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A B S T R A C T

Cross-laminated timber (CLT) offers the potential to construct advanced load-bearing walls and
floors made of wood, as its larger dimensions and homogenized material properties expands the
application possibilities. As for wood in general, CLT can be negatively affected by moisture.
End-grain wetting of CLT coupled with conditions that trap moisture can be particularly
problematic due to hindered drying. However, CLT end-grain wetting and subsequent moisture
dry-out are hardly investigated and conventional models have not been able to simulate
these conditions sufficiently. Here, we show that the moisture uptake and dry-out under this
unfavorable condition can be realistically simulated using a moisture transport model including
free water. We modeled a basic configuration of one-week wetting, followed by two weeks of
dry-out in different climatic conditions. To refine the simulations, the mass transfer coefficients
of water vapor and free water were calibrated. In a sensitivity analysis, the influence of both
coefficients on moisture development was investigated, revealing that the most significant effect
on moisture changes originates from the mass transfer coefficient of free water. Furthermore, the
influence of glue lines connecting the layers of CLT panels on moisture transport was examined.
The results suggest that the glue line has a minor influence on the moisture behavior of CLT
surface layers, but the effects increase towards the middle layer.

1. Introduction

In addition to its numerous environmentally friendly properties, such as a lower environmental impact compared to other
building materials like concrete, masonry and steel [1], wood offers several other advantages for constructional purposes.
Construction time can be lower compared to concrete and steel buildings of equivalent size, and it has a remarkable strength-
to-weight ratio. Moreover, when appropriately treated and designed, timber constructions can endure over 100 years [1], with the
wood type influencing the structural elements’ service life [2]. The use of engineered wood products, such as cross-laminated timber
(CLT) instead of sawn timber, paves the way for constructing load-bearing walls and floors, as its larger dimensions and homogenized
material properties expand the application possibilities of wood. Furthermore, buildings made of CLT typically demonstrate superior
energy savings than comparable concrete structures [3]. Malle and Espinoza [4] illustrate cost saving potential when using structures
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Nomenclature

CLT cross-laminated timber
EMC equilibrium moisture content
FSP fiber saturation point
MAE mean absolute error
MC moisture content
RH relative humidity
RMSE root mean square error
𝑐𝑏 bound water concentration (kgm−3)
𝑐𝑣 water vapor concentration (kgm−3)
𝑐𝑣,0 surrounding water vapor concentration (kgm−3)
𝑐𝑣𝑠𝑎𝑡 saturated water vapor concentration (kgm−3)
𝑐𝑤 free water concentration (kgm−3)
𝑐𝑤,0 surrounding free water concentration (kgm−3)
𝑐̇𝑏𝑣 sorption rate of bound water and water vapor (kg m−3 s−1)
𝑐̇𝑤𝑏 sorption rate of free water and bound water (kg m−3 s−1)
𝑐̇𝑤𝑣 evaporation/condensation rate of free water and water vapor (kg m−3 s−1)
D𝐚𝐢𝐫 diffusion tensor of water vapor (m2 s−1)
𝒇 heat flux (Wm−1 K−1)
flum volume fraction of the lumen (–)
𝑓𝑙𝑢𝑚𝑔𝑎𝑠

volume fraction of gaseous part of the lumen (–)
ℎ𝑏 enthalpy of bound water (J kg−1)
ℎ𝑣 enthalpy of water vapor (J kg−1)
ℎ𝑤 enthalpy of water (J kg−1)
hb average enthalpy of bound water (J kg−1)
J𝐛 bound water flux (kg m2 s−1)
J𝐯 water vapor flux (kg m2 s−1)
J𝐰 free water flux (kg m2 s−1)
𝑲𝒓 relative permeability tensor (–)
𝑲𝒘 absolute permeability tensor (m2)
𝑘𝑐𝑣 mass transfer coefficient for water vapor (ms−1)
𝑘𝑐𝑤 mass transfer coefficient for free water (ms−1)
𝑘𝑐𝑣,𝑑,in mass transfer coefficient for water vapor during the drying phase in indoor climate conditions (ms−1)
𝑘𝑐𝑣,𝑑,out mass transfer coefficient for water vapor during the drying phase in outdoor climate conditions (ms−1)
𝑘𝑐𝑣,𝑤 mass transfer coefficient for water vapor during the wetting phase (ms−1)
𝑘𝑇 heat transfer coefficient for water vapor (Wm−2 K−1)
𝑃𝑐 capillary pressure (Pa)
𝑃𝑔 gas pressure (Pa)
𝑇 temperature (K)
𝑇0 surrounding temperature (K)
𝑡 time (s)
𝜇𝑤 dynamic viscosity of water (Pa s)
𝜌𝑑 density of dry wood (kgm−3)
𝜌H2O density of water (kgm−3)
𝜙𝑇 boundary heat flux (Wm−2)
𝜙𝑣 boundary flux of water vapor (kgm−2 s−1)
𝜙𝑤 boundary flux of free water (kgm−2 s−1)

made of CLT instead of concrete, and Lu et al. [5] show that life cycle costs of laminated veneer lumber can be lower compared to
concrete and steel, respectively, making CLT an excellent alternative to conventional building materials.

However, moisture can profoundly impair wood, reducing material properties such as strength [6] and stiffness [7]. Fluctuations
n the ambient climate lead to moisture gradients, inducing stresses that may cause cracking [8,9]. In addition, durability is
ompromised by, e.g., decay and mold growth, which not only destroy the wooden structure but can also trigger health concerns
2
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Fig. 1. Test specimens (TS) treatment scheme and measurement point layout (a). TS submersed approximately 2 mm into water (b) and TS during the drying
phase in the outdoor shelter (c) [19].

like allergic reactions [10]. Mold growth depends on factors such as relative humidity (RH) and temperature levels, substrate as
well as the duration and variability of these conditions [11].

These problems can also arise in CLT structures, as, e.g., shown by Austigard and Mattson [12], who examined fungi damage in
eleven massive timber element buildings. The mold genera identified by the authors, primarily caused by moisture intrusion during
the construction phase and constructional error, respectively, exhibited increased resistant to low temperatures, which could be a
reason why mold can occur during the construction phases of cold months. To date, most scientists have focused on moisture-related
issues for floors, walls and roofs [12–18], but the end-grain wetting and the resulting problems have received less attention. Kalbe
et al. [19] investigated the vertical moisture uptake of six CLT structures during the construction phase, discovering high moisture
content (MC) levels (≥ 25%) in the CLT end-grain due to moisture intrusion during the installation and construction phase. Moisture
trapping conditions occurred often, resulting in high MC levels for a long time, which led to damage like delamination and mold
growth. To reduce the MC levels and avoid these problems, air dryers as well as heating were used. However, the dry climate caused
moisture-induced stresses, leading to surface cracks in the CLT panels. Schmidt et al. [20] studied the geometrical and physical
properties of a CLT floor panel subjected to wetting and drying cycles in an environmental chamber. The team highlighted that
end-grain surfaces are problematic zones of CLT panels, especially in conditions where moisture dry-out is inhibited, increasing the
chances of moisture-related damage. In addition, the moisture load led to swelling and restricted shrinkage in transverse direction,
causing moisture-induced stresses, which resulted in cupping, checking, interfacial shearing, and possibly delamination.

