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ABSTRACT: Knowledge about wood moisture conditions in a timber component is essential to predict its mechanical 
behavior. Not only stiffness and strength properties are highly dependent on wood moisture content but also diffusion 
coefficients, density, specific heat capacity and the thermal conductivity. Therefore, modern prediction tools, which are 
able to describe these effects, can benefit the development of new wood-based products. Especially, if they exhibit 
complex geometries and are made of materials with different moisture characteristics, as different and direction-dependent 
coefficients of expansion may lead to critical stresses.  

Transport mechanisms below the fiber saturation point were developed by [1-2]. Three coupled differential equations 
describe bound water, water vapor and energy conservation. Free water exists above the fiber saturation point with the 
corresponding transport mechanisms described in [3]. Values of the free water content can be much higher than those of 
bound water and water vapor. Thus, within the areas, where the switch from the transport mechanisms below the fiber 
saturation point to those above occur, high gradients can exist. To deal with these within the finite element method 
different procedures, like upstreaming and mass lumping [4], were used. A three-dimensional Abaqus User-Element 
Subroutine was developed to describe these coupled equations.  
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1 INTRODUCTION123 
Wood is a naturally grown building material with highly 
moisture-dependent material properties, which in addition 
also vary in the material directions. Increases in moisture 
content (MC) within wood on one hand lead to decreasing 
stiffness and strength properties and on the other hand 
lead to dimensional changes caused by swelling. Due to 
the non-uniform expansion of wood in its orthotropic 
material directions, which compared to other building 
materials can be quite substantial, the resulting stresses 
can cause cracks. In general, water can be present in three 
different states in wood: bound water in the cell walls, 
water vapor and free water in the lumens. These states are 
interacting with each other. 
Although dimensional changes of wood are linked to 
changes in bound water concentration only and free water 
only exists above the so-called fiber saturation point, such 
a full description of water states within wood might be 
necessary. For example, if wood is used as a scaffold 
material for concrete constructions, timber beams and 
plates are subjected to not only outdoor weathering but are 
also often stored unsheltered, where they might end up 
lying in puddles for a long time. Another possible use case 
of such a model is the simulation of the direct application 
of fresh concrete to notched CLT slabs for the 
construction of timber-concrete composite structures. 
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The transport processes below the so-called fiber 
saturation point (FSP) can be well described [1-2,5-7] by 
a multi-Fickian transport, i.e. by separating bound water 
and water vapor transport mechanisms and by coupling 
them via the so-called sorption. It has been shown that 
such an implementation is essential when moisture 
distributions in wood specimens thicker than a few 
millimeters or subjected to higher relative humidity levels 
are to be predicted correctly. In contrast to other porous 
media, in wood the bound water phase cannot be easily 
coupled to the free water phase, as wood is highly 
hygroscopic [3] and the amounts of water in the two 
phases differs greatly [10]. 
We combined the mathematical model for free water 
transport above the FSP with the multi-Fickian 
approaches below the FSP [11], where the numerically 
challenging transition of the transport mechanisms needs 
special attention in the implementation [12-14]. 
The developed model can then easily be combined with 
other developments of our research group in the field of 
computational wood mechanics [15-16]. For example, the 
moisture uptake and distribution in various wood 
(products) cross sections and their susceptibility to 
cracking can be studied with wood-specific failure criteria 
[17-20]. 
Within this paper, first, the heat and mass transfer model 
for wood is presented in Section 2. In Section 3, a 
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validation example shows the model’s capability to 
reproduce the correct transition of transport processes 
from above to below the FSP. Next, in Section 4, two 
applications to civil engineering problems are presented, 
where the first one shows how historic climate data can be 
used to study the moisture distribution and subsequent 
susceptibility to cracking in wood cross sections. The 
second application is the simulation of the critical 
moisture uptake in notched timber-concrete composite 
floors, when fresh concrete gets in contact with end-grain 
surfaces. Finally, in the last section the paper is concluded 
and an outlook to future research is given. 
 
