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Summary
Climate-induced damage in oak museum objects
The protection and preservation of our cultural heritage is important for the establishment of a recognisable and well documented history. It provides our modern
society a solid basis from which it can adapt to the social dynamics of the twentyfirst century and to develop towards maturity. Preeminent museums ensure the safe
preservation of historically important objects and combine this task with their aim
to make collections accessible to the public. Fulfilling these two responsibilities is
challenging, as the entering public may cause an unstable indoor climate, that may
induce deformations and cracks in susceptible objects. This risk of climate-induced
damage is a major concern for conservators and curators, and therefore the environmental control of museums has obtained special attention since the late nineteenth
century. It started with the development of pragmatic approaches and, shortly after World War II, with the establishment of a preventive conservation approach that
indicated a specific range for temperature and relative humidity fluctuations. From
the 1970s a specific strict climate range became standard; however, over time it
became clear that maintaining these strict climate conditions involved large energy
demands and costs for climate conditioning systems. Only since the beginning of
the twenty-first century, the transition towards a sustainable collection management
is one of the main topics for museums. It initiated an intense debate between conservators whether the strict climate specifications can be broadened without introducing
an unacceptable risk of climate-induced damage. Despite the debate, the necessity of long-term scientific research programs focussing on large scale collections is
acknowledged. As part of such a research program, this dissertation focusses on
the analysis of climate-induced damage in oak wood museum objects. The overall
objective is to obtain insight in the origin of climate-induced damage development in
historical Dutch oak cabinet door panels part of the Rijksmuseum collection. Three
main topics are covered: i) the fracture behaviour of historical and new oak wood,
ii) the hygro-mechanical response of mock-ups of historical cabinet doors, and iii)
the numerical analysis of climate-induced damage development in oak wood cabinet
door panels. The main findings, elaborated below for all three main topics, may serve
as input for the debate on sustainable collection management and may contribute to
the development of sustainable preservation strategies.
The strength and fracture toughness values for historic and new oak wood are calibrated from three-point bending experiments. This is done by using a finite element model that accurately simulates discrete crack initiation and propagation and
accounts for snap-back responses with the implementation of a robust dissipation-
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based path-following technique. A transition is found from a quasi-brittle fracture
response for historical oak wood dated 1300 A.D. towards a brittle fracture response
for historic oak wood dated 1668 A.D. and new oak wood. This ageing effect is
caused by a decrease in the local tensile strength of oak wood (measured perpendicular to the grain direction) with age, which happens in an approximately linear
fashion, from a value of 21 N/mm2 for new oak wood to 5 N/mm2 for the oldest oak
wood dated 1300 A.D. It is found that the fracture toughness value is rather stable
and is not significantly affected by the material age or the orientation of the fracture
planes.
An experimental study is set-up to analyse the hygro-mechanical response of mockups of oak wood cabinet door panels. Under various relative humidity variations
the mock-ups experienced restrained hygral shrinkage, which can be a source of
damage formation. By using a basic analytical hygro-mechanical bi-layer model, two
types of restrained hygral shrinkage mechanisms are distinguished, which originate
from: i) a difference in moisture content across the thickness direction of the panel,
referred to as Type 1 shrinkage, and ii) a directional difference in the hygroscopic
expansion coefficients of structural components forming a coherent connection, referred to as Type 2 shrinkage. No visible shrinkage cracks are observed on the test
specimens under a maximally applied decrease in relative humidity of 40%, which is
either applied at once or in 8 successive steps of 5%. By using the bi-layer model,
it is demonstrated that the tensile stresses developing in the boards close to the
cleated ends (i.e. Type 2 shrinkage) were lower than the tensile strength perpendicular to the grain direction of the new oak wood mock-ups. However, these tensile
stresses were comparable to the tensile strength perpendicular to the grain direction
of seventeenth century oak wood, which possibly explains the damage observed on
historical cabinet door panels. The experimental results further show that the cleated
ends reduce the horizontal shrinkage in the boards by approximately a factor 2, and
thus confirm the in-situ observation that restrained and unrestrained panels show
the most and least damage, respectively. The historical cabinet door panels show
shrinkage cracks that mainly run along the wood grain direction of the boards. This is
in line with the restrained hygral shrinkage emerging in the horizontal panel direction.
It is further identified that the presence of teak veneer layers can result in damage
formation via Type 2 shrinkage, and that warping of the door panels can be induced
by non-ideally quarter-sawn boards.
Climate-induced damage development in historical cabinet door panels is studied
by using a thermal-hygral-mechanical model. In this model, extended versions of
Fourier’s law of heat conduction and Fick’s law of moisture diffusion are implemented
for the simulation of heat and moisture transport. Moisture hysteresis effects and
the development of discrete cracks are implemented within a finite element method
framework, and boundary value problems are solved by using a staggered approach.
The effects of crack formation on the heat and moisture transport is taken into account in the corresponding constitutive models by means of a damage parameter
that affects the heat and moisture fluxes. The accurateness of the coupled model
is step-wisely demonstrated by simulating the deformation and fracture response of
a basic oak specimen under thermal and hygral variations of increasing complexity.
It is found that the thermal effects on the specimen response are minor compared
iv
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to the hygral effects. Subsequently, the response of a historical cabinet door under a drop in relative humidity from 60% to 20% is simulated and the results are
compared to the experimental results obtained from the mock-ups. The numerical
and experimental results are in good agreement, and indicate that restrained hygral
shrinkage is maximal in the vertical boards, at the connection of the cleated ends
and the boards, which may potentially lead to local crack formation. The susceptibility to crack formation increases when the door panel is older, which can be ascribed
to the ageing effects that reduce the oak wood tensile strength perpendicular to the
grain direction with time. This is in accordance with the observation that mock-ups
made of new oak wood do not show fracture, and historical cabinet door panels
show deformations and cracks. Furthermore, the amount of fracture generated is
larger when the initial moisture content lies on the desorption boundary curve compared to the adsorption boundary curve. Also, fracture only nucleates after a specific
drop in relative humidity. Under a further decrease in relative humidity, the crack
growth develops relatively fast, showing substantial micro-damage in combination
with the gradual development of a macroscopic failure crack. Eventually, the crack
growth becomes (almost) zero under reaching a fully developed macroscopic failure
crack. The location and orientation of the failure crack are in agreement with those of
cracks observed on historical oak wood cabinet door panels that are part of museum
collections.