To gain deeper insights into the moisture behavior of CLT end-grain surfaces, this work aims to replicate the experiments of
Kalbe et al. [19] based on a numerical model including free water transport of Autengruber et al. [21]. The model was adapted to
simulate a more sophisticated problem — to describe moisture transport considering all three characteristic directions of wood in
one simulation. In Section 3.1, the results of the simulations for all investigated climates (indoor and outdoor) and storage conditions
(exposure to air or another CLT panel) are presented. In order to simulate the MC evolution, parameter calibrations were necessary.
The influence of these parameters on the MC change is introduced in Section 3.2, and the effect of the used adhesive in the CLT
element is shown in Section 3.3. At last, Section 4 gives a conclusion and an outlook.

2. Materials and methods

2.1. Experiments

The experiment consisted of two parts: initially, a water uptake test of one week (wetting phase) and then a moisture dry-out
test over the course of two weeks under four different climatic conditions (drying phase).

Twelve test specimens (TS) measuring 400 mm in length and 400 mm in height were cut from a five-layer CLT panel with a
layer thickness of 20 mm each. The TS were made of spruce with an average dry density 𝜌𝑑 of 415 kgm−3. The TS were prepared
largely in accordance with the European standard EN ISO 15148 [22] for determining the water absorption coefficient of a building
material by partial immersion. However, unlike the standard preparation method, where only the surface immersed into water is left
untreated and all other surfaces are coated with a water- and vapor-tight sealant, the side faces of the TS were left open in order to
analyze the moisture dry-out through the corresponding faces. Three end-grain surfaces of the TS were covered with a liquid plastic
coating (IKO MS Detail; see Fig. 1 (a)). The same TS were used throughout the entire experiment in both the wetting and drying
phase. For a better visual illustration of the water uptake, blue ink (Parker Quink) was added to the water. Parker Quink has been
deemed suitable for staining fungal structures in mycological studies [23] and does not alter the water uptake process. In addition,
electrical resistance-based moisture measurements were performed to analyze the moisture distribution inside the TS. The results
from the resistance-based moisture measurements were used in this work to validate the simulation model.

The TS were conditioned in sheltered outdoor climate conditions (𝑇 ≈ 275.15 K, RH ≈ 90%) for two weeks before the wetting
phase. Although the TS were not exposed to free water at this stage, the surfaces of the TS absorbed water vapor from the surrounding
air. This led to an elevated initial MC of up to 20% close to the surface of the TS. However, the internal layers remained at about
10% to 12% MC. More details about the initial conditions of the TS are given in conjunction with the description of the initial
conditions for the simulation model in Section 2.2.1.
3
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Table 1
Test conditions during the wetting and drying phase. Temperature (T) and relative humidity (RH) were measured with a Hobo
UX100-023 data logger with its external sensor about 0.5 m from the test specimens (TS); SD = standard deviation.

Indoor conditions,
𝑇 ≈ 294.75 K (SD = 0.8 K),
RH ≈ 29% (SD = 5%)

Outdoor conditions,
𝑇 ≈ 275.25 K (SD = 2.7 K),
RH ≈ 92% (SD = 5%)

Wet surface exposed to air Group A (3 TS) Group B (3 TS)

Wet surface against
another CLT

Group C (3 TS) Group D (3 TS)

At the beginning of the wetting phase, the TS were placed in containers where the water level was continuously controlled and
ept at about 1 mm to 2 mm above the bottom surface of the TS (see Fig. 1 (b)). The TS were held in place by blunt pins, maximizing
he water contact and reducing possible surface effects at the contact plane. The untreated bottom end-grain surfaces of the TS were
n continuous water contact for one week. The experimental setup imitated a CLT wall panel, which would had its bottom surface
ubjected to free water during the construction phase and moisture dry-out would have been possible only through the side faces.

For the two-week drying phase, the twelve TS were divided into four groups with distinct conditions: indoor and outdoor climate
ith both uninhibited dry-out and moisture trapping conditions (see Table 1). The moisture trapping conditions were produced by

ixing the TS onto another CLT plate, which imitated a CLT wall-to-floor connection (see Fig. 1 (c)). During the drying phase, none
f the TS got into contact with free water.

There was a good drying potential in the indoor climate conditions (water vapor pressure difference between the surrounding
ir and the wet surfaces of the TS was about 1800 Pa), but the outdoor conditions provided only a marginal drying potential (≈

50 Pa water vapor pressure difference). The ambient air temperature and RH data measured throughout the experiment for each
climate condition are shown in Fig. 4 (a) in Section 2.4, where the moisture load conditions for the simulations are presented.

The electrical resistance-based MC measurements were made according to EN 13183–2 [24] with a Logica Holzmeister LG9 NG
wood moisture meter (expanded uncertainty 0.8% for MC values between 12% and 22%) with 60 mm Teflon insulated pins which
had 10 mm uninsulated peaks. MC was measured at two depths from the side faces (5 mm and 50 mm) and at five heights (30 mm,
60 mm, 90 mm, 120 mm, and 150 mm) from the bottom surface (see Fig. 1 (a)). The 5 mm deep measurements describe MC in the
surface layer of the CLT and the 50 mm deep measurements describe conditions in the middle (3rd) layer of the 5-layer CLT. The
wood grain direction was the same in both layers, with the bottom end-grain surface exposed to free water. The electrode pins for
the surface and middle layer measurements were rammed in from the TS’s opposite sides and perpendicular to the measured layer’s
wood grain. MC measurements were performed daily throughout the experiment. The results of the experiments have been previously
discussed in [19,25]. The MC development at 120 mm and 150 mm, both in a depth of 5 mm and 50 mm, varied minimally, and
therefore, only the results from the 30 mm, 60 mm and 90 mm height levels were taken from the experimental data for the validation
of the simulation model (see Fig. 2).

2.2. Mathematical model for moisture transport in wood

To describe moisture transport including free water, the model of Autengruber et al. [21] is used, which is based on the multi-
Fickian theory [26–31] for bound water and water vapor diffusion processes below the fiber saturation point (FSP) as well as on
Darcy’s law for free water transport (above the FSP). Besides, as introduced in Krabbenhoft et al. [32] and adopted by Autengruber
et al. [21], a concentration-based formulation for free water flow in longitudinal direction is used. While bound water diffusion
occurs in the cell wall, water vapor diffuses through the lumen, with the sorption rate coupling both processes. Similar to water
vapor, free water is also assumed to be present only in the lumen, which is believed to occur exclusively above the FSP. The transition
between bound and free water is defined by a sorption rate, while the interaction between water vapor and free water is described
by an evaporation/condensation rate. The driving force within Darcy’s law is the gradient of the difference between gaseous and
capillary pressure. Furthermore, based on an energy conservation equation, thermal conduction processes and enthalpy changes
are considered, where the latter is caused by phase change and transport processes. To describe these mechanisms, the following
governing equations are used, where the three states of water are defined as concentrations (bound water concentration 𝑐𝑏, water
vapor concentration 𝑐𝑣, and free water concentration 𝑐𝑤):
Conservation of bound water concentration:

𝜕𝑐𝑏
𝜕𝑡

= − 𝜕
𝜕𝒙

⋅ 𝑱 𝒃 + 𝑐̇𝑏𝑣 + 𝑐̇𝑤𝑏 (1)

onservation of water vapor concentration:
𝜕𝑐𝑣 𝑓𝑙𝑢𝑚𝑔𝑎𝑠

𝜕𝑡
= − 𝜕

𝜕𝒙
⋅ 𝑱 𝒗 𝑓𝑙𝑢𝑚𝑔𝑎𝑠

− 𝑐̇𝑏𝑣 + 𝑐̇𝑤𝑣
(2)

Conservation of free water concentration:
𝜕𝑐𝑤 = − 𝜕

⋅ 𝑱 − 𝑐̇ − 𝑐̇ (3)
4
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Fig. 2. Development of the measured moisture content (MC) of CLT during the wetting phase (0–7 days) and the drying phase (7–21 days). Measurements were
taken (a, b, c) at a depth of 5 mm (S𝑖: surface measurement points at a height of 𝑖mm), and (d, e, f) at a depth of 50 mm (M𝑖: measurement points located in
the middle layer at a height of 𝑖mm).

