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Damage in oak wood museum objects under indoor climate variations (relative humidity, temperature) is
studied using a thermo-hygro-mechanical model. The model incorporates the effects of moisture sorp-
tion hysteresis and discrete cracking, and is implemented within a finite element framework using a stag-
gered update procedure. Sorption experiments were performed in order to calibrate the moisture
sorption hysteresis model. The basic features of the coupled formulation are stepwisely demonstrated
by solving the response of a basic oak wood specimen under a sequence of thermo-hygro-mechanical
loading conditions of increasing complexity. These simulations show that the deformation and fracture
generated by thermal variations representative of indoor museum conditions are minor compared to
the contributions caused by relative humidity variations. Subsequently, the hygro-mechanical response
of an oak wood cabinet door panel is analysed under a drop in relative humidity from 60% to 20%, and
the results are compared to those obtained by experiments. The numerical and experimental results
are in good agreement, and indicate that at the connection between the cleated end and the vertical
boards the restrained hygric shrinkage is maximal, which stimulates local crack development. The sus-
ceptibility to fracture only becomes activated after the oak wood has reached a certain age, as the effect
of aging induces a decrease of the oak wood tensile strength perpendicular to the grain direction with
time. Further, when the initial moisture content lies on the desorption boundary curve, the amount of
fracture generated is larger compared to when it lies on the adsorption boundary curve. Also, fracture
only nucleates after a specific drop in relative humidity, whereby the crack growth under a continuous
decrease in relative humidity initially develops relatively fast, but at a certain stage decreases substan-
tially and becomes (almost) zero when reaching a fully developed failure crack. The location and orien-
tation of this failure crack are in accordance with in situ observations on historical oak wood cabinets.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A thorough understanding of the thermo-hygro-mechanical
behaviour of oak wood materials under indoor climate fluctuations
is essential for the safe preservation of decorated door panels in
historical oak wood cabinets. The risk of climate-induced damage
in these works of art is a major concern to conservators and cura-
tors. Upon a change in the relative humidity or temperature, oak
wood will adsorb or desorb moisture and will exchange heat with
the ambient air. The resulting transport of moisture and heat in the
oak wood causes thermo-hygric expansion and/or shrinkage
(Skaar, 1988). An object is put at risk if thermo-hygro expansion
or shrinkage is restrained. More specifically, in the case of
restrained expansion, compressive stresses develop in the oak
wood, and permanent plastic deformations occur when the com-
pressive stress reaches the material yield strength. Conversely, ten-
sile stresses develop under restrained shrinkage, and cracks are
initiated when the tensile strength is reached. Occasionally shrink-
age deformation (in-plane shortening and/or warping) and shrink-
age cracks can be observed on decorated cabinet doors (van Duin,
2010; Ekelund et al., 2018), and several challenging conservation
treatments have been carried out to remedy these effects (van
Duin, 2010; van Gerven et al., 2016). Although the basic principles
of climate-induced damage are known, the origin of the observed
damage is not yet fully understood. Hence, scientific studies are
necessary to obtain in-depth knowledge on the specific mecha-
nisms of climate-induced damage and to warrant the safe and sus-
tainable preservation of valuable works of art (van Duin, 2014; van
Grevenstein et al., 2014).

Over the last two decades, various numerical approaches were
applied to study fracture in wood under mechanical loading, such
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as fictitious crack models and lattice models (Landis et al., 2002;
Reiterer et al., 2002; Smith et al., 2003) or more recently, cohesive
zone models (Schmidt and Kaliske, 2009; Lukacevic et al., 2015).
However, numerical studies on climate-induced fracture in wood
are quite limited, and have been directed mainly towards the study
of crack propagation caused by relative humidity fluctuations (Saft
and Kaliske, 2013; Phan, 2016). The current work presents a cou-
pled thermo-hygro-mechanical model that is applied within a
finite element method (FEM) framework to simulate climate-
induced fracture and deformation in oak wood, with an application
towards the damage sensitivity of historical oak wood cabinet door
panels. The fracture behaviour of oak wood is simulated in accor-
dance with the approach applied in a previous work (Luimes
et al., 2018a), whereby discrete cracks are simulated by surround-
ing the continuum elements in the finite element model with
interface elements equipped with the mixed-mode interface dam-
age model. This modelling strategy was originally proposed in Xu
and Needleman (1994), and allows for the robust simulation of
crack patterns at arbitrary locations and in arbitrary directions. It
naturally includes the effects of crack bifurcation, crack branching
and crack coalescence, as previously demonstrated for applications
related to wood (Luimes et al., 2018a; Scheperboer et al., 2019),
polymers (Tijssens et al., 2001) and fibrous composites (Cid
Alfaro et al., 2010a,b). The influence of crack formation on heat
and moisture diffusion is accounted for by reducing the heat and
moisture fluxes across a crack in proportion to the amount of dam-
age generated.

The main thermal and hygric effects activated in wood under
climate fluctuations representative of indoor museum conditions
are simulated by heat and moisture transport models based on
extended versions of Fourier’s law and Fick’s law, respectively. In
specific, in the description of moisture diffusion, the diffusion coef-
ficient is taken as a function of temperature and relative humidity,
and the effect of moisture sorption hysteresis on the hygric
response is accounted for via the moisture sorption hysteresis
model proposed by Frandsen et al. (2007). Sorption experiments
were performed in order to calibrate the moisture sorption hys-
teresis model. In the heat conduction model, the heat capacity
and the heat conduction coefficient are prescribed as a function
of moisture content. The boundary value problems considered in
this communication are solved by means of an incremental-
iterative update procedure, whereby the couplings between the
thermal, hygric and mechanical models are accounted for via a
staggered approach. The FEM simulation results for the oak wood
cabinet door panel are compared to experimental results reported
in a previous work (Luimes et al., 2018b), and to in situ observa-
tions on historical cabinet doors.

The paper is organized as follows. Section 2 outlines the mod-
els describing the thermal conduction, moisture diffusion and
elasto-fracture processes in wood. The couplings between these
models are formulated, and the incremental-iterative update pro-
cedure used for solving boundary value problems is described.
Section 3 systematically demonstrates the main features of the
thermo-hygro-mechanical model, by sequentially analysing the
response of a basic oak wood specimen under 5 different
thermo-hygro-mechanical loading cases of increasing complexity.
In Section 4 the deformation and failure response of an oak wood
cabinet door panel is studied under a drop in relative humidity,
whereby the numerical results are compared to experimental
results reported in a previous work (Luimes et al., 2018b). At
the panel location experiencing the highest tensile stress, the
damage induced by the drop in relative humidity is simulated
using a mesoscale model that accounts for the nucleation and
propagation of discrete cracks. Finally, Section 5 presents the
main conclusions of the study.
238
2. Modelling of climate-induced damage

The development of climate-induced damage in historical oak
cabinets is simulated by using finite element modelling. The con-
duction of heat and the diffusion of moisture are described by
models based on extended versions of Fourier’s law and Fick’s
law, respectively. These models are coupled to a mechanical model
that allows for the formation of discrete cracks via an interface
damage formulation. The overall problem is solved adopting an
incremental-iterative update procedure, whereby the couplings
between the thermal, hygric and mechanical models occur via a
staggered approach. Sections 2.1–2.6 outline the features of the
thermal, hygric and mechanical models, their couplings, and the
numerical implementation procedure.

2.1. Thermal conductivity

In the absence of an internal heat source, the conduction of heat
through the orthotropic oak wood material is described in accor-
dance with the heat equation

qc
@T
@t

� $ � kth � $T
� �

¼ 0; ð1Þ

where T is the temperature, t is time, q is the material density,
c ¼ ĉ mð Þ is the specific heat capacity, which is prescribed here as

a function of the moisture content m;kth is the second-order ther-
mal conductivity tensor, and $ is the gradient operator. Further,
the centred dot designates a single contraction between two ten-
sors. In the two-dimensional analyses performed in the present
work, the material axes of the orthotropic oak wood are considered
to coincide with a x1-x2 coordinate system. Accordingly, the second-
order, orthotropic thermal conductivity tensor can be expressed as

kth ¼ kth1 e1 � e1 þ kth2 e2 � e2; ð2Þ

with kth1 and kth2 the thermal conductivities in the x1- and x2 material
directions, respectively, e1 and e2 the corresponding orthonormal
unit vectors, and the symbol � designating the dyadic product of

two tensors. The thermal conductivities kthi ¼ k̂thi mð Þ are expressed
as a function of the moisture content m. After applying the appro-
priate initial and boundary conditions, the solution of Eq. (1)
describes the evolution of the temperature field in the domain spec-
ified. The heat flux qth induced by the temperature field is described
by Fourier’s law

qth ¼ �kth � $T: ð3Þ
During the process of fibrillar fracture, the amount of material

that connects two separating crack faces gradually reduces in cor-
respondence with the amount of damage locally generated, even-
tually leading to a complete separation of the crack faces. In
correspondence with this process, the heat conduction across the
crack faces, qth

n ¼ qth � n, with n the unit outward normal to the
crack faces, is presumed to reduce in accordance with the amount
of damage generated:

qth
n ¼ 1� dð ÞkthnnsTt; ð4Þ

where kthnn ¼ n � kth � n is the heat conductivity in the direction per-
pendicular to the crack faces, sTt is the jump in temperature across
the crack faces, and d is the damage parameter. The damage param-
eter is bounded as 0 6 d 6 1, where d ¼ 0 represents the undam-
aged material and d ¼ 1 reflects a completely damaged material,
in correspondence with fully separated crack faces. Damage values
in between these two bounds, 0 < d < 1, are representative of the
relatively small cohesive zone at the crack tip, within which the
crack faces are locally connected by fibrils that are able to
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effectively transfer a stress lower than the fracture strength; this
stress decreases towards zero when the fibrils successively break
upon further crack opening, whereby the damage parameter thus
grows towards unity. Hence, the damage parameter d may be inter-
preted as a relative measure for the amount of fibril breakage in the
cohesive zone at the crack tip, as originally proposed by Dugdale
(1960) and Barenblatt (1962). In the case of fully separated crack
faces heat conduction via fibrils no longer takes place; hence, for
a damage parameter d ¼ 1 the thermal conductivity across the
crack vanishes, see Eq. (4).

The occurrence of distributed, partial damage with a local dam-
age value d < 1 typically is difficult to observe with the naked eye;
indeed, museum objects commonly are considered to be damaged
when a localized crack has developed with d ¼ 1 along the crack
faces.