v

Samenvatting
Klimaatschade in eikenhouten museumobjecten
Het beschermen en in goede staat behouden van ons cultureel erfgoed is belangrijk voor een herkenbare en goed gedocumenteerde geschiedenis. Het geeft onze
samenleving een solide basis van waaruit zij zich kan aanpassen aan de sociale
dynamiek van de eenentwintigste eeuw en zich verder kan ontwikkelen richting volwassenheid. Het behoud van belangrijke historische objecten wordt gewaarborgd
door museums en zij combineren deze taak met hun doel om collecties toegankelijk
te maken voor het algemeen publiek. Deze twee verantwoordelijkheden gaan niet
eenvoudig samen, omdat museumbezoekers het binnenklimaat kunnen verstoren
wat mogelijk kan leiden tot vervormingen en schade in kwetsbare objecten. Dit risico
op klimaatschade geeft reden tot grote bezorgdheid bij conservators en curators en
daarom heeft de controle van het binnenklimaat in museums speciale aandacht gekregen sinds het einde van de negentiende eeuw. Dit begon met de ontwikkeling van
een pragmatische aanpak, waarna men zich kort na de Tweede Wereldoorlog richtte
op preventieve instandhouding waarbij een specifieke bandbreedte voor de temperatuur en relatieve vochtigheid werd aanbevolen. Vanaf de jaren zeventig werd het
aanhouden van een nauwe bandbreedte voor klimaatfluctuaties de standaard, maar
na verloop van tijd werd duidelijk dat het handhaven van deze klimaatcondities gepaard gaat met een hoge energievraag en hoge kosten voor klimaatinstallaties. Echter, pas sinds het begin van de eenentwintigste eeuw is de transitie naar een duurzaam collectiemanagement één van de belangrijkste onderwerpen voor museums.
Het initieerde een intens debat tussen conservators of de nauwe klimaatspecificaties
kunnen worden verbreed zonder dat dit resulteert in een onacceptabel risico op klimaatschade. Ondanks het debat werd door alle partijen de noodzaak onderkend van
het uitvoeren van wetenschappelijk langetermijnonderzoek dat zich richt op het analyseren van grote collecties. Als onderdeel van een dergelijk onderzoek, focust dit
proefschrift op de analyse van klimaatschade in eikenhouten museumobjecten. De
algemene doelstelling is het verkrijgen van inzicht in de oorzaak van klimaatschade
in deuren van historische Nederlandse eikenhouten kabinetten die onderdeel zijn
de Rijksmuseumcollectie. Drie hoofdonderwerpen worden behandeld: i) het breukgedrag van historisch en nieuw eikenhout, ii) de hygro-mechanische response van
mock-ups van deuren van historische kabinetten, en iii) de numerieke analyse van
de ontwikkeling van klimaatschade in eikenhouten deurpanelen van historische kabinetten. De belangrijkste bevindingen, zoals hieronder toegelicht voor alle drie hoofdonderwerpen, dienen als inbreng in het debat over duurzaam collectiemanagement
en dragen bij aan de ontwikkeling van duurzame strategieën voor het in goede staat
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behouden van objecten.
De sterkte- en breuktaaiheidseigenschappen van historisch en nieuw eikenhout zijn
gekalibreerd op basis van drie-puntbuigproeven. Dit is gedaan met behulp van een
eindige elementenmodel dat discrete scheurinitiatie en -propagatie nauwkeurig kan
simuleren en dat snap-backgedrag kan beschrijven door middel van de implementatie van een robuuste op dissipatie-gebaseerde padvolgmethode. De resultaten
laten een overgang zien van een quasi-bros breukgedrag voor historisch eikenhout
gedateerd op 1300 n.Chr. naar een bros breukgedrag voor historisch eikenhout gedateerd op 1668 n.Chr. en nieuw eikenhout. Dit effect wordt veroorzaakt door het
zogenaamde verouderingseffect dat resulteert in de afname van de lokale treksterkte
loodrecht op de vezelrichting van eikenhout met de leeftijd op een bij benadering lineaire wijze van 21 N/mm2 voor nieuw eikenhout naar 5 N/mm2 voor het oudste
eikenhout. De breuktaaiheid is stabiel en wordt niet significant beı̈nvloed door de
materiaalleeftijd of de oriëntatie van de breukvlakken.
Een experimentele studie is opgezet om de hygro-mechanische respons van mockups van eikenhouten kabinetdeuren te analyseren. Onder verschillende relatieve
vochtigheidsvariaties ondergaan de mock-ups verhinderde hygrische vervorming dat
kan resulteren in schade. Door gebruik te maken van een analytisch twee-lagenmodel
zijn twee types verhinderde hygrische krimpmechanismen gedefinieerd die kunnen
ontstaan door: i) een verschil in houtvochtgehalte over de paneeldikte, aangeduid als
Type 1 krimp, en ii) een richtingsverschil in de hygroscopische uitzettingscoëfficiënt
van constructieonderdelen die samen één geheel vormen, aangeduid als Type 2
krimp. Er zijn geen zichtbare krimpscheuren waargenomen op de mock-ups na blootstelling aan een maximale afname van de relatieve vochtigheid van 40%, waarbij de
afname in één keer of in 8 achtereenvolgende stappen van 5% is aangebracht. Met
behulp van het twee-lagenmodel is aangetoond dat de trekspanningen die optreden
in de planken dicht bij de rekeinden (d.w.z. Type 2 krimp) lager zijn dan de treksterkte loodrecht op de vezelrichting van de mock-ups die gemaakt zijn van nieuw
eikenhout. Daarentegen zijn de optredende trekspanningen vergelijkbaar met de
treksterkte loodrecht op de vezelrichting van zeventiende-eeuws eikenhout en kunnen hoger zijn dan de treksterkte van de dierlijke lijm gebruikt voor de verbindingen.
Dit kan mogelijk de schade verklaren die wordt waargenomen op de deuren van de
historische kabinetten. De experimentele resultaten laten verder zien dat de aanwezigheid van rekeinden de horizontale krimp in de planken reduceert met een factor
2. Dit bevestigt de observatie dat verhinderde en niet-verhinderde historische deurpanelen respectievelijk de meeste en minste schade vertonen. In de planken van
de historische deurpanelen worden krimpscheuren waargenomen die voornamelijk
parallel aan de vezelrichting lopen. Dit komt overeen met de verhinderde hygrische
vervorming die optreedt in de horizontale paneelrichting. Verder is vastgesteld dat
de aanwezigheid van teakhouten fineerlagen kan resulteren in Type 2 krimpschade
en dat kromtrekking van de panelen kan worden veroorzaakt door planken die niet
perfect kwartiersgezaagd zijn.
De ontwikkeling van klimaatschade in deuren van historische kabinetten is geanalyseerd met behulp van een thermisch-hygrisch-mechanisch eindige elementenmodel.
In dit model wordt het transport van warmte en vocht gesimuleerd door middel van
de implementatie van uitgebreide versies van Fourier’s wet voor warmteconductie
viii
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en Fick’s wet voor vochtdiffusie. Vochthysterese effecten en de ontwikkeling van
discrete scheuren zijn geı̈mplementeerd en randvoorwaardeproblemen worden opgelost door gebruik te maken van een stapsgewijze aanpak. Effecten ten gevolge
van scheurvorming op het warmte- en vochttransport worden in rekening gebracht
in de corresponderende constitutieve vergelijkingen door middel van een schadeparameter die invloed heeft op de warmte- en vochtflux. De nauwkeurigheid van het
gekoppelde model is stapsgewijs aangetoond met behulp van de simulatie van het
vervormings- en breukgedrag van een eenvoudig eikenhouten proefstuk dat wordt
blootgesteld aan thermische en hygrische variaties die toenemen in complexiteit.
De resultaten laten zien dat de thermische effecten op het gedrag van het proefstuk verwaarloosbaar klein zijn in vergelijking met de hygrische effecten. Vervolgens
is het vervormings- en breukgedrag gesimuleerd van een historische kabinetdeur
die wordt blootgesteld aan een verlaging in relative vochtigheid van 60% naar 20%
en de resultaten zijn vergeleken met de experimentele resultaten van de mock-ups.
De numerieke en experimentele resultaten komen goed overeen en geven aan dat
verhinderde hygrische rek maximaal is in de vertikale planken ter plaatse van de
verbinding tussen de rekeinden en deze planken, wat mogelijk tot locale scheurvorming kan leiden. De gevoeligheid voor scheurvorming neemt toe wanneer het
paneel ouder is, vanwege de natuurlijke verouderingprocessen die optreden in eikenhout, waardoor de treksterkte loodrecht op de vezelrichting reduceert met de tijd.
Dit komt overeen met de observaties dat de nieuwe eikenhouten mock-ups geen
schade vertonen en dat op de historische kabinetdeuren vervormingen en scheuren
zijn waargenomen. Daarnaast neemt de hoeveelheid schade toe indien het initiële
houtvochtgehalte op de desorptiegrenscurve ligt in vergelijking met de adsorptiegrenscurve. Schade treedt alleen op wanneer een specieke verlaging in relative
vochtigheid is bereikt. Onder een verdere verlaging van de relative vochtigheid is
de scheurgroei relatief snel, waarbij een behoorlijke hoeveelheid micro-schade in
combinatie met de initiatie van een macroscopische bezwijkscheur optreedt, maar
reduceert tot nagenoeg nul onder de volledige ontwikkeling van de macroscopische
bezwijkscheur. De locatie en oriëntatie van de bezwijkscheur komen overeen met
de observaties op de historische eikenhouten kabinetdeuren die onderdeel zijn van
museumcollecties.
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Introduction
Throughout the years the museum community has acknowledged the adverse effects
of climate fluctuations on susceptible museum objects and the consequential importance of stable indoor climate conditions. Recently, the focus has shifted towards the
necessity of sustainable preservation strategies based on large scale comprehensive collection analyses with a sound scientific basis. As a result, various research
efforts were initiated, such as the long-term multidisciplinary Climate4Wood project.
The research presented in this dissertation is part of this project and contributes
towards the safe and sustainable preservation of valuable decorated panels in historical Dutch cabinets.

