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1 Introduction

Although developed in the early 1990s, mass timber has only begun to gain popu-
larity as a viable and sustainable construction material in North America over the
past decade [11]. Mass timber is a category of engineered wood products that can
be used as the primary structure in mid- to high-rise buildings. Cross-laminated
timber (CLT), a type of mass timber material, is composed of lumber laid and glued
orthogonally. CLT can be used in floor, wall and roof assemblies to separate indoor
and outdoor environments. Due to the hygroscopic properties of wood [6], CLT is
highly susceptible to moisture and temperature fluctuations [3, 13]. During construc-
tion and service of CLT, elevated moisture content can cause material degradation
through biological deterioration, dimensional instability and physical deterioration
[12, 15, 19].

During the design phase of a CLT assembly or component, computer modelling
can be used to measure the hygrothermal performance of the material based on vari-
ations of exterior and interior climate conditions. A hygrothermal model accounts
for heat, air, and moisture (HAM) transfer. HAM modeling tools have been devel-
oped for hygrothermal analysis utilizing commercial finite element solvers to solve
the governing ordinary differential equations of hygrothermal transport [2, 4, 14].
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Compared to experimental methods, validated numerical modeling is low cost, time-
saving and has great predictability and controllability. Based on heat andmass conser-
vation, governing equations of the hygrothermal modelling tool can be solved using
various numerical methods, e.g. finite difference, finite volume, and finite element
methods [7]. The HAM models are generally well defined for a static observation,
however become much more complex under dynamic conditions [4, 5, 9, 16]. Estab-
lished software such asDELPHIN,WUFI, and hygIRC, are generally used to conduct
transient hygrothermal simulations. Although all of these softwares have beenwidely
used for hygrothermal modelling, when it comes to CLT they overlook the impact
of adhesive layers on air and moisture transport. These softwares use only average
thermal and moisture resistance properties of the entire CLT material rather than
treating the material as separate layers with distinct properties defining wood versus
adhesive layers. Dividing the hygrothermal analysis into the actual layers of CLT
will improve the accuracy of the analysis by indicating the varied moisture contents
in each individual layer of wood as it is influenced by adjacent adhesive layers.

The requirement to specifically consider adhesive layers in CLT leads to the devel-
opment of a novel lumped 1D ODE model using Matlab and Simulink. The main
advantages of ODE lumped models include but are not limited to: (1) faster simula-
tion time, (2) a larger control over the mesh parameters, and (3) increase in model
applicability and adaptability based on various sample sizes. The model developed
in this study is capable of simulating transient HAM transfer through the building
enclosure, simplified solar radiation loads at the exterior boundary condition and
simplified internal heat loads at the interior boundary condition. These capabilities
are validated using existing hygrothermal softwares as described in the following
research methodology.

This study aims to analyze the impact of adhesive layers in 3-layer and 5-layer
CLT only. All material properties will be consistent between simulations except the
number of wood layers and number of adhesive layers. In order to provide reliable
results, base case conditions of 3-layer and 5-layerCLTwill first be simulatedwithout
adhesive layers and results will be analyzed against identical CLT simulation results
fromWUFI. This establishes the accuracy and reliability of the 1-D HAMmodelling
tool developed. Subsequently, adhesive layers and their thermal andmoisture-related
properties will be added to the 1-DHAMmodelling tool. Simulation results from the
1-D HAM modelling tool with adhesive layers are compared to simulation results
from 1-D HAM modelling tool without adhesive layers in order to determine the
impact of adhesive layers on the thermal and moisture processes and properties of
the CLT. The quantity and validity of the results in this study establishes a reliable
foundation for custom CLT simulations utilizing the adaptability and flexibility of
the 1-D HAM modelling tool.

It is understood that the impact of adhesive layers on heat transfer will be negli-
gible, however, based on the properties of the adhesives used in CLT manufacturing,
as well as the primers required for adhesive application, it is anticipated that adhesive
layers are likely to have a significant impact on moisture and air transfer through the
CLT. It should be noted that due to the one-dimensional nature of the lumped model
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developed, edge-glued vs. non-edge glued CLT does not impact the results of the
developed model’s simulations.

2 HAMModel Development

2.1 Theoretical Background

Governing 1D HAM equations can be used to model the heat, air, and moisture
transfer through an envelope assembly. All of the HAM equations are related to
one another and impact the overall simulation results via internal dependency. To
develop the 1D model, Matlab and Simulink were used. The tool developed is based
on a lumped parameter model where the entire material, or slice of material, has one
temperature and one moisture content.

