetted tub without exhaust fan: O

a o E User-defined Moisture Generation Rate: [_|

£ w? Moisture Generation Rate [kg/sk
3 = Air Exchange Rate
-
. A Exchange Rate [1/h:
20 biabln vohurme I
15
10
s
0

31-Dec 30-Jan 02-Mar 01-Apr 02-May 02-Jun  30-Jun 31-Jul 30-Aug 30-Sep 30-Oct 30-Nov 31-Dec
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