1.1

Preservation of museum objects

For a modern society to be able to adapt to the social dynamics of the twenty-first
century and to develop towards maturity, a recognisable and well documented history is essential. The protection and preservation of our cultural heritage is therefore
ensured by preeminent museums, which combine this responsibility with their aim to
make collections accessible to the public. Fulfilling these two tasks is a challenge,
as stable indoor climate conditions are necessary for the safe preservation of the
displayed objects. However, fluctuations in the indoor climate, often caused by the
entering public, may induce deformations and damage in susceptible objects. This
risk of climate-induced damage is a major concern for conservators and curators,
and therefore the environmental control of museums has obtained specific attention
since the late nineteenth century. Back then the concept of the museum environment
started to develop, and one became aware of the relation between indoor climate
fluctuations and damage observed in susceptible objects. At the start of the twentieth century, the first attempts to establish a year-long indoor environmental control
were made. This initiated the discussion about indoor climate specifications and resulted in the application of pragmatic approaches [4, 33]. During both World Wars it
became clear that storage of museum objects in a stable indoor climate is favourable
to prevent damage. Shortly after World War II, a pragmatic preventive conservation
approach was developed, in which a temperature and relative humidity range was
suggested, but emphasis was given on the avoidance of climate extremes. Since
the 1970s however, a specified strict climate range became standard to facilitate the
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demand for environmental guidelines expressed by architects and engineers responsible for the development of new museum buildings, and to serve the common view
of conservators to apply the newest technological developments in order to minimize the risk of damage [4]. Over time it became clear that it is difficult to maintain
the strict climate control conditions, and that it involves large energy demands and
costs for heat, air and ventilation systems. Only since the beginning of the twentyfirst century, museums tend to strive for a more sustainable collection management
and museum directors called for new guidelines with broadened climate specifications [4, 60]. Within the conservation community, it is intensively debated whether
the strict climate conditions can be relaxed without introducing an unacceptable risk
of damage [2, 3, 30, 57]. In this debate three distinct positions can be recognised:
precautionary safety, proven safety and pragmatic risk management [4]. To support
the debate and find consensus among the distinct positions on sustainable collection
management, additional scientific research on the origin of climate-induced damage
of museum objects is necessary [4, 60, 63].

1.2

Research efforts

Recently, various research efforts aimed at understanding and improving preservation procedures for historical works of art. For example, the Furniture Conservation
Department of the Rijksmuseum has carried out several challenging conservation
treatments on cabinets on stands decorated with marquetry [61, 62]. To support the
decision making process during these conservation treatments, a master class was
organised, in which the characteristics of 17 pairs of Dutch seventeenth-century cabinet doors were studied in detail [61]. Other examples of research efforts included
experimental and numerical studies on individual works of art or mock-ups of objects
[6, 14, 22, 25, 39, 44, 45, 48]. In addition to research performed on specific objects
or small groups of objects, the ongoing debate within the conservation community
regarding appropriate sustainable museum environments also indicated the need
to obtain information on the characteristics, changes in condition and conservation
treatments of large numbers of objects. This, in order to provide the preservation
of important museum collections with a firm, scientific basis [60, 63]. Following this
need, long-term, multidisciplinary research projects were initiated, like the Managing Collection Environments Initiative by the Getty Conservation Institute [27], and
the Climate4Wood project as a collaboration among the Rijksmuseum, Eindhoven
University of Technology, the Cultural Heritage Institute of the Netherlands and Delft
University of Technology funded by the Science4Arts program of the Netherlands Organisation for Scientific Research (NWO) [16, 50]. The Managing Collection Environments Initiative focusses on compelling research questions related to the control and
management of museum environments suitable for susceptible collections [27]. The
response of hygroscopic materials and objects is studied under climate fluctuations,
and epidemiology [15] is applied to susceptible objects to identify how the object
condition or the adverse effect of the environment is distributed within large museum
collections. The Climate4Wood project addresses the effects of climate fluctuations
on a large number of decorated oak panels in historical Dutch cabinets and paintings present in the Rijksmuseum collection. Conservators and scientists collaborate
4
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by combining an extensive museum study with advanced numerical modelling and
dedicated laboratory and in-situ experiments. The museum study provides a large
amount of data systematically collected from naturally aged objects on aspects as
the type of structure, the materials used, the objects’ condition and the performed
conservation treatments [16]. These data are used as input for numerical and experimental studies on decorated oak panels, to construct a reference case for analysing
the condition of similar collections present in other museums, and to explore a possible causal connection between the climate history of the object and the object’s
characteristics. Advanced numerical modelling and laboratory experiments provide
a detailed analysis of the origin of damage induced by climate fluctuations and the
susceptibility of objects to various climate conditions. As part of the Climate4Wood
project, these numerical simulations and experiments are the main topic of interest
in this dissertation.

1.3

Decorated oak panels

The various research initiatives focus on museum objects composed of hygroscopic
materials. These objects are susceptible to climate fluctuations and occasionally
show damage. An example of these kind of objects are decorated oak wood panels
in historical Dutch cabinets and paintings, and the long-term multidisciplinary Climate4Wood project is dedicated to this group of objects. Within the Climate4Wood
project more than 300 objects are researched of which a selection is shown in Figures 1.1 and 1.2. In total 138 door panels of 70 Dutch cabinets made between
the sixteenth and the twentieth century, and 249 Dutch panel paintings produced
between 1625 and 1690 by artists born between 1601 and 1620, are included [16].
Typically, the substrate of the panels in the cabinets and paintings is made of highquality quarter-sawn oak boards, which have a relatively small annual ring width,
almost no imperfections, and are connected by means of animal glue joints. The
decorative layers of the door panels consist of veneer layers or mouldings finished
with a surface coating. The veneer layers are applied plain or as marquetry composed of a variety of wood species or other materials like bone, ivory or turtle shell.
The oak boards of the panel paintings are typically covered with a ground layer, paint
layers and varnish, which vary in thickness and material composition.
The type of damage observed on the decorated door panels of the historical cabinets
can be classified as “shrinkage” or “shrinkage crack” [16, 17]. Shrinkage in radial
material direction has a magnitude equal to approximately 1% of the panel width.
The shrinkage cracks emerge mainly along the wood grain direction, and are present
at failed joints between the oak boards composing the substrate, see Figure 1.3.
Also, some doors are slightly warped. The damage observed on the historical panel
paintings is currently researched and preliminary results show that it is comparable
to the damage observed on the door panels.

5

Chapter 1. Introduction

(a) Historical star cabinet.
Oak, veneered with various
wood species, h = 221 cm,
w = 192 cm, d = 63 cm.
The Netherlands, circa 16901710. Rijksmuseum, Amsterdam, BK-1966-16.

(d) Historical cabinet. Oak, h =
209 cm, w = 172 cm, d =
74 cm. The Netherlands, 1659.
Rijksmuseum, Amsterdam, B15509.

(b) Historical cabinet, Jan van
Mekeren. Oak, veneered with various wood species, h = 205.5 cm,
w = 174 cm, d = 61 cm. Amsterdam, circa 1695-1710. Rijksmuseum, Amsterdam, BK-1964-12.

(e) Historical cushion cabinet.
Oak, veneered with ebony,
kingwood, palisander, maple,
h = 236 cm, w = 214 cm, d =
76 cm. The Netherlands, circa
1650-1670. Rijksmuseum, Amsterdam, BK-16554.

(c) Historical star cabinet. Oak,
veneered with various wood
species, h = 227 cm, w = 192
cm, d = 65 cm. The Netherlands,
circa 1680-1710. Rijksmuseum,
Amsterdam, BK-NM-6073.