Conservation of energy:

𝜕𝜌 ℎ
𝜕𝑡

= − 𝜕
𝜕𝒙

⋅ 𝒇 − 𝜕
𝜕𝒙

⋅ 𝑱 𝒃 ℎ𝑏 −
𝜕
𝜕𝒙

⋅ 𝑱 𝒗 ℎ𝑣 𝑓𝑙𝑢𝑚𝑔𝑎𝑠
− 𝜕

𝜕𝒙
⋅ 𝑱𝒘 ℎ𝑤 + 𝑐̇𝑏𝑣 (ℎ𝑣 − ℎ𝑏) + 𝑐̇𝑤𝑏 (ℎ𝑤 − ℎ𝑏) + 𝑐̇𝑤𝑣 (ℎ𝑤 − ℎ𝑣) (4)

The terms on the left-hand sides of the Eqs. (1) to (4) account for the change of concentration/energy over time 𝜕𝑡. While 𝑐𝑏 and
𝑐𝑤 are related to the whole volume of the representative volume element (RVE), 𝑐𝑣 is only referred to the lumen filled with gas,
defined as the volume proportion 𝑓𝑙𝑢𝑚𝑔𝑎𝑠

. 𝑱 𝒃,𝑱 𝒗, and 𝑱𝒘 describe the fluxes of bound water, water vapor, and free water and 𝒇
denotes the heat flux. The sorption rates 𝑐̇𝑏𝑣 from bound water to water vapor and 𝑐̇𝑤𝑏 from free water to bound water along with the
evaporation/condensation rate 𝑐̇𝑤𝑣 between free water and water vapor couple the conservations of the three water states. While ℎ𝑏
defines the averaged enthalpy of bound water, ℎ𝑏 is the specific enthalpy of bound water. ℎ𝑣 and ℎ𝑤 describe the specific enthalpies
of water vapor and free water, respectively [21].

For free water flow in longitudinal direction, 𝑱𝒘 is defined as

𝑱𝒘𝑳
= −𝜌H2O 39.2 ⋅ 10−9 exp(0.011 ⋅ 𝑐𝑤)

𝜕𝑐𝑤
𝜕𝒙

(5)

whereas free water flow in radial and tangential direction reads:

𝑱𝒘𝑹,𝑻
= −𝜌H2O

𝑲𝒓 ⋅𝑲𝒘
𝜇𝑤

⋅
𝜕𝑃𝑔 − 𝑃𝑐

𝜕𝒙
(6)

with 𝜌H2O as the density of water in kgm−3. 𝑲𝒓 and 𝑲𝒘 are the relative and absolute permeability, respectively, and 𝜇𝑤 describes
the dynamic viscosity of water. 𝑃𝑔 and 𝑃𝑐 define the gaseous and the capillary pressure, respectively [21].

These differential equations were implemented in the commercial finite element software Abaqus [33] through a user element
subroutine. Brick-type elements with linear interpolation functions were used for the discretization.

Due to changing temperature levels, a temperature-dependent sorption isotherm to determine the equilibrium moisture content
EMC was used [34,35]:

EMC = 0.01

⎛

⎜

⎜

⎜

⎜

−𝑇 ln(1 − 𝑅𝐻)

0.13
(

1 −
(

𝑇
)−6.46

)

⎞

⎟

⎟

⎟

⎟

1∕(110 𝑇−0.75)

(7)
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Fig. 3. Illustration of the models and parameters used for the wetting phase (a) (0–7 days) and the following drying phase (b) and (c), respectively (7–21 days).
In (b), the bottom surface, which was in contact with water, is exposed to air, and in (c), the bottom surface is placed onto another CLT panel. In addition, each
CLT layer’s local coordinate system with the corresponding fiber orientations, including the related free water flow directions 𝐽𝑤𝑖

, is displayed. Furthermore,
the initial MC distribution is shown. The displayed mass transfer coefficients of water vapor 𝑘𝑐𝑣,𝑤 , 𝑘𝑐𝑣,𝑑,in and 𝑘𝑐𝑣,𝑑,out (see Eq. (10)) consider the related climate
conditions during wetting and drying, respectively, (j = in, out; in = indoor and out = outdoor) at the left and bottom surfaces. 𝑘𝑐𝑤 is the mass transfer coefficient
of free water (see Eq. (8)).

2.2.1. Initial conditions
The initial conditions are based on the experimental data of Kalbe et al. [19], which are characterized by different initial MC

values at the surface and middle layer measurement points (see Fig. 2) due to conditioning in sheltered outdoor climate conditions.
To consider these non-uniform initial conditions, the initial water vapor concentration 𝑐𝑣,𝑖𝑛𝑖 and the initial bound water concentration
𝑐𝑏,𝑖𝑛𝑖, resulting from the temperature-dependent sorption isotherm (293.15 K) according to Eq. (7), were exponentially fitted [36]
(see Fig. 3). The maximum values are located at the bottom and side surfaces and the lowest in the center of the TS. On contrary to
𝑐𝑣,𝑖𝑛𝑖 and 𝑐𝑏,𝑖𝑛𝑖, the initial temperature 𝑇𝑖𝑛𝑖 was assumed uniform with 293.15 K, as the temperature inside the TS was not measured
(only the surrounding air temperature was logged). Moreover, it was assumed that no free water was present initially.

2.2.2. Boundary conditions
The climate surrounding the TS affects the exchange of water vapor, free water and heat at the corresponding surfaces (bottom

surface and side surface, respectively). These fluxes are described with Neumann boundary conditions.
In case that a surface is exposed to free water, the infiltration flux 𝜙𝑤 is defined as:

𝜙𝑤 = 𝑘𝑐𝑤 (𝑐𝑤 − 𝑐𝑤,0)𝑓𝑙𝑢𝑚 (8)

with 𝑘𝑐𝑤 as the free water mass transfer coefficient, which considers possible resistances caused by, e.g., coatings. 𝑓𝑙𝑢𝑚 is the volume
proportion of the surface lumen, as free water infiltrates via the cellular tube-like lumens of wood. 𝑐𝑤,0 defines the concentration
of free water surrounding the boundary, the maximum of which, denoted as 𝑐𝑤,𝑚𝑎𝑥, is limited by a lumen entirely filled with free
water:

𝑐𝑤,𝑚𝑎𝑥 = 𝑓𝑙𝑢𝑚𝜌H2O (9)

As the water vapor concentration is assumed to reach its maximum quickly when free water is present at the boundary, there is
no water vapor flux. Hence, defining a water vapor boundary condition is unnecessary.