2.2. Moisture diffusion

In analogy with Eq. (1), the diffusion of moisture through the
orthotropicwoodmaterial is simulated using the diffusion equation

@h
@t

� $ � km � $h� � ¼ 0: ð5Þ

Note that the diffusion equation is expressed here in terms of
the relative humidity h, instead of the moisture content m that is
more commonly used in diffusion analyses. This is done in order
to facilitate the incorporation of the moisture sorption hysteresis
model of Frandsen et al. (2007) that is outlined in Section 2.3,
which uses the relative humidity calculated from the diffusion
analysis as input to compute the moisture content, m ¼ m̂ hð Þ.
The orthotropic moisture diffusion tensor km used in Eq. (5) is
given by

km ¼ km1 e1 � e1 þ km2 e2 � e2; ð6Þ
with km1 and km2 the moisture diffusion coefficients in the x1- and x2
material directions, respectively. The moisture diffusion coefficients
are given by the relation (de Wit, 2009)

kmi ¼ k̂mi T;hð Þ ¼ dabPsat Tð Þ
li n̂ hð Þ with i 2 1;2f g; ð7Þ

where da is the vapour permeability of stagnant air, Psat ¼ bPsat Tð Þ is
the saturation pressure as a function of the temperature T;li is the

vapour resistance factor in the i-th direction, and n ¼ n̂ hð Þ is the
moisture capacity as a function of the relative humidity h. Similar
to Eqs. (3) and (4), the moisture fluxes in the bulk material and
across a crack are, respectively, defined as

qm ¼ �km � $h; ð8Þ
and

qm
n ¼ 1� dð Þkmnnsht; ð9Þ

with the moisture flux qm
n across the crack faces given by

qm
n ¼ qm � n, where kmnn ¼ n � km � n is the corresponding moisture dif-

fusion coefficient, and sht is the jump in relative humidity across
the crack faces. Note that Eq. (9) is analoguous to Eq. (4) for heat
transfer, and is based on the hypothesis that moisture migration
across a crack becomes negligible once the crack faces become fully
separated. This hypothesis is based on the assumption that the dif-
fusion time for water molecules increases across a crack, due to the
processes of desorption and adsorption from the crack surface to
the air inside the oak wood crack, and subsequently from the air
to the opposite crack surface, respectively. In the literature there
is a lack of experimental data on moisture diffusion behaviour
across a crack, so that the above hypothesis is used here as a work-
239
ing assumption. Its validation requires additional experimental
research, which falls beyond the scope of the present study.
2.3. Moisture sorption hysteresis

Under moderate fluctuations in relative humidity, the effect of
moisture sorption hysteresis on the hygric response needs to be
taken into account. This phenomenon is visualized in Fig. 1, which
shows the relation between the relative humidity and the moisture
content of oak wood. Upon a change in the ambient relative
humidity, wood will adsorb or desorb moisture and the resulting
moisture transport will change the local moisture content of wood.
The limit states for adsorption and desorption are prescribed by
the sorption boundary curves, and the processes of adsorption
and desorption are characterized by corresponding scanning curves.
In the literature, various models are proposed to describe the mois-
ture sorption behaviour of biological materials like oak wood.
Some models are purely empirical, while others have a theoretical
basis, or follow from combined theoretical and empirical consider-
ations (Simpson, 1980; Skaar, 1988), commonly leading to compa-
rable formulations (Boquet et al., 1980). In the present work, the
sigmoid-shaped function proposed by Dent (1977) is used for
describing the adsorption and desorption boundary curves, which
has proven to provide accurate results for various wood species.
This function is given by

m ¼ m̂ hð Þ ¼ h

a1 þ a2hþ a3h
2 ; ð10Þ

wherem is themoisture content, and a1; a2 and a3 arematerial shape
parameters that are related to a state of adsorption (A) or desorption
(D). The values of these shape parameters are typically obtained from
sorption experiments, which in the present workwere performed on
9 different oak wood specimens in order to account for statistical
spread and uncertainties in themeasurement results. Each oakwood
specimen had a length of 50 mm (radial material direction), a width
of 25mm (tangentialmaterial direction) and a height of 20mm (lon-
gitudinal material direction). The test set-up consisted of 7 desicca-
tors, which were placed in a stable thermal environment at a
temperature of 20 �C þ=� 2 �C. Each of the 7 desiccators contained
a different saturated salt solution, abovewhich the relative humidity
was kept stable at corresponding values of 11%, 33%, 43%, 54%, 75%,
85%, or 98%. Prior to testing, the oak wood specimens were oven
dried in accordance with the procedure described in International
Organisation for Standardization (1975). Next, the specimens were
consecutively placed in the 7 desiccators, whereby the relative
humidity was stepwisely increased from the lowest value of 11% to
the highest value of 98%. This procedure was subsequently reversed
by a stepwise decrease of the relative humidity from the highest
value to the lowest value. Here, the specimens were moved from
one desiccator to the other after the equilibrium moisture content
was reached. At each step the equilibrium moisture content of the
specimens was determined in accordance with the procedure
described in International Organisation for Standardization (1975),
which allowed to establish the relation between the equilibrium
moisture content and the relative humidity, see the measurement
data in Fig. 1. In specific, the mean measurement values following
from the experiments on the 9 specimens were subjected to a curve
fit by using Eq. (10), which leads to the values of the material shape
parameters a1; a2 and a3 listed in Table 1.

The moisture sorption hysteresis effect is accounted for by
applying the moisture sorption hysteresis model developed by
Frandsen et al. (2007). This model is used for two purposes, namely
i) to determine the wood moisture content m based on the relative
humidity h calculated by Eq. (5), and ii) to determine the moisture
capacity n present in Eq. (7). The mathematical description of the



Fig. 1. Sorption isotherms of oak wood calibrated on sorption measurements. The
boundary curves are calculated by Eq. (10), using the material shape parameters
listed in Table 1. The scanning curves are determined by applying the moisture
sorption hysteresis model presented in Frandsen et al. (2007).

Table 1
Calibrated material shape parameters, based on sorption experiments of oak wood
specimens.

Shape parameter a1 [–] a2 [–] a3 [–]

Adsorption (A) 3.88 11.43 �11.04
Desorption (D) 2.95 5.04 �3.56
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moisture sorption hysteresis model is elaborated in detail in
Frandsen et al. (2007), and a review is given below.

As a start, the woodmoisture content is formulated in a normal-
ized way as a function of the relative humidity h:

s ¼ ŝ hð Þ ¼ m̂ hð Þ � m̂a hð Þ
m̂d hð Þ � m̂a hð Þ with 0 6 s 6 1; ð11Þ

where ma and md are the moisture contents corresponding to the
adsorption and desorption boundary curves, respectively. Note that
for s ¼ 0 the adsorption boundary curve is obtained, and that s ¼ 1
corresponds to the desorption boundary curve. In the range
0 < s < 1 an adsorption or desorption scanning curve is followed,
in accordance with the representation in Fig. 1. The adsorption
scanning curve needs to satisfy the requirements (Frandsen et al.,
2007)

h ¼ h0
d for s ¼ 1; ð12Þ

dŝ
dh

! 0 for s ! 0; ð13Þ

while for the desorption scanning curve these requirements are

h ¼ h0
a for s ¼ 0; ð14Þ

dŝ
dh

! 0 for s ! 1; ð15Þ

with h0
a and h0

d the initial relative humidities on the adsorption and
desorption boundary curves, respectively. A specific formulation for
the normalized moisture content s, which satisfies the requirements
in Eqs. (12)–(15), can be formulated as (Frandsen et al., 2007)

ŝ hð Þ ¼ �1þ 2
1�h
1�h0

d

� � d1
ln d2 1�h0

dð Þð Þ
� �

for _h > 0 ^ s0 > 0; ð16Þ

ŝ hð Þ ¼ 2� 2
h
h0a

� � d1
ln d2h

0
að Þ

� �
for _h < 0 ^ s0 < 1; ð17Þ

ŝ hð Þ ¼ 0 for _h > 0 ^ s0 ¼ 0; ð18Þ
ŝ hð Þ ¼ 1 for _h < 0 ^ s0 ¼ 1; ð19Þ
240
where d1 and d2 are shape parameters, _h is the time derivative of
the relative humidity, s0 is the initial normalized moisture content,

and h0
a and h0

d are given by

h0
a ¼ h0 d2h0ð Þq1 ; ð20Þ

h0
d ¼ 1� 1� h0ð Þ d2 1� h0ð Þð Þq2 : ð21Þ

Here, the parameters q1 and q2 are

q1 ¼ ln ln 2ð Þð Þ � ln ln 2� s0ð Þð Þ
ln ln 2ð Þð Þ � ln ln 2� s0ð Þð Þ � d1

; ð22Þ

q2 ¼ ln ln 2ð Þð Þ � ln ln 1þ s0ð Þð Þ
ln ln 2ð Þð Þ � ln ln 1þ s0ð Þð Þ � d1

; ð23Þ

where h0 is the initial value of the relative humidity. From the def-
inition of the normalized moisture content s, the moisture content
can be calculated by rephrasing Eq. (11) as

m̂ hð Þ ¼ ŝ hð Þ m̂d hð Þ � m̂a hð Þð Þ þ m̂a hð Þ: ð24Þ
From Eq. (24), the moisture capacity n, used in Eq. (7), is

obtained as

n ¼ n̂ hð Þ ¼ dm̂
dh

¼ dm̂d

dh
� dm̂a

dh

� �
ŝ hð Þ þ m̂d hð Þ � m̂a hð Þð Þ dŝ

dh
þ dm̂a

dh
;

ð25Þ
where, using Eqs. (10) and (16)–(19), the derivatives appearing in
this expression become

dm̂d

dh
¼ aD1 � aD3h

2

aD1 þ aD2hþ aD3h
2

� �2 ; ð26Þ

dm̂a

dh
¼ aA1 � aA3h

2

aA1 þ aA2hþ aA3h
2

� �2 ; ð27Þ

dŝ
dh

¼ �2gaga ln 2ð Þd1

1� hð Þ ln d2 1� h0
d

� �� � for _h > 0 ^ s0 > 0; ð28Þ

dŝ
dh

¼ �2gdgd ln 2ð Þd1

ln d2h
0
a

� �
h

for _h < 0 ^ s0 < 1; ð29Þ

dŝ
dh

¼ 0 for _h > 0 ^ s0 ¼ 0; ð30Þ

dŝ
dh

¼ 0 for _h < 0 ^ s0 ¼ 1; ð31Þ

with

ga ¼
1� h

1� h0
d

 ! d1
ln d2 1�h0

dð Þð Þ
� �

; ð32Þ

gd ¼
h

h0
a

 ! d1
ln d2h

0
að Þ

� �
: ð33Þ

Note that the symbols A and D used for the subindices of the
shape parameters a1; a2 and a3 appearing in Eqs. (26) and (27) refer
to ‘‘adsorption” and ‘‘desorption”, respectively, see also Table 1.