(f) Historical cabinet. Oak, h =
241 cm, w = 210 cm, d =
80 cm. The Netherlands, circa
1625. Rijksmuseum, Amsterdam, BK-NM-3112.

Figure 1.1: A selection of historical Dutch cabinets part of the Rijksmuseum collection.

1.4

Climate-induced damage

As can be observed from Figure 1.3, shrinkage, cracks and warping are present on
decorated door panels in historical cabinets. This type of damage might be induced
by climate fluctuations experienced by the objects during their history. Deformations
and cracks can occur, as hygroscopic materials, like wood and animal glue, are
responsive to climate changes. Upon temperature or relative humidity fluctuations,

6
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(a) The Lawyer’s Office, Pieter de Bloot. Oil on oak panel, h = 57 cm, b = 83 cm, t = 7 cm. 1628.
Rijksmuseum, Amsterdam SK-A-660. Left: front side painting; right: back side painting.

(b) Wooded Landscape, Pieter Jansz. van Asch. Oil on oak panel,
h = 100 cm, b = 73 cm, t = 3.1 cm. 1640-1678. Rijksmuseum, Amsterdam SK-C-88. Left: front side painting; right: back side painting.

Figure 1.2: A selection of historical Dutch panel paintings part of the Rijksmuseum collection.

the material exchanges heat with the ambient air and adsorbs or desorbs moisture.
The resulting heat and moisture transport leads to a change in the local temperature
and moisture content, until the material has reached a state of equilibrium with the
surrounding environment [53]. Consequently, the material will change in volume, i.e.,
the material experiences thermal-hygral expansion or shrinkage [55]. If the material
is free to expand or shrink, no stresses develop so that no damage is expected
to occur. However, if thermal-hygral expansion or shrinkage is restrained, stresses
develop in the material, which can possibly lead to damage. In the case of restrained
expansion, compressive stresses develop and permanent plastic deformations occur
when the yield strength is exceeded. Conversely, tensile stresses develop under
restrained shrinkage, leading to crack initiation when the tensile strength is reached.
Although the basic principles of climate-induced damage are known, the origin of
the observed damage in decorated door panels is not yet fully understood. This is
7
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(a) Close-up of historical star cabinet door. Oak,
veneered with various wood species, h = 221 cm,
b = 192 cm, d = 63 cm. The Netherlands, circa
1690-1710. Rijksmuseum, Amsterdam BK-196616.

(b) Close-up of historical star cabinet door. Oak,
veneered with various wood species, h = 227
cm, w = 192 cm, d = 65 cm. The Netherlands,
circa 1680-1710. Rijksmuseum, Amsterdam BKNM-6073.

Figure 1.3: Shrinkage cracks (indicated by the white arrows) in the oak substrate.

mainly because a variety of complex substrate structures can be distinguished for
historical cabinet doors [16, 61]. Almost each panel is different, and the specific
substrate composition of several boards and decorative layers highly determines the
panel response under climate fluctuations. In addition, an accurate prediction of the
time-dependent heat and moisture transport processes and failure responses in the
heterogeneous material wood is challenging, also because the material characteristics of wood change over time as a result of natural ageing processes. An in-depth
analysis of the climate-induced damage mechanisms is necessary to better understand the origin of the observed damage. This dissertation presents a first step
into this direction, by studying the failure behaviour of historic and new oak wood,
analysing the susceptibility of decorated door panels to various climate fluctuations,
and by performing advanced numerical simulations and laboratory experiments.

1.5

Objectives and scope

The overall objective of this dissertation is to gain insight in the origin of climateinduced damage in historical museum objects. The objects of interest are decorated
door panels in historical Dutch cabinets part of the Rijksmuseum collection. This
research field is complex and comprehensive, despite that the numerical simulations
and laboratory experiments presented in this dissertation provide in-depth information on the most important aspects of climate-induced damage. The main findings
may serve as input for the discussion on sustainable collection management and
may contribute to the development of sustainable preservation strategies.
Three main topics are covered in this dissertation: i) the characterisation of the fracture behaviour of historic and new oak wood, ii) the hygro-mechanical response of
mock-ups of historical cabinet door panels under relative humidity fluctuations and
iii) the numerical analysis of climate-induced deformation and fracture in door panels
of historical oak cabinets. These three topics are outlined below.
8
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i) Insight in the fracture behaviour of historic and new oak wood is important to accurately evaluate the shrinkage cracks running along the wood grain direction and at
failed joints between the oak boards. Three-point bending tests are carried out combined with electron scanning microscopy analyses to examine the failure response
and corresponding fracture path and microstructure at the fracture plane of new and
historic oak wood. In addition, the observed discrete fracture behaviour is simulated by using a robust interface damage model in combination with a dissipationbased path-following technique for the determination of the fracture energy and tensile strength of historic and new oak wood.
ii) The hygro-mechancial response of six mock-ups of historical cabinet door panels is analysed under various relative humidity profiles. The effect of the substrate
composition and presence of veneer layers on the hygal shrinkage behaviour is researched by distinguishing two basic types of shrinkage mechanisms. Furthermore,
an analytical bi-layer model is used to determine the object’s damage susceptibility
to relative humidity fluctuations. By using the fracture characteristics, i.e. the fracture
energy and tensile strength of historic and new wood, the damage susceptibility of
the new oak mock-ups can be translated to that of naturally aged oak cabinet doors.
iii) A thermal-hygral-mechanical modelling approach is applied for an in-depth study
of the damage generated by climate variations (temperature and relative humidity) in
historical cabinet door panels. Extended versions of Fourier’s law of heat conduction
and Fick’s law of moisture diffusion are used to simulate the heat and moisture transport processes in the oak wood substrate. Moisture hysteresis and discrete cracking
models are implemented within a finite element method framework, and boundary
value problems are solved by using a staggered approach. Age-dependent fracture
properties are incorporated to obtain an accurate prediction of the damage susceptibility of historical objects.

1.6

Outline

This dissertation provides insight in the origin of climate-induced damage in decorated door panels in historical Dutch cabinets by focussing on three main topics. It
commences in Chapter 2 with the experimental-numerical analysis of the fracture
behaviour of historic and new oak wood and the determination of the fracture energy
and tensile strength. Subsequently, laboratory experiments on mock-ups of historical
cabinet doors are presented in Chapter 3, and the damage susceptibility of the objects to changes in the ambient climate are discussed. The third topic, discussed in
Chapter 4, focusses on the finite element modelling of climate-induced damage and
the prediction of the damage susceptibility of the historical cabinet doors to relative
humidity fluctuations. The main conclusions and recommendations are summarized
in Chapter 5. It should be noted that Chapters 2 to 4 are based on journal papers, i.e.
Chapter 2 is based on [36], Chapter 3 is based on [35] and Chapter 4 is submitted
as [34]. Each chapter is presented as such that it can be read separately: a chapter
starts with a general introduction, followed by the main contents, and it ends with a
summary of the main conclusions.
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FRACTURE BEHAVIOUR OF
HISTORIC AND NEW OAK WOOD

Photo previous page: right door of historical star cabinet. Oak, veneered with various wood
species, cabinet: h = 227 cm, w = 192 cm, d = 65 cm. The Netherlands, circa 1680-1710.
Rijksmuseum, Amsterdam BK-NM-6073.

