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Improved engineering model for water absorption in softwoods

SAMUEL V. GLASS
SAMUEL L. ZELINKA

Building and Fire Sciences, USDA Forest Service, Forest Products Laboratory, Madison, WI, USA

, CHARLES R. BOARDMAN (), NATALIA FARKAS (5, ELEANOR Q. D. LAZARCIK AND

Modeling of moisture transfer in porous materials is typically partitioned into liquid transport and vapor diffusion. Coefficients for
liquid transport are often derived from laboratory measurements of water absorption by partial immersion. Although the assumption
that capillary liquid transport is dominant while vapor diffusion is negligible is a reasonable assumption for mineral-based materials,
recent work indicates that it is not representative of water absorption in wood across the grain. This article builds on earlier work and
develops an improved engineering model for liquid water transport in softwoods. The approach uses a constant liquid diffusivity
value, relies primarily on ordinary hygrothermal property measurements, and partitions vapor and liquid transport in a practical way
that is informed by current understanding of wood—water interactions. The model is optimized using one-dimensional simulations
calibrated against measured water uptake across a range of softwood species. Laboratory measurements were conducted to investigate
key properties of eastern white cedar, which had the highest relative error in a previous version of the model, and to examine the
practicality and relevance of vacuum saturation and free saturation for southern yellow pine. The model accuracy is improved by

paying closer attention to the moisture storage function and capillary saturation value.

Introduction

The building envelope performs multiple roles that are crit-
ical for comfortable, healthy, energy efficient and durable
buildings. Key performance requirements include prevention
of bulk water intrusion and management of heat, air, and
moisture (ASHRAE 2019a, 2021b). Moisture levels in build-
ings affect indoor air quality, the health and comfort of the
occupants, and the serviceability of the structure. Indoor
dampness and microbial growth have been linked to adverse
health effects (IOM 2004; WHO 2009; Mendell et al. 2011),
and moisture accumulation can lead to deterioration of struc-
tural materials and finishes (ASHRAE 2019a, 2019b,
2021c).

Porous building materials absorb water by capillary
action. Exposure to water may occur from precipitation dur-
ing the construction process prior to enclosure of the build-
ing or in the form of wind-driven rain against cladding
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materials such as brick, stone, stucco, or wood throughout
the service life of the building. Liquid water absorption in
such materials is commonly measured using standard labora-
tory methods (ASTM 2019; ISO 2002). The sides of the spe-
cimen are sealed with a water-impermeable coating to limit
absorption to one surface and the specimen is immersed in
water to a depth of a few millimeters, periodically removed,
weighed, and immersed again. For many mineral-based
materials, a plot of water uptake (kg m™2) versus square root
of time is bilinear, as depicted in Figure la for ceramic
brick. The slope of the initial linear portion (red line in
Figure 1a) is known as the water absorption coefficient A4
(kg m™? s7°7), and the plateau indicates that the material
has reached the capillary saturation water content w,. (kg
m™>), also known as the free water saturation value.

Wood interacts with water differently from mineral-based
materials. Wood undergoes considerable expansion and con-
traction with changes in moisture content. The transfer of
heat, air, and moisture in wood depends on the direction
relative to the growth rings (radial vs. tangential) and the
longitudinal axis of the tree. For example, liquid water trans-
port and water vapor diffusion are much faster in the longi-
tudinal direction (with the grain) than in the radial or
tangential directions (across the grain) (Thybring et al.
2022). Liquid water absorption in wood is typically much
slower than in mineral-based materials. This is shown for
spruce (across the grain) in Figure 1b; note that the vertical
axis for spruce has a 50x zoom compared to brick. The slow
rate of water uptake in wood means that the capillary satur-
ation value cannot be determined from a plateau in a partial
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Fig. 1. Measured liquid water absorption in a) ceramic brick
(Scheffler et al. (2007) and (b) spruce across the grain
(Kumaran et al. 2002). Note the different vertical axis scales.

immersion test within a practical timeframe. While mineral-
based materials typically reach a plateau in hours to days,
wood can take months or years. Various alternative methods
for determining capillary saturation will be discussed later in
this article.

Hygrothermal simulation is an important tool for building
envelope design analysis; it predicts moisture and tempera-
ture conditions over time within multilayer assemblies in
response to interior and exterior environmental conditions
(Hens 1996; Trechsel 2001; Straube and Burnett 2005;
ASTM 2016; ASHRAE 2021a). This type of analysis can
help identify and mitigate potential moisture performance
risks prior to construction. At the material level, several
properties can be specified, such as thickness, bulk density,
porosity, specific heat capacity, thermal conductivity, mois-
ture content as a function of relative humidity, and moisture
transfer coefficients.

Moisture transfer in porous building materials is typically
partitioned by hygrothermal models into two mechanisms:
vapor diffusion and liquid transport. A common tacit
assumption is that liquid transport is dominant during a
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water absorption experiment and vapor diffusion is negli-
gible. Models for liquid diffusivity in porous materials range
from simplified approximations that rely only on 4 and w,
(e.g., Kiinzel 1995; Kumaran 1999) to more detailed models
with many more parameters (e.g., Carmeliet, Janssen, and
Derluyn 2007; Scheffler et al. 2007). The approximation
proposed by Kiinzel (1995), which is used in the hygrother-
mal model WUFI (Warme Und Feuchte Instationar or
“transient heat and moisture transfer”; IBP 2022), expresses
the liquid transport coefficient for suction D,, (m* s™') as a
function of water content w (kg m™>) as follows:

2

A
D, (w) =38 — 1000"/"! (1)

We

Calculations using this approximation give reasonable
agreement with measurements for natural stone materials,
both for water uptake vs. square root of time and water con-
tent profiles at different times during the absorption process
(Krus 1996). Further details on how this approximation is
used in the overall model for heat and moisture transfer can
be found elsewhere (Kiinzel 1995; Kiinzel and Kiessl 1997).

Equation (1) has been applied to many materials in the
WUFI North America Database (IBP 2022), including five
wood species. The material properties are based on labora-
tory measurements from ASHRAE Research Project 1018
(Kumaran et al. 2002). At a basic level, when hygrothermal
property data are implemented in a model and the laboratory
measurements are simulated using the same boundary condi-
tions, the output of a valid model should match the measure-
ments. However, recent work has demonstrated that Equation
(1) is inaccurate for modeling water absorption in wood
(Kordziel et al. 2020; Glass, Boardman, and Daniels 2022). For
illustration, the simulated water absorption experiment using
properties for spruce from the WUFI North America Database
is compared with the laboratory measurements reported by
Kumaran et al. (2002) in Figure 2 (see Supplementary Material
Part I for details on all five wood species). The simulation using
original database properties vastly overpredicts the rate of water
uptake compared with measured data. In this case, simulated
liquid transport is based on Equation (1) with the assumption
that the measured A value reflects liquid only, while simulated
vapor diffusion is based on independent steady-state vapor
transmission measurements. The simulation in which vapor dif-
fusion is effectively excluded matches the measurements, indi-
cating that Equation (1) would be accurate if vapor diffusion
were negligible. However, a simulation in which liquid transport
is excluded clearly indicates that vapor diffusion is not negli-
gible, explaining the overprediction of the original simulation.
This example highlights the need to create independent models
for wood and mineral-based materials. All in all, wood is not
just another brick in the wall.

Although wood behaves differently from mineral-based
materials, the systematic overprediction of water uptake in
wood discussed above does not stem from oversimplifying
physical phenomena. We acknowledge that wood exhibits
complex features, such as non-linear liquid water uptake vs.
square root of time (Zillig 2009; Sedighi-Gilani et al. 2012,
2014; Zelinka et al. 2016b). In addition, the kinetics of water
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Fig. 2. Water absorption measurements for spruce (Kumaran
et al. 2002) compared with simulation for the same material
from the WUFI North America Database (“Original sim.”),
simulation with vapor diffusion excluded (“Liquid only”) by
making the vapor diffusion resistance factor arbitrarily large,
and simulation with liquid transport excluded (“Vapor only”).

vapor sorption in wood are non-Fickian at small length
scales (e.g., Christensen and Kelsey 1959; Wadso 1994;
Thybring, Glass, and Zelinka 2019, Thybring et al. 2022).
Despite these complexities, moisture transfer in wood can
still be approximated reasonably well for practical applica-
tions at the building envelope scale.