2.4. Mechanical model

The transport of heat and moisture in wood leads to the gener-
ation of thermal and hygric deformations. These deformations are
accounted for by decomposing the total strain � as
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� ¼ �e þ �th þ �m; ð34Þ
where �e;�th and �m are the elastic, thermal and hygric strains,
respectively. The thermal and hygric strains are, respectively,
defined as

�th ¼ aDT; ð35Þ
�m ¼ bDm; ð36Þ
with a and b the second-order, orthotropic thermal and hygric
expansion tensors, and DT ¼ T � T0 and Dm ¼ m�m0 the incre-
ments in temperature and moisture, where T0 and m0 are the refer-
ence temperature and moisture values, respectively. For the two-
dimensional analyses performed in the present work, the thermal
and hygric expansion tensors in the x1-x2 coordinate system are,
respectively, given by

a ¼ a1e1 � e1 þ a2e2 � e2; ð37Þ
and

b ¼ b1e1 � e1 þ b2e2 � e2; ð38Þ
with a1 and a2 the thermal expansion coefficients and b1 and b2 the
hygric expansion coefficients in the x1- and x2 material directions.
The elastic strain �e following from Eqs. (34)–(36) can be used to
compute the stress r via the constitutive relation

r ¼ C : �e; ð39Þ
where C is the fourth-order, orthotropic elastic stiffness tensor.
Note that the elastic stiffness and the thermal and hygric expansion
coefficients are considered to be independent of the temperature
and moisture content, due to a lack of unambiguous material data
on these effects for oak wood used in museum objects. For the
two-dimensional, plane-stress analyses performed in this work,
the inverted form of the elastic stiffness tensor follows from the def-
inition of the compliance tensor S as

C�1 ¼ S¼ E�1
1 e1�e1�e1�e1

�m21E�1
2 e1�e1�e2�e2

�m12E�1
1 e2�e2�e1�e1

þE�1
2 e2�e2�e2�e2

þ 2G12ð Þ�1 e1�e2�e1�e2þe2�e1�e2�e1ð Þ;

ð40Þ

whereby the stiffnesses andPoisson’s ratios in the in-planedirections
are Ei and mij, respectively, with i; j 2 1;2f g. For reasons of symmetry

the relation m12E�1
1 ¼ m21E�1

2 should hold. Note further from Eqs. (39)
and (40) that the symmetry in the stress tensor,r12 ¼ r21, which fol-
lows from the balance of angular momentum, indeed corresponds to
a symmetry in the elastic strain tensor, �e12 ¼ �e21. The computation of
the stiffness tensor from the inverse of the compliance tensor,
C ¼ S�1, can be simply performed by expressing the compliance ten-
sor in matrix form using Voigt notation. After the in-plane normal
stresses r11 and r22 are computed with Eqs. (39) and (40), the out-
of-plane elastic strain �e33 follows from

�e33 ¼ �m13E�1
1 r11 � m23E�1

2 r22: ð41Þ
Finally, in any material point of the simulated domain the

mechanical equilibrium condition should be satisfied under the
appropriate boundary conditions, which, in the absence of body
forces, reads

$ � r ¼ 0: ð42Þ
2.5. Crack nucleation and propagation

If the total strain is prohibited and the thermal and hygric
strains decrease by a temperature decrease and moisture release,
241
respectively, the resulting increase in elastic strain may induce a
tensile stress that reaches the tensile strength of wood, thereby
inducing cracks (Luimes et al., 2018a). Within the present multi-
physics framework, this fracture behaviour is simulated by sur-
rounding the continuum elements in the finite element model with
interface elements equipped with a mixed-mode interface damage
model. This approach, which was originally proposed in Xu and
Needleman (1994), allows for the robust simulation of cracks at
arbitrary locations and in arbitrary directions, and naturally
includes the effects of crack bifurcation, crack branching and crack
coalescence, see also Cid Alfaro et al., 2010a,b; Luimes et al., 2018a;
Scheperboer et al., 2019; Tijssens et al., 2001. A disadvantage of the
method is that the chosen spatial discretization of the modelled
geometry may have an influence on the location and direction of
the cracking path. However, as demonstrated in the mesh refine-
ment study performed in Cid Alfaro et al. (2010a), this effect can
be kept small by choosing a sufficiently fine finite element mesh,
whereby it should be noted that the mesh fineness is bounded
by a maximum in order to limit artificial response contributions
related to the use of an elastic interface stiffness in the traction-
separation law. The nucleation and propagation of cracks is simu-
lated using the interface damage model presented in Cid Alfaro
et al. (2009), which has proven to provide accurate and numeri-
cally robust results in various applications, see e.g., Cid Alfaro
et al., 2010a,b; Forschelen et al., 2016; Luimes et al., 2018a;
Scheperboer et al., 2019. The governing equations of the interface
damage model are elaborated in detail in Cid Alfaro et al. (2009),
and a review is given below. The interface damage model uses a
bi-linear traction-separation relation, see Fig. 2. In a two-
dimensional setting, the relation between the tractions t and the
relative displacements v across the crack surfaces is

ti ¼ 1� dð ÞKdijv j � dCijd1j �v1h i where i; j 2 1;2f g; ð43Þ
where the normal and tangential components of the tractions and
relative displacements are designated by the indices ‘‘1” and ‘‘2”,
respectively, K is the elastic interface stiffness and dij is the Kro-
necker delta symbol. Furthermore, the damage parameter d is
bounded as 0 6 d 6 1, where d ¼ 0 corresponds to an initial undam-
aged state of the material and d ¼ 1 refers to a material for which
damage has fully evolved. Penetration of two opposing crack faces
is prevented by introducing Macaulay brackets xh i ¼ 1

2 xþ xj jð Þ in
the right-hand side of Eq. (43). This enforces the crack faces to inter-
act elastically when the normal relative displacement v1 becomes
negative. The value of the damage parameter d is described by
(Cid Alfaro et al., 2009)

d ¼ d̂ jð Þ ¼ vu j� v0
� �

j vu � v0ð Þ ; ð44Þ

with j a monotonically increasing deformation history variable and
v0 and vu the relative crack face displacements at which damage is
initiated and completed, respectively. Note that the specific expres-

sion for d̂ jð Þ depends on the shape of the softening branch in the
traction-separation law, which in Eq. (44) is taken as linear, in cor-
respondence with Fig. 2. The evolution of damage occurs in accor-
dance with a rate-dependent kinetic law (Cid Alfaro et al., 2009):

_d ¼
bF k;jð Þ
g

for k P j and v0 6 j < vu;

0 for 0 6 k < j or j ¼ vu;

8><>: ð45Þ

where bF k;jð Þ is the damage loading function and g is a relaxation
parameter (with dimension of time). The damage loading function
is dependent on the history variable j and on the effective displace-
ment k, taken as the Euclidean norm of the vector of relative crack

face displacements, k ¼ kvk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

1 þ v2
2

q
. Note that j is bounded as



Fig. 2. Traction-separation diagram of the interface damage model, taken from Cid
Alfaro et al. (2009).

1 Dassault Systems Simulia Corp, Providence, RI, U.S.A.
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v0 6 j 6 vu, where damage is initiated when j ¼ v0 (correspond-
ing to d ¼ 0), and damage is completed when j ¼ vu (corresponding
to d ¼ 1). The lower expression in Eq. (45) indicates that the rate of
damage is equal to zero when i) the history variable has not (yet)
surpassed the threshold value for damage nucleation, ii) the mate-
rial is in a state of unloading, or iii) damage has completed. With the
linear softening branch as represented in Fig. 2, the damage loading
function follows as

bF k;jð Þ ¼ f̂ kð Þ � d̂ jð Þ ¼ vu k� v0
� �

k vu � v0ð Þ �
vu j� v0
� �

j vu � v0ð Þ ; ð46Þ

where d̂ jð Þ is the damage parameter. From Eq. (45), it can be
observed that in the limit of the relaxation parameter going to zero

g ! 0, the rate-independent loading function, bF k;jð Þ ¼ 0, is recov-
ered, which, as Eq. (46) shows, corresponds to k ¼ j. For the simu-
lation of mixed-mode fracture behaviour, the equivalent crack face
displacements v0 and vu at damage initiation and damage comple-
tion are made a function of a mode-mixity parameter (Turon et al.,
2006; Cid Alfaro et al., 2009):

bm ¼ jv2j
jv2j þ v1h i : ð47Þ

Under pure mode I (tensile) loading conditions v2 ¼ 0, and thus
bm ¼ 0, while under pure mode II (shear) loading conditions
v1 ¼ 0, and therefore bm ¼ 1. The functions v̂0 bmð Þ and v̂u bmð Þ
can be derived adopting an energy-based, mixed-mode failure cri-
terion from linear elastic fracture mechanics (Hutchinson and Suo,
1992; Jensen, 1990)

GI

GI;c
þ GII

GII;c
¼ 1; ð48Þ

where GI and GII are the mode I and II energy release rates, and GI;c

and GII;c are the fracture toughnesses under mode I and mode II
loading conditions, respectively. The effective relative displace-
ments at damage initiation and damage completion can be derived
based on Eqs. (47) and (48) as (Cid Alfaro et al., 2009)

v0 ¼ v̂0 bmð Þ ¼ v0
1v

0
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2b2

m � 2bm

bmv0
1

� �2 þ 1� bmð Þv0
2

� �2
vuut ð49Þ

and

vu ¼ v̂u bmð Þ ¼ 2 1þ 2b2
m � 2bm

� �
Kv0

1� bmð Þ2
GI;c

 !
þ b2

m

GII;c

 !" #�1

;

ð50Þ
with v0

1 ¼ tu1=K and v0
2 ¼ tu2=K the relative displacements at damage

initiation under mode I and II loading conditions, respectively,
whereby tu1 and tu2 are the corresponding ultimate tractions.
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The numerical update scheme of the damage model is based on
an implicit Backward Euler method and uses a consistent tangent
operator for constructing the stiffness matrix, the details of which
can be found in Cid Alfaro et al. (2009).
2.6. Staggered solution procedure