Chapter 2

Fracture behaviour of historic and
new oak wood
Recent museum studies have indicated the appearance of cracks and dimensional
changes on decorated oak panels in historical Dutch cabinets and panel paintings.
A thorough analysis of these damage mechanisms is needed to obtain a comprehensive understanding of the causes of damage and to advise museums on future
sustainable preservation strategies and rational guidelines for indoor climate specifications. For this purpose, a combined experimental-numerical characterisation of the
fracture behaviour of oak wood of various ages is presented in this chapter1 . Threepoint bending tests were performed on historical samples dated 1300 A.D. and 1668
A.D. and on new samples. The measured failure responses and fracture paths are
compared against numerical results computed with a finite element model. The discrete fracture behaviour is accurately simulated by using a robust interface damage
model in combination with a dissipation-based path-following technique. The results
indicate that the samples dated 1300 A.D. show a quasi-brittle fracture response,
while the samples dated 1668 A.D. and the new samples show a rather brittle failure
response. Further, the local tensile strength of the oak wood decreases with age in
an approximately linear fashion, thus indicating a so-called ageing effect. Numerical simulations show that, due to small imperfections at the notch tip of the specimen, the maximal load carrying capacity under three-point bending may decrease
by maximally 7%. A comparison between a calibration of the experimental results by
isotropic and orthotropic elastic models shows that the peak load is 10 to 13% higher
for the orthotropic elastic model. Finally, no significant dependence of the fracture
toughness on the age of the oak wood and on the orientation of the fracture plane
has been found. The strength and toughness values measured can be used as input
for advanced numerical simulations on climate-induced damage in decorated oak
wooden panels and panel paintings.

1 This

chapter is based on [36].
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2.1

Introduction

Decorated oak wooden panels in historical Dutch cabinets and panel paintings occasionally show damage that might originate from thermal and/or hygral climate fluctuations. To safely preserve these highly valuable and susceptible museum objects
for future generations, preeminent museums apply severe preservation strategies
by imposing strong limitations on indoor temperature and relative humidity fluctuations. This results in a low risk preservation of susceptible museum objects, though
at the expense of high energy demands and costs of large heating, ventilating and
air conditioning (HVAC) systems. The understanding of the origin of damage and the
possible harmful effects of climate fluctuations on museum objects is essential for improving future preservation strategies and sustainable guidelines for indoor climate
specifications. Recently, decorated oak wooden panels were extensively analysed to
characterize these objects in full detail [16, 17]. Relevant empirical data, including aspects like construction category and type, panel and board dimensions, conservation
treatments and damage occurrence, were collected from a large group of naturallyaged museum objects consisting of 138 doors of 70 Dutch cabinets ranging from
the sixteenth to the twentieth century, and 249 Dutch panel paintings produced between 1625 and 1690 made by artists born between 1601 and 1620. All panels were
composed of high quality, quarter-sawn oak wooden boards, where the veneer or
marquetry layers were made of a variety of wood species or a combination of ground
and paint layers. It was observed that shrinkage of approximately 1% of the original
panel width was present in the radial material direction, and that visible cracks, when
present, were mainly located along the wood grain direction. In addition, glue-joint
failure was observed at joints between the oak wood boards.
Advanced numerical models that can accurately simulate climate-induced damage
development in decorated oak wooden panels, in combination with experimental
tests and microscopy analyses of the oak wood cellular microstructure, can further improve the understanding and interpretation of the in-situ observations mentioned above. This work presents a first step into this direction by focussing on
the experimental-numerical characterisation of the fracture behaviour of historic and
new oak wood induced by mechanical loading. Three-point bending tests were performed to analyse the failure response and corresponding fracture path. Scanning
electron microscopy was used to study the microstructure at the fracture plane. The
modelling of discrete fracture patterns was carried out by using the finite element
method (FEM), in which the continuum elements were surrounded by interface elements equipped with the mixed-mode interface damage model presented in [9]. This
approach was originally proposed in [67], and allows for the description of complex
cracking paths in arbitrary directions, including the effects of crack bifurcation and
crack coalescence. Successful applications of this technique refer to, among others,
the simulation of crazing in polymers [58] and the combined fracture and decohesion behaviour of fibrous composites [8, 10]. The dissipation-based path-following
method presented in [24, 65] was implemented in the finite element model to allow
for the robust simulation of brittle fracture responses with snap-back behaviour. To
the best of the author’s knowledge, this modelling strategy has not been used previously for the simulation of discrete fracture behaviour in wood; instead various other
strategies were applied, see [32, 37, 38, 43, 49].
14
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RL fracture plane
L
T

TL fracture plane

L
R
R

T

Figure 2.1: RL and TL fracture planes. The longitudinal, radial and tangential directions are
indicated by the letters L, R and T, respectively.

This chapter is organized as follows: Section 2.2 describes the test samples and
the experimental set-up for the three-point bending tests. Section 2.3 discusses the
results of the experimental tests in terms of the load-deflection response, the fracture
path and fracture toughness. The discrete fracture model is described in Section 2.4.
The numerical results are discussed in Section 2.5 and Section 2.6 summarizes the
main conclusions of the experimental-numerical study.

2.2

Experimental program

A recent museum study performed on a large group of panel paintings and decorated
oak wooden panels in historical cabinets showed the presence of visible cracks that
were predominantly located along the wood grain direction [16, 17]. For the understanding of the origin of these cracks, the fracture characteristics of oak wood as a
function of age need to be determined, which is done by analysing the failure response of historic and new oak wood under three-point bending. In the experimental
set-up the material orientation of the oak wood specimens is such that the expected
catastrophic failure crack runs along the wood grain direction (i.e., the longitudinal
direction), with the crack plane normal either oriented in the tangential direction (a
TL crack) or in the radial direction (an RL crack), see Figure 2.1.

2.2.1

Test samples

In accordance with [41], the test specimens were composed of two supporting beams
with dimensions 3a × a × b sandwiching a square block of a × a × b, see Figure 2.2.
Two different specimen sizes were selected that are representative of the dimensions of museum objects [16], namely a relatively large specimen with a = 45 mm
and b = 30 mm and a relatively small specimen with a = 25 mm and b = 20 mm.
The bond between the square block and the supporting beams was realized by using a PVA glue (NOVA COL D2 A). The square block was equipped with a central
notch of length 0.6a and thickness t = 2 mm to trigger the onset of fracture at the
mid-span and to ensure crack propagation at the centre of the specimen along the
TL or RL material directions. The supporting beams were made of new oak wood
and the square block at the centre of the specimen was made of either historic oak
wood, dated 1300 A.D. or 1668 A.D., or new oak wood. The specimens of a specific
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R

T

glued surface t=2mm

L

a

0.6a
3a

L

R

R
T

T

L

grain direction

b

0.5a 0.5a

3a

Figure 2.2: Geometry and dimensions of the test specimens. The specimen is composed of a
central square block with a notch, which is either made of historical oak wood or new oak wood,
and is sandwiched by two supporting beams made of new oak wood. The longitudinal, radial
and tangential directions are indicated by the letters L, R and T, respectively. The specimen
as illustrated in the figure can be used to develop a TL crack; for growing an RL crack the
tangential and radial directions indicated for the central block need to be switched.

age were made from one wood sample. The historic oak wood was provided by the
Agency for Palaces and Cultural Properties in Denmark and the National Museum of
Denmark. Archival sources and building archaeology were considered to determine
the date of origin. For the specimens containing a historic oak wooden square block
with a TL crack, both large and small specimens were tested, and for the specimens
containing a historic oak wooden square block with an RL crack, only a small specimen was tested. For the specimens completely composed of new oak wood and
containing a TL or RL crack, both large and small specimens were tested, see Table
2.1 for an overview. Each specific specimen configuration was tested 5 to 7 times in
order to verify the repeatability of the experiment and to determine the spread in the
test results.