We recently developed an improved model for water
absorption in wood (Glass, Boardman, and Daniels 2022).
This approach does not require data beyond ordinary hygro-
thermal property measurements, avoids the incorrect assump-
tion that vapor diffusion is negligible during liquid water
uptake measurements, and partitions vapor and liquid trans-
port in a practical way guided by current understanding of
wood—water interactions. The model was calibrated by com-
paring simulations with measured water uptake using litera-
ture data for a range of softwood species. Six out of nine
species had relative errors of 3% or less. The species with
the largest relative error (63%) was eastern white cedar, and
further work was recommended to investigate this possible
outlier. Further measurements were also recommended for
capillary saturation, given the lack of data in the literature.

In this article we improve this model, investigate the
hygrothermal properties of eastern white cedar with laboratory
measurements, conduct free saturation and vacuum saturation
measurements over time for southern yellow pine to examine
their practicality and relevance for modeling, and conduct a
more detailed analysis of the moisture storage function for
each wood species, paying particular attention to the effective
capillary saturation value for water absorption across the grain.
The following section provides relevant background on the cur-
rent understanding of wood—water interactions used to develop
the model. Next, we describe our laboratory measurements, the
data mined from the literature, the structure of the engineering
model, and its optimization. Finally, we present measurement
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results, show that the model improves simulation accuracy, and
identify topics that need further research.

Background

Types of water in wood

Wood cell walls are composed of biopolymers including
ordered cellulose, amorphous cellulose, hemicelluloses, and
lignin. Water can be present within the cell wall and in the
capillary volume, which includes the lumen and features such
as the chambers of bordered pits, as depicted in Figure 3.
Water molecules in the cell wall interact with the hydroxyl
(OH) groups of the wood polymers through hydrogen bonding
(Chen et al. 2018, Plaza 2019). Water molecules increase the
volume of the cell wall, which is reflected in macroscopic
swelling and shrinkage of wood with changes in moisture
content. We refer to this type of water as cell wall water (the
term bound water is also commonly used). Cell wall water
does not undergo a freezing/melting phase transition at tem-
peratures as low as —65 C based on differential scanning cal-
orimetry (DSC) measurements (Zelinka et al. 2012). In
contrast to cell wall water, the DSC data indicate that capil-
lary water within the porous microstructure of wood under-
goes a freezing/melting transition like liquid water. Although
the term frree water has often been used in the literature, its
use is not encouraged because capillary water interacts with
the internal surfaces of wood cells and is thermodynamically
different from pure liquid water (Fredriksson 2019; Thybring
et al. 2022).

Moisture storage function

The moisture storage function describes the relationship
between moisture content and relative humidity (RH) at
equilibrium over the full moisture range. Here, moisture con-
tent u (kg kg™') refers to the mass ratio of water to dry solid
material; it is also commonly expressed as a percentage and
abbreviated MC. Water content w (kg m™) refers to the
ratio of the mass of water to the bulk volume of the solid
material and is the product of u# and bulk dry density. The
moisture content of wood increases dramatically at high RH.
Given that this article focuses on modeling water absorption,
the subsequent discussion does not address sorption hyster-
esis or desorption.

Measurements in softwoods indicate that water is predom-
inantly located in the cell walls up to RH levels above 99%;
in most cases, the amount of capillary water is negligible
below 99% RH (Thygesen, Engelund, and Hoffmeyer 2010;
Fredriksson 2019). For example, DSC measurements did not
detect any capillary water in Douglas-fir equilibrated (by
absorption from a dry initial condition) at 95% RH, and at
99.65% RH the amount of capillary water was less than
0.004kg kg™ (Fredriksson and Thybring 2019). Calculations
based on softwood anatomical features including bordered
pits and the pointed ends of tracheids predict a contribution
from capillary water of about 0.0001kg kg™' at 99% RH,
increasing to just under 0.0035kg kg~' at 99.9% RH
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for a section through the center of the block; and magnified structure of a bordered pit (right). Cell wall water is located inside the solid
cell walls and forms hydrogen bonds with hydroxyl groups of the wood polymers. Capillary water is located in the porous

microstructure.

(Engelund, Thygesen, and Hoffmeyer 2010). This value at
99.9% RH is roughly consistent with the measurements
quoted above. As RH increases above 99.9%, the amount of
capillary water increases rapidly, corresponding to filling of
the pore structure.

Maximum saturation

Although maximum saturation is usually not relevant for water
absorption in building applications, it can be used for determin-
ing the porosity of the material, which is typically specified as
a material property in hygrothermal models. Maximum satur-
ation is reached when the whole capillary volume is filled with
water and is typically measured with samples submerged in
water under vacuum. Theoretical maximum saturation u,,,,, (kg
kg™") of wood can be calculated using the dry bulk density pq
(kg m™>) as shown in the Supplementary Material Part II:

1000
Uinax = —— — 0.3844 )

Po

This can also be expressed as maximum water content
-3 .
Wmax (Kg m™7):

Wmax = 1000 — 0.3844p, 3)
The porosity ¢ (= wmax/1000) can then be calculated as
B 0.3844p,
1000 @

Capillary saturation

Mineral-based materials often reach capillary saturation
within a practical amount of time after starting a partial
immersion test (see Figure la). This is not the case, how-
ever, for water uptake in wood across the grain. Capillary
saturation is generally less than maximum saturation because
of entrapped air within the pore structure. Another method
for determining capillary saturation is with advanced imag-
ing techniques that measure the moisture content as a func-
tion of distance from the wetted surface over time. Several
studies have measured moisture profiles in wood during

water absorption with techniques such as gamma ray attenu-
ation, nuclear magnetic resonance (NMR), neutron radiog-
raphy, and X-ray computed tomography (Krus and Vik
1999; Kumaran 1999; Sandberg and Salin 2012; Sedighi-
Gilani et al. 2012, 2014; Gezici-Kog et al. 2017). Capillary
saturation can be defined as the moisture content just above
the wood—water interface. For water uptake along the grain,
imaging methods cited above yield capillary saturation val-
ues for softwoods in the range 1.5-2kg kg™' or 650-900 kg
m™>. This range is nearly the same as maximum saturation,
which can be explained based on wood structure. Axial tra-
cheids, the most common type of cell in softwoods, gener-
ally have a length in the range 1-10mm (Wiedenhoeft
2021). At an end-grain surface, water readily fills the voids
of the cut cells. The imaging techniques mentioned above
typically have spatial resolution finer than 1 mm, so they
detect the filling of the cut cells.

The situation is different for water absorption across the
grain. Axial tracheids generally have a diameter less than 1%
of their length (Wiedenhoeft 2021), so the complete filling of
cut cells near the wood—water interface has a limited effect
spatially. Two of the studies mentioned above reported mois-
ture profiles for water uptake across the grain. Sedighi-Gilani
et al. (2014) found an effective saturation value of around
400kg m™> for water uptake in Scots pine sapwood in the
tangential direction. The mean dry bulk density was 450kg
m™>, so the effective saturation value was about 0.9kg kg™".
This value is about half of maximum saturation. Gezici-Kog
et al. (2017) imaged water absorption in Scots pine sapwood
in the radial direction over a longer duration using NMR.
They found that the moisture content near the wood-water
interface increased over time but was limited to about 0.8 kg
kg~ in the first 21 days. In addition to giving the total mois-
ture content, NMR can separate cell wall water from capillary
water. A notable finding of this study is that the cell wall
water content rises spatially through the specimen ahead of
capillary water (Gezici-Kog et al. 2017). The likely mechan-
ism is diffusion of water vapor through the pore structure
combined with sorption in the cell walls and diffusion of the
cell wall water.
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Water vapor transmission

Water vapor transmission through wood increases with
increasing relative humidity. The vapor permeability and
vapor diffusion resistance factor for select wood species are
plotted in Figure 4. The water vapor diffusion resistance fac-
tor (or u-value) is the ratio of the vapor permeability of still
air (diffusion with no convection) to that of the material.
The observed trends reflect the increase in mobility of cell
wall water with increasing RH (Thybring et al. 2022). The
primary pathway is diffusion of water vapor through the
pore structure, but this usually does not provide a continuous
path. Water molecules must cross the cell wall (or pass
through bordered pits or other features) to get to the next
void. As RH increases, the cell wall water content increases,
which swells the cell wall, increases its porosity and the con-
nectivity of water molecules (Kulasinski et al. 2015), and soft-
ens the amorphous polymers (Jakes et al. 2019). Additionally,
the strength of attraction between water and cell wall polymers
decreases as RH increases (Nopens et al. 2019), thereby
increasing water mobility.
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Fig. 4. Semi-log plots of (a) derived vapor permeability and (b)
calculated vapor diffusion resistance factor vs. RH for three
wood species (Kumaran et al. 2002).
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Materials and methods

Laboratory measurements

Measurements were taken for eastern white cedar (EWC)
and southern yellow pine (SYP). Eastern white cedar, also
known as northern white-cedar (Thuja occidentalis), was
selected because previous work (Glass, Boardman, and
Daniels 2022) indicated that this species was an outlier
when the liquid diffusivity from a predictor equation was
compared with that from a calibrated simulation. EWC
boards were obtained from a local building material supply
and were originally either 20 mm or 25 mm thick across the
grain. Photographs of EWC specimens cut and sanded to
16 mm thickness for different types of measurements are
shown in Figure 5. Additionally, select measurements were
made using the same SYP specimens studied by Zelinka
et al. (2016b) to acquire data on vacuum saturation and free
saturation over longer duration. The term “species” in this
article in some contexts is consistent with botanical tax-
onomy (e.g., Thuja occidentalis) but is also used for com-
mercial groups that include multiple species, such as the
SYP group.