The coupled thermo-hygro-mechanical response of wood is
captured by means of the staggered approach summarized in
Table 2. In this approach, the thermal, moisture and mechanical
fields are solved for each time increment in a sequential fashion,
with the couplings between the individual fields established via a
temporal extrapolation. The time increment is chosen relatively
small, such that the error introduced by the time discretisation
has a negligible influence on the numerical result. Each time incre-
ment starts with the computation of the thermal field via Eq. (1),
leading to the values of the temperature T in the domain simulated,
whereby the specific heat capacity c ¼ ĉ mð Þ and thermal conduc-

tivity tensor kth ¼ k̂th mð Þ are expressed as a function of the mois-
ture content at the previous time increment. The heat flux across
cracks is determined using Eq. (4), based on the damage parameter
d at the previous time increment. The temperature values are sub-
sequently transferred to the hygric and mechanical analyses. As a
next step, the relative humidity field h is calculated via Eq. (5),

whereby the moisture diffusion tensor km ¼ k̂m T;hð Þ is determined
via Eqs. (6) and (7), based on the temperature T at the current time
increment and the moisture capacity n in Eq. (25) at the previous
time increment. The moisture flux across cracks is determined
using Eq. (9), based on the damage parameter d at the previous
time increment. The values calculated for the relative humidity h
are used to calculate corresponding moisture content values m
using Eqs. (10)–(24). The moisture contents m are transferred to
the heat and mechanical analyses, and the moisture capacity n is
stored for solving the diffusion equation at the next time incre-
ment. Subsequently, the equilibrium equation, Eq. (42), is solved
iteratively in order to account for cracking, with the initiation
and development of cracks determined by Eqs. (44) and (45). After
the damage parameter d is updated, it is transferred to the thermal
and hygric analyses, in which it is used in the next increment to
calculate the reduced thermal and moisture fluxes across cracks,
in correspondence with Eqs. (4) and (9), respectively. Subse-
quently, the above sequential solution procedure is repeated for
the next time increment. Using the commercial finite element pro-
gram ABAQUS Standard1, the domain is discretised with continuum
elements, whose thermal, hygric and mechanical constitutive
responses are governed by Eqs. (3), (8) and (39), respectively. The
constitutive responses of the interface elements placed between
these continuum elements are determined by the discrete, mixed-
mode fracture law Eq. (43) and by the thermal and hygric relations
Eqs. (4) and (9), which are incorporated in the FEM framework by
means of user-defined material routines.
3. Basic oak wood specimen

The main features of the coupled thermo-hygro-mechanical
model are demonstrated using a basic oak wood specimen that is
mechanically constrained at the boundaries and is subjected to
specific thermal and hygric boundary conditions. The geometry,
boundary conditions, finite element discretisation and material
properties are presented in Sections 3.1–3.3. The simulation results
are discussed in Section 3.4.



Table 2
Schematic overview of the staggered approach used in the incremental-iterative update procedure.

1. Thermal model
1.1 Initialize the thermal analysis.
1.1.A If time increment i ¼ 0, apply the initial and boundary conditions for the thermal model.
1.1.B If time increment i P 1, apply the boundary conditions for the thermal model.

1.2 Solve the heat equation, Eq. (1). The specific heat capacity c and the thermal conductivity tensor kth given by Eq. (2) are expressed as a function of the moisture
content m at the previous time increment. The heat flux across cracks is determined using Eq. (4), based on the damage parameter d at the previous increment.
Obtain the new values of the temperature T for the entire domain.
1.3 Transfer the temperature values T to the hygric and mechanical analyses.

2. Hygric model
2.1 Initialize the hygric analysis.
2.1.A If time increment i ¼ 0, apply the initial and boundary conditions for the hygric model.
2.1.B If time increment i P 1, apply the boundary conditions for the hygric model.

2.2 Solve the diffusion equation, Eq. (5). The moisture diffusion tensor km is determined via Eqs. (6) and (7), based on the temperature T at the current time increment
and the moisture capacity n at the previous time increment. The moisture flux across cracks is determined using Eq. (9) based on the damage parameter d at the
previous increment.
2.2.A Obtain the new values of the relative humidity h for the entire domain.
2.2.B Calculate the moisture content m and the moisture capacity n for the entire domain, based on the relative humidity h, Eqs. (10)–(33).

2.3 Transfer the moisture content values m to the heat and mechanical analyses, and store the moisture capacity n for solving the diffusion equation at the next time
increment.

3. Mechanical model
3.1 Apply the boundary conditions for the mechanical model.
3.2 Calculate the thermal strains �th and hygric strains �m as a function of the temperature values T and moisture content values m at the current time increment, see
Eqs. (35) and (36).
3.3 Solve the equilibrium equations, Eq. (42), accounting for possible fracture in the domain, using Eqs. (44) and (45) defining the fracture criterion. Obtain the new
nodal displacements u and damage parameter d for the entire domain.
3.4 Transfer the damage parameter d to the heat and moisture analyses in order to compute the reduced heat and moisture fluxes across cracks for the next
increment, see Eqs. (4) and (9), respectively.
3.5 Return to 1.1.B.
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3.1. Geometry and boundary conditions

The oak wood specimen has a rectangular shape characterized
by a length L ¼ 20 mm and a height H ¼ 15 mm, see Fig. 3. The
specimen is subjected to plane-stress conditions, and initially is
considered as stress-free. The global x1- and x2-directions coincide
with the radial (R) and longitudinal (L) material directions of the
oak wood, respectively. The upper and lower boundaries of the
domain are traction-free t ¼ 0, and thermally and hygrically insu-
lated, as represented by the zero-flux boundary condition
qth � n ¼ qm � n ¼ 0, with n the unit outward normal vector to a
boundary. At the left and right boundaries of the domain the spec-
imen is constrained in the horizontal direction, and the relative
humidity and temperature are prescribed. The centre node at the
right boundary is constrained in the vertical direction to avoid
rigid-body motions. The coupled FEM implementation is validated
in a stepwise fashion, by analysing the response of the oak speci-
men for 5 different thermo-hygric-mechanical loading cases, see
Table 3 for an overview. The 5 loading cases successively increase
in complexity, which allows for clearly highlighting and explaining
the main features of the coupled thermo-hygro-mechanical model.
In Case 1 the temperature across the specimen is prescribed as uni-
form, T ¼ T0 ¼ 20 �C, and fracture is not allowed, by which the
analysis essentially reduces to that of a (one-dimensional) hygro-
elastic problem. Moisture diffusion is considered to have reached
a steady state, i.e., transient time-dependent moisture effects are
assumed to be negligible, so that the first term in Eq. (5) vanishes.
At the onset of the simulation the relative humidity hl at the left
boundary of the domain is incrementally decreased from its initial
value h0 ¼ 60% to 20% in 20 consecutive steps, while the relative
humidity at the right boundary is kept fixed at the initial value,
hr ¼ h0 ¼ 60%. Such a fluctuation in relative humidity is obviously
larger than currently defined as acceptable for indoor museum
conditions; however, it is assumed representative of the more
extreme, uncontrolled fluctuations experienced by historical
museum objects i) during manufacturing, ii) during the early his-
tory of the object, or iii) while displayed in old churches and castles
(Luimes et al., 2018b). For simplicity, the moisture sorption hys-
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teresis effect is ignored in Case 1; instead, the relation between
the moisture content and the relative humidity is assumed as
linear, m ¼ ahþ b, with a ¼ 0:1615 and b ¼ 0:01135. The values
of the coefficients a and b were determined by computing the
average value of the moisture content m at the adsorption and
desorption boundary curves depicted in Fig. 1 for relative
humidities h ¼ 20% and h ¼ 60%, and fitting the linear function
through these two points. Accordingly, the initial relative humidity
in the domain corresponds to an initial moisture content of
m0 ¼ 0:1615� 0:6þ 0:01135 ¼ 0:108. In a similar fashion, the
values of the moisture content at the left and right boundaries of
the domain correspond to ml ¼ 0:1615� 0:2þ 0:01135 ¼ 0:044
and mr ¼ m0 ¼ 0:108. In Appendix A an analytical solution is
derived for this basic problem, which will be used for validating
the present numerical model. In accordance with Eq. (63) in
Appendix A, the moisture content varies linearly across the
horizontal specimen direction x ¼ x1 as

m ¼ mr �ml

L
xþml: ð51Þ

In addition, the expression for the axial displacement u gener-
ated is given by Eq. (64) in Appendix A, i.e.,

u ¼ b
2L

mr �mlð Þ x2 � Lx
� �þ ur � ul

L
xþ ul; ð52Þ

where b ¼ bR is the coefficient of hygric expansion in the radial
(=horizontal) material direction. Further, the horizontal displace-
ments at the left and right boundaries vanish in accordance with
the constraints ul ¼ ur ¼ 0, see Fig. 3. Case 2 is similar to Case 1,
except that the effect of moisture sorption hysteresis is accounted
for. The relation between the moisture content and the relative
humidity, m ¼ m̂ hð Þ, follows a trajectory whereby at the initial rel-
ative humidity h0 ¼ 60% the corresponding moisture content lies on
the adsorption boundary curve, see Fig. 1, and the decrease towards a
relative humidity of h ¼ 20% is in accordance with a desorption scan-
ning curve, as described by the model summarized in Section 2.3.
Case 3 is similar to Case 2, with the only difference being that the
transient, time-dependent effects in the moisture diffusion process



Fig. 3. Rectangular oak wood specimen of length L and height H. The initial conditions and boundary conditions in the mechanical, hygric and thermal analyses are shown in
the left, middle and right figures, respectively. The radial (R) and longitudinal (L) material directions of the oak wood specimen are aligned with the x1 and x2 coordinate axes,
respectively.

Table 3
Five thermo-hygro-mechanical loading cases of increasing complexity for the oak wood sample depicted in Fig. 3.

Mechanical Hygric Thermal Boundary conditions

Case 1 Elastic Steady-state, Isothermal, hl ¼ 20%, hr ¼ 60%
no hysteresis, h0 ¼ 60% T0 ¼ 20 �C Tl ¼ Tr ¼ 20 �C

Case 2 Elastic Steady-state, Isothermal, hl ¼ 20 %, hr ¼ 60%
hysteresis, h0 ¼ 60% T0 ¼ 20 �C Tl ¼ Tr ¼ 20 �C

Case 3 Elastic Transient, Isothermal, hl ¼ 20%, hr ¼ 60%
hysteresis, h0 ¼ 60% T0 ¼ 20 �C Tl ¼ Tr ¼ 20 �C

Case 4 Elasto-fracture Transient, Isothermal, hl ¼ hr ¼ 20%
hysteresis, h0 ¼ 60% T0 ¼ 20 �C Tl ¼ Tr ¼ 20 �C

Case 5 Elasto-fracture Transient, Transient, hl ¼ hr ¼ 20%
hysteresis, h0 ¼ 60% T0 ¼ 22 �C Tl ¼ Tr ¼ 18 �C
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are incorporated via the first term in Eq. (5). Case 4 is an extension
of Case 3, by allowing for the occurrence of fracture due to hygric
shrinkage. However, a preliminary analysis of this case illustrated
that under the hygric boundary conditions applied for Case 3 frac-
ture remained absent. Therefore, these boundary conditions were
adapted by applying at the onset of the simulation an abrupt drop
in relative humidity from 60% to 20% at both the left and right spec-
imen boundaries, hl ¼ hr ¼ 20%. In other words, the sensitivity of
the specimen to fracture is activated by changing the shape of the
moisture profile. Note that this extension, in principle, provides
the boundary value problem with a two-dimensional character, as
the cracks induced by hygric shrinkage might have trajectories that
are not ideally vertical. Case 5 differs from Case 4 by adopting an ini-
tial temperature within the domain that is 2 �C higher, i.e.,
T0 ¼ Tl ¼ Tr ¼ 22 �C, and subjecting the left and right boundaries
of the domain at the onset of the simulation to an abrupt tempera-
ture drop of 4 �C, i.e., Tl ¼ Tr ¼ 18 �C. This drop in the boundary
temperature gives a global impression of the effect of thermal vari-
ations representative of indoor museum conditions on the climate
response of wooden museum objects.