The numerical model is based on finite volume analysis, where each node repre-
sents the centre of a volume,which can also be referred to as layer or slice. The thermal
and moisture capacity and resistance of each material is based on the material prop-
erties (thermal capacity, thermal conductivity, moisture storage, vapour permeance
and moisture suction pressure). Each layer is influenced by adjacent layers, as there
is constant thermal and moisture transfer between layers due to variations in temper-
ature and relative humidity between the indoor and outdoor environment. Figure 1 is
a visual representation of the thermal transfer between a four-layer assembly, where
the electrical current is analogous to heat transfer. The resistance between the two
nodes can be referred to as thermal resistance and the capacitor at each node is
analogous to the thermal capacity.

For this study, 3-layer and 5-layer CLT material is modelled with independent
wood and adhesive layer nodes. As the wood material has a much higher moisture
permeance than adhesive layers, each wood layer needed to be subdivided into two
layers, in order to increase the accuracy of the model. Therefore a 3-layer CLT
material will have six wood layers and two adhesive lateral layers; whereas, a 5-
layer CLT material will have ten wood layers and four adhesive layers, as shown in
Fig. 2.

Fig. 1 Diagram of thermal and moisture transfer in a 4-layer assembly
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Fig. 2 Diagram of 3-layer and 5-layer CLT node configurations

2.2 Heat Transfer

The European standard CSN EN15026 evaluates the energy balance of a material
using Fourier’s law of heat transfer in one dimension where heat flux is a function
of specific heat capacity, the density of the dry material and the temperature change.
Fourier’s law simplifies to Eq. 1, where: q is heat flux density (W/m2), Cp is specific
heat capacity (J/kg K), ρS is density (kg/m3), and T is temperature (K).

−∂q

∂x
= CPρS

∂T

∂t
(1)

To simulate the overall heat transfer equation each material layer must be
modelled, this includes the conduction, or heat flow, through each material. In addi-
tion to conduction, convection at the interior and exterior surfaces must also be
accounted for [9, 17]. Finally, the exterior and interior surface nodes are also subject
to additional temperature loads from solar radiation and internal factors.

2.2.1 Conduction

In general, the fundamental heat flow relationship was first defined by Fourier as
expressed in Eq. 2 [20], where: q is heat flow (W/mK), k is thermal conductivity
(W/mk), and T is temperature (K or °C).

q = −k ∗ gradT (2)

This is more commonly expressed as shown in Eq. 3, where: Q is heat flow rate
(W), U is thermal transmittance (W/m2K), A is area (m2), and T is temperature (K
or °C).

Q = U*A*�T (3)

Conduction was modelled in Simulink as expressed in Eq. 4, where: Q is heat
flow rate (W), A is area (m2), T is temperature (K or °C), l is material thickness (m),
and k is material thermal conductivity (W/mK).



Developing a Novel 1D-HAM Numerical Modelling Tool … 433

q = A* �T

(l/k)
(4)

It should be noted that for each node of the model to be represented in the centre
of each material layer, the resistances from the materials on either side of the current
layer must be averaged with the current layer’s resistance. For example, if node 2 is
being modelled, Eq. 5 would be used where: R12 and R23 are the calculated average
thermal resistances from either side of the node of the material. See Fig. 1 for node
configuration and heat and moisture resistance visualization.

R12 = (R1 + R2)

2
& R23 = (R2 + R3)

2
(5)

R12 and R23 are then used to calculate qin and qout for the energy balance of the
node—in this case, node 2. For the temperature of the node to be calculated, qtotal
for that node must be divided by the heat capacity of that node, which is a product
of the material’s density, specific heat capacity and volume, and integrated with an
initial temperature value (set to a constant of 20 °C at each node). Note that the initial
temperature does not impact the overall energy balance, it simply provides a starting
point at which to begin energy balancing of each material layer.

2.2.2 Boundary Conditions

Convection must be accounted for at both the exterior and interior sides of a building
assembly [9, 14, 17]. Convection is proportional to the temperature difference and
can be expressed in Newton’s Law of Cooling as shown in Eq. 6, where: Q is heat
flow rate (W), hc is convective heat transfer coefficient (W/m2K), A is surface area
(m2), TS is surface temperature (K or °C), and To is atmospheric temperature (K or
°C).