Without free water at the boundary, only the water vapor flux 𝜙𝑣 has to be defined:

𝜙𝑣 = 𝑘𝑐𝑣 (𝑐𝑣 − 𝑐𝑣,0)𝑓𝑙𝑢𝑚
𝜙𝑤 =0

𝑘 =
𝑆ℎ𝐷𝑎𝑖𝑟 𝑝j

(10)
6
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d

with 𝑘𝑐𝑣 as the mass transfer coefficient of water vapor, which takes into account air flow and convection dependent on air speed
and surface roughness. 𝑐𝑣,0 defines the water vapor concentration of the surrounding air. Sh is the Sherwood number of 1, 𝐷𝑎𝑖𝑟
escribes the diffusion tensor for water vapor and L is 0.035 m (for detailed information see [21]). The parameter 𝑝j considers the

changing storage conditions occurring during the experiments (see Section 2.1), with j specifying the present climate conditions.
While 𝑝w of 0.1 describes the condition in the box in the time of wetting, 𝑝d,in of 0.5 and 𝑝d,out of 0.9 consider indoor and outdoor
climate conditions, respectively, during the drying phase. Fig. 3 illustrates which parameter affects which surface depending on the
climate conditions.

To account for the transition of water vapor and free water flux below and above the FSP, the smoothing function 𝛼k is used:

𝜙𝑣 = 𝑘𝑐𝑣 (𝑐𝑣 − 𝑐𝑣,0)𝑓𝑙𝑢𝑚(1 − 𝛼k )

𝜙𝑤 = 𝑘𝑐𝑣 (𝑐𝑣sat − 𝑐𝑣,0)𝑓𝑙𝑢𝑚𝛼k
(11)

where

𝛼k = exp(−C𝛼,1(1 − 𝑐𝑤∕1000)C𝛼,2 ) (12)

with C𝛼,1 = 20 and C𝛼,2 = 1𝑒3 for optimal accuracy and efficiency [21].
Energy conservation also depends on the processes previously described, which are considered with their enthalpies as follows:

𝜙𝑇 = 𝑘𝑇 (𝑇 − 𝑇0) + 𝑘𝑐𝑣 (𝑐𝑣 − 𝑐𝑣,0)𝑓𝑙𝑢𝑚(1 − 𝛼k )ℎ𝑣 + 𝑘𝑐𝑣 (𝑐𝑣sat − 𝑐𝑣,0)𝑓𝑙𝑢𝑚𝛼kℎ𝑣 + 𝑘𝑐𝑤 (𝑐𝑤 − 𝑐𝑤,0)𝑓𝑙𝑢𝑚ℎ𝑤 (13)

with 𝜙𝑇 as the heat flux, 𝑘𝑇 as the heat transfer coefficient of 25 W m−2K−1 and the temperature of the surrounding climate 𝑇0. ℎ𝑣
and ℎ𝑤 are the enthalpies of water vapor and free water [21].

2.2.3. Glue lines
Loctite Purbond single component polyurethane (PUR) adhesive was used to glue the layers. Volkmer et al. [37] and Mannes

et al. [38] showed the influence of adhesives, including PUR, on water vapor and capillary water transport, which can be significant.
Therefore, glue lines are considered in the model and their effect is analyzed in Section 3.3.

2.3. Finite element model

For the simulation, only a part of the TS is modeled. Firstly, it is assumed that the fibers of the single CLT layers run in
longitudinal direction of the corresponding local coordinate system, as illustrated in Fig. 3, which enables the utilization of
symmetrical properties. Secondly, measurements were performed only up to a height of 150 mm. Consequently, the size of the
finite element model is reduced to the left half of the TS with a height of 150 mm, originating from the bottom surface. For the
drying configurations, where the bottom surface is exposed to another CLT panel, a part of a single CLT layer is additionally modeled
at the bottom surface to simulate the drying conditions realistically (see Fig. 3 (c)). In this case, the output data at the end of the
wetting phase were used as initial conditions for the original model part, while the initial MC of the added model part was set to
12% without free water.

Due to the reduction of the model size, the boundary conditions are only applied to the left side surface and the bottom surface.
As the most significant changes in moisture and heat flux are expected at the exchange surfaces, the mesh is refined along the bottom
and left side surface. In addition, the mesh at the right surface is refined for more precise values in the area of the measurement
points. Therefore, the height and the width of the finite elements vary. Both are between 1 mm and 5 mm, resulting in a total number
of 760 elements and 1640 nodes. In case of the expanded model, the total number of elements is increased to 1330 and the one of
the nodes to 2848. The thickness of all elements is 1 mm, with only one element in the out-of-plane direction to reduce computation
time. An additional simulation with a refined model, where the width and height of each element were 1 mm, showed negligible
deviations between the results of the used model and the refined one.

The fiber orientation of each layer is considered, as shown in Fig. 3. It is assumed that in radial and in tangential direction the
permeability of free water and diffusion are virtually equal.

2.4. Hygrothermal load

As shown in Section 2.1, the surrounding climate, the presence of free water at the bottom surface, and the contact with another
CLT panel influence the moisture development of the TS. These conditions are considered by applying boundary conditions to the
left and the bottom surface based on the data from the experiments (see Fig. 4 (a)). Moreover, to take into account flux resistances
resulting from surrounding conditions and, thus, realistically simulate the changes in MC, the mass transfer coefficients for water
vapor and free water were calibrated.

At first, the wetting phase is analyzed, with the TS exposed to free water at the bottom surface. In this case, the RH of the air
only affects the left side surface, and the temperature influences both the bottom and the left surface. To simulate the water uptake
through the bottom surface, the RH was set to 99% for 7 days, assuming continuous contact to water. Subsequently, the RH level
was adapted according to the corresponding drying configuration (see Fig. 4 (a)). In addition, 𝑘𝑐𝑤 as well as 𝑝w, and thus, indirectly,
the mass transfer coefficients of water vapor during the wetting phase 𝑘𝑐𝑣,𝑤 were calibrated to the given climate resistances, resulting

−8 −1
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in a 𝑘𝑐𝑤 of 1.2 ⋅ 10 m s and a course of 𝑘𝑐𝑣,𝑤 , which can be obtained from Fig. 4 (b), with a 𝑝w of 0.1.
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Fig. 4. Development of the relative humidity (continuous line) and temperature (dashed line) as well as the mass transfer coefficient for water vapor 𝑘𝑐𝑣 , which
epends on relative humidity and temperature, and considers the air flow and convection of the surrounding climate. 𝑘𝑐𝑣,𝑤 describes the climate in the box in
he time of wetting. While 𝑘𝑐𝑣,𝑑,in considers the climate indoors during the drying phase, 𝑘𝑐𝑣,𝑑,out describes outdoor climate conditions.