3.2. Finite element discretisation

The response of the oak wood specimen is simulated under
plane-stress conditions. For the mechanical analysis, the mesh is
constructed by combining 6-node iso-parametric continuum ele-
ments equipped with a 3-point Gauss quadrature with 6-node
interface elements provided with a 3-point Lobatto quadrature.
The interface elements are incorporated in the FEM framework
by means of a user-defined element routine. For the heat and
moisture analyses, the domain is meshed by combining 3-node
iso-parametric continuum elements equipped with a 3-point
Gauss quadrature with 4-node interface elements using a 2-
point Gauss quadrature. The interface elements are placed
between all continuum elements modelling the ‘‘bulk behaviour”
of the material, in order to allow for the occurrence of complex
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cracking patterns that develop at arbitrary locations and under
arbitrary directions. This approach was originally proposed in
Xu and Needleman (1994), and has since then been successfully
applied in studies on the fracture behaviour of various engineer-
ing materials (Cid Alfaro et al., 2010a,b; Luimes et al., 2018a;
Scheperboer et al., 2019; Tijssens et al., 2001). The number of
continuum elements and interface elements used for constructing
the finite element mesh is approximately equal to 3900 and 5700,
respectively. The elements are randomly oriented and the ele-
ment size is chosen smaller than 4 times the ultimate separation
vu used in the traction-separation law to ensure an accurate con-
vergence of the numerical results, see also Chen et al. (2001) and
Cid Alfaro et al. (2009).

3.3. Material properties

In the thermal model, the thermal conductivity in the radial

material direction kthR is taken as a function of the moisture content
m, in correspondence with (Siau, 1984)

kthR ¼ k̂thR mð Þ
¼ 4:1863� 10�2 Gs 4:80þ 0:125mð Þ þ 0:57½ � in W= m �Cð Þ½ �:

ð53Þ
Here, Gs is the specific gravity, which is computed as Gs ¼ 0:575, in
accordance with the approach described in Siau (1984) that is based
on density and moisture content values determined during sorption
measurements. The relation m ¼ m̂ hð Þ follows from the calibrated
moisture sorption hysteresis model outlined in Section 2.3. As indi-
cated in Siau (1984), from Eq. (53) the thermal conductivity in the
longitudinal material direction of oak wood can be obtained as

kthL ¼ 2:5kthR . In addition, the heat capacity c is defined as a function
of the moisture content m via (Skaar, 1988)

c ¼ ĉ mð Þ ¼ c0 þmcw
1þm

in J= kg �Cð Þ½ �; ð54Þ
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where c0 ¼ 1172:2 J= kg �Cð Þ is the oven dry heat capacity of oak
wood and cw ¼ 4186:3 J= kg �Cð Þ is the heat capacity of water. The
density q of oak wood is taken from Luimes et al. (2018a) and
equals q ¼ 575:5 kg=m3. The coefficients of thermal expansion in
the longitudinal and radial material directions of oak wood are
aL ¼ 4:92� 10�6 �C�1 and aR ¼ 5:44� 10�5 �C�1 (Kollmann and
Cote, 1968), respectively.

In the hygric model, the vapour permeability of stagnant air
used in Eq. (7) is taken as da ¼ 1:8� 10�10 s (de Wit, 2009), and
the vapour resistance factors in the radial and longitudinal direc-
tions of oak wood are lR ¼ 43:0 and lL ¼ 5:0, respectively, see
Wufi (2019). Furthermore, the saturation pressure is expressed as
a function of the temperature T (in �C) in correspondence with
(de Wit, 2009)

Psat ¼ bPsat Tð Þ ¼ 611 exp
17:08T

234:18þ T

� �
in N=m2
	 


: ð55Þ

The moisture capacity is a function of the relative humidity,
n ¼ n̂ hð Þ, and is defined by Eq. (25). The values of the material
shape parameters a1; a2 and a3 of oak wood are as listed in Table 1.
Based on Frandsen et al. (2007), the shape parameters used in Eqs.
(16), 17), and (20)–(23) are taken as d1 ¼ �1:32 and d2 ¼ 0:84.
Additionally, the coefficients of hygric expansion in the longitudi-
nal and radial material directions of oak wood are
bL ¼ 1:60� 10�4 and bR ¼ 1:90� 10�3 per % change in moisture
content (Saft and Kaliske, 2013). The mechanical material proper-
ties of the oak wood specimen are taken from the experimental-
numerical study presented in Luimes et al. (2018a). Accordingly,
the elastic stiffnesses in the longitudinal and radial material direc-
tions are EL ¼ 12800 N/mm2 and ER ¼ 1600 N/mm2, respectively,
and the Poisson’s ratios are mLR ¼ 0:35 and mRL ¼ 0:04. Further,
the shear modulus equals lLR ¼ 1200 N/mm2. The tensile strength
and fracture toughness used in the interface damage model respec-
tively are tu ¼ 6:0 N/mm2 and Gc ¼ 0:35 N/mm1, measured perpen-
dicular to the grain direction. These fracture properties are
representative of historic oak wood dated 1300 A.D. (Luimes
et al., 2018a). Note from Fig. 2 that the ultimate separation vu of
the crack can be determined from these fracture properties as
vu ¼ 2Gc=tu. For simplicity, the fracture properties are taken equal
in the mode I and mode II directions; this assumption, however,
has a minor influence on the computational results, since the frac-
ture response in the present case study is dominated by mode I.
Further, the fracture properties of oak wood are typically orthotro-
pic, with the radial (R) material direction characterized by a lower
strength than the longitudinal (L) material direction. However, in
the present simulations the loading conditions are such that mode
I cracking may be expected to occur perpendicular to the relatively
weak, radial material direction, by which the anisotropy in fracture
properties will not significantly influence the computational
results. Accordingly, the fracture properties may be simply
assumed as isotropic in the simulations. From similar arguments,
this assumption also holds in the numerical analysis of the oak
wood cabinet door panel presented in Section 4.

The values of the remaining parameters of the interface damage
model are chosen the same as in the study presented in Cid Alfaro
et al. (2009). Hence, the elastic interfacial stiffness K appearing in
Eq. (43) is given a relatively high value, K ¼ 1:0� 105 N/mm3, such
that the overall elastic response of the modelled configuration is
almost completely determined by the elastic properties of the adja-
cent continuum elements, see, e.g. Cid Alfaro et al. (2010a);
Forschelen et al. (2016). In addition, rate-independent crack prop-
agation under quasi-static loading conditions is warranted by
using a small value for the relaxation parameter in Eq. (45) of
g ¼ 1:0� 10�5 s.
245
3.4. Numerical results

The moisture content and displacement profiles computed with
the FEM model for Case 1 are illustrated in Fig. 4a and b, respec-
tively, together with the corresponding analytical expressions
given by Eqs. (51) and (52). Due to the absence of hysteresis effects
and transient time effects, the drop in relative humidity at the left
boundary of the specimen from 60% to 20% instantaneously gener-
ates a linear decrease in moisture content across the specimen. The
elastic strain generated in the specimen is constant, thus leading to
a uniform tensile stress, see Eq. (65) in Appendix A. In correspon-
dence with Eq. (34), the summation of the constant elastic strain
and the linearly varying hygric strain results in a linearly varying
total strain (note that the thermal strain is zero due to the uniform
temperature field applied), and thus in a quadratic displacement
response, which has been plotted in Fig. 4b. Clearly, the numerical
results shown in Fig. 4 are in excellent agreement with the analyt-
ical results.

In the FEM model for Case 2 the moisture sorption hysteresis
effect is accounted for in accordance with a desorption scanning
curve, which results in the moisture content and displacement pro-
files depicted in Fig. 5. The comparison with the results of Case 1
plotted in Fig. 4 illustrates that the hysteresis effect changes the
shape of the response, and reduces the extreme values of the dis-
placement and the maximal drop in moisture content. Note that
this difference is partly caused by the fact that the axial moisture
diffusion coefficient in the analysis of Case 2 is not constant, but
becomes dependent on the local relative humidity h, see Eq. (7).
It can be further observed that the initial moisture content at the
specimen boundaries has a lower value in comparison to Case 1,
and that the location of the maximum displacement has somewhat
shifted from the specimen centre to the left side of the specimen.
Although not illustrated here, the stress profile is uniform across
the specimen, with the final magnitude at 20% relative humidity
being 61% lower than that of Case 1.

Fig. 6 shows the numerical responses for Case 3 that includes
transient, time-dependent hygric effects. Apparently, the changes
in time of the moisture content and displacement initially are rel-
atively strong, but gradually decrease when time progresses. From
the comparison with Fig. 5, it can be concluded that the result of
Case 3 correctly asymptotes to the steady-state response of
Case 2, which is virtually reached after about 30 days.

Case 4 allows for the occurrence of cracking in the oak wood
specimen under two-side drying. Initially the time change of the
moisture content is relatively strong, resulting in a symmetric
moisture profile under an abrupt drop in relative humidity at both
the left and the right specimen boundaries, see Fig. 7a. The time
change of the moisture content reduces when time progresses,
ultimately leading to a straight, steady-state moisture profile after
about 30 days. Fig. 7b shows the anti-symmetric displacement pro-
file generated, for which the amplitude first grows, but at approx-
imately 1.9 days starts to reduce as a result of a monotonic
decrease of the moisture content gradient near the specimen ends.
Eventually, at steady-state diffusion the displacement pattern has
become irregular under the development of diffusive damage
across the specimen length. The evolution of damage is considered
in more detail in Fig. 8, by plotting the total ‘‘crack length” as a
function of time. The total crack length is computed by summing
up the lengths of individual cracks associated to a specific mini-
mum value of the damage d, and is subsequently normalized by
dividing the result by the specimen height H ¼ 15 mm. Here, the
lowest minimum value of damage selected, d P 0:05, corresponds
to interface material points within the range of damage initiation
(d ¼ 0:05) and damage completion (d ¼ 1), whereas the highest
minimum damage value selected, d P 0:95, reflects material



Fig. 4. Stepwise development of moisture content m (a) and horizontal displacement u (b) along the x1-direction, as calculated from an FEM analysis and an analytical
approach of Case 1 (elastic wood material, steady-state moisture diffusion, no moisture sorption hysteresis, isothermal loading), see Table 3.