Dry bulk density was determined using Method A of
ASTM D2395 (ASTM 2017) for EWC specimens either
50 50 16mm or 100 50 16mm. Mass was measured
with an electronic balance (+0.001g) after drying in an
environmental chamber at 76+1 C near 0% RH for a min-
imum of 24h (subsequent measurements at 48 h changed by
no more than 0.1%). Dimensions were measured with a
digital caliper (+£0.01 mm).

Vacuum saturation was measured for 50 50mm EWC
specimens that were 2.5, 5, or 16 mm thick across the grain,
with six replicates of each thickness. All surfaces were

Fig. 5. Photographs of select eastern white cedar specimens for
liquid water absorption measurements (a), sorption isotherm
measurements (b), and water vapor transmission measure-
ments (c).
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sanded smooth. Specimens were placed in deionized water
and held under vacuum (3.0kPa absolute pressure) for
10days. After 3, 5, and 10days, specimens were taken out
of the water, blotted with a moist cloth to remove droplets,
and weighed. They were placed in water again without vac-
uum for another 10days. Dimensions in the saturated state
and dry mass and bulk density were measured according to
the procedure given above.

Free saturation and vacuum saturation were measured for
50 50mm SYP specimens that were 6, 12, or 18 mm thick
in each of the three anatomical directions (longitudinal,
radial, and tangential), with three replicates each. Free satur-
ation was measured by placing samples in deionized water
without applying vacuum or pressure. Initially the samples
floated but became fully submerged once they absorbed suf-
ficient water. Samples were periodically removed, blotted,
and weighed until the rate of change in mass based on five
or more points spaced over a one-month period was less
than 10 mg day~', which is small relative to the repeatability
error (0.1 g from blotting). Some specimens took up to a
year to reach this criterion. Vacuum saturation measurements
followed the same procedure above for EWC, but the dur-
ation for SYP specimens was limited to 5 days.

The moisture storage function in the hygroscopic range
(sorption isotherm) was characterized using two methods.
The first accommodated six EWC replicates simultaneously
using a custom chamber in which RH was regulated by a
constant-flow humidity generator (Zelinka et al. 2018a).
Specimens 50 50 mm with a thickness of 16 mm across the
grain were pre-dried at 76+1 C near 0% RH for 24h.
Targeted conditions were 50%, 80%, and 90% RH at 23 C.
RH sensor measurement uncertainty was 1% RH, and tem-
perature stability was +1.1 C. Equilibrium was operationally
determined by continuously monitoring the mass of one spe-
cimen in situ with an electronic balance (+0.1 mg) until the
rate of change in mass was less than 12mg over 24h
(<0.1% of dry mass per day). After this criterion was
reached, the mass of each specimen was measured using the
same balance. After equilibration at the final RH setting,
specimens were dried again at 76+ 1 C for 48 h. Initial and
final dry masses differed by no more than 0.1%.

The second method used an automated gravimetric sorp-
tion analyzer (IGAsorp, Hiden Isochema, Warrington, UK),
which has a microbalance with 0.1 pg resolution. Inherent
mass instability from random noise, vibration, and drift was
previously found to be less than 2 pg over 24 h (Glass et al.
2018). EWC specimens were cut with approximate dimen-
sions of 1.2mm in the longitudinal direction and 8 mm in
the radial and tangential directions, having dry mass between
19 and 22mg. Three replicates were run sequentially. The
sample was placed in a stainless-steel mesh basket sus-
pended from the microbalance and was dried under flow of
high purity nitrogen at 60 C for 8 h and then thermally equi-
librated under nitrogen flow at 25.00+£0.02 C, after which
dry mass was recorded. RH set points were 10% to 90% at
intervals of 10%, followed by a final point at 95% RH. The
RH was controlled by mixing dry and water vapor-saturated
nitrogen gas streams at a total flow rate of 250 mL/min
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using electronic mass flow controllers. RH within the sample
chamber was calibrated using reference saturated salt solu-
tions (Greenspan 1977), yielding measurement uncertainty of
+0.5% RH. At each RH level, data collection was stopped
when the rate of change in mass with time (relative to the
dry mass) was less than 5pug g”™'min~! over a 60 min win-
dow. Equilibrium moisture content (EMC) was calculated
using the correction method of Glass et al. (2018), which is
based on an empirical relationship between EMC measured
at extended times and MC measured when the criterion men-
tioned above was attained (relative change in mass with
time). Uncertainty in EMC using this method is approxi-
mately +0.002kg kg™".

Water vapor transmission was measured using the cup
method (ASTM 2022). EWC specimens approximately
168 115 16mm were edge-coated with neoprene paint
(Product N-700A, Republic Powdered Metals, Inc., Medina,
OH) and sealed with butyl tape (C.R. Laurence Co., Inc.,
Los Angeles, CA) to the face of a Pyrex dish containing
either A3 molecular sieve desiccant (0% RH) or deionized
water (100% RH). The direction of vapor transmission was
across the grain. The dish assemblies were placed in an
environmental chamber at 23 C and constant RH measured
to an accuracy of +2% RH. Relative humidity conditions
across the specimens (dish/chamber) included 0%/64%,
100%/53%, and 100%/83%. Each dish assembly was
removed briefly from the chamber and weighed (+0.01 g) at
24h intervals until steady state was reached. The vapor per-
meability J, (kg m~' s7'Pa”!) of the specimen was calcu-
lated as

m 1
O = S Ap,

)

where 71 is the steady-state mass transfer rate (kg s™'), [ is
the specimen thickness (m), S is the exposed surface area of
the specimen (m?), and Ap, is the difference in vapor pres-
sure across the specimen (Pa). The vapor diffusion resistance
factor u was calculated as

f=< (6)
where J, is the vapor permeability of still air (201 ng m™'
s~'Pa™! for the lab conditions of 23 C and barometric pres-
sure of 98.6 kPa). Measurements were corrected to account
for still air diffusion resistance (inside the dish) and surface
resistances on both sides of the specimen, as stipulated in
the standard (ASTM 2022).

Liquid water absorption was measured by partial immer-
sion (ASTM 2019). Twelve replicates of EWC, each
100 50 16mm, were oriented such that water absorption
was across the grain. Specimen edges were sealed using neo-
prene paint, which had been found in prior work to be
impermeable to water and suitable for wood specimens that
swell with water uptake (Zelinka, Glass, and Boardman
2016a). After pre-conditioning at 50% RH, specimens were
immersed Smm in a tray of deionized water. Specimens
were removed periodically, blotted with a moist cloth to
remove droplets, and weighed (£0.001g) at the following
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intervals: 5min, 15min, 30min, 1, 2, 4, 8, and 24h, and
then daily for a week. The water absorption coefficient was
determined from a linear regression of water uptake vs.
square root of time for the first 24 h of data.

Literature hygrothermal property data

Measured water absorption data and additional hygrothermal
property data for various wood species were obtained from
three primary literature sources (Table 1). None of these
sources measured capillary saturation directly. Given the
lack of data, a value of 0.9kg kg™' was assigned for all
wood species based on imaging studies of water absorption
in softwoods across the grain (see Background/Capillary sat-
uration). Furthermore, the moisture storage function for all
species was modified to better align with literature measure-
ments. In the hygroscopic range, additional sources were
used (Table 1) and empirical curve fitting to data was per-
formed using the ABC isotherm equation (Zelinka, Glass,
and Thybring 2018b).

None of the primary literature sources included data
measured in absorption in the over-hygroscopic range. Only

Table 1. Wood species and data sources.
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a few such datasets exist for softwoods (Fortin 1979;
Fredriksson and Johansson 2016; Fredriksson and Thybring
2019), the most extensive being that of Fortin (1979) for
western hemlock sapwood. Given the lack of data, the mois-
ture storage function for all species in the over-hygroscopic
range was based on tension plate data of Fortin (1979). The
following points were used: (99.927% RH, 0.319kg kg™ ');
(99.963% RH, 0.328 kg kg™"); (99.993% RH, 0.540kg kg™ ").