2 HEAT AND MASS TRANSFER 

MODEL FOR WOOD 
Wood has a cellular structure, where the so-called lumens 
are enclosed by the hygroscopic cell walls, which are 
oriented in longitudinal direction and connected at their 
ends by pits. For green wood, these pits are open and 
allow an unrestricted flow of free water, but during the 
technical drying of wood, they get mostly closed. Such 
aspirated pits can deaspirate, if they get in contact with 
water again, but in experiments information on the 
amount of closed or open pits is often not available, which 
adds an additional layer of difficulty in the validation 
process.  
When the relative humidity in the environment of a wood 
sample increases, moisture enters through pores into the 
wood, where the moisture is both transported through the 
lumens and adsorbed by the cell walls, where it is also 
transported in terms of bound water. Thus, in general 
water can be present in wood in three different states: 
water vapor as well as bound and free water. These 
interact with each other, as they all tend to reach an 
equilibrium state.  
As already mentioned, the transport mechanisms below 
the FSP of coupled water vapor and bound water transport 
are modeled using a multi-Fickian approach. For the 
transport of the free water above the FSP, our model uses 
Darcy’s law, where the driving force is the gradient of 
capillary pressure. 
 

  

Figure 1: Volume-averaged interactions between the three 
phases of water: bound water, water vapor and free water; and 
definition of fluxes of the same components via the boundaries 
of the RVE [11] 

As in [21], a representative volume element (RVE) is 
defined for the description of the different transfer 
mechanisms (see Figure 1): bound water cb exists in the 
cell wall, water vapor cv and free water cw in the lumen. 
The coupling mechanisms between the phases are 
sorption �̇�𝑐𝑤𝑤𝑤𝑤  from free water to bound water and sorption 
�̇�𝑐𝑤𝑤𝑏𝑏  from water vapor to bound water, as well as 
evaporation/condensation �̇�𝑐𝑤𝑤𝑏𝑏  between free water and 
water vapor. The fluxes via the boundaries of the RVE are 
free water flux 𝑱𝑱𝑤𝑤, bound water flux 𝑱𝑱𝑤𝑤 and water vapor 
flux 𝑱𝑱𝑏𝑏. In addition to the mass conservation equations, a 
total energy conservation equation with the process of 
thermal conduction with the heat flux 𝒇𝒇 is also included. 
The governing equations are: 
  
Conservation of bound water concentration: 

𝜕𝜕𝑐𝑐𝑤𝑤
𝜕𝜕𝜕𝜕

= −
𝜕𝜕
𝜕𝜕𝜕𝜕

𝑱𝑱𝑤𝑤 + �̇�𝑐𝑤𝑤𝑏𝑏 + �̇�𝑐𝑤𝑤𝑤𝑤  (1) 

Conservation of water vapor concentration: 
𝜕𝜕𝑐𝑐𝑏𝑏
𝜕𝜕𝜕𝜕

= −
𝜕𝜕
𝜕𝜕𝜕𝜕

𝑱𝑱𝑏𝑏 − �̇�𝑐𝑤𝑤𝑏𝑏 + �̇�𝑐𝑤𝑤𝑏𝑏  (2) 

Conservation of free water concentration: 
𝜕𝜕𝑐𝑐𝑤𝑤
𝜕𝜕𝜕𝜕

= −
𝜕𝜕
𝜕𝜕𝜕𝜕

𝑱𝑱𝑤𝑤 − �̇�𝑐𝑤𝑤𝑤𝑤 − �̇�𝑐𝑤𝑤𝑏𝑏  (3) 

Conservation of energy: 
𝜕𝜕𝜕𝜕 ∙ ℎ
𝜕𝜕𝜕𝜕

= +
𝜕𝜕
𝜕𝜕𝜕𝜕

𝒇𝒇 −
𝜕𝜕
𝜕𝜕𝜕𝜕

𝑱𝑱𝑤𝑤ℎ�𝑤𝑤 −
𝜕𝜕
𝜕𝜕𝜕𝜕

𝑱𝑱𝑏𝑏ℎ𝑏𝑏 −
𝜕𝜕
𝜕𝜕𝜕𝜕

𝑱𝑱𝑤𝑤ℎ𝑤𝑤
+ �̇�𝑐𝑤𝑤𝑏𝑏(ℎ𝑏𝑏 − ℎ𝑤𝑤) + �̇�𝑐𝑤𝑤𝑤𝑤(ℎ𝑤𝑤 − ℎ𝑤𝑤)
+ �̇�𝑐𝑤𝑤𝑏𝑏(ℎ𝑤𝑤 − ℎ𝑏𝑏) 