Q = hc ∗ A ∗ (TS − To) (6)

Equation 6 is used for both interior and exterior surface film coefficients, however,
the convective heat transfer coefficient (hc) at the exterior surface must also account
for air velocity [20] as expressed in Eq. 7, where: V is air velocity (m/s).

hc = 5.6 + 3.9 ∗ V (7)

In addition to the convective forces at the exterior surface, there is also significant
heat gain at the exterior surface of an assembly due to solar radiation [9, 10]. Solar
radiation must consider the surface emissivity, the angle of the assembly, and the
temperature difference between the exterior atmosphere and the surface. The rela-
tionship of these factors as modelled are expressed in Eq. 8, where: qsolar is solar
heat flux (W/m2), FE is the emissivity factor, FA is the angle factor, and σ is the
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Stephen-Boltzmann constant (5.67 × 10–8 W/m2K4).

qsolar = FE ∗ FA ∗ σ ∗ (
T4
s − T4

a

)
(8)

The Simulink model accounted for all of these factors as they influence solar radi-
ation using the combined Eq. 9, where: Qsolar is the total solar radiation (W), A is the
surface area (m2), α is the material absorptance, isw is the incident shortwave radia-
tion, ε sky is the emissivity of the sky, ε surface is the emissivity of the surface, FA
is the angle factor, and σ is the Stephen-Boltzmann constant (5.67 × 10–8 W/m2K4)
[20].

Qsolar = A
[
(α ∗ isw) + (

FA ∗ εsky ∗ σ ∗ T4
a

) − (
FA ∗ εsurface ∗ σ ∗ T4

s

)]
(9)

In addition to the convective forces at the interior surface, there is also heat gain
at the interior surface due to occupancy conditions including people, lighting and
equipment loads [10]. These internal gains were accumulated as expressed in Eq. 10,
where: Qinternal is the internal gain in energy (W), #people is the number of people
in the space, Eperson is the energy per person (W/person), A is the floor area (m2),
Lighting Load is as stated (W/m2), and Equipment Load is as stated (W).

Qinternal = (
#people ∗ Eperson

) + (A ∗ Lighting Load) + (Equipment Load) (10)

Cumulatively, the relationship between Eqs. 4–10 were modelled in Simulink in
order to simulate heat transfer through the specified material assembly. See Fig. 4
showing both assemblies and their node configurations.

2.3 Moisture Transfer

In order to simulate moisture transfer in an assembly, the Simulink model has
accounted for vapour diffusion, advection and liquid transfer, this is expressed in
Eq. 11,where: gv is the vapourmass flux (kg/m3s), ga is advectionmass flux (kg/m3s),
gl is liquid mass flux (kg/m3s), and w is moisture content (kg/m3s).

∂w(ϕ)

∂t
= −∇gv − ∇ga − ∇gl (11)

2.3.1 Vapour Diffusion

The diffusion flux of a material can be calculated using Fick’s law [20]. In Fick’s
law, the partial vapour pressure is a function of temperature and vapour pressure
difference, as expressed in Eq. 12, where: gv is the vapour mass flux (kg/m3s),
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δmaterial is the permeability of the material (ng/Pa m s), and PV is the vapour pressure
(Pa).

gv = −δmaterial(ϕ)Pv(T, ϕ) (12)

This is commonly described as expressed in Eq. 13, where: qv is vapour flux
(ng/m2s), M is the vapour permeance (ng/Pa m2s), and PV is the vapour pressure
(Pa).

qv = −M�Pv (13)

Vapour diffusion was modelled in Simulink as expressed in Eq. 14, where: Qv is
the vapour flow rate (ng/s),μ is the vapour permeability (ng/Pa m s), PV is the vapour
permeance (Pa), A is the surface area (m2), and l is the thickness of the material (m).

Qv = −A�Pv(
l
μ

) (14)

It should be noted that in order for each node of the model to be represented in
the centre of each material layer as required and illustrated in Fig. 3, the vapour
resistances of the materials on either side of the current layer must be averaged with
the current layer’s resistance. For example, if node 2 is being modelled, Eq. 15 would
be used, where: RV12 and RV23 are the average vapour resistances at either side of
node 2 (Pa m2s/ng).