2.2.2

Sample preparation and experimental set-up

Prior to testing, all specimens were prepared in accordance with the following stepwise procedure. First, the beams and square block were conditioned in a climate
chamber at a temperature of 20◦ C and a relative humidity of 60%. When the equilibrium moisture content (EMC) was reached (at which the sample weight remains
constant over time), the components were bonded together with PVA glue. After the
curing process of the glue was finished, the test specimen was taken out of the climate chamber. Subsequently, a central notch of 0.6a was created using a blunt saw
and a file, after which a three-point bending test was performed. When the test was
finished, the EMC of the square block was determined for which the mass at 60%
relative humidity and the oven dry mass were measured of a small part taken from
the square block, in accordance with the procedure described in [28]. The average
EMC for all specimen configurations ranged between 10.4% and 15.0%.
The experimental set-up for the three-point bending test shown in Figure 2.3 meets
the requirements described in [41]. The loading apparatus used is an Instron 5985,
equipped with a 5 kN load cell. The test specimen was simply supported at a span
L = 6a, where the supports were composed of a solid steel L-shaped plate and
a solid steel cylinder. A quasi-static load was applied in a displacement-controlled
fashion at the mid-span of the specimen via a steel plate with a rounded edge. For
the small and large test samples the loading rate was equal to 0.4 mm/min and 0.6
16
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testing machine

a/2

6a

a/2
steel plate
steel L-shaped plate

LVDT
steel cylinder
a

test sample

steel plate with
rounded edge
solid steel cylinder

load cell

Figure 2.3: Experimental set-up of an oak wood specimen subjected to three-point bending.

mm/min, respectively. The magnitude of the load was measured by a load cell and
the load point deflection was monitored through a linear variable displacement transformer (LVDT) at the mid-span. The fracture toughness Gc of the test specimen is
characterized by the area under the load-displacement curve divided by an anticipated, straight fracture surface above the notch of A = 0.4ab, i.e.,
Z
1 w
Gc =
F̂ (w) dw,
(2.1)
A 0
where F = F̂ (w) is the applied load and w is the load point deflection.

2.3
2.3.1

Experimental results
Load-deflection response

Figures 2.4, 2.5 and 2.6 depict the applied load F versus the load point deflection w for, respectively, the historic oak wood dated 1300 A.D. and 1668 A.D. and
the new oak wood, with figures a), b) and c) illustrating the responses for the TL
crack in the small and large specimens, and the RL crack in the small specimen,
respectively. For all specimens the load initially increases approximately linearly
with increasing displacement, representing an elastic response. Close to the peak
strength the failure process initiates through the nucleation of micro-cracks. When
these micro-cracks start to coalesce, the peak strength is reached, after which clear
differences appear in the failure responses of the historic and new samples. For the
historic samples dated 1300 A.D., the load monotonically decreases with increasing displacement, in correspondence with the development of a macroscopic failure
crack. This softening process continues until the load has dropped to zero and the
17
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(a)

(b)

(c)

Figure 2.4: Experimental load-displacement curves for historic oak wooden beams dated
1300 A.D. under 3-point bending. a) Small sample with a TL crack. b) Large sample with a TL
crack. c) Small sample with an RL crack. Note that the scales used on the vertical axes of the
three figures are different, which is done for an adequate comparison of the results with those
of the oak wood dated 1668 A.D. and the new oak wood, see Figures 2.5 and 2.6, respectively.

failure crack has fully mobilised across the complete specimen height. Conversely,
for the historical samples dated 1668 A.D., a sudden dynamic drop in load can be
observed, during which the load point deflection remains constant. As will be demonstrated by the numerical analyses in Section 2.5, this drop in load occurs since the
actual quasi-static response here would be characterised by a so-called snap-back
behaviour, whereby a decrease in load magnitude is accompanied by a decrease
in load point deflection. This essentially indicates that the energy incrementally dissipated by the relatively brittle failure crack is lower than the energy incrementally
released due to elastic unloading of the rest of the specimen. Consequently, the
snap-back behaviour may be caused by i) a relatively low fracture toughness, and/or
18
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(a)

(b)

(c)

Figure 2.5: Experimental load-displacement curves for historic oak wooden beams dated
1668 A.D. under 3-point bending. a) Small sample with a TL crack. b) Large sample with a TL
crack. c) Small sample with an RL crack.

ii) a relatively high specimen stiffness. In Section 2.5 these two effects are explicitly
distinguished for the three different age categories of the oak wood samples, by mimicking their experimental fracture response with advanced finite element simulations.
Since the three-point bending test is performed in a displacement-controlled fashion,
the snap-back behaviour cannot be followed experimentally, and therefore results in
an abrupt dynamic decrease in load magnitude. Observe though, that in most cases
the measured load signal does not straightforwardly drop to zero; instead, it picks up
the quasi-static failure response at a relatively low load level and continues to follow
the corresponding softening branch under increasing load point deflection, until the
specimen is completely broken. The failure responses of the new samples and the
historic samples dated 1668 A.D. in this sense are qualitatively comparable, although
for the new samples the abrupt dynamic drop in load is somewhat larger.
19
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(a)

(b)

(c)

(d)

Figure 2.6: Experimental load-displacement curves for new oak wooden beams under 3-point
bending. a) Small sample with a TL crack. b) Large sample with a TL crack. c) Small sample
with an RL crack. d) Large sample with an RL crack.

2.3.2

Fracture path

The fracture path of the small sample dated 1300 A.D. that fails by a TL crack is illustrated in Figure 2.7 at various stages during the test procedure. After an initial, elastic
response of the specimen (Figure 2.7(a)), the crack nucleates at the right side of the
notch (Figure 2.7(b)), and subsequently develops along an approximately straight
trajectory (Figure 2.7(c)). Hence, the fracture path is in close correspondence with
the ideally straight trajectory assumed for computing the fracture toughness Gc in
Eq.(2.1). The resistance against fracture is governed by cell material bridging the
crack faces, which, once broken, delaminated or pulled-out, preludes catastrophic
failure of the specimen (Figure 2.7(d)). In comparison to the historic specimen dated
1668 A.D. and the new specimen, the bridging of cell material in the oldest specimen

20
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L

T
(a)

(b)

(c)

(d)

Figure 2.7: Fracture path of a small historical test sample dated 1300 A.D. with a TL crack. a)
Elastic response. b) Crack initiation. c) Crack propagation. d) Ultimate failure.

cell bridging

small broken /
pulled-out cells

L
T
(a)

(b)

(c)

Figure 2.8: Fracture path at ultimate failure. a) Historical sample dated 1300 A.D. b) Historical
sample dated 1668 A.D. c) New sample.

is more prominent, see Figure 2.8, which suggests that the failure response is less
brittle than the failure responses of the historical specimen dated 1668 A.D. and the
new specimen, see Figures 2.4 to 2.6.
Another reason for differences in the brittleness of the failure responses are the
small-scale geometrical features of the crack trajectory. As can be observed from
Figure 2.9, the crack faces are characterized by undulations, caused by differences
in material density originating from the oak wood growth process. The oak wood of
a particular age has a distinct microstructure with a specific colour, which is dark
brown, brown and light brown for the historical specimens aged 1300 A.D., 1668
A.D. and the new specimen, respectively. The cross-sections are characterized by
the presence of 2 to 8 annual rings, whereby an annual ring is composed of a low
density, early wood part and a high density, late wood part. The early wood consists
of thin-walled fibres and large thin-walled vessels, while the late wood is determined
by thick-walled fibres and small thick-walled vessels. Although care has been taken
to align the specimen height and width with the RL and TL material directions of
the wood microstructures, due to the relatively strong curvature of the annual rings
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Figure 2.9: Top view of fracture plane. a) Historical sample dated 1300 A.D. with an RL crack.
b) Historical sample dated 1300 A.D. with a TL crack. c) Historical sample dated 1668 A.D.
with an RL crack. d) Historical sample dated 1668 A.D. with a TL crack. e) New sample with
an RL crack. f) New sample with a TL crack.

some variation in material direction along the specimen height and width could not
be avoided. These variations are different for the 5 to 7 specimens tested for each
age category, which, as discussed below, may cause deviations in the fracture properties measured. The crack typically has a preference to cross the weaker, early
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fiber (inter-cell
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small ray parenchyma
(trans-wall fracture)
large ray parenchyma
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longitudinal parenchyma
(trans-wall fracture)
grain direction
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100μm
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Figure 2.10: Microstructure at the RL fracture plane. a) Historical sample dated 1300 A.D.;
34 times magnification. b) Historical sample dated 1300 A.D.; 131 times magnification. c)
Historical sample dated 1668 A.D.; 200 times magnification. d) New sample; 200 times magnification.

wood. However, it occasionally has to traverse small sections of late wood in order
to continue its propagation through a new section of early wood, thereby causing
undulations at the fracture planes. The crack face undulations clearly are most pronounced for the historical samples dated 1300 A.D., see Figure 2.9(a) for the RL
crack and Figure 2.9(b) for the TL crack, which corresponds to a relatively large fracture surface that makes the overall failure response less brittle, as can be observed
by comparing Figure 2.4 with Figures 2.5 and 2.6. Note finally from Figure 2.8 that
the actual location of the initial crack may vary, since small geometrical irregularities
at the notch tip trigger the specific location of crack initiation. This effect will be investigated in more detail in Section 2.5 when a comparison is made with the results
from a detailed finite element study.
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Figure 2.11: Microstructure at the TL fracture plane. a) Historical sample dated 1300 A.D.;
200 times magnification. b) Historical sample dated 1668 A.D.; 200 times magnification. c)
New sample; 200 times magnification.