(4) 

where the left-hand terms account for changes of 
concentration and energy over time, respectively. ℎ�𝑤𝑤  is 
the averaged enthalpy of bound water and ℎ𝑤𝑤 the specific 
enthalpy of bound water. ℎ𝑏𝑏  and ℎ𝑤𝑤  are the specific 
enthalpies of water vapor and water, respectively. 
All previously described transport mechanisms, except 
for the bound water one, are affected by the surrounding 
climate. This means that exchange of masses and heat 
across the boundaries of the sample can take place in 
terms of heat, free water and water vapor. When wood 
gets in contact with free water, its flux 𝜙𝜙𝑤𝑤  across the 
boundary can be determined as 

𝜙𝜙𝑤𝑤 =  𝑘𝑘𝑐𝑐𝑤𝑤(𝑐𝑐𝑤𝑤 − 𝑐𝑐𝑤𝑤,0) 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙, (5) 

where 𝑘𝑘𝑐𝑐𝑤𝑤 considers a possible resistance due to coatings 
and 𝑐𝑐𝑤𝑤,0 the water concentration of the surroundings. 
In case of drying and wetting with no free water present, 
only a boundary condition for water vapor is taken into 
account: 

𝜙𝜙𝑏𝑏 =  𝑘𝑘𝑐𝑐𝑏𝑏(𝑐𝑐𝑏𝑏 − 𝑐𝑐𝑏𝑏,0) 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙, (6) 

where 𝑘𝑘𝑐𝑐𝑏𝑏 is a film boundary coefficient, which considers 
airflow and convection with respect to air speed and 
surface roughness, and 𝑐𝑐𝑏𝑏,𝑜𝑜  is the water vapor 
concentration in distant air. For more details of the full 
implementation, refer to [11]. 
The large differences in the amounts of water in areas, 
where the transition from transport mechanisms below the 
fiber saturation point to those above occur, lead to several 



numerical challenges, which had to be tackled by 
applying the following methods: upstream weighting, 
mass lumping and the use of a mixed formulation for the 
free water flow, i.e. a combination of a concentration-
based and a pressure-based formulation.  
The stable and reliable simulation algorithm is fully 
implemented in a three-dimensional Abaqus (from 
Dassault Systèmes, Vélizy-Villacoublay, France) User 
Element Subroutine. 
 
3 MODEL VALIDATION 
Important parts of the presented approach, i.e. the multi-
Fickian model below the FSP, are broadly used and have 
been validated in several works [1-2,5-7]. Thus, here the 
focus is on showing that conditions above the FSP and the 
transition from above to below the FSP can be modeled 
realistically. 
Thus, we simulate a one-dimensional drying process in 
radial direction starting from 100 % MC, which has been 
used in [22] with different numerical and analytical 
models. Therefore, two reference solutions are available 
and plotted in Figure 2: a model with constant diffusivity 
(black curves) and one with variable diffusivity (blue 
curves). For both only two degrees of freedom were used 
by combining all moisture-related ones into a single DOF. 
As shown in the figure, the specimen length was 20 mm. 
The initial MC in the sample is 100 % and the initial 
temperature 298.15 K. The film boundary coefficient for 
heat transfer 𝑘𝑘𝑇𝑇 is 14 W/m2K and the one for mass transfer 
𝑘𝑘𝑐𝑐𝑏𝑏  is 0.014 m/s, respectively. The parameters for the 
sorption isotherm were fitted to the equation in [3] at a 
temperature of 323.15 K, resulting in the following values 
for the Hailwood-Horrobin model: 𝑓𝑓1 = 2.038 , 𝑓𝑓2 =
11.08  and 𝑓𝑓3 = −9.689 . The dry density of the wood 
sample was 500 kg/m3. To model the capillary pressure, 
the expression from [3] was used: 