RV12 = RV1 + RV2

2
& RV23 = RV2 + RV3

2
(15)

Fig. 3 Diagram of node configuration in calibration model for validation with WUFI
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Fig. 4 Validated
temperature, relative
humidity and moisture
content results of 1D-ODE
HAM model using WUFI

RV12 and RV23 must then be used to calculate qVin and qVout for the moisture
balance of the node—in this case, node 2. In order for the vapour diffusion of the
node to be calculated, the qVtotal for that nodemust be divided by themoisture capacity
of that node, which is a product of the material’s density, water vapour capacity and
volume, and integrated with an initial relative humidity (RH) value (set to a constant
of 80% RH at each node). Note that the initial RH does not impact the overall mass
balance, it simply provides a starting point at which to begin the mass balancing of
each material layer.

2.3.2 Advection

The advection mass flux can be calculated by water vapour content in the air multi-
plied by the ratio of air water vapour permeability and water vapour permeability
of material [2, 20], as shown in Eq. 16. Where, ga is advection mass flux [kg/m3

s], ρv is density of water vapour content of air or humidity by volume [kg/m3], and
μ is μ-factor is the vapor resistance factor which is the ratio between air vapour
permeability and material vapour permeability.

ga = ρv(T,ϕ)μ (16)

2.3.3 Liquid Transfer

Liquid transfer, also described as capillary suction flux, can be calculated using
Darcy’s law which is a product of liquid water permeability and suction pressure
[20]. The liquid water transfer can be calculated through Eq. 17, where gl is liquid
mass flux (kg/m3s), Kl is liquid water permeability of materials (kg/m3 s Pa), and
suction pressure (Pa).
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gl = −Kl(ϕ)Psuc (17)

3 Model Simulation and Validation

Asample 1m× 1mwall assemblywasmodelled to evaluate the hygrothermal perfor-
mance of the CLT in the Simulink model. The sample wall assembly is composed
of the following materials (from exterior to interior): wood cladding, XPS insula-
tion, vapour permeable air barrier, and CLT. The inclusion of an air space has been
negated due to its negligible effects on heat and moisture transfer. The wall assembly
remained consistent for each simulation except for the properties of the CLT which
vary according to the comparative analysis described in Sect. 4. To analyze the
hygrothermal impact of the adhesive layers in CLT only, all CLT wood layers have
been modelled uniformly to be 40 mm thick. The material characteristics inputted
into the numerical model (i.e. thermal conductivity, vapour permeability, moisture
sorption curve and suction pressure) were gathered directly from WUFI in order
to maintain analogous characteristics for validation of the numerical model. Mate-
rial RH values were modelled to begin at 80% RH to be conservative in terms of
construction and service RH levels and in order to perceive initial drying behaviour.
Interior temperatures and relative humidities were modelled at 20 °C and 40% RH
in winter and 24 °C and 60% RH in summer. The climate conditions were based on
the Typical Meteorological Year (TMY) 2 dataset in Toronto, ON. Based on litera-
ture reviewed [1, 18], a 2-dimensional crack-flow analysis, as well as a sensitivity
analysis conducted comparing Simulink and WUFI results, the air change per hour
(ACH) is assumed to be 1 ACH.

The primary model validation was conducted without accounting for adhesive
layers. The results of temperature and moisture content at the centre of the CLT
were compared with an identical WUFI simulation. Since the baseline model was
accurate, the more detailed model was developed using adhesive layers.

Figure 4 compares the temperature, relative humidity andmoisture content results
from the single CLT node, as illustrated in Fig. 3, between the WUFI simulation and
the 1D-ODE HAM model simulation. The results are within an acceptable range
therefore validating the 1D-ODE HAM model for additional simulations including
adhesive layers as well as increased wood layer nodes. These additional layers and
nodes, as illustrated in Fig. 5, decrease the granularity and increase the accuracy of
the results; they also provide additional outputs throughout the layers of CLT for
further analysis.
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Fig. 5 Node configuration in 3-layer CLT and 5-layer CLT assemblies with and without adhesive
layers

4 Comparative Results of CLT with and Without Adhesive
Layers

In order to analyze the impact of the adhesive layers on moisture transport in both
3-layer and 5-layer CLT, the node distribution throughout the CLT is critical. Figure 5
shows the distribution of nodes within the wall assembly incorporating 3-layer CLT
and in the wall assembly incorporating 5-layer CLT, both assuming the inclusion of
adhesive layers.