Following the wetting phase, one of the four drying configurations is simulated, where the boundary conditions and coefficients
re adjusted in line with the experimental setup. When all surfaces of the TS are exposed to ambient air, the corresponding indoor
nd outdoor climate data are applied to the left and bottom surfaces, respectively. As air speed changes due to the absence of the
ox and no free water could cause evaporation, the mass transfer coefficients of water vapor during the drying phase 𝑘𝑐𝑣,𝑑,𝑖𝑛 (indoor
limate) and 𝑘𝑐𝑣,𝑑,out (outdoor climate) are used to consider the changing climate conditions. The development can be obtained from
ig. 4 (b), with a 𝑝d,in of 0.5 for indoors and a 𝑝d,out of 0.9 for outdoor climate conditions. Both parameters were calibrated to
heir corresponding climate conditions. When the TS are in contact with another CLT panel, the following adjustments were made
o consider these conditions realistically: Rather than applying a boundary condition, a part of a single CLT layer is additionally
odeled at the bottom surface (see Fig. 3). For the left side surface, the corresponding indoor and outdoor climate data, as well as

heir respective transfer coefficients, are used.
To study the influence of adhesives between layers, additional simulations were performed, where for the elements representing

lue lines the free water flow properties and water vapor diffusion values of Lukacevic et al. [39] were used. For free water flow
n longitudinal direction, 𝑱𝒘𝑳

was reduced by a factor of 3 ⋅ 10−4, as described in Lukacevic et al. [39].

. Results and discussion

In order to compare and analyze the results of the finite element simulations and the experiments, MC distributions have
o be determined, as the simulation output is bound water concentration (𝑐𝑏), water vapor concentration (𝑐𝑣) and free water
oncentration (𝑐𝑤). MC is the sum of bound water concentration and free water concentration divided by the dry density of wood
𝜌𝑑): 𝑀𝐶 = (𝑐𝑏 + 𝑐𝑤)∕𝜌𝑑 .

.1. Comparison of experimental and simulation results

The MC simulation results of all four drying configurations are shown in Figs. 5–8, obtained from finite element nodes at a height
f 30 mm, 60 mm and 90 mm, respectively, at a depth of 5 mm from the surface (S) and at a depth of 50 mm from the surface in the
iddle layer (M). The moisture behavior at 120 mm as well as 150 mm are not illustrated, since the MC evolution between these and

t 90 mm differs only minimally. For all drying configurations, the MC changes of the three TS used for the corresponding scenario
gray lines), the average of these three TS (teal line) and the average of all twelve TS during the wetting phase, lasting from the
eginning until day 7 (orange line), are displayed. The squares along the lines represent the measured values from the experiment,
nd the blue line displays the simulation MC development. In addition, during the calibration process, efforts were made to attain
C values close to, ideally slightly exceeding the average experimental results to consider a unfavorable moisture uptake behavior
8

f the TS, as strength and stiffness properties are impaired. Furthermore, for each simulation, the mean absolute error (MAE) and
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the root mean square error (RMSE) are provided to quantify the performance of the simulation results. They are determined as
follows:

MAE = 1
𝑛

𝑛
∑

𝑡=1

|

|

𝑓𝑡 − 𝑦𝑡||

RMSE =

√

√

√

√

1
𝑛

𝑛
∑

𝑡=1

(

𝑓𝑡 − 𝑦𝑡
)2

(14)

Here, 𝑛 represents the number of measurements. 𝑓𝑡 denotes the simulated data, and 𝑦𝑡 defines the measured data for the points
in time of measurement 𝑡. 𝑦𝑡 consists of the average experimental result of all twelve TS (from days 0 to 7) as well as the average
of the three TS subjected to the corresponding climate configuration (from days 7 to 21). MAE and RMSE are suitable indicators
since the data were measured at sufficiently equal intervals and there are no scale differences.

At first, the drying configuration with the bottom surface exposed to indoor air is analyzed (see Fig. 5). Due to equal boundary
conditions for all experimental configurations during the wetting phase, its results are only described for this configuration (except
for the configuration with the bottom surface exposed to outdoor climate conditions due to extensive moisture uptake of one of the
TS; see Fig. 6 (a)). Analyzing the initial MC behavior in Fig. 5 (a) at a depth of 5 mm from the surface and a height of 30 mm
(S30) shows that, in the very beginning, both the simulation and the average experimental results decrease. This is related to
the surrounding dry climate and the non-immediate moisture penetration into this area. However, while the average MC of all
experiments increases after 8.25 h, the one of the simulation decreases until 1.50 days. An extensive moisture uptake, observed for
the extreme case of the individual experiments, can be simulated by adapting 𝑘𝑐𝑤 , which is further examined in Section 3.2. After
5.5 days, the MC increase rate decreases significantly, as from this point on, the bound water concentration has reached its limit,
and only the free water concentration increases. After seven days, the storage conditions change, resulting in a reduction in MC.
In Fig. 5 (b), it can be seen that the average experimental and the simulated MC initially decrease at S60. While the average MC of
the experiments increases after 1.25 days and decreases again after 2.25 days, the simulation MC increases only after 4.25 days and
falls when the drying phase starts. The increase and decrease during the wetting phase of the average experimental MC is caused
by averaging all MC developments of the investigated TS, since the moisture absorption of some CLT panels is disproportionately
intense in the first days due to their boards’ wood anatomy (fiber size and orientation, knots, etc.) Fig. 5 (c) also displays an initial
reduction of the MC at S90. However, compared to Fig. 5 (a) and (b), no significant increase during the wetting phase can be seen,
indicating that capillary forces are not sufficient to lift free water to this level in a timely manner. Fig. 5 (d) illustrates that the
initial MC at M30 increases immediately when the TS are immersed in water since the layer at 50 mm depth is only affected by the

Fig. 5. Results for Group A (see Table 1) - Simulated and measured moisture content during the wetting phase (0–7 days) and the drying phase (7–21 days)
in indoor climate conditions with the bottom surface exposed to air. The gray lines show the moisture development of the three test specimens subjected to
these conditions, the teal line displays their average, and the orange curve illustrates the average moisture evolution of all experiments (12 in total) during the
identically proceeding wetting phase. (f) shows the positions of the nodes from which the simulation results were obtained (S𝑖: surface measurement points at
a height of 𝑖mm, M𝑖: measurement points located in the middle layer at a height of 𝑖mm). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
9
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Fig. 6. Results for Group B (see Table 1) - Simulated and measured moisture content during the wetting phase (0–7 days) and the drying phase (7–21 days)
in outdoor climate conditions with the bottom surface exposed to air. The gray lines show the moisture development of the three test specimens subjected to
these conditions, the teal line displays their average, and the orange curve illustrates the average moisture evolution of all experiments (12 in total) during the
identically proceeding wetting phase. (f) shows the positions of the nodes from which the simulation results were obtained (S𝑖: surface measurement points at
a height of 𝑖mm, M𝑖: measurement points located in the middle layer at a height of 𝑖mm). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

low RH of the surrounding climate after a certain amount of time, which is longer than the wetting phase. However, compared to
the moisture uptake of the experimental results, the one of the simulation occurs slower, as it was aimed to obtain MC values close
to, ideally slightly above, the average experimental results at the end of the wetting phase to consider an unfavorable infiltration
behavior of the TS. Increasing 𝑘𝑐𝑤 causes a more similar moisture uptake rate of the average experimental and simulations results
during the wetting phase, which is shown in Section 3.2. In the drying phase, the decrease rate of the experimental average MC and
the simulation one are alike, except for the first two days of this phase. During this time, a significant decrease in the simulation MC
occurs, followed by an intense flattening of the development. During the significant decline, the entire free water disappears, and
after that, only the bound water decreases, which is initially minimally reduced due to slower desorption close to the FSP [29,40]
and because of the insignificant influence of the air with low RH.

Overall, the simulation results qualitatively align well with the average outcome of the experiments for this drying configuration.
Fig. 6 displays the results of the drying configuration, where the bottom surface is exposed to outdoor climate conditions.