Fig. 6. Moisture content m (a) and horizontal displacement u (b) along the x1-direction, plotted at various time instants in units of seconds (s), hours (h), or days (d), as
calculated from an FEM analysis of Case 3 (elastic wood material, transient moisture diffusion, moisture sorption hysteresis, isothermal loading), see Table 3.

Fig. 5. Stepwise development of moisture content m (a) and horizontal displacement u (b) along the x1-direction, as calculated from an FEM analysis of Case 2 (elastic wood
material, steady-state moisture diffusion, moisture sorption hysteresis, isothermal loading), see Table 3.
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points for which damage is close to completion, or has already
completed. It can be observed that for all minimal damage values
selected the corresponding crack length initially increases strongly
with time, but at some stage gradually decreases towards a con-
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stant, steady-state value, whereby the magnitude of the steady-
state crack length obviously is larger for a smaller minimal damage
value. In specific, for the smallest minimal damage value selected,
d P 0:05, the steady-state cracking length is 82=24 ¼ 3:4 times lar-



Fig. 7. Moisture content m (a) and horizontal displacement u (b) along the x1-direction, plotted at various time instants in units of seconds (s), hours (h), or days (d), as
calculated from an FEM analysis of Case 4 (elasto-fracture material, transient moisture diffusion, moisture sorption hysteresis, isothermal loading), see Table 3.

Fig. 8. Time evolution of the normalized total crack length for Case 4 (elasto-
fracture material, transient moisture diffusion, moisture sorption hysteresis,
isothermal loading), see Table 3, considering different minimum damage levels.
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ger than the value reached for the largest minimal damage value,
d P 0:95. Note that the steady-state limit of the cracking length
is a direct consequence of reaching steady-state conditions in the
hygric shrinkage process. Further, the crack length starts develop-
ing at an earlier stage if the associated minimal damage value is
lower. These aspects denote the importance of a strict definition
of the acceptable amount of damage in the time-dependent moni-
toring of the damage susceptibility of museum objects under
indoor climate fluctuations.

The distribution of cracks across the specimen is illustrated in
Fig. 9 for a minimal damage value of d P 0:6 at two different time
instants, t ¼ 7:7 days (plotted in Fig. 9a and representing the crack
initiation phase) and t ¼ 18:1 days (plotted in Fig. 9b and repre-
senting a stage relatively close to the steady-state cracking phase).
Apparently, under the hygric boundary conditions imposed the
cracking pattern develops in a spatially uniform fashion, whereby
the density of cracks grows with time. Although not illustrated
here, a uniform distribution of cracks is also observed for a rela-
tively high value of the minimal damage, d P 0:95, whereby the
crack density is somewhat less compared to the case d P 0:6 illus-
trated in Fig. 9b. Apparently, the transition from diffusive damage
into localized fracture has not occurred; this may require a larger
drop in moisture content, see the analysis in Section 4.3. In Case
5 the (isothermal) specimen of Case 4 is subjected to a drop in tem-
perature from 22 �C to 18 �C at the boundaries. This temperature
change is representative of indoor temperature fluctuations in
museums, and turns out to only have a small influence on the com-
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putational results. Compared to Case 4, the change in cracking and
deformation profiles of the specimen is minor, so that these results
have not been depicted here. Hence, it is concluded that thermal
shrinkage effects may be expected to be less harmful for oak wood
museum objects than hygric shrinkage effects.

4. Oak wood cabinet door panel

In this section, the thermo-hygro-mechanical model is used for
analysing the response of an oak wood cabinet door panel sub-
jected to a decrease in relative humidity. The numerical results
are compared to the results of experimental measurements
reported in previous work (Luimes et al., 2018b). Here, a two-
scale modelling approach is used, in which the coupled response
of the complete elastic cabinet door panel is analysed first. Subse-
quently, at a critical location in the panel the elastic response is
imposed on a mesoscale volume element to analyse the suscepti-
bility of the panel to cracking. The geometry of the panel, boundary
conditions, material properties, finite element discretisation and
the numerical results are presented in Sections 4.1–4.3.

4.1. Geometry, boundary conditions and material properties

The geometry of the macroscale model is shown in Fig. 10, and
is representative of the oak wood cabinet door panel of
546� 732 mm2 tested in the experimental study reported in
Luimes et al. (2018b). The cabinet door panel is composed of five
quarter-sawn, oak wood boards, which are coherently connected
by means of relatively strong and stiff glue joints. Three boards
with parallel grain directions are placed vertically, side by side.
Two smaller boards, referred to as the cleated ends, are placed at
the top and bottom sides of these three boards, with their grain
direction oriented horizontally. For the three vertical boards the
global x1- and x2-directions coincide with the radial (R) and longi-
tudinal (L) material directions, respectively, whereas for the
cleated ends the global x1- and x2-directions correspond with the
L and R material directions, respectively. The cabinet door panel
is modelled as a two-dimensional structure, subjected to plane-
stress conditions. The global dimensions of the cabinet door panel
are indicated in Fig. 10; more details on the dimensions of the indi-
vidual boards can be found in Luimes et al. (2018b).

The lower edge of the cabinet door panel is supported by means
of vertical rollers placed at two different locations, and a horizontal
constraint at the centre. The other boundaries of the specimen are
traction-free. The initial temperature of the specimen equals
T0 ¼ 20 �C and the initial relative humidity is h0 ¼ 60%. In corre-



Fig. 9. Crack pattern after t = 7.7 days (a) and t = 18.1 days (b), corresponding to Case 4 (elasto-fracture material, transient moisture diffusion, moisture sorption hysteresis,
isothermal loading), see Table 3, whereby the minimal damage in the cracks corresponds to d P 0:6.

Fig. 10. Geometry and boundary conditions of the two-scale model of the oak wood cabinet door panel. The macroscale model simulates the hygro-elastic response of the
complete panel, and the mesoscale model simulates the fracture response in the vertical boards, at the connection between the cleated end and the boards. The grain
direction in the boards and cleated ends is indicated by an arrow. In the vertical boards, the x1- and x2-directions are, respectively, aligned with the radial (R) and longitudinal
(L) material directions of the oak wood. The difference between the global x1-x2 coordinate system and the x01-x

0
2 coordinate system designating the principal directions of the

macroscopic elastic deformation at the connection is indicated by the angle a. The magnitude of the macroscopic elastic deformation is represented by the uniform
displacements u1 and u2 applied at the right and lower boundaries of the mesoscale element.
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spondence with the experiments described in Luimes et al.
(2018b), all sides of the specimen are subjected to a constant tem-
perature equal to the initial temperature T0 ¼ 20 �C. Note that
under these isothermal conditions the thermal effect on the panel
response vanishes. Further, at the specimen boundaries the relative
humidity h at the onset of the process is lowered from 60% to 20%,
which is assumed to be representative of the more extreme,
uncontrolled fluctuations experienced by museum objects i) dur-
ing manufacturing, ii) during the early history of the object, or
iii) while displayed in old churches and castles (Luimes et al.,
2018b). At the initial relative humidity h0 ¼ 60% the corresponding
moisture content lies on the adsorption boundary curve, see also
Fig. 1, and the decrease towards a relative humidity of h ¼ 20% is
accomplished by following a desorption scanning curve, in accor-
dance with the model outlined in Section 2.3. The experimental
hygric response of the panel at the end of the tests (i.e., after about
45 days) was close to a steady state, i.e., the changes measured in
moisture content and deformation as a function of time were
observed to be relatively small, such that the time-dependent
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moisture and deformation profiles were approaching a horizontal
asymptote, see Luimes et al. (2018b) for more details. Correspond-
ingly, these experimental results are compared here to the numer-
ical results obtained from a steady-state hygro-mechanical
analysis. Note that the relative humidity h is imposed uniformly
at the panel boundaries, as a result of which the moisture content
profile inside the panel becomes constant at steady state. A con-
stant moisture content (and temperature) in the thickness direc-
tion of the panel allows to compute the in-plane thermo-hygro-
mechanical response of the panel by means of a two-
dimensional, plane-stress FEM model. The experimental study
has further pointed out that at the connection between the cleated
end and the vertical boards the tensile stress induced by restrained
hygric shrinkage is maximal, which potentially may lead to crack
development in the boards. The accurate simulation of cracking
at arbitrary locations in the macroscopic panel requires a very fine
finite element mesh, which from the viewpoint of computational
time is unattractive. In order to analyse the susceptibility to frac-
ture and the characteristics of the fracture pattern in a computa-
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tionally efficient manner, a basic, two-scale modelling approach is
followed instead. In this approach, the macroscale elastic deforma-
tion in the vertical boards at the connection between the cleated
end and the boards is imposed along its principal x01- and x02-
directions on a square mesoscale representation of the region at
the connection, via the application of the corresponding uniform
elastic boundary displacements u1 and u2, see Fig. 10. For mod-
elling convenience, the square mesoscale region is rotated by an
angle a that denotes the difference between the x01- and x02-
directions of the principal elastic strains at the connection and
the global x1- and x2-directions.

In accordance with the macroscale model of the panel, in the
mesoscale region the x1- and x2-directions coincide with the radial
and longitudinal material directions of the oak wood. The left and
top boundaries of the mesoscale element are supported by rollers
in the x01- and x02-directions, respectively. Further, in correspon-
dence with the approach advocated in Xu and Needleman (1994),
cracks can develop at arbitrary locations and under arbitrary direc-
tions inside the region, by placing interface elements between all
continuum elements modelling the ‘‘bulk behaviour” of the oak
wood, see also Cid Alfaro et al. (2009, 2010a,b); Luimes et al.
(2018a); Scheperboer et al. (2019); Tijssens et al. (2001). In the
mesoscale model the hygric contribution is left out of considera-
tion, as it already has been accounted for in the computation of
the macroscopic response of the complete panel, and thus in the
resulting elastic displacements u1 and u2 imposed at the right and
lower boundaries of the mesoscale region, see Fig. 10. The elastic
displacements applied at the boundaries of the mesoscale region
govern the elastic stress field responsible for cracks nucleating
inside the mesoscale region. The size of this mesoscale region has
been chosen as 20� 20 mm2; as such, the macroscopic elastic
deformation generated across this region varies only mildly, with
a maximal relative difference in value of 12%. Accordingly, it is rea-
sonable to use the average value of the macroscopic elastic defor-
mation in this region for the definition of the mesoscale boundary
displacements u1 and u2. The average macroscopic elastic strain
in the small region at the cleated end connection is computed by
subtracting the average macroscopic hygric strain from the average
macroscopic total strain (note that the macroscopic thermal strain
is zero under isothermal conditions), in accordance with Eq. (34).
Subsequently, the principal values and principal directions of the
average elastic strain tensor are calculated. The average principal
elastic strains are converted to uniform elastic displacements u1

and u2 at the horizontal and vertical boundaries of the mesoscale
domain via a multiplication with the domain width and height,
respectively. As mentioned, the boundary displacements are
applied along the principal x01- and x02 directions of the average elas-
tic strain tensor, which are oriented along an angle a ¼ 11:2� with
respect to the global x1- and x2-directions, see Fig. 10.