2.3.3

Oak wood microstructure and fracture toughness

The microstructures of the fracture planes of small historical and new oak wood samples are represented in the scanning electron microscopy photographs in Figures
2.10 and 2.11. Typical oak wood cell types can be observed, such as large early
wood vessels, small late wood vessels, vessel tracheids, longitudinal parenchyma
cells, horizontal small and large parenchyma ray cells, thinner-walled early wood fibres and thick-walled late wood fibres. For the historical wood the number of rays
is larger than for the new wood. Further, the historical wood has a lower number of
fibres and longitudinal parenchyma cells. The vessels and parenchyma cells show
mainly transwall fracture, i.e., broken cells, and the fibres show intercell failure, i.e.,
delamination. In addition, at the TL fracture plane, intercell delamination can be
observed along the interfaces between rays and fibres and/or rays and longitudinal
parenchyma cells.
From the load-displacement curves in Figures 2.4, 2.5 and 2.6, the fracture toughness Gc was calculated in accordance with Eq.(2.1). In correspondence with the
discussion in Section 2.3.1, Eq.(2.1) is strictly valid if the softening branch of the ex24
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perimental load-displacement curve is obtained in a quasi-static fashion, and thus is
free from dynamic load drop events. Note that this is not the case for the historical
specimens dated 1668 A.D. and the new specimens, whereby the toughness value
computed with Eq.(2.1) thus partly loses its physical significance. In those cases,
it merely serves as a global estimate, to which the toughness value systematically
deduced from advanced finite element modelling will be compared, see Section 2.5.
The average value and the standard deviation of the fracture toughness, as determined with Eq.(2.1) from 5 to 7 tests results, are listed in Table 2.1. In Figure 2.12 the
average value of the fracture toughness is graphically represented, with the error bar
indicating one standard deviation of uncertainty. Due to the significant spread in values, it is not possible to deduce clear differences between the toughnesses related
to fracture along the various grain orientations. Also, no clear trend as a function
of age can be deduced. The spread in toughness values is likely to originate from
the heterogeneity of the microstructure, see Figure 2.9, which showed to have some
variations among the 5 to 7 specimens selected. Note that the average values of
the fracture toughness approximately lie between 0.35 and 0.60 N/mm1 . The range
in values stems from differences in the place of origin of the specific oak wood, the
forest density, the local climate conditions, the climate history, etc.
The calibration procedure of the fracture toughness can be refined by accounting
for the material anisotropy of oak wood, for the dynamic load drops observed in the
responses of the historical oak wood dated 1668 A.D. and the new oak wood, and for
the presence of imperfections at the notch tip. In addition, the local tensile strength
of the oak wood samples needs to be determined. These aspects, however, ask for
the accurate determination of the heterogeneous stress distribution in the specimens
tested, which can be accomplished by means of dedicated finite element simulations
that are discussed in Sections 2.4 and 2.5.

Table 2.1: Fracture toughness Gc derived from the experiments using Eq.(2.1). The parameters µGc and σGc represent the average value and the standard deviation, respectively.
Date

Size

Crack
orientation

Gc [N/mm1 ]
µGc
σGc

Historical 1300 A.D.

Small

TL crack
RL crack
TL crack

0.47
0.36
0.35

0.10
0.07
0.07

TL crack
RL crack
TL crack

0.46
0.38
0.51

0.05
0.11
0.13

TL crack
RL crack
TL crack
RL crack

0.34
0.35
0.59
0.42

0.05
0.04
0.08
0.04

Large
Historical 1668 A.D.

Small
Large

New

Small
Large
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0.8
Small; TL crack
Large; TL crack
Small; RL crack
Large; RL crack

Fracture toughness Gc [N/mm1]

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.0

0.5 1300
1.0A.D. 1.5

2.0 1668
2.5A.D. 3.0
Age

3.5

New
4.0

4.5

5.0

Figure 2.12: Fracture toughness Gc as determined via Eq.(2.1) from 5 to 7 tests. The square
symbols indicate the average value and the error bars represent one standard deviation of
uncertainty.

2.4

Numerical model

In the finite element model the discrete fracture response measured experimentally
is simulated by interface elements equipped with the mixed-mode damage model
presented in [9]. The brittle snap-back behaviour characteristic of historical oak wood
dated 1668 A.D. and new oak wood is simulated by adopting the dissipation-based
arc-length method presented in [24, 65]. These aspects are outlined below, together
with the definition of the geometry, material properties, boundary conditions, and
spatial discretisation characteristics.

2.4.1

Geometry and boundary conditions

The oak wood specimen is modelled as a two-dimensional structure subjected to
plane-stress conditions. The glued surfaces between the individual components of
the specimen are simulated by means of coherent interfaces. The effect on the
failure response by a small geometrical irregularity at the notch tip is studied for
the historical specimen dated 1300 A.D. by extending the notch tip with a small,
26
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continuum elements
A: imperfect
A: perfect

interface elements

F

A

Figure 2.13: Geometry and boundary conditions of the test specimen and finite element discretisation. Specimens with and without an imperfection at the notch tip are considered (inset
left). The discrete fracture response is simulated by surrounding the continuum elements by
interface elements (inset right).

sharp imperfection, see Figure 2.13. The size of the imperfection is chosen to be
representative of a typical surface irregularity observed at the notch tip of the test
specimens.

2.4.2

Finite element discretisation

The geometry of the oak wood specimen is meshed using plane-stress 6-node isoparametric continuum elements with a 3-point Gauss quadrature. To simulate the
discrete fracture behaviour of the specimen, 6-node interface elements equipped
with a 3-point Gauss quadrature were placed between all continuum elements, see
Figure 2.13. This approach was originally proposed in [67] for the simulation of fracture in bulk materials subjected to arbitrary loading conditions, and has been successfully applied in failure analyses of various engineering materials [8, 10, 58]. The
number of continuum and interface elements used in the FEM model approximately
equals 36000 and 55000, respectively. A mesh refinement study not presented here
has indicated that this number of elements warrants convergence of the numerical
results. The elements were randomly oriented, and the mesh was gradually made
finer from the supports towards the central specimen notch in order to adequately
describe the local stress concentration evolving around the crack tip.