Analyzing the drying phase of Fig. 6 (a) shows that the moisture decreases only minimally compared to Fig. 5 (a) due to the
outdoor climate’s higher RH level. In addition, it can be noticed that the simulation MC is lower than the average experimental one
throughout the drying phase. This is related to the relatively extensive MC uptake of the three TS in the wetting phase compared to
the other drying configurations (see Figs. 5 (a), 7 (a) and 8 (a)). Fig. 6 (b) and (c) reveal an increasing MC during the drying phase
due to the outdoor climate’s high RH, and the simulation results are only minimally lower compared to the average experimental
results.

Except for the discussed MC behavior in Fig. 6 (a) caused by the intense moisture uptake of one experiment, a great qualitative
agreement of the simulation and average experimental results can be seen. It might be possible that the great variability of the
measurement results are due to the natural irregularity of the wood material properties, which further emphasizes the need for the
sensitivity analysis presented in Section 3.2, or due to the limitations of the electrical resistance-based MC measurement.

Fig. 7 displays the moisture development results when the bottom surface is exposed to a CLT panel and the remaining surfaces
are subjected to indoor climate conditions. Adding an additional part of a CLT layer to the finite element model at the bottom
surface causes a lower MC reduction in the drying phase, where with increasing distance to the bottom surface, the effect decreases.
While the difference in MC at M30 is about 6.5% at the end of the drying phase (compare Figs. 5 (d) and 7 (d)), the difference in
MC is only 0.1% at M90 (compare Figs. 5 (f) and 7 (f)). In addition, the effect of the additional model part is more significant for
the middle layer than for the surface layer. The maximum difference at S30 is only about 1.8% at the end of the drying phase (see
Fig. 5 (a)).

Similarly for this configuration, simulation results exhibit a good qualitative correlation with the average findings of the
10

experiments.
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Fig. 7. Results for Group C (see Table 1) - Simulated and measured moisture content during the wetting phase (0–7 days) and the drying phase (7–21 days) in
indoor climate conditions with the bottom surface exposed to a CLT panel. The gray lines show the moisture development of the three test specimens subjected
to these conditions, the teal line displays their average, and the orange curve illustrates the average moisture evolution of all experiments (12 in total) during
the identically proceeding wetting phase. (f), shows the positions of the nodes from which the simulation results were obtained (S𝑖: surface measurement points
at a height of 𝑖mm, M𝑖: measurement points located in the middle layer at a height of 𝑖mm). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Finally, in Fig. 8, the MC results are shown when the bottom surface is fixed to a CLT panel and the remaining surfaces are
subjected to outdoor climate conditions. Compared to the configuration, where the CLT panel is exposed to indoor climate conditions,
the effect of the additional model part is smaller (see Fig. 7). At the end of the drying phase, the difference in MC of both outdoor
configuration simulation results is only between 0.59% and 0.06%, while the one of the indoor configurations is between 6.52%
and 0.1%. Fig. 8 (a) shows that after 10.75 days the simulation MC is lower than the average experimental one due to the moisture
uptake of two TS in the drying phase influencing the average.

Apart from the MC behavior at S60 and S90 (see Fig. 8 (b) and (c)) due to too low moisture uptake, a good qualitative agreement
of the simulation results with the average experimental ones can be noticed.

The results show elevated MC levels surpassing the FSP at 30 mm from the bottom surface, for particular experimental cases even
at a height of 60 mm. Sandberg and Saline [41] observed similar MC behavior in their experiments, examining the MC absorption
through the end-grain surface of Norway spruce boards. After seven days of wetting, the MC profiles reveal MC levels above the FSP
up to 50 mm from the infiltration surface. Krabbenhoft and Damklide [32] introduced a double-porosity model to describe water
infiltration and used different experiments to validate their model. The presented moisture profile of fir sapwood revealed an MC
level greater than 30% at a height of 125 mm from the infiltration surface after six days. Johansson and Kifetew [42] modeled the
capillary water uptake in wood based on CT scans, showing MC levels exceeding the FSP at 90 mm from the bottom surface for pine
sapwood. It can be concluded that (CLT) end-grain wetting establishes a decay-prone area close to the infiltration surface, thus,
illustrating the relevance of moisture safety in this zone.

Additionally, an evaluation of the performance of MAE and RMSE for all configurations (see Figs. 5–8) shows an adequate
correlation for S60 (MAE ranging from 0.75 to 1.33 and RMSE from 1.09 to 1.48) and S90 (MAE from 0.81 to 1.80 and RMSE from
0.99 to 1.92). There is also a sufficient replication quality for M90 (MAE from 1.14 to 1.92 and RMSE from 1.31 to 2.22). However,
high MAE and RMSE values can be observed at S30, M30 and M60, with values up to 5.61 and 6.11, respectively. These discrepancies
can be attributed to the focus of the calibration process. For the wetting phase, efforts targeted achieving MC values close to – or
ideally slightly above – the average experimental results of all twelve TS. Meanwhile, for the drying phase, the parameters were
calibrated to mirror the average experimental results of the three TS corresponding to the specific climate conditions. As a result,
significant differences between 𝑦𝑡 and 𝑓𝑡 can arise, affecting MAE and RMSE. Additionally, variations in wood properties can lead
to a high degree of variability in experimental results, impacting the determined averages. With a limited number of investigated
TS, MAE and RMSE might suggest a reduced correlation.
11
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Fig. 8. Results for Group D (see Table 1) - Simulated and measured moisture content during the wetting phase (0–7 days) and the drying phase (7–21 days) in
outdoor climate conditions with the bottom surface exposed to a CLT panel. The gray lines show the moisture development of the three test specimens subjected
to these conditions, the teal line displays their average, and the orange curve illustrates the average moisture evolution of all experiments (12 in total) during
the identically proceeding wetting phase. (f) shows the positions of the nodes from which the simulation results were obtained (S𝑖: surface measurement points
at a height of 𝑖mm, M𝑖: measurement points located in the middle layer at a height of 𝑖mm). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

3.2. Sensitivity analysis

Subsequently, the impact of the mass transfer coefficients of water vapor 𝑘𝑐𝑣 and free water 𝑘𝑐𝑤 on the moisture development
is shown. To depict the degree of this influence, both coefficients are doubled and halved, respectively. Fig. 9 shows the impact of
increasing and reducing 𝑘𝑐𝑤 and 𝑘𝑐𝑣 , respectively, on the MC development when the bottom surface is exposed to air and indoor
climate conditions. In each case, the green curves show the MC evolution if the value is increased, while the magenta lines display
the MC change for a reduced value. The blue curves depict the MC development with the original choice of coefficients, presented
in Section 2.4, and the orange, teal and gray lines illustrate the same as described in Section 3.1. First, the influence of increasing
and decreasing 𝑘𝑐𝑤 at S30 is discussed (see Fig. 9 (a)). 𝑘𝑐𝑤 considers infiltration resistances due to, e.g., coatings. Adapting 𝑘𝑐𝑤
enables to obtain moisture uptakes comparable to the MC evolution of single experiments corresponding to the extreme cases.
Fig. 9 (a) illustrates the MC development in case of increasing 𝑘𝑐𝑤 from 1.2 ⋅ 10−8 m s−1 to 2.4 ⋅ 10−8 m s−1 at S30. It can be seen
that the simulation MC also decreases initially, but the following intense moisture uptake occurs already approximately 0.75 days
later. After about two days, the FSP is reached, and from this point on, only the concentration of free water increases, which is
why the MC increases more slowly. Further increasing 𝑘𝑐𝑤 to 3.6 ⋅ 10−8 m s−1 would result in an MC development comparable to
the experiment with intense moisture uptake. By reducing 𝑘𝑐𝑤 to 6 ⋅ 10−9 m s−1, the MC development of two experiments with low
moisture uptake can be simulated. Fig. 9 (b) displays the MC evolution with adapted 𝑘𝑐𝑤 at M30. At the end of the wetting phase, the
MC is slightly above the experiment results, showing that even the experiment with the more significant moisture uptake could be
simulated. Observing the MC development with reduced 𝑘𝑐𝑤 , a minimal increase of the MC after the beginning of the drying phase
can be seen. Since the low RH affects the MC in M30 only after a specific time, the MC does not drop until about 9.75 days. Kalbe
et al. [19] showed an MC plateau (approximately 25%) at M30 three days after the beginning of the wetting phase. The sensitivity
analysis reveals that this is related to the FSP on the one hand and, on the other hand, to the intensity of the free water increase
driven by capillary pressure [21].