𝑃𝑃𝑐𝑐 =  1.364 ∙ 105 𝜎𝜎 (𝑐𝑐𝑤𝑤 + 1.2 ∙ 10−4)−0.61, (7) 

where 𝜎𝜎 is the surface tension of water. 
The surrounding climate is now set to a temperature of 
323.15 K and 32 % relative humidity, which corresponds 
to an equilibrium MC of approximately 7 %, and the 
resulting heat and moisture transport in the wood sample 
is simulated. 
The FE model consisted of 40 elements with characteristic 
dimensions from 0.2 mm (close to the boundary surface) 
to 1 mm. This resulted in a total of 164 nodes. A total CPU 
time of 210 s was needed to simulate the 50 h of drying, 
with 797 increments and maximum time step sizes of  
360 s. 
The comparison of the presented model to the models in 
[22] in Figure 2 shows that the simulation results are very 
similar for the first 15 hours. The plateau in the 
temperature curves corresponds to the effect of the so-
called wet-bulb temperature, i.e. the temperature is 
constant as long as free water exists, because the entire 
energy is needed to evaporate the free water. Thus, as 
soon as the MC at reference point , i.e. at the boundary 
surface, drops below the FSP, the temperature starts to 
increase to the dry bulb temperature. 
 

  

Figure 2: Time history of moisture content (MC) and 
temperature (T) during 50h of 1D drying in radial direction. 
Comparison of the presented model (red) and of the models 
from [22] with constant (black) and variable (blue) 
diffusivity [11] 

For the simulation period after the first 15 hours, 
differences between the models can be noticed. These can 
be explained by the different treatment of the three phases 
of water and their diffusion parameters (variable or 
constant). For the temperature curves, the differences in 
the models are smaller, as the high thermal conductivity 
has less effect on the simulations than the moisture 
transport properties. 
In [11] several additional validation examples show the 
overall very good performance by means of comparisons 
to both drying and infiltration simulations and 
experiments. Furthermore, a mesh study and parameter 
studies confirmed the robustness and good convergence 
characterisitics of the presented heat and moisture 
transport model for wood.  
 
4 APPLICATION TO CIVIL 

ENGINEERING PROBLEMS 
In the following, the application of our heat and moisture 
transport simulation tool to two civil engineering 
problems is shown. In the first one, we use our model 
together with easily available historic climate data to 
simulate realistic moisture distributions in various cross 
sections over a longer time period. In the second one, we 
show that the realistic consideration of free water 
transport mechanisms in wood is important, when you 
study the detailed effects of fresh concrete application on 
the moisture distribution in timber-concrete composite 
(TCC) floors with notched connections. 
 
4.1 Time history of moisture profiles for different 

cross sections 
In the first example, the moisture uptake and distribution 
within various wood (product) cross sections and their 
susceptibility to cracking was studied (see Figure 3). 



Here, moisture profiles of two cross sections subjected to 
realistic outdoor climate conditions over the time span of 
a full year are shown. Thus, critical time points can be 
identified and studied in more detail.  
Such realistic moisture calculations allow in a next step to 
also conduct stress calculations. In combination with a 
multi-surface failure criterion for wood [17-18], it is then 
possible to evaluate the exposure of wooden structures to 
realistic climate conditions.  
 
 

 
 

 

Figure 3: Moisture (Holzfeuchte) profiles for two different 
cross sections, where the point A is a point on the outer surface 
and the point I the center point. The top profile belongs to a 
GLT beam with dimensions of 20x40cm and the bottom one to 
a timber beam with 6x8cm. 

Figure 4 shows such a possible approach, which was used 
in [23] to employ realistic climate data in the investigation 
of the moisture-induced cracking behavior of cross 
sections. Thus, the difference in various timber 
dimensions and, in future, also in location-specific 
behavior can be studied in detail. Based on the moisture 
fields (see Figure 4a), the cross sections’ expansion due to 
swelling and shrinkage was determined with linear elastic 
simulations. In each integration point and for all 
simulation increments the abovementioned multi-surface 
failure criterion was evaluated (see Figure 4b). For each 
integration point violating this criterion, the 
corresponding volume was added up, resulting in crack-

prone volumes per time point. This results in a graph of 
this volume over the simulation time (Figure 4c). At two 
distinct peaks of this graph, one for the summer period 
(MC at the boundary is higher than at the center) and one 
for the winter period (MC at the boundary is lower than at 
the center), simulations with the extended finite element 
method (XFEM) were performed (see Figure 4d) to find 
the most critical moisture-induced stress situations, which 
would result in cracks. 
It was shown that the relationship between the resulting 
crack-free widths and the total cross section widths were 
quite linear for the summer periods. This means they are 
in good agreement with the definition of 𝑘𝑘𝑐𝑐𝑐𝑐  in 
Eurocode 5, which defines how to consider possible 
cracks by reducing the cross section width in shear 
resistance calculations. However, the standard under-
estimates the numerically predicted widths by about 10 %. 
For the wetting case, i.e. for cracks in the interior of cross 
sections, which is not covered by Eurocode 5, also a linear 
relationship was found. 
 