WUFI software uses linear interpolation between tabu-
lated data points for the moisture storage function (IBP
2022). In the original WUFI database files (Kumaran et al.
2002), there is a gap between the data point at about 89%
RH and another value from pressure plate data at 99.78%—
99.92% RH, as shown in Figure 6 for SYP and WRC.
Linear interpolation in these cases does not correctly repre-
sent the moisture storage function. The revised curves
include data points based on literature sources at 90%, 95%,
and 99% RH such that linear interpolation gives a more
accurate representation of the shape.

For all wood species, porosity was calculated from
Equation (4). The specific heat capacity was set to 1237]J
kg™' K™ based on the Wood Handbook (Glass and Zelinka

Wood species Abbreviation Primary data source® Sorption isotherm source

Eastern white cedar EWCI1 This work This work

Eastern white cedar EWC2 Kumaran et al. (2002) This work

Western red cedar WRC Kumaran et al. (2002) Hedlin (1967)

Eastern white pine EWP Kumaran et al. (2002) Glass, Zelinka, and Johnson (2014)
Southern yellow pine SYP1 Kumaran et al. (2002) Glass, Zelinka, and Johnson (2014)
Spruce Spruce Kumaran et al. (2002) Hedlin (1967)

Southern yellow pine, radial SYP2 rad. Zelinka et al. (2016b) Glass, Zelinka, and Johnson (2014)
Southern yellow pine, tangential SYP2 tang. Zelinka et al. (2016b) Glass, Zelinka, and Johnson (2014)
Douglas-fir DF Kordziel et al. (2020) Hedlin (1967); Kordziel et al. (2020)
Western spruce-pine-fir group SPF Kordziel et al. (2020) Hedlin (1967); Kordziel et al. (2020)

*Dry bulk density, water vapor transmission data, and liquid water absorption data.
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Fig. 6. Original and revised moisture storage functions in the high RH range for (a) southern yellow pine and (b) western red cedar.
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2021) at 20 C. The thermal conductivity in the dry state and
the moisture-dependent supplement were calculated based on
the Wood Handbook using dry density, and the default tem-
perature-dependence was used (0.0002W m~' K~?). The
RH-dependence of the vapor diffusion resistance factor
based on each original literature source was retained. No fur-
ther changes were made to the hygrothermal properties other
than D,, as described below. The complete properties of
each wood species are given in detail in the Supplementary
Material Part III.

The experimental A4-value for each wood species was
identified as the slope of a linear regression of water uptake
vs. square root of time based on data points during the initial
24h (or all data points if duration was less than 24 h). The
regression was not forced through the origin; this provided
the best overall fit to linear and non-linear data.

Model development

The engineering model for liquid transport described here is
intended to apply to a range of softwood species. The model
framework should be consistent with the fundamental physics
covered in the Background, and model predictions should
give reasonable agreement with measurements. Our preference
is to limit the number of model parameters and to use mater-
ial property inputs that are readily available. Although
Kordziel et al. (2020) found that Equation (1) could be empir-
ically modified to give agreement between simulations and
measurements, they did not consider the fundamental physics.

Our approach was informed by an interlaboratory study
of water uptake in wood summarized by Kumaran (1999).
Matched wood specimens were studied with advanced imag-
ing techniques and analysis methods, but different laborato-
ries arrived at liquid diffusivity functions having highly
dissimilar shape and magnitude. Kumaran (1999) suggested
that a simple constant diffusivity, independent of water con-
tent, would be suitable for practical analysis:

2
p, = ™
We

This equation served as a starting point. Based on litera-
ture data for softwoods, we selected water content at 99%
RH as the threshold for liquid transport (see Background/
Moisture storage function) and used an RH-dependent water
vapor diffusion resistance factor (u-value) up to 90% RH
(see Background/Water vapor transmission). We made the
u-value constant between 90% and 100% RH because water
vapor transmission measurements are rarely made above a
mean RH of 90% (which corresponds to wet cup at 100%
RH and chamber at 80% RH), making extrapolation above
this value uncertain.

The relatively slow uptake of water in wood across the
grain, together with the observation that vapor diffusion is not
negligible in simulations (Figure 2), implies that the experimen-
tally measured A4-value reflects both liquid and vapor transport.
This is confirmed by NMR measurements indicating that the
cell wall water content rises spatially ahead of the capillary
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water content (Gezici-Kog et al. 2017). In our framework,
vapor transport (with RH-dependent p-value) includes diffusion
of water vapor in the capillary volume coupled with diffusion
of cell wall water. If the liquid diffusivity is calculated from
the experimental 4-value and the simulation separately includes
vapor transport, the simulation would effectively be double
counting the vapor diffusion contribution. Therefore, we use a
term like Equation (7) to represent total water transport and
subtract an effective vapor diffusion term. Before presenting
the equation, we review the origin of Equation (7).

During the initial period in which water uptake varies lin-
early with square root of time, the normalized change in water
content can be expressed as (e.g., Stamm 1964; Siau 1984)

w(t) —w; 4Dt
we—w N2 ®)

where w(f) is the average water content (kg m~>) as a func-
tion of time ¢ (s), w; is the initial water content (kg m™>)
assumed to be uniform throughout the material, w, is the
water content of the material at the boundary in contact with
liquid water (i.e., capillary saturation, kg m™>), D is the dif-
fusion coefficient (m* s™') representing total water transport,
and / is the thickness of the material (m). Let U(f) be the
water uptake (kg m™2), that is, the mass of water per unit
area that has passed through the surface of the material at
time #. U(f) is equivalent to / [w(f) — w,] (i.e., the product of
thickness and change in average water content). From
Equation (8) it follows that

U) = () = wi = (e w,->@ i

where A is the water absorption coefficient (kg m2 s7%9).

Solving this equation for D, we have

T A 2
D_

4 We — Wi

(10)

Given our assumption that this total diffusion coefficient
is the sum of a liquid diffusivity D,, and vapor diffusivity
D,, we express D,, as
o A 2
4w —wy

D, -D, an

Here D, is based on the gradient in water content as the
driving potential. It is related to the vapor diffusion resist-
ance factor through

dw  d,dp,
Vdx o odx
where x is distance (m). From the definition of relative

humidity (2 = p,/p,s), where p, is saturation vapor pressure
(Pa), at constant temperature it can be shown that

(12)

5(1 Vs
D, =P (13)

dw
g

where (dw/dh) is the slope of the moisture storage function.
Although both p and (dw/dh) vary nonlinearly with %, as a
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first approximation, the product of the two quantities is
treated as a constant. Given further uncertainty about the
interaction between liquid and vapor transport mechanisms,
we reduce Equation (13) to an empirical form and write
Equation (11) as
2
p,=7 4 "k (14)
4 we—w Moo

where & is a fitting parameter and puoo is the value of the
vapor diffusion resistance factor at 90% RH. Eq. (14) resem-
bles the model of Glass, Boardman, and Daniels (2022) but
the origin of the first term is clarified and one of the empir-
ical parameters is eliminated.

For practical modeling of the water absorption process in
softwoods across the grain, until better data becomes avail-
able, we suggest an effective capillary saturation value of
0.9kg kg™' based on imaging studies (see Background/
Capillary saturation); that is, w. = 0.9p,. In the laboratory
measurements of water absorption used for model evalu-
ation, the initial water content w; is the equilibrium value at
50% RH.

Water uptake simulations

Water uptake in each wood species was simulated using
WUFI Pro software, version 6.6.0 (IBP 2022). The material
thickness was based on reported values in each literature
source. A fine numerical grid (100 elements) was generated
with the Automatic (II) setting. The initial condition was
50% RH and 22 C. The bottom surface boundary condition
was 100% RH and “measured rain” of 5kg m™> h™', with a
rain exposure factor of 1.0, a rain deposition factor of 1.0,
and an adhering fraction of rain of 1.0 to ensure an excess
supply of water like the partial immersion test. The bottom
surface heat transfer resistance was set to Om* K W'
Radiation was not included. The top surface boundary condi-
tion was the same temperature and RH as the initial condi-
tion, with a surface heat transfer resistance of 0.125m? K
W™! and a mass transfer resistance corresponding to a vapor
barrier (s;,-value of 100m) to reflect the laboratory test,
where the top surface of the specimen is covered to prevent
evaporation. The liquid transport coefficient for suction (D,,)
was set to a constant initial value estimated from Equation
(7), beginning at the water content corresponding to 99%
RH (see Background/Moisture storage function) up to capil-
lary saturation. Simulated water uptake was calculated as the
difference between total water content (kg m™2) for each
hour and the initial total water content (at time = 0). The
value of D,, was calibrated by trial and error such that the
slope of the simulated water uptake vs. square root of time
matched the experimental A-value.