In summary, the macroscale simulation of the cabinet door
panel is performed using an incremental update procedure,
whereby the drop in relative humidity from 60% to 20% is applied
in 40 steps. The coupling effects between the hygric and mechan-
ical processes are accounted for in accordance with the staggered
approach outlined in Table 2, whereby the fracture criterion is
switched off. Subsequently, the fracture response is calculated for
the mesoscale region in the panel that is most sensitive to cracking.
It is hereby tacitly assumed that the cabinet door panel at the
macroscopic level is able to smoothly accommodate the local
mesoscale stress relaxations and deformations induced by the frac-
ture process. Hence, the two-step modelling approach is only
meant to provide a reasonable estimate of the sensitivity to frac-
ture in this critical region and the possible cracking patterns being
generated, as it neglects the detailed interactions between the
macro and meso scales after cracks have nucleated.
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The continuum and interface elements used for the discretisa-
tion of the cabinet door panel and the mesoscale element are the
same as used for the numerical analyses performed in Section 3,
see Section 3.2 for more details. The cabinet door panel is modelled
with about 10800 continuum elements and the mesoscale element
is meshed with approximately 16700 continuum and interface ele-
ments. The elastic, hygric and fracture properties of the oak wood
are in accordance with the specifications mentioned in Section 3.3.

4.2. Numerical results of macroscale model

The macroscale hygro-elastic response of the cabinet doors is
compared at specific measurement locations to the experimental
results reported in Luimes et al. (2018b). The experiments were
performed on mock-ups made of new oak wood with a relatively
high tensile strength, such that the response did not show any frac-
ture. The simulated and measured displacements and strains at the
end of the hygric loading process are summarized in Figs. 11
and 12, respectively, considering two different panels indicated
as panels ‘‘A” and ‘‘B”. The difference between these two panels con-
cerns the dimensions of the individual vertical boards and cleated
ends, see Luimes et al. (2018b) for specific details, as a result of
which the locations of the displacement transformers and strain
gauges on the two panels do not exactly coincide. The experimental
values plotted in Fig. 11 represent the average values of specific dis-
placement groups, whereby the numbering of the displacement
groups has been adopted from Luimes et al. (2018b). The displace-
ment group 1,5,3,7 refers to the horizontal displacement across the
left board, close to a cleated end, the displacement group 2,6
reflects the horizontal displacement across the left board, at the
half-length of the board, and the displacement group 4,8 corre-
sponds to the vertical displacement at the lower part of the left
board. The experimental values depicted in Fig. 12 represent the
averages of the specific strain groups. The strain group 2,9,15,22
relates to a horizontal strain measurement at the left board near a
cleated end, strain group 5,13,18,26 refers to the horizontal strain
across a glue joint and near a cleated end, strain group 6,19 reflects
the horizontal strain at the half-length of the left board, strain
group 8,21 corresponds to the horizontal strain across a glue joint,
at the half-length of the left board, and strain group 1,10,14,23
represents the horizontal strain at a cleated end.

Fig. 11 illustrates that the simulated and measured displace-
ments are in reasonably good agreement; the relative overestima-
tion of the numerical predictions of about 21% and 10% for the
displacement groups 2,6 and 1,5,3,7 can be ascribed to the fact that
hygric steady-state conditions are assumed in the simulations,
while the experimental specimens had almost, but not fully
reached the hygric steady-state limit after about 45 days of load-
ing, see Luimes et al. (2018b). In addition, the spatial heterogeneity
of the material properties of the tested oak wood specimens may
cause that the experimental results locally show some discrepancy
with the numerical results. Note that all displacements are nega-
tive, indicating an overall shrinkage behaviour of the cabinet doors.
The vertical displacement measured at the left board is close to
zero, which is mainly due to the fact that the coefficient of hygro-
scopic expansion in the longitudinal material direction of the board
(=vertical panel direction) is relatively small, i.e., more than 10
times smaller than in the radial material direction (=horizontal
panel direction), see Section 3.3. In addition, near a cleated end
the horizontal displacement across a board is significantly smaller
than at the centre of the panel, indicating the restraining effect
caused by the cleated end.

Fig. 12 shows that the strains in the panel follow a similar trend
as the displacements, in a sense that the horizontal strain at the
half-length of the board is much larger than near the cleated end,
due to the restraining effect by the cleated end, and the horizontal



Fig. 11. Overview of the numerical (black symbols) and experimental (grey
symbols) final displacements per displacement group, for cabinet door panels ‘‘A”
(squares) and ‘‘B” (circles). The experimental results and the corresponding
numbering of the displacement groups (indicated along the horizontal axis) have
been reproduced from Luimes et al. (2018b).

Fig. 12. Overview of the numerical (black symbols) and experimental (grey
symbols) final strains per strain group, for cabinet door panels ‘‘A” (squares) and
‘‘B” (circles). The experimental results and the corresponding numbering of the
strain groups (indicated along the horizontal axis) have been reproduced from
Luimes et al. (2018b).
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strain measured on the cleated end has the smallest value. Further-
more, the horizontal strain measured across the glue connection
between two boards generally has a similar magnitude as the hor-
izontal strain measured at a similar location on a single board, indi-
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cating that the contribution of the glue connections to the overall
deformation behaviour of the panel is negligible. Note that the
experimental strain values in most cases correspond reasonably
well to the numerical strain values, whereby the differences
observed have the same origin as explained above for the displace-
ment values shown in Fig. 11.

The spatial variations in strain originate from restrained hygric
shrinkage, which might be a source of crack formation in the cab-
inet doors. As demonstrated in Luimes et al. (2018b), two types of
restrained hygric shrinkage can be distinguished, which are due to:
i) a difference in moisture content across the thickness direction of
the boards (Type 1), and ii) a directional difference in the coeffi-
cients of hygroscopic expansion of structural components forming
a coherent connection (Type 2). Under Type 1 and Type 2 hygric
shrinkage, local tensile stresses are generated in the oak wood
panel, which induce cracking if the fracture strength is reached.
It has been argued in Luimes et al. (2018b) that the tensile stresses
generated in the panel under Type 1 shrinkage may be expected to
be substantially lower than under Type 2 shrinkage. Hence, for
simplicity reasons the effect of Type 1 shrinkage has been omitted
in the current analysis by subjecting the panel to plane-stress con-
ditions, whereby the deformation across the panel thickness can
take place in an unrestrained fashion. It can be observed from
the distribution of the horizontal normal stress r11 plotted in
Fig. 13 that the tensile stress induced by restrained Type 2 shrink-
age is the largest at the connection between a vertical board and
the cleated end, which indeed is in agreement with the experimen-
tal observations presented in Luimes et al. (2018b). Conversely, at
the half-length of the boards the horizontal normal stress has vir-
tually reduced to zero, which implies that at this location the con-
straining effect by the cleated end is negligible and hygric
shrinkage can freely occur. The susceptibility to cracking at the
connection between a vertical board and the cleated end is studied
in Section 4.3 for panel ‘‘B”, using a mesoscale element of 20� 20
mm2 on which the local macroscale elastic deformation is imposed
via uniform boundary displacements, as explained in detail in
Section 4.1.
4.3. Numerical results of mesoscale model

In the numerical analysis of the mesoscale element depicted in
Fig. 10, the total crack length is computed for two strength values
of the oak wood measured perpendicular to the grain direction,
namely tuoak ¼ 6 N/mm2 and tuoak ¼ 12 N/mm2, which are represen-
tative of historical oak wood dated 1300 A.D. and 1668 A.D.,
respectively (Luimes et al., 2018a). The fracture toughness mea-
sured for these historical oak woods appeared to be more or less
independent of their age, and equals Gc;oak ¼ 0:35 N/mm1 (Luimes
et al., 2018a). Further, the elastic stiffness of a glue connection is
Eg ¼ 4650 N=mm2, its tensile strength is tug ¼ 65 N/mm2, and its

fracture toughness equals Gc;g ¼ 0:47 N=mm1. These values are
derived from de Zeeuw (2017) and, for simplicity, are assumed to
be representative of the behaviour in both the normal and shear
directions of the glue line. The simulation results corresponding
to new oak wood, for which the tensile strength perpendicular to
the grain direction has been measured as tuoak � 21 N/mm2

(Luimes et al., 2018a), are omitted here, as under the applied rela-
tive humidity conditions cracking remained absent in the simula-
tions. In fact, this confirms the experimental observations in
Luimes et al. (2018b) that panels made of new oak wood are resis-
tant against shrinkage cracking in the oak wood itself and/or in the
glue joints between the vertical boards. The sensitivity of the
cracking response to the desorption characteristics is examined
by considering two different desorption trajectories, namely i) a
trajectory whereby at the initial relative humidity h0 ¼ 60% the



Fig. 13. Distribution of the horizontal normal stress r11 (in N/m2) in the vertical
boards and horizontal cleated ends of cabinet door panel ‘‘B”.
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corresponding moisture content lies on the adsorption boundary
curve (A), and the decrease towards a relative humidity of
h ¼ 20% is accomplished by following the desorption scanning
curve, and ii) a trajectory whereby at the initial relative humidity
h0 ¼ 60% the corresponding moisture content lies on the desorption
boundary curve (D), and the decrease towards a relative humidity
of h ¼ 20% is accomplished by following the desorption boundary
curve. Note that the first desorption trajectory is in correspondence
with the experimental and numerical results plotted in Figs. 11
and 12. The macroscopic hygro-mechanical panel response under
the second desorption trajectory was computed in a separate
FEM simulation; since the numerical results are qualitatively com-
parable to those obtained under the first desorption trajectory,
they are omitted here for brevity.