4.2 Effect of fresh concrete application on moisture 

distribution in notched TCC floors 
Another civil engineering application of our model is the 
investigation of the effect of applying fresh concrete on 
cross-laminated timber (CLT) plates with notches (see 
Figure 5). Such notches in timber-concrete composite 
floors are used increasingly as shear connectors, as other 
types of connectors are either expensive or labor-intensive 
in their application. These notches are created by milling 
grooves into the uppermost lamella of the timber slabs. 
When cast-in-place concrete is now poured onto the CLT 
plate, the newly created end-grain surfaces are especially 
prone to moisture penetration. To avoid the possibility of 
moisture-induced failure within the CLT plates, caused by 
the bleeding of the fresh concrete, oftentimes a separating 
foil is placed on top of the timber component. As this 
usually involves a considerable amount of manual labor 
and might also decrease the efficiency of the notched 
shear connection by reducing friction properties, we now 
study the actual amount of moisture uptake in such a 
scenario and its cumulative effects during the first two 
years after installation, when subjected to an additional 
indoor climate. 
 

 

Figure 4: Schematic description for the identification of crack-prone regions and critical points in time. Based on climate data, 
for various cross sections (a) moisture fields and resulting stress states were simulated. Next, (b) a multisurface failure criterion 
was evaluated in each integration point to identify crack-prone regions. (c) The corresponding crack-prone volumes were then 
added up and plotted versus the time domain. At two specific peaks, 1 for the winter and 2 for the summer period, (d) XFEM 
simulations were performed to determine crack patterns. [23] 

 
 

 



 

Figure 5: Application of cast-in-place concrete on a notched 
CLT plate, resulting in moisture loads for the latter. In 
addition, after installation the floor’s bottom surface is 
subjected to a two-year indoor climate to simulate moisture 
accumulations and the impeded moisture reduction 

We use the experimental results from [24] to obtain 
realistic moisture loads from the bleeding of the fresh 
concrete and its interaction with the free wood surfaces. 
In fact, the courses of the mass transfer coefficients for 
water vapor kcv and free water kcw, respectively, which 
were introduced in Equations (5) and (6), are calibrated. 
In [24] the moisture contents in the upper three lamellas 
were measured for 15 TCC specimens (various 
configurations and concrete mixtures) and over a period 
of 28 days after the application of the fresh concrete. The 
specimens represented a section of a TCC floor system 
and had either a flat surface on the upper side or a 1.5 cm 
notch in the uppermost lamella, leading to a vertical notch 
surface, i.e. an end-grain surface. To measure the moisture 
transport in the wood, two moisture sensors were installed 
in the middle of each of the upper three lamellas.  
 

 

Figure 6: Horizontal timber/concrete surfaces: Calibrated 
course of the mass transfer coefficients for water vapor kcv and 
free water kcw in [m/s], respectively, and development of the 
resulting changes in moisture content ∆u in [%] in comparison 
to experimental values [25] 

As the moisture transport in wood is much greater in 
longitudinal direction than the transversal ones, we first 
use the measurements for the specimens with flat top CLT 
surfaces to calibrate the coefficients in vertical, i.e. radial, 
direction. Figure 6 shows the resulting course of the two 
mass transfer coefficients, i.e. no free water transport is 
present in this case. This leads to the changes in moisture 
content in the three monitored locations shown in the 

lower plot of the same figure. Here also the difference in 
considering (red curves) and neglecting (green curves) the 
reduced permeability caused by the glue lines can be 
noticed. Omitting the adhesive would lead to too low 
moisture levels in the uppermost lamella and overestimate 
the moisture input into the following two lamellas, 
respectively.  
 