Model optimization

The fitting parameter £ in Equation (14) was optimized as
follows, using an initial estimate of 0. The range of D,
values spanned about three orders of magnitude, so our
optimization used relative errors rather than absolute
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errors. The relative error for each wood species, e;, was
calculated as

J
cal
Dy

D?‘]" _ anl
o =—t__F (15)

where D/ is the calibrated value of D,, found by simu-
lation and D;""" is the value of D,, calculated with Equation
(14). The mean relative error, e, was calculated as

1
e=-> lel (16)
5

The Excel Solver (Microsoft Corp., Redmond, WA,
USA) was used to identify the value of k& in Equation (14)
that minimized the mean relative error over all wood species
considered in this study.

Results and discussion

Eastern white cedar measurements

The dry bulk density of EWC was 345+12kg m™ (mean-
+standard deviation). The calculated porosity based on this
dry density using Equation (4) is 0.867, and the theoretical
maximum saturation from Equation (2) is 2.51kg kg™
Vacuum saturation measurements for 2.5mm thick and
Smm thick specimens are plotted in Figure 7 as a function
of time. As expected, the thinner specimens approached sat-
uration faster than the thicker specimens. After 20 days, the
mean values of the two groups converged at 2.52 (£ 0.13)
kg kg™', slightly greater than the theoretical value. In com-
parison, a dry bulk density of 360+20kg m™> was reported
by Kumaran et al. (2002), and the vacuum saturation value
was 2.28+0.10kg kg™' for 6mm thick EWC specimens.
The long time needed to saturate the specimens under vac-
uum is indicative of the low permeability of EWC to liquid
water, which is consistent with the relatively low water
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Fig. 7. Moisture content vs. time for vacuum saturation of east-
ern white cedar specimens of two thicknesses. Error bars repre-
sent standard deviation of six replicates.
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absorption coefficient (discussed below). However, the vac-
uum saturation value is not used in any subsequent modeling
because it does not accurately represent the capillary satur-
ation value.

Sorption isotherm data are plotted in Figure 8 for small
specimens measured with the automated sorption analyzer
and large specimens measured with the custom chamber.
The coefficient of variation was in the range 0.7%—1.9% for
small specimens (three replicates) and 5.1%—8.7% for large
specimens (six replicates), reflecting greater inhomogeneity
across that sample. The mean equilibrium moisture content
across both samples at each RH level (10%-95% RH) was
used as input for hygrothermal simulations, with the curve
fit providing an estimate at 99% RH. In comparison, the
reported moisture content values of Kumaran et al. (2002)
are considerably lower (Figure 8).

The water vapor permeability of EWC as a function of
RH is compared with reported values from Kumaran et al.
(2002) in Figure 9. Our dry cup value (0-64% RH) is the
same as Kumaran’s dry cup value for 0-71% RH within
measurement error. However, Kumaran’s dry cup values for
0-50% RH and 0-71% RH differ by an order of magnitude.
The reason for this discrepancy is not clear. The estimated
uncertainty in Kumaran’s derived vapor permeability values
(simultaneously fitting all the data) was reported to be 60%.
Given the good agreement between our measurements and
Kumaran’s above 50% RH, we used Kumaran’s derived
vapor permeability values in the water absorption simula-
tions for both EWC1 and EWC2.

Water absorption in EWC based on the partial immersion
test is plotted vs. square root of time in Figure 10. The lin-
ear regression yields 4 =125g m™> s~°°, which is slightly
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=2 5793 based on the data

lower than the value of 1.45g m
of Kumaran et al. (2002).

In summary, the bulk density, water vapor permeability,
and water absorption coefficient of EWC measured in this
work are similar to those reported by Kumaran et al. (2002).

However, the moisture storage functions differ considerably.

Southern yellow pine measurements

The density of individual SYP specimens showed consider-
able variation. A relationship between free saturation meas-
urements (long duration) and dry bulk density was observed,
as depicted in Figure 11. All measurements are essentially at
or below the theoretical maximum saturation (dotted curve).
Individual data points were between 92% and 100% of theoret-
ical maximum saturation, with a mean of 96%. Some specimens
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Fig. 9. Water vapor permeability of eastern white cedar vs.
mean relative humidity. Error bars represent standard deviation
of three replicates.
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southern yellow pine specimens. Theoretical maximum satur-
ation is calculated from Equation (2).

were still clearly absorbing water but at a miniscule rate after
one year. Free saturation is thus not a practical method, except
perhaps for very thin specimens that would reach saturation
quickly. This is the case even for SYP, which is among the
most water permeable wood species and is commonly used for
pressure treatment with preservatives. Vacuum saturation for five
days consistently gave lower moisture contents than long dur-
ation free saturation (not shown). These results, in conjunction
with imaging studies of water absorption in softwoods (see
Background/Capillary saturation), suggest that neither vacuum
saturation nor free saturation provides relevant information about
effective capillary saturation for the purpose of modeling water
absorption in wood for building applications, where materials
typically are exposed to intermittent wetting and drying rather
than continuous wetting for long duration.

Model evaluation

The liquid diffusivity values calculated with Equation (14)
are compared with the values calibrated by simulation in
Figure 12. The ten data sets cover a range of North
American softwood species spanning roughly three orders of
magnitude in liquid diffusivity. Key properties of each wood
species are summarized in Table 2, together with relative
errors in liquid diffusivity. The optimized value of k& in
Equation (14) is 1.07 107" m? s™'. The mean relative
error is 8%, and six out of 10 species have |e] < 4%. The
species with the largest |e;| are spruce (25%) and western
red cedar (23%), both of which have 4 values at the low
end of the range and large contributions from vapor relative
to liquid. At the opposite end of the range, EWP and the
three sets of SYP have vapor contributions that are less than
5% of the respective liquid contributions; the mean relative
error of this subgrouping (four out of 10 data sets) is 1.6%,
indicating that the model performs well in the limit of van-
ishing vapor contribution. In other words, the model yields
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Fig. 12. Log-log plot of liquid diffusivity values for ten wood
species calculated with Equation (14) vs. values calibrated by
simulation. Solid line indicates y =x.

accurate results when the term containing its only empirical
parameter becomes negligible.

The optimization in this study yields different values of
liquid diffusivity than previous work (Glass, Boardman, and
Daniels 2022), and mean relative error is reduced from 11%
to 8% even though the current model has one less fitting par-
ameter. The improved agreement between the model and cali-
brated simulations stems primarily from revising the moisture
storage function based on literature data for absorption in the
hygroscopic and over-hygroscopic range and setting the
effective capillary saturation value to 0.9py. The magnitude of
the largest relative error is reduced from 63% (previously
EWC) to 25% (Spruce). Eastern white cedar has thus changed
from a potential outlier to one of the species with the lowest
relative error. The model has a mean bias error of +7.8%;
that is, Equation (14) overestimates D,, for most wood species
relative to the calibrated simulations (Table 2).

The liquid diffusivity values found by calibrating the simu-
lation to match the experimental water uptake are highly sen-
sitive to the capillary saturation value. For example, reducing
w,. for spruce by 10% from 0.9p, (360kg m™) to 0.8p,
(320kg m™>) increases the calibrated simulation D,, value by
23% from 891 107 m’s™' to 1.10 107" m® s™". Given
that the estimated value of w. = 0.9p( is based on limited
imaging data for Scots pine (see Background/Capillary satur-
ation) and this property may vary depending on wood struc-
ture and chemistry, further research is recommended to
identify capillary saturation values for absorption across the
grain in a range of wood species with imaging techniques.

The impact of the improved liquid diffusivity model and
updated material properties on simulated water uptake is
shown in Figure 13 for two examples. In Figure 13a the
measured data for spruce (Kumaran et al. 2002) over a dur-
ation of approximately 7.1h is compared with the revised
simulation using Equation (14) and the original simulation
using the properties in the WUFI North America Database
(IBP 2022), where liquid diffusivity is calculated using
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Table 2. Liquid diffusivity and related properties of various wood species.