However, for S60 (see Fig. 9 (c)) and for the other studied locations (S90, M60, and M90), a moisture uptake of up to about
32% in the wetting phase occurs as well since 𝑘𝑐𝑤 determines the intensity of the free water flux at the bottom surface. It is
possible to obtain simulation results comparable to extreme cases of single experimental results at a height of 30 mm, if 𝑘𝑐𝑤 is
increased correspondingly. However, this also leads to excessive MC values above 30 mm from the bottom surface. If the bottom
surface is immersed in water, extensive infiltration in regions close to the water source can be noticed [32,41,43] (see Fig. 1 (c)). As
described in [21], the model used is not able to adequately consider intense moisture uptake in these regions correspondingly. For
this reason, the average experimental and simulation results agree at S30 only after about 5 days during the wetting phase. Sandberg
and Saline [41] studied moisture absorption in the end-grain of Norway spruce, using CT scanning for measurement. Their measured
12
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Fig. 9. Sensitivity analysis — Moisture content at various heights and depths when different parameters ((a) to (c): mass transfer coefficient for free water
𝑘𝑐𝑤 , and (d) to (f) mass transfer coefficient for water vapor 𝑘𝑐𝑣 ) are altered for bottom surface exposure to air and indoor climate conditions. Continuous lines
illustrate simulation results and dashed lines with markers experimental results. In addition, the MC changes of the three test specimens (TS) used for the
corresponding scenario (gray lines), the average of these three TS (teal line) and the average of all TS during the wetting phase, lasting from the beginning
until day 7 (orange line), are displayed. (f) shows the positions of the nodes from which the simulation results were obtained (S𝑖: surface measurement points
at a height of 𝑖mm, M𝑖: measurement points located in the middle layer at a height of 𝑖mm). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

MC profiles and our simulation results agree well at 40 mm from the water level. Perre et al. [43] examined the imbibition of water
and oil in poplar and spruce wood TS in longitudinal direction and used a Washburn simulation approach to replicate the water
uptake. Comparing the simulation results under corresponding conditions shows that the moisture uptake replicated by our model
is underestimated close to the infiltration surface.

Subsequently, the impact of adapting 𝑘𝑐𝑣 on the MC development is discussed. It is evident that doubling 𝑘𝑐𝑣 causes a lower
moisture uptake in the wetting phase and a slower dry-out in the drying phase, while halving 𝑘𝑐𝑣 results in the opposite effect
(Fig. 9 (d) and (f)). This is caused by the low relative humidity: Doubling 𝑘𝑐𝑣 increases the water vapor flux at the exchange surface,
which leads to a decrease in the water vapor concentration due to the environmental adjustment and, thus, to a lower concentration
of bound water. In case of higher RH values, an increased 𝑘𝑐𝑣 would cause a more extensive moisture uptake in the wetting phase
and less dry-out during the drying phase. Fig. 9 (e) illustrates the influence of adapting 𝑘𝑐𝑣 at M30. As the surrounding air only
affects the moisture uptake in the middle layer after an extensive amount of time (longer than the wetting phase), no difference can
be observed during the wetting phase. Only in the drying phase, when the bottom surface is exposed to air, increasing 𝑘𝑐𝑣 results
in a more significant dry-out, while decreasing 𝑘𝑐𝑣 causes minor MC reductions.

It can be concluded that both coefficients influence the MC development, but 𝑘𝑐𝑤 is primarily related to an intense MC uptake,
which is essential to reproduce the experimentally observed MC behavior realistically.

Another value to quantify the intensity of moisture uptake, is the water absorption coefficient Aw. It is defined as the difference in
moisture mass over time divided by the infiltration surface and related to the square root of time according to EN ISO 15148 [22].
According to the study of Candanedo and Derome [44], where the moisture uptake of 14 softwood samples were examined, Aw
ranges between 9.7 ⋅ 10−3 kg m−2 s−0.5 and 1.6 ⋅ 10−2 kg m−2 s−0.5 in longitudinal direction, whereas in radial and tangential direction,
Aw is between 1.9 ⋅ 10−3 kg m−2 s−0.5 and 4.7 ⋅ 10−3 kg m−2 s−0.5. In contrast to sawn timber, the water absorption coefficient for
CLT panels, exposing the face-grain surface to water, diverges. For CLT samples made of European wood, Aw-measurements range
from 1.6 ⋅ 10−3 kg m−2 s−0.5 to 1.1 ⋅ 10−8 kg m−2 s−0.5 [45–47]. For water absorption through the end-grain surface of CLT panels,
the only water absorption coefficient available to date is the one determined from the experiments presented in this work (see
Section 2.1), which is 3.51 ⋅ 10−3 kg m−2 s−0.5 [25]. Calculating Aw based on the simulation results, a lower value can be observed
(1.23 ⋅ 10−3 kg m−2 s−0.5). This is related to the not yet implemented intense moisture uptake in the regions close to infiltration
surfaces. Thus, enhancing the model to describe the free water transport processes in the infiltration area more precisely, would
result in a higher and more accurate water absorption coefficient.

One of the limitations of this study, which also impedes the validation of the implementation of the intense moisture uptake
near the infiltration surfaces, is the use of electrical resistance-based measurements for obtaining wood MC. Change in electrical
13
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resistance caused by a variation in wood MC is greatest up to 30% MC, diminishing as the MC increases, which reduces measurement
accuracy [48]. However, MC exceeds this level quickly near the infiltration surface. Other constraints of the method include
the variability in the relationship between electrical resistance and wood MC due to the specific timber species, temperature,
density, or variations in calibration. Gravimetric MC measurement method would have been the most accurate in terms of MC.
However, it would have required cutting the TS into smaller details to obtain MC distribution information, which would have
only been achievable at the end of the test, rendering the analysis of MC temporal kinetics impossible. Furthermore, additional
uncertainty would have also been introduced by cutting off the TS. On the contrary, the electrical resistance-based method enabled
MC measurements at precise height and depth levels with minimal damage and effort. This also facilitates the method’s application
on construction sites and the use of the collected data as an input for hygrothermal models, which may then be used, for instance, to
forecast moisture dry-out and wetting incidents, which is one of the main purposes of the model described in this article. In addition,
research has shown that resistance-based MC measurements can still be useful in the overhygroscopic range [49]. Considering the
limitations and advantages, the electrical resistance-based method was deemed suitable. Nevertheless, novel non-destructive MC
measurement methods could help to improve this work, specifically regarding MC distribution near the CLT face-grain surface, where
the MC quickly reaches the FSP in case of water contact. Such methods include low field nuclear magnetic resonance (LFNMR), X-ray
computed tomography (XCT), neutron imaging, and magnetic resonance imaging (MRI) [48]. Implementing LFNMR to determine
MC could further improve the model, as LFNMR can differentiate between different water states [50], enabling fine-tuning of 𝑘𝑐𝑣
and 𝑘𝑐𝑤 , respectively, especially close to the infiltration surfaces. However, these methods come with their own set of limitations
regarding calibration or specimen size, which need consideration. In addition, the experimental setup might need thorough rework
if new MC measurement methods would be used.