In Fig. 14 the total crack length in the mesoscale element is
depicted as a function of the macroscale relative humidity applied
at the panel boundaries. The crack length is calculated for different
Fig. 14. Total crack length (normalized by the height of the mesoscale volume) as a func
oak wood with a tensile strength perpendicular to the grain direction of (a) tuoak ¼ 6 N=mm
lines represent desorption trajectories starting at the adsorption (A) and desorption (D)
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minimal values of the damage d in the crack, ranging from
d P 0:05 to d P 0:95. The lowest minimum value of damage
selected, d P 0:05, corresponds to interface material points within
the range of damage initiation (d ¼ 0:05) and damage completion
(d ¼ 1), whereas the highest minimum damage value selected,
d P 0:95, reflects material points for which damage is close to
completion, or has already completed. As for the analysis of the
basic oak wood specimen presented in Section 3, the total crack
length is computed by summing up the local crack lengths associ-
ated to a specific minimum value of the damage d, and subse-
quently is normalized by dividing the result by the height of the
mesoscale element.

Fig. 14 shows that the normalized crack length monotonically
increases when the relative humidity decreases from 60% to 20%;
hence, at the final relative humidity of 20% the cracking process
has not reached a steady state, and would further develop if the
relative humidity would drop to an even lower value. When the
initial moisture content lies on the desorption (D) boundary curve,
the crack length for a specific minimal damage value typically is
larger compared to when the initial moisture content lies on the
adsorption (A) boundary curve. Essentially, this is due to the fact
that the total drop in moisture content under a decrease in relative
humidity in the first case is larger than in the second case, see also
Fig. 1. For the oak wood dated 1300 A.D. with a tensile strength
perpendicular to the grain direction of 6 N/mm2, the fracture pro-
cess is initiated when the relative humidity has decreased towards
45% and 30% for an initial moisture content on the desorption and
adsorption boundary curves, respectively, see Fig. 14a. It can be
observed that for both cases the normalized crack length for the
smallest minimal damage value d P 0:05 is approximately 5 times
greater than for the largest minimal damage value d P 0:95.
Hence, in addition to clearly visible discrete cracks that correspond
to damage values close to unity, a substantial amount of micro-
damage is generated, which in real oak wood materials is charac-
terized by cell material bridging the crack faces (Luimes et al.,
2018a). For the oak wood dated 1668 A.D. with a tensile strength
perpendicular to the grain direction of 12 N/mm2, the initiation
of damage occurs at a relatively low humidity of 35% when the ini-
tial moisture content corresponds to the desorption boundary
curve, and remains absent when the initial moisture content is
on the adsorption boundary curve, see Fig. 14b. In addition, a com-
parison with the results in Fig. 14a illustrates that the total crack
length at the final relative humidity of 20% is about 20% to 40%
smaller than for the oak wood with the lower tensile strength per-
tion of relative humidity for different minimal values of the damage d, considering
2 (dated 1300 A.D.) and (b) tuoak ¼ 12 N=mm2 (dated 1668 A.D.). The grey and black
boundary curves depicted in Fig. 1, respectively.



Fig. 16. Fracture pattern (indicated by the white arrow) that occasionally is
observed on historical oak wood cabinet doors. Cabinet details: oak veneered with
rosewood, walnut, padauk, purpleheart, ebony, olive wood, holly and bone,
h = 221 cm, w = 192 cm, d = 63 cm, The Netherlands, circa 1690–1710,
Rijksmuseum, Amsterdam, BK-NM-6073.
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pendicular to the grain direction of 6 N/mm2. Also, the crack length
development illustrated in Fig. 14b seems to virtually have reached
a constant, steady-state value when the relative humidity has
decreased towards 25%.

Fig. 15 illustrates the evolution of the fracture pattern in the
mesoscale volume under the application of the macroscopic elastic
deformation at the boundary. In the macroscale simulations the
moisture content was determined by decreasing the relative
humidity from 60% to 20% along the desorption boundary curve
(D). As indicated in Fig. 14, under this trajectory the damage gen-
erated in the panel is larger, and thus more critical, compared to
when the initial relative humidity starts at the adsorption bound-
ary curve and is decreased along the desorption scanning curve.
Accordingly, the results of the latter case are omitted here. The
fracture patterns depicted in Fig. 15 are obtained for oak wood
dated 1668 A.D., which has a tensile strength perpendicular to
the grain direction of 12 N/mm2. For the oak wood dated 1300 A.
D. with the lower tensile strength perpendicular to the grain direc-
tion of 6 N/mm2, a similar fracture pattern was found, which is not
shown here for reasons of brevity. At a relative humidity of 27.9%,
the oak wood experiences two prominent mode I-dominated (ten-
sile) cracks, see Fig. 15a, which initially both grow when the rela-
tive humidity further decreases, see Fig. 15b. However, at 26.7%
relative humidity the crack at the left side of the mesoscale volume
starts to unload and close, see Fig. 15c, while the crack at the right
side further develops and at a relative humidity of 20.0% has
almost fully evolved across the height of the mesoscale domain,
with somematerial bridging the crack faces. At this stage the stress
Fig. 15. Fracture pattern in the mesoscale volume for different values of the relative hum
the grain direction of tuoak ¼ 12 N=mm2. The black solid line indicates the glue line betwe
longitudinal (L) material directions of the oak wood, respectively. The relative humidity
see Fig. 1.
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in the mesoscale volume has virtually reduced to zero. The almost
vertical trajectory of the failure crack emerging at the connection
between the vertical boards and the cleated end is in agreement
with the fracture pattern observed on real historical cabinet doors,
see Fig. 16.

The glue joint located at the centre of the mesoscale volume did
not fail, since the tensile strength of the joint is substantially larger
than the tensile strength of the oak wood itself. However, due to
aging effects the strength of the glue used in historical cabinets
occasionally might become lower than the tensile strength of the
oak wood perpendicular to the grain direction, leading to failure
idity, considering oak wood dated 1668 A.D. with a tensile strength perpendicular to
en two vertical boards. The x1- and x2-directions are aligned with the radial (R) and
of the panel is decreased from 60% to 20% along the desorption boundary curve (D),
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of the glue connection (Ekelund et al., 2014; Ekelund et al., 2018).
The investigation of this aspect, however, is a topic for future
research.
5. Conclusions

In the present communication damage in oak wood specimens
under indoor climate variations (relative humidity, temperature) is
studied using a thermo-hygro-mechanical model. The model
includes the effects of moisture sorption hysteresis and discrete
cracking, and is implemented within a finite element framework
using a staggered update procedure. Sorption experiments were
performed in order to calibrate the moisture sorption hysteresis
model. The basic features of the coupled formulation are step-
wisely demonstrated by solving the response of a basic oak wood
specimen under a sequence of thermo-hygro-mechanical loading
conditions of increasing complexity. These simulations illustrate
that the deformation and fracture generated by thermal variations
representative of indoor museum conditions are minor compared
to the contributions caused by relative humidity variations. Subse-
quently, the hygro-mechanical response of an oak wood cabinet
door panel is analysed under a drop in relative humidity from
60% to 20%, and the results are compared to those obtained by
the experiments presented in Luimes et al. (2018b). The numerical
and experimental results are in good agreement, and indicate that
at the connection between the cleated end and the vertical boards
the restrained hygric shrinkage is maximal, which makes this loca-
tion susceptible to crack development. The susceptibility to frac-
ture only becomes activated after the oak wood has reached a
certain age, as the effect of aging induces a decrease of the oak
wood tensile strength perpendicular to the grain direction with
time (Luimes et al., 2018a). Furthermore, when the initial moisture
content lies on the desorption boundary curve, the amount of frac-
ture generated is larger compared to when it lies on the adsorption
boundary curve. Also, fracture only starts after a certain drop in
relative humidity, whereby the crack growth under a further
decrease in relative humidity initially develops relatively fast, but
at some stage decreases substantially and becomes (almost) zero
when reaching a fully developed failure crack. The location and ori-
entation of this failure crack are in accordance with in situ observa-
tions on historical oak wood cabinets.
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Appendix A. Analytical solution for a 1D specimen subjected to
steady-state hygro-mechanical loading without moisture
sorption hysteresis

In order to validate the numerical model presented in this com-
munication, an analytical solution is computed for the case of a
specimen of length L subjected to one-dimensional steady-state
hygro-mechanical loading conditions, see Fig. 3. In the absence of
body forces, the equilibrium equation in the horizontal x-
direction (¼ x1-direction in Fig. 3) is defined as

r;x ¼ 0: ð56Þ
Furthermore, under steady-state conditions the equation for

moisture diffusion can be written as

qm
;x ¼ 0; ð57Þ

with qm the moisture flux in the x-direction. The axial stress r and
the moisture flux q satisfy the constitutive relations

r ¼ E u;x � bDmð Þ; ð58Þ
qm ¼ �km	 m;x; ð59Þ

where E;u ¼ û xð Þ and b are the stiffness modulus, horizontal dis-
placement and coefficient of hygric expansion in the x-direction,
respectively, km	 is the axial moisture diffusion coefficient, and
Dm ¼ m�m0 is the change in moisture content m ¼ m̂ xð Þ relative
to the reference moisture content m0. Note that the diffusion coef-
ficient km	 differs from the diffusion coefficient km used in Eq. (6),
since the latter coefficient is related to the relative humidity

h ¼ ĥ xð Þ instead of the moisture content m. Hence, the connection
between the two diffusion coefficients follows from the relation
between the relative humidity and the moisture content. Under
the assumption of a basic, linear relation (i.e., ignoring moisture
sorption hysteresis effects):

m ¼ ahþ b; ð60Þ

with a and b the calibration coefficients, it can be simply derived
that km	 ¼ km=a. With Eq. (60), the moisture capacity becomes
n ¼ dm̂=dh ¼ a, which, with Eq. (7), results in a constant value of
the moisture diffusion coefficient kmi . Under this condition, inserting
Eqs. (58) and (59) into Eqs. (56) and (57), respectively, leads to the
set of coupled equations

u;xx � bm;x ¼ 0; ð61Þ
m;xx ¼ 0: ð62Þ

Applying the boundary conditions for the moisture content at
the left boundary x ¼ 0, i.e., m 0ð Þ ¼ ml, and right boundary x ¼ L,
i.e., m Lð Þ ¼ mr , and integrating Eq. (62) twice, leads to

m ¼ m̂ xð Þ ¼ mr �ml

L
xþml: ð63Þ

Substituting Eq. (63) into Eq. (61), invoking the displacement
boundary conditions u 0ð Þ ¼ ul and u Lð Þ ¼ ur , and integrating twice,
results in

u ¼ û xð Þ ¼ b
2L

mr �mlð Þ x2 � Lx
� �þ ur � ul

L
xþ ul: ð64Þ

Inserting Eqs. (63) and (64) into Eqs. (58) and (59), together
with Eq. (60) gives for the axial stress and moisture flux

r ¼ E
ur � ul

L
� b

mr þml � 2m0

2

� �
; ð65Þ

q ¼ �km	
mr �ml

L
: ð66Þ
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Note that both the stress r and the flux q are constant across the
specimen length L.
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