D,, (m2 sfl) D,, (m2 s_l)
Wood species po (kg m™) A (gm2 s we (kg m™>) oo simulation Equation (14) e;
EWC1 345 1.25 310 10.0 489 1072 485 10712 -0.8%
EWC2 360 1.45 324 10.0 851 107'2 851 10712 0.0%
WRC 350 0.688 315 90.9 275 1072 337 1072 23%
EWP 460 4.98 414 20.4 132 107'° 133 107'° 0.6%
SYP1 500 11.7 450 12.3 6.15 107'° 6.36 107'° 3.4%
Spruce 400 1.87 360 7.1 891 10" .11 10! 25%
SYP2 rad. 445 12.7 400 7.5 935 107%° 945 107'° 1.0%
SYP2 tang. 445 5.26 400 14.0 155 107" 157 107'° 1.2%
DF 477 2.08 429 14.0 135 107! 148 107! 10%
SPF 426 2.58 383 93 2.81 107! 322 107" 15%
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Fig. 13. Comparison of water absorption measurements and simulations: (a) data for spruce (Kumaran et al. 2002), original simulation
using properties from the WUFI North America Database (IBP 2022), and revised simulation using properties from this work with
liquid diffusivity from Equation (14); (b) data for Douglas-fir (Kordziel et al. 2020), original simulation using Equation (1), and revised
simulation using Equation (14). Note the different horizontal and vertical axis scales.

Equation (1). In Figure 13b the simulations are compared
with measurements for Douglas-fir (Kordziel et al. 2020),
for which the duration was approximately 594h (nearly
25 days). In this case the original simulation uses the liquid
diffusivity approach of Equation (1) with the material prop-
erties reported by Kordziel et al. (2020), whereas the revised
simulation uses Equation (14) with updated material proper-
ties. In both examples, the revised simulations compare
favorably with measurements.

The engineering model for liquid diffusivity in wood pre-
sented in this article has several advantages: (a) it partitions
liquid and vapor transport in a way that more closely aligns
with the current understanding of wood—water interactions,
thus avoiding double counting vapor diffusion and improv-
ing simulation accuracy; (b) it is practical and efficient to
implement in hygrothermal models; (c) it is applicable to a
broad range of North American softwoods; and (d) liquid
diffusivity can be calculated directly from the water absorp-
tion coefficient, capillary saturation value, initial water con-
tent, and vapor diffusion resistance factor, so the method
does not require moisture profile measurements or additional

drying experiments. The model should be applicable to other
softwood species that have water absorption coefficients and
vapor diffusion resistance factors within the range of the
species listed in Table 2.

The relative simplicity of the model, on the other hand,
implies several limitations that need to be mentioned. The
most reliable way of measuring capillary saturation is with
advanced imaging methods such as NMR or neutron radiog-
raphy, and data are scarce for water absorption in wood
across the grain. Partial immersion tests are not practical for
establishing capillary saturation in wood because water
absorption is too slow. Vacuum saturation and free satur-
ation give values that depend on the geometry of the speci-
men and the duration. Furthermore, laboratory vacuum
conditions are not relevant for buildings in the real world,
and free saturation values that take several months are not
relevant for building materials exposed to intermittent pre-
cipitation. Given the scarcity of measured capillary satur-
ation values, we relied on estimated values based on
moisture profile data for Scots pine. In addition, the mois-
ture storage function for most wood species at high RH did
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not have enough data points to give the correct shape, so we
inserted values based on reliable literature data. Our
approach aimed to give a practical approximation rather than
a detailed description of complexities such as non-linear
water uptake vs. square root of time or the physical mechan-
ism of water absorption at fine length and time scales.

We recommend further measurements of capillary saturation,
equilibrium moisture content in the high RH range, moisture
profiles during the water absorption process, and drying experi-
ments to strengthen this simplified model. Although the scope
of this study was restricted to modeling water absorption, we
also recommend investigating whether the engineering model
developed here could be extended to modeling liquid transport
during drying and redistribution. Finally, given the appreciable
inherent variation in properties within any wood species, sensi-
tivity analysis is recommended to counter the risk of underpre-
dicting water absorption in hygrothermal simulations.

Conclusions

This article presents an improved engineering model for liquid
water absorption in softwoods across the grain. The approach
directly addresses the partitioning between vapor and liquid
transport in hygrothermal models. Prior approaches overpre-
dict the rate of water absorption in wood because vapor diffu-
sion is incorrectly assumed to be negligible during the water
uptake measurement and is thus double counted in the simula-
tion. Drawing on the current understanding of wood—water
interactions, we argue that 99% RH is a reasonable threshold
for capillary water transport and that an RH-dependent vapor
diffusion resistance factor is a practical representation of com-
bined diffusion of cell wall water and water vapor in the pore
structure. Our approach for calculating liquid diffusivity
builds on earlier approximations. For a given wood species, a
single constant liquid diffusivity value is calculated based on
the measured water absorption coefficient, estimated capillary
saturation value, initial water content, and measured vapor
diffusion resistance factor at 90% RH. The model uses one
fitting parameter that is optimized across a range of North
American softwood species from the literature using one-
dimensional simulations. Liquid diffusivity values span
roughly three orders of magnitude with a mean relative error
of 8%. This practical approach improves simulation accuracy
and primarily uses ordinary hygrothermal property measure-
ments. Improvements over a previous version of the model
stem from closer attention to the moisture storage function
and capillary saturation value. Further work is recommended
to test the approach with a broader set of experimental data
including drying and redistribution, and to investigate capil-
lary saturation and moisture storage at high RH levels for a
broad range of wood species.

Nomenclature

A = water absorption coefficient (kg m™> s™°)

D = total water transport coefficient (m? s™")

Science and Technology for the Built Environment

D, = vapor transport coefficient (m? s™")
D,, = liquid transport coefficient (m* s™*)
D" = liquid transport coefficient for species j calculated
with equation (m? s™")
D! = liquid transport coefficient for species j calibrated
by simulation (m* s™")
e; = relative error for species j (dimensionless)
e = mean relative error (dimensionless)
h = relative humidity (dimensionless)
k = empirical fitting parameter (m” s~ )
| = specimen thickness (m)
m = steady-state water vapor transmission rate (kg s~ ')
p, = water vapor pressure (Pa)
Dvs = saturation water vapor pressure (Pa)
S = surface area (m?)
sq = equivalent still air layer thickness for vapor
diffusion resistance (m)
U(f) = water uptake (kg m~?) as a function of time
u = moisture content (kg kg™ ")
Upnmae = Maximum moisture content (kg kg_l)
w = water content (kg m™>)
w(f) = average water content (kg m™>) as a function of time
w, = capillary saturation water content (kg m™>)
w; = initial water content (kg m™)
Winax = Maximum water content (kg m™)
x = distance (m)
Jd, = water vapor permeability of still air (kg m™"

s™! Pah)

0, = water vapor permeability of material (kg m™!
s7! Pah)

u = water vapor diffusion resistance factor
(dimensionless)

po = dry bulk density (kg m™>)
@ = porosity (dimensionless)
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|. Water Uptake Simulations Using Original Properties

Water uptake in the five wood species from ASHRAE Research Project 1018 (Kumaran et al. 2002) was
simulated using WUFI Pro software, version 6.6.0 (IBP 2022). Properties were directly assigned from the
WUFI North America Database. These original properties are listed in Part III of the Supplementary
Material.

The material thickness was 20 mm. The numerical parameters, initial conditions, and boundary conditions
were the same as described in the Water uptake simulations section of Materials and Methods in the
manuscript.

For the simulation with vapor diffusion excluded (“Liquid only” in Figure 2), the original material file
was modified by setting the vapor diffusion resistance factor to a constant value of 100000.

For the simulation with liquid transport excluded (“Vapor only” in Figure 2), the original material file was
used. In the “Hygrothermal Special Options” list under the “Numerics” menu, the box for “Excluding
Capillary Conduction” was checked.

The simulated A-value for each wood species, based on the simulation with original properties, was
identified as the slope of a linear regression of simulated total water content (kg m) vs. square root of
time (s%°) over the first eight hours, corresponding to the approximate duration of the measurements
reported by Kumaran et al. (2002). Simulated and experimental 4-values are compared in Table S1. The
experimental 4-value for each wood species in Table S1 was identified as the slope of a linear regression
of water uptake vs. square root of time based on all data points from Kumaran et al. (2002).

Table S1. Experimental and simulated water absorption coefficients (original properties)

A (kg m~? s7%5)
Experimental® Simulated

Wood species Relative deviation

Eastern White Cedar 0.00145 0.00351 142%
Eastern White Pine 0.00498 0.00716 44%
Southern Yellow Pine 0.0117 0.00237 —-80%
Spruce 0.00187 0.00415 122%
Western Red Cedar 0.000688 0.00136 98%

2 This analysis based on data from Kumaran et al. (2002)

Discrepancies were found between the experimental 4-values calculated using the method described
above (“this analysis”) and those reported by Kumaran et al. (2002) based on the same measurements.
The experimental 4-values are compared in Table S2. The reason for the discrepancies is unclear; the
analysis method used by Kumaran et al. (2002) is not documented. The values reported by Kumaran et al.
(2002) are larger than those from this analysis except for Southern Yellow Pine, which appears to be a
typographical error in the decimal place. The 4-values reported by Kumaran et al. (2002) were directly
used in the WUFI North America Database (IBP 2022) to generate the liquid transport coefficients for
each wood species. The low A-value for Southern Yellow Pine explains why the original simulation
underpredicts the measurements only in that case (indicated by a negative error in Table S1).