2.4.3

Review of interface damage model

For the simulation of discrete fracture, the interface elements in the FEM configuration are endowed with the mixed-mode damage model presented in [9]. The main
equations of the interface damage model are reviewed below, whereby the general
three-dimensional formulation presented in [9] is reduced to a two-dimensional formulation, in correspondence with the plane-stress analyses performed in this work.
Correspondingly, the components of the traction t and relative displacement v across
an interface are related as
ti = (1 − d) Kδij vj − dCij δ1j h−v1 i

where

i, j ∈ {1, 2},

(2.2)
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effective traction

initiation of damage
tu=Kv0
Kv0(vu-к)
(vu-v0)
K

Gc
(1-d)K

completion of damage

v0
vu
к
effective relative displacement

Figure 2.14: Traction-separation diagram of the interface damage model, taken from [9].

with the normal and shear directions specified by the indices 1 and 2, respectively.
The damage parameter d is bounded as 0 ≤ d ≤ 1, where d = 0 corresponds to the
initial, undamaged state and d = 1 represents the completely damaged state. Further, K is the elastic stiffness and δij is the Kronecker delta symbol. The penetration
of two opposite crack faces is avoided by the second term in the right-hand side of
Eq. (2.2), with the Macauley brackets hxi = 12 (x + |x|) warranting that crack faces
are in elastic contact when the normal relative displacement v1 becomes negative.
During a loading process, the damage in an interfacial integration point is initiated
and evolves with increasing displacement up to the completion of damage. The damage parameter is given by d = dˆ(κ), where κ is a deformation history variable. The
function dˆ(κ) is derived from the linear softening curve of the traction-separation law
shown in Figure 2.14. The initiation of damage is defined by κ = v 0 (corresponding
to d = 0) and completion of damage occurs when κ = v u (corresponding to d = 1),
where v 0 and v u are the equivalent crack face displacements at damage initiation
and damage completion, respectively. From the linear softening curve shown in Figure 2.14, following [9], the expression for the damage parameter can be derived as

vu κ − v0
ˆ
d = d (κ) =
.
(2.3)
κ (v u − v 0 )
The evolution of damage is defined as a rate-dependent process via


 F̂ (λ, κ)
for λ ≥ κ and v 0 ≤ κ < v u ,
˙
d=
η

0
for 0 ≤ λ < κ or κ = v u ,

(2.4)

with η a relaxation parameter (with dimension of time) and F̂ (λ, κ) the damage loading function. The upper expression describes the rate of damage when the effective
deformation λ exceeds the threshold κ, while the lower expression sets the rate of
damage equal to zero when (i) the threshold value has not (yet) been reached, (ii)
the interfacial integration point is in a state of unloading, or (iii) the damage process in the interfacial integration point has completed. The effective deformation is
set equal to the Euclidean norm of the vector of relative crack face displacements,
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λ = kvk =

p

v12 + v22 . The loading function is given by


vu λ − v0
vu κ − v0
ˆ
ˆ
F̂ (λ, κ) = f (λ) − d (κ) =
−
,
λ (v u − v 0 )
κ (v u − v 0 )

(2.5)

where Eq.(2.3) has been substituted and the form of fˆ (λ) has been chosen similar to dˆ(κ). In the limit case whereby the relaxation parameter η approaches zero,
η → 0, Eq.(2.4) reduces to the rate-independent load condition F̂ (λ, κ) = 0. This
case relates to λ = κ, as can be observed from Eq.(2.5), with the loading-unloading
conditions being prescribed by the Kuhn-Tucker relations [9].
In mixed-mode fracture processes, the relative displacements at damage initiation,
v 0 , and damage completion, v u , are dependent on a mode-mixity parameter β, see
[9, 59], which is defined as
|v2 |
.
(2.6)
β=
|v2 | + hv1 i
From Eq.(2.6) it can be observed that pure mode I loading relates to v2 = 0 and thus
to β = 0, and pure mode II loading is set by v1 = 0 and thus by β = 1. The functions
v 0 = v̂ 0 (β) and v u = v̂ u (β) can be derived based on a mixed-mode failure criterion
from linear elastic fracture mechanics [9, 59]. In this study a well-known mixed-mode
fracture criterion is adopted, which is regularly used to characterize mixed-mode
toughness data for brittle interfacial fracture [26, 29]:
GI
GII
+
= 1,
GI,c
GII,c

(2.7)

where GI and GII are the mode I and mode II energy release rates and GI,c and
GII,c are their critical values, as represented by the mode I and mode II fracture
toughnesses. Note that Eq.(2.7) is an extension of the well-known Griffith’s failure
criterion, G = Gc , for brittle materials [23]. With the aid of Eqs.(2.6) and (2.7), the
relative displacements at damage initiation and damage completion can be derived
as [9]
s
1 + 2β 2 − 2β
0
0
0 0
v = v̂ (β) = v1 v2
(2.8)
2
2 ,
0
(βv1 ) + ((1 − β) v20 )
and
2 1 + 2β 2 − 2β
v = v̂ (β) =
Kv 0
u

u

"

2

(1 − β)
GI,c

!


+

β2
GII,c

#−1
,

(2.9)

where v10 = tu1 /K and v20 = tu2 /K are the relative displacements at which damage
is initiated under pure mode I and mode II loading conditions, respectively, and tu1
and tu2 are the ultimate tractions under pure mode I and mode II loading conditions,
respectively.
The numerical update scheme of the above damage model is based on an implicit
Backward Euler method, and uses a consistent tangent operator for constructing the
stiffness matrix. The algorithm is relatively stable and fast, since it does not need
numerical iterations, due to the specific damage loading function used, see Eq.(2.4).
The details of the numerical update scheme can be found in [9].
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2.4.4

Dissipation-based path-following method

A dissipation-based path-following method was used to enable the simulation of brittle failure responses with snap-back behaviour, as relevant for the experimental tests
discussed in Section 2.3. This method has been presented in [24], and can be regarded as an extension of the standard arc-length method originally proposed by
[47]. The method has demonstrated to be particularly suitable for the determination
of the quasi-static equilibrium path in problems for which crack propagation is the
main dissipative phenomenon, and the location of the crack path is a priori unknown
[24, 65]. The parametrization of the equilibrium path uses a constraint equation
based on the energy release rate of the fracture process, which generally leads to
robust numerical results.

2.4.5

Material properties

As illustrated in Figure 2.2, the three-point bending specimens are composed of a
central, square block either made of historical oak wood or new oak wood, which is
sandwiched by two supporting beams made of new oak wood. The elastic material
properties of the historic and new oak wood are summarized in Table 2.2. The properties were derived from the experimental results presented in Section 2.3, and are
in close correspondence with values reported for oak wood in the literature [46, 49].
It has been validated that the material properties fulfil the Maxwell relations and material stability requirements for orthotropic elastic materials. The effect of material
anisotropy on the fracture characteristics is studied for the historic oak wood dated
1300 A.D. by considering two cases: the first case represents an isotropic elastic
Table 2.2: Material properties (elastic moduli E, Poisson’s ratios ν, and shear moduli µ) of
oak wood. * For the small and large samples made of new oak wood with a TL crack the
tangential elastic modulus was set to ET = 500 and 800 N/mm2 , respectively. ** For the small
historic samples dated 1668 A.D. with an RL crack and the small and large new samples with
an RL crack the radial elastic modulus was set to ER = 2200 and 1100 N/mm2 , respectively.
Parameter

E
EL
ET
ER
ν
νLT
νTL
νLR
νRL
µLT
µLR

30

[N/mm2 ]
[N/mm2 ]
[N/mm2 ]
[N/mm2 ]
[-]
[-]
[-]
[-]
[-]
[N/mm2 ]
[N/mm2 ]

Isotropic
TL

RL

1120

1600

Orthotropic
Square block
TL
RL
12800
1120∗

0.35

Beam
LR

12800

12800

1600∗∗

1600

0.35
0.04

0.35
0.04

1200

1200

0.35
0.49
0.04

815
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model for which the stiffness modulus of the whole specimen is set equal to that of
the T- or R-direction and the Poisson’s ratio is considered to have a representative
constant value, while the second case reflects an orthotropic elastic model in which
the three material directions of oak wood are explicitly accounted for. The strength
and toughness properties of the interface damage model are summarised in Table
2.3, as calibrated from the experimental results presented in Section 2.3. For simplicity, it is assumed that the fracture parameters (tensile strength and toughness)
are the same in mode I and mode II, i.e., tu1 = tu2 = tu , GI,c = GII,c = Gc . Although
this assumption may result in an underestimation of the mode II properties, its effect on the failure response generated under 3-point bending, which is dominated by
mode I fracture, is small. Note from the linear softening branch depicted in Figure
2.14 that the fracture toughness Gc is defined by the strength tu and the ultimate
crack face separation v u as Gc = tu v u /2. The values of the remaining parameters
of the interface damage model were taken similar as in the study reported in [9],
which warrant a close correspondence with the rate-independent fracture limit in the
interface damage model. It is further emphasized that the value of the elastic dummy
stiffness K used in the interface damage model was set relatively high, as a result of
which the overall elastic response of the three-point bending specimen is not affected
by this parameter and is fully determined by the elastic properties of the continuum