3.3. Influence of glue on moisture transport

In addition to the effect of 𝑘𝑐𝑣 and 𝑘𝑐𝑤 , the influence of the glue lines on the moisture transport is analyzed, which is shown
in Fig. 10. The studied configuration is characterized by indoor climate conditions and the bottom surface is subjected to the
surrounding air. The blue line shows the MC development with the parameter set used in Section 3.1, while the turquoise curve
illustrates the effect of the reduced glue line permeability and vapor diffusion. The orange, teal and gray lines represent the
experimental results as presented in Section 3.1. Compared to the original value set, the glue line consideration has only a minor
influence on the MC development at S30, S60, and S90 (see Fig. 10 (a) to (c)), as the proximity of the air with low relative humidity
and the water infiltration mainly contribute to the moisture behavior at the surface. In the middle layer, the glue line affects the
MC development more significantly due to the minor effect of the surrounding dry air. Overall, the trend of the MC curves with

Fig. 10. Glue influence — Simulation and experiment moisture contents during the wetting phase (0–7 days) and the drying phase (7–21 days; indoor climate
conditions with the end-grain surface exposed to air). While the blue line shows the MC development with the setup used in Fig. 5, the turquoise curve illustrates
the MC change if additionally the reduced permeability of the glue is considered. Dashed lines with markers illustrate experimental results (see Fig. 5). (f) shows
the positions of the nodes from which the simulation results were obtained (S𝑖: surface measurement points at a height of 𝑖mm, M𝑖: measurement points located
in the middle layer at a height of 𝑖mm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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the initial configuration and the one considering the reduced permeability and diffusion of the glue line is quite similar, and the
influence is minor at the surface and moderate in the middle layer. As the exact parameter values for permeability and vapor
diffusion are unknown, the influence on MC development may be larger or smaller. However, as more conservative values were
used, it is assumed that the evolution is correct or closer to the one without the consideration of glue lines. Additional simulations
confirmed that similar MC trends can be observed for the other drying configurations.

4. Conclusion & outlook

High moisture contents (MC) can compromise cross-laminated timber (CLT) elements, and end-grain wetting can pose particular
hallenges due to moisture trapping conditions often present in the connection joints where the CLT end-grain surfaces are located
e.g., in wall-to-foundation or wall-to-floor joints). Research is scarce regarding the moisture safety of CLT end-grain surfaces.
o investigate end-grain wetting conditions, in this work, the numerical model considering free water transport of Autengruber
t al. [21] was adapted for a more sophisticated problem–replicating the CLT end-grain moisture uptake and dry-out experiments
f Kalbe et al. [19]. The experiments included the investigation of MC development in CLT panels and panel junctions with
oisture trapping conditions, considering both favorable and unfavorable climate conditions regarding moisture dry-out. The
tilized numerical model is based on the multi-Fickian theory [26–31] for bound water and water vapor diffusion processes below
he fiber saturation point (FSP) as well as on Darcy’s law combined with a concentration-based formulation for free water transport
bove the FSP. The calibration of the mass transfer coefficients of water vapor 𝑘𝑐𝑣 and free water 𝑘𝑐𝑤 allowed for the simulation

of MC changes in CLT test specimens during an initial wetting phase (from days 0 to 7), followed by a drying phase (from days 7
to 21), which was characterized by different climate and storage conditions. Furthermore, the influence of 𝑘𝑐𝑣 and 𝑘𝑐𝑤 on the MC
behavior was examined, and finally, the effect of glue lines on the MC transport was studied by reducing values for permeability
and vapor diffusion.

The main conclusions can be summarized as follows:

∙ The simulation results demonstrate strong qualitative agreement with the experimental outcomes for moisture uptake and dry-
out across all investigated configurations. In certain cases, even excellent replication was observed. Hence, such simulations
can be used to gain deeper understanding of moisture distributions in CLT panels, thus supporting safety and durability issues
of CLT structures.

∙ The results support the relevance of moisture safety regarding the CLT end-grain surfaces, showing MC levels reaching or
exceeding the FSP at 30 mm from the water level, thus rendering this region susceptible to decay. However, the risk is localized,
as capillary forces appear insufficient to lift free water to the 90 mm mark from the water level, as suggested by the results.

∙ The MC plateau (≈ 25%) at 30 mm from the water level in the middle CLT layer observed in the experimental results of Kalbe
et al. [19] could be related to both the FSP and the intensity of the free water increase driven by capillary pressure.

∙ The coefficients 𝑘𝑐𝑣 and 𝑘𝑐𝑤 exert a notable influence on the MC evolution. However, it is mainly 𝑘𝑐𝑤 , the mass transfer
coefficient of free water, that significantly contributes to the intense moisture uptake. This factor is critical for realistically
reproducing the MC behavior above the FSP.

∙ The impact of glue lines on the moisture behavior of CLT surface layers is marginal but becomes more pronounced in the
middle layers. Despite this, the effect of glue lines is smaller than the one of the investigated mass transfer coefficients (𝑘𝑐𝑣
and 𝑘𝑐𝑤 ).

Additional experiments are recommended to validate the model results, particularly data from measurement points located at
positions with fiber orientations different than those investigated during the experiments of Kalbe et al. [19]. To provide a more
comprehensive data set, measurement points closer to the end-grain surface and with increased spatial resolution are suggested.

Continued work is needed to ensure an appropriate moisture management method for the CLT end-grain surfaces. Future
simulations and experiments should assess the influence of extended and abbreviated wetting and drying phases. In addition, further
investigation is recommended regarding different boundary condition configurations in conjunction with long-term simulations.
Furthermore, additional boundary conditions could be considered, e.g., precipitation and solar radiation or the influence of sealing
of the CLT panel end-grain surfaces. Water-blocking coatings have been suggested as a moisture safety method to protect the CLT
panel end-grain surfaces [51], and a natural progression of this work would be to assess the performance of such protection methods.
More broadly, research is needed to compare the performance of local protection methods with full coverage weather protection
(e.g., using a tent or scaffolding to cover the CLT after installation).

Beyond moisture simulations, fracture simulations could be performed, to investigate the cracking behavior in the drying phase,
as presented in Brandstätter et al. [52]. In this work, the moisture-induced cracking behavior of wooden cross sections exposed
to various drying loads was analyzed, using a multisurface failure criterion [53–56], which was also applied in the studies of
Autengruber et al. [57], to define failure. This way, the optimal point in time could be determined to apply heating and, thus,
15

speed up the dry-out of CLT panels without causing cracks [19].
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