Table S2. Experimental water absorption coefficients reported by Kumaran et al. (2002) and from this
analysis using the same data of Kumaran et al. (2002)

A (kg m—2 s—0.5)

Kumaran et al. (2002) This analysis Relative deviation

Wood species

Eastern White Cedar 0.0016 0.00145 10%
Eastern White Pine 0.0066 0.00498 33%
Southern Yellow Pine 0.0014 0.0117 —88%
Spruce 0.0020 0.00187 7%
Western Red Cedar 0.0010 0.000688 45%




[l. Maximum Water Saturation of Wood

Theoretical maximum water saturation um.. (kg kg™') can be calculated using the basic specific gravity Gy
of wood:

__1.54-Gp
Umax = o0 (S1)

where 1.54 is the approximate specific gravity of wood cell walls (Glass and Zelinka 2021). Basic
specific gravity refers to mass in the ovendry state and volume in the saturated state. For hygrothermal
simulations, the dry bulk density is typically used, and swelling and shrinking are neglected. Basic
specific gravity relates to dry bulk density po (kg m~) as follows (Glass and Zelinka 2021):

_1000G,
T 1-s,

Po (82)

where 5o is the total volumetric shrinkage from the saturated state to the ovendry state, expressed as a
fraction of the volume in the saturated state. This quantity can be estimated from the basic specific gravity
(Stamm 1964):

so = 0.265G,, (S3)

Combining Egs. (S1)—(S3) to eliminate Gy and so, theoretical maximum saturation is given by

Unnax = % —0.3844 (S4)

0

This can also be expressed as maximum water content wyq. (kg m™):
Wnax = 1000 — 0.3844p, (S5)

The porosity ¢ (= wmax/1000) can then be calculated as

0.3844pq

¢ = 1000 (S6)



[Il. Material Properties Used in Simulations

Material properties are listed below by wood species (see Table 1 of the manuscript for abbreviations) and
include original properties from the WUFI North America Database (IBP 2022) as well as revised
properties based on this work. The ABC isotherm equation for fitting sorption data can be found in
Zelinka et al. (2018).

Eastern White Cedar

Table S3. General property data

EWC2, EWC2,

Property EWCL | ovised original ¢
Bulk density, dry (kg m™) 3454 360 © 360
Porosity (m’ m™) 0.8674° 0.8616°  0.82
Specific heat capacity, dry (J kg™! K'') 1237¢  1237°¢ 1880
Thermal conductivity, dry (W m™' K™) 0.0858° 0.0885°  0.091
Thermal conductivity temperature coefficient (W m™ K2) 0.0002¢ 0.0002¢  0.0002
Thermal conductivity moisture coefficient (% %) 1.64 ¢ 1.65°¢ 0

4 This work; ° Eq. (4); ¢ Glass and Zelinka (2021); ¢ WUFI North America Database (IBP 2022);
Kumaran et al. (2002)

Table S4. Moisture storage function

. - Water content (kg m™
Relative humidity ~oow 1 Fw(a, revised  EWC2, original ©

0 0 0 0
0.1 927 9.6
0.2 15.1% 15.8¢
0.3 20.4% 213¢
0.4 253¢ 264°?
0.499 9.36
0.5 29.2% 30.5%
0.6 36.1¢ 37.7%
0.7 42.8% 44.7%
0.703 27
0.8 51% 53.2¢
0.886 44.64
0.9 65.8% 68.7¢
0.95 76.7¢ 80?
0.99 86.3° 90°
0.9992 633.6
0.99927 110.1¢ 114.8°¢
0.99963 113.2¢ 118.1¢
0.99993 186.3°¢ 194.4°¢
1 310.54 3244 750

2 This work; ® ABC isotherm fit to data from this work; ¢ Fortin (1979); ¢ Estimated as 0.9po; ¢ WUFI
North America Database (IBP 2022)



Table S5. Liquid transport coefficient, suction

" DWS (m?s™)
Water content (kg m™) EWC1®* EWC2,revised® EWC?2, original °

0 0 0 0

36.35 242 %1074

86.3 4.89 x 10712
90 8.51 x 10712

310.5 4.89 x 10712

324 8.51 x 1072

750 2.73 x 107!

@ Calibrated simulation; ® WUFI North America Database (IBP 2022)

Table S6. Water vapor diffusion resistance factor

. . p-Value *
Relative humidity —5w 1 FwWea, revised EWC2, original
0 16515 16515 16515
0.1 16515 16515 16515
0.2 6648.2 6648.2 6648.2
0.3 2667.8 2667.8 2667.8
0.4 1072.6 1072.6 1072.6
0.5 429 429 429
0.6 172 172 172
0.7 63.2 68.2 68.2
0.8 26.6 26.6 26.6
0.9 10 10 10
I 10° 10° 33

@ WUFI North America Database (IBP 2022) except as noted; ® Constant above 90% RH



Western Red Cedar

Table S7. General property data

Property WRC, revised WRC, original ¢
Bulk density, dry (kg m™) 350 ® 350
Porosity (m* m) 0.8655° 0.8
Specific heat capacity, dry (J kg' K1) 1237 ¢ 1880
Thermal conductivity, dry (W m™' K™) 0.0866 © 0.084
Thermal conductivity temperature coefficient (W m™' K2) 0.0002 ¢ 0.0002
Thermal conductivity moisture coefficient (% %) 1.64°¢ 0

@ Kumaran et al. (2002); ® Eq. (4); ¢ Glass and Zelinka (2021); ¢ WUFI North America Database (IBP
2022)

Table S8. Moisture storage function

Water content (kg m~)
C, revised WRC, original ¢

Relative humidity WR

0 0 0
0.1 11.32
0.2 16.8¢
0.3 209°?
0.4 24.8%
0.499 7.7
0.5 29¢
0.6 33.9°
0.7 40¢
0.703 26.25
0.8 48°?
0.886 40.25
0.9 59.4¢
0.95 67.2°
0.99 7492
0.9978 395.5
0.99927 111.7°
0.99963 114.8°
0.99993 189°
1 315¢ 450

@ ABC isotherm fit to data from Hedlin (1967); ® Fortin (1979); © Estimated as 0.9p0; ¢ WUFI North
America Database (IBP 2022)



Table S9. Liquid transport coefficient, suction

" DWS (m?s™)
Water content (kg m™) WRC, revised® WRC, original °
0 0 0
33.7 3.15x 10
74.9 2.75 x 10712
315 2.75 % 10712
450 1.88 x 107!

a Calibrated simulation; ® WUFI North America Database (IBP 2022)

Table S10. Water vapor diffusion resistance factor

. - -Value ?
Relative humidity ~wp = Ciced WRC, original
0 1963 1963
0.1 1963 1963
0.2 1333.9 1333.9
0.3 912.7 912.7
0.4 6212 6212
0.5 4238 423.8
0.6 288.6 288.6
0.7 196.3 196.3
0.8 133.4 133.4
0.9 90.9 90.9
| 90.9" 61.4

@ WUFI North America Database (IBP 2022) except as noted; ® Constant above 90% RH



Eastern White Pine

Table S11. General property data

Property EWP, revised EWP, original ¢
Bulk density, dry (kg m™) 460 ¢ 460
Porosity (m* m) 0.8232° 0.81
Specific heat capacity, dry (J kg' K1) 1237 ¢ 1880
Thermal conductivity, dry (W m™' K™) 0.1079 ¢ 0.093
Thermal conductivity temperature coefficient (W m™' K2) 0.0002 ¢ 0.0002
Thermal conductivity moisture coefficient (% %) 1.73 ¢ 0

@ Kumaran et al. (2002); ® Eq. (4); ¢ Glass and Zelinka (2021); ¢ WUFI North America Database (IBP
2022)

Table S12. Moisture storage function

Water content (kg m™)
P, revised EWP, original ¢

Relative humidity EW

0 0 0
0.1 17.6 %
0.2 23.7%
0.3 283¢°
0.4 33¢
0.499 14.72
0.5 38.3+¢
0.6 44.8%
0.7 53.5%
0.703 38.18
0.8 65.7¢
0.886 56.12
0.9 84.6%
0.95 98.5%
0.99 113.32
0.9978 386.4
0.99927 146.7°
0.99963 150.9°
0.99993 248.4°
1 414°¢ 450