Figures 6 and 7 show the temperature in the two nodes of the centre layer of wood
(see Fig. 5) in 3-layer CLT and 5-layer CLT respectively. As hypothesized, Figs. 6
and 7 confirm that the adhesive layers have no impact on the thermal resistance of
CLT, hence the dashed lines (without adhesive) do not differ from the solid lines (with
adhesive). Figures 8, 9, 10 and 11 show the impact of adhesive layers on moisture
transport in 3-layer and 5-layer CLT, effectively determining the effect the adhesive
layers have on the hygrothermal performance of CLT.

Fig. 6 Temperature in
centre wood nodes of 3-layer
CLT with and without
adhesive layers
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Fig. 7 Temperature in centre wood nodes of 5-layer CLT with and without adhesive layers

Fig. 8 Moisture content in centre wood nodes of 3-layer CLT with and without adhesive layers

Figures 8 and 9 show the moisture content in the two nodes of the centre layer
of wood (see Fig. 5) in 3-layer CLT and 5-layer CLT respectively. Comparing nodes
in the same location within the depth of either CLT layup (e.g. CLT with adhesive
Node 2a vs. CLT without adhesive Node 2a) illustrates the relatively higher moisture
content (MC) in nodes within CLT including adhesive layers during the time period
(single year) simulated. Figures 8 and 9 therefore confirm that, as expected, the adhe-
sive layers do slow the rate of moisture transfer through the CLT. The comparisons
plotted above also illustrate themagnitude of the influence adhesives have on slowing
the drying rate of the CLT from a relatively high MC of approximately 16.5%. Over
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Fig. 9 Moisture content in
centre wood nodes of 5-layer
CLT with and without
adhesive layers

Fig. 10 Moisture content in
centre wood nodes of 3-layer
versus 5-layer CLT without
adhesive layers

Fig. 11 Moisture content in
centre wood nodes of 3-layer
versus 5-layer CLT with
adhesive layers
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a longer period of time, it is anticipated that the adhesives would impact the moisture
uptake rate in a similar manner and that the magnitude would fluctuate as the centre
and adjacent nodes approach equilibrium moisture content (EMC).

Figures 10 and 11 compare the moisture content of the centre two wood nodes
in 3-layer versus 5-layer CLT without (Fig. 10) and with (Fig. 11) adhesive layers,
effectively comparing the impact of additional wood and adhesive layers on the MC
of the centre wood nodes. It is evident from the plots, that the middle layer of wood
in the 5-layer CLT has a slower drying rate than in the middle layer of wood in the
3-layer CLT, therefore indicating that the additional wood layers on either side of the
middle nodes in the 5-layer CLT slow the rate of moisture transfer through the CLT.
Furthermore, the results confirm there is also a slower change in moisture content in
wood layers in the simulations which include adhesive layers.

From the results of these simulations, it is anticipated that over a longer period of
time, the middle layer of wood in 5-layer CLT would be exposed to fewer and slower
moisture fluctuations than the middle layer of wood in 3-layer CLT. It can also be
anticipated that the magnitude of impact on the moisture transfer would increase as
the number of wood and adhesives layers increase, however, the relationship may
not be linear.

5 Conclusions and Future Research

The results of the simulations performed in this study, show that the adhesive layers
in CLT have no impact on the thermal performance of the material. However, the
adhesive layers show a significant impact on the moisture resistance of the material.
Therefore, including adhesive layers as discrete components in hygrothermal simula-
tions of CLT is necessary to determine themoisture content in eachwood layer (node)
of thematerial. This in turn, also improves the accuracy of predictingmoisture-related
degradation through biological deterioration, dimensional instability, and physical
deterioration.

The flexibility of the 1D-ODE HAM modelling tool developed in this study
enables the input of exact envelope material characteristics as well as specific indoor
and outdoor climatic conditions, as illustrated in the simulations conducted by [8].
Additionally, the modelling tool also enables the simulation of assemblies incorpo-
rating CLTwith higher levels of accuracy than existing hygrothermal software which
applies homogenous hygrothermal properties to CLT.

Future research will include laboratory and field testing to further validate and
improve the overall accuracy of the numerical model. Future laboratory and field
testing will also enable further research involving moisture transfer processes in
CLT as they relate specifically to air tightness, defined boundary conditions, and
varied climate conditions.
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