 

Figure 7: Vertical timber/concrete surfaces (=end-grain 
surfaces): calibrated course of the mass transfer coefficients 
for water vapor kcv and free water kcw in [m/s], respectively, 
and development of the resulting changes in moisture content 
∆u in [%] in comparison to experimental values [25] 

In the next step, the mass transfer coefficients in 
longitudinal direction, which are applied to the end-grain 
surfaces, are calibrated using another experimental result 
from [24]. The mass transfer coefficients for free water 
kcw is now nonzero for the first two days. This enables the 
realistic modeling of the moisture input from the concrete 
in the area of the notch, which leads to moisture contents 
exceeding the FSP. Again, omission of the glue line 
permeability would lead to a too fast moisture transport 
into the lower lamellas. 
 

 

Figure 8: Moisture distribution in CLT plate after 12 hours 
and 28 days of application of fresh concrete 

After application of the cast-in-place concrete, the 
moisture distribution in the CLT plate is simulated for the 



first 28 days. The resulting moisture states after 12 hours 
and 28 days, respectively, are shown in Figure 8. It can be 
clearly noticed that the initial moisture uptake is 
dominating in the region of the end-grain surfaces, where 
moisture contents exceeding the FSP arise. In addition, 
the retention behavior of the glue line, resulting in the 
accumulation of moisture in the uppermost lamella, can 
be observed. 
After the first 28 days, which corresponds to the curing 
time of the concrete, we assume that the TCC floor is 
installed at the construction site and apply an additional 
moisture load, representing a realistic 2-year indoor 
climate, to the bottom surface of the CLT plate. The used 
climate is the time course of relative humidity and 
temperature of a kitchen in a student dormitory. This 
application of a rather wet climate leads to the course of 
the moisture distribution over the CLT plate height shown 
in Figure 9. After installation of the floor system at the 
construction site (28 d after start of simulation = July 1st, 
2003), the moisture content in the uppermost lamella (L1 
in Figure 9) and parts of the second lamella (L2) still 
exceeds 20 %. At the bottom of the third lamella (L3) the 
moisture content is already at 12 %, which corresponds to 
the equilibrium moisture content at the start of the 
simulation. The increased moisture content in L1 
decreases quickly after installation and is below the 
marked (red contour line) MC of 20 % after 
approximately three weeks. After that, the moisture 
content in L1 slowly decreases further. The influence of 
the applied indoor climate can be observed for the first 
time when the 12 % level is reached. In general, the 
application of fresh concrete mostly influences the two 
uppermost lamellas for about the first nine months after 
installation. This might lead to problematic situations as 
the region with increased moisture contents coincides 
with the region with the highest shear stresses. Loads are 
transferred via the notched shear connection to the CLT 
plate in a region, where increased moisture contents might 
reduce the shear strength.  
To study a possible low-cost solution of this problem, in 
[25] we further investigate the influence of a local sealing 

of the end-grain surfaces or compare the moisture 
distributions to the case of using precast concrete slabs, 
where no bleeding of the concrete takes place. 
 
5 CONCLUSION AND OUTLOOK 
We presented a unified moisture transport model for 
wood, which is able to capture mechanisms both below 
and above the FSP realistically. By including the free 
water contribution in the moisture simulations, not only 
the water uptake but also the possible accumulation of free 
water in wooden parts, which are in direct contact to 
water, can be considered. Those might lead to delayed 
drying in critical regions and, therefore, must be 
considered in such simulations. The implementation of all 
mechanisms is numerically challenging as high gradients 
and sudden changes in MC can occur. To overcome these 
difficulties, several techniques were implemented, 
leading to a stable and reliable simulation tool, which has 
been programmed as a user element subroutine in the 
commercial FE software Abaqus. 
The presented application examples of our simulation tool 
to civil engineering problems shows the breadth of 
possible future use cases. By applying the resulting 
moisture fields as loads in timber engineering simulations, 
we can resort to several other developments of ours in the 
field of computational mechanics, such as the simulation 
of fracture mechanisms [17-20,23] or stochastic 
phenomena in timber engineering [26-28]. 
Thus, the probability of failure due to moisture can be 
assessed already during the development and planning 
phase and, therefore, reasonable design changes can be 
initiated in time. 
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Figure 9: Wood moisture distribution over the thickness of the CLT plate (divided into the five lamellas) after application of 
fresh concrete on the notched top surface and of a wet two-year indoor climate on the bottom surface after the first 28 days, 
shown for a total simulation period of 25 months [25] 
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