@ ABC isotherm fit from Glass et al. (2014); ® Fortin (1979); © Estimated as 0.9po; ¢ WUFI North America
Database (IBP 2022)



Table S13. Liquid transport coefficient, suction

I DWS (m?s™)
Water content (kg m™) EWP, revised® EWP, original °
0 0 0
47.7 1.7 x 10712
113.3 1.32x 10710
414 1.32x 1071
450 8.17 x 10°1°

a Calibrated simulation; ® WUFI North America Database (IBP 2022)

Table S14. Water vapor diffusion resistance factor

. . 0. -Value *
Relative humidity EWP, revised EWP, original

0 4427.4 4427.4
0.1 4427 4427
0.2 2276.7 2276.7
0.3 1169 1169
0.4 601.4 601.4
0.5 308.7 308.7
0.6 158.8 158.8
0.7 80.7 80.7
0.8 41 41
0.9 20.4 20.4

1 20.4° 9.9

@ WUFI North America Database (IBP 2022) except as noted; ® Constant above 90% RH
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Southern Yellow Pine

Table S15. General property data

Property SYP1, SYP1, SYP2
revised original ¢ rad./tang.
Bulk density, dry (kg m™) 500 @ 500 445 ¢
Porosity (m® m™) 0.8078°  0.858 0.8289 "
Specific heat capacity, dry (J kg! K'') 1237 ¢ 1880 1237 ¢
Thermal conductivity, dry (W m™' K™) 0.1157¢  0.119 0.105¢
Thermal conductivity temperature coefficient (W m™ K2) 0.0002¢  0.0002 0.0002 ¢
Thermal conductivity moisture coefficient (% %) 1.76 ¢ 0 1.72¢

@ Kumaran et al. (2002); ® Eq. (4); © Glass and Zelinka (2021); ¢ WUFI North America Database (IBP
2022); ¢ Zelinka et al. (2016)

Table S16. Moisture storage function

. - Water content (kg m~)
Relative humidity —oy 51 Viced  SYPI, original ° SYP2 rad./tang.

0 0 0 0
0.1 19.2¢ 17.1¢#
0.2 25.8% 229°%
0.3 30.8° 274°%
0.4 35.8% 31.9¢%

0.499 20
0.5 41.6° 37¢
0.6 48.7¢ 43.4¢
0.7 58.2¢ 51.8%
0.703 45.5
0.8 71.5¢% 63.6°
0.886 77
0.9 92¢ 81.8¢
0.95 107.1¢ 9532
0.99 123.2¢ 109.6*
0.9978 285
0.99927 159.5° 142°
0.99963 164° 146°
0.99993 270° 240.3°
1 450°¢ 300 400.5°¢

@ ABC isotherm fit from Glass et al. (2014); ® Fortin (1979); © Estimated as 0.9po; ¢ WUFI North America
Database (IBP 2022)
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Table S17. Liquid transport coefficient, suction

DWS (m?s™)

-3
Water content (kg m™) SYP1, revised® SYPI, original® SYP2rad.* SYP2 tang.?
0 0 0 0 0

62.2 347 %1078
109.6 9.35x 107" 1.55x 107"
123.2 6.15x 10710
300 8.28 x 107!
400.5 9.35x 107" 1.55x 107"
450 6.15x 1071

@ Calibrated simulation; ® WUFI North America Database (IBP 2022)

Table S18. Water vapor diffusion resistance factor

. . p-Value
Relative humidity SYPI1, revised®* SYPI, original* SYP2rad.© SYP2 tang.®
0 1734.1 1734.1 56 166
0.1 1734 1734
0.2 945.9 945.9
0.3 515.1 515.1
0.31 56 166
0.4 280 280
0.5 151.9 151.9
0.6 82.2 82.2
0.7 443 443
0.725 16 32
0.8 23.6 23.6
0.89 8 15
0.9 12.3 12.3 7.5 14
1 12.3° 6.1 7.5° 14°

@ WUFI North America Database (IBP 2022) except as noted; ® Constant above 90% RH; © Zelinka et al.
(2016) except as noted
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Spruce

Table S19. General property data

Property Spruce, revised Spruce, original ¢
Bulk density, dry (kg m™) 400 ¢ 400
Porosity (m* m) 0.8462° 0.9
Specific heat capacity, dry (J kg' K1) 1237 ¢ 1880
Thermal conductivity, dry (W m™' K™) 0.0963 © 0.086
Thermal conductivity temperature coefficient (W m™' K2) 0.0002 ¢ 0.0002
Thermal conductivity moisture coefficient (% %) 1.69°¢ 0

@ Kumaran et al. (2002); ® Eq. (4); ¢ Glass and Zelinka (2021); ¢ WUFI North America Database (IBP
2022)

Table S20. Moisture storage function

Water content (kg m=)
e, revised Spruce, original ¢

Relative humidity Spruc

0 0 0
0.1 1442
0.2 20.7¢
0.3 256°
0.4 304°
0.499 18
0.5 359
0.6 42.6%
0.7 51.7¢
0.703 41.2
0.8 64.6°
0.886 68.8
0.9 85.1%
0.95 100.7¢
0.99 117.9%
0.9978 748
0.99927 127.6°
0.99963 131.2°
0.99993 216"
1 360°¢ 845

@ ABC isotherm fit to data from Hedlin (1967); ® Fortin (1979); © Estimated as 0.9p0; ¢ WUFI North
America Database (IBP 2022)
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Table S21. Liquid transport coefficient, suction

DWS (m?s™)

-3
Water content (kg m™) Spruce, revised® Spruce, original °
0 0 0
55.8 3.35x 101
117.9 8.91 x 10712
360 8.91 x 10712
845 213 x 10"

a Calibrated simulation; ® WUFI North America Database (IBP 2022)

Table S22. Water vapor diffusion resistance factor

. ‘1 p-Value ?
Relative humidity Spruce, revised Spruce, original

0 552 552
0.1 552 552
0.2 326.2 326.2
0.3 192.7 192.7
0.4 113.1 113.1
0.5 66.5 66.5
0.6 38.8° 28.8
0.7 22.4 224
0.8 12.8 12.8
0.9 7.1 7.1

1 7.1°¢ 3.7

@ WUFI North America Database (IBP 2022) except as noted; ® Correction of apparent typographical
error; ¢ Constant above 90% RH
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Douglas-Fir and Western Spruce-Pine-Fir Group

Table S23. General property data

Property DF SPF
Bulk density, dry (kg m™) 477+ 426
Porosity (m* m) 0.8166° 0.8362°
Specific heat capacity, dry (J kg' K1) 1237¢  1237°¢
Thermal conductivity, dry (W m™' K™) 0.1112¢ 0.1013 ¢
Thermal conductivity temperature coefficient (W m™ K2) 0.0002 ¢ 0.0002 ¢
Thermal conductivity moisture coefficient (% %) 1.74¢ 1.71°¢

@ Kordziel et al. (2020); ® Eq. (4); © Glass and Zelinka (2021); ¢ WUFI North America Database (IBP
2022)

Table S24. Moisture storage function

Water content (kg m=)

Relative humidity

DF SPF
0 0 0

0.1 15.4¢ 15.5%

0.2 22.8% 22¢

0.3 28.6° 27¢

0.4 342° 32¢
0.5 404+ 37.7%
0.6 48? 44.8%
0.7 5792 54.2¢
0.8 71.8¢ 67.9%
0.9 93.2% 89.8%
0.95 109.1¢ 106.7¢
0.99 126¢ 12532
0.99927 152.2° 135.9°
0.99963 156.5° 139.7°
0.99993 257.6° 230°
1 429.3°¢ 383.4°

@ ABC isotherm fit to combined data from Hedlin (1967) and Kordziel et al. (2020); ° Fortin (1979); ¢
Estimated as 0.9p

Table S25. Liquid transport coefficient, suction

DWS (m?s™)?

-3
Water content (kg m™) DF SPF
0 0 0
125.3 2.81 x 107!
126 1.35 x 107!
383.4 2.81 x 107!
429.3 1.35 x 107!

2 Calibrated simulation
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Table S26. Water vapor diffusion resistance factor

Relative humidity p-Value

DF SPF
0 171.33 145.53
0.25 171.33 145.53
0.5 64.84  50.58
0.75 2486 17.52
0.9 13.99 927
1 13.99° 9.27°

@ Kordziel et al. (2020) except as noted; ® Constant above 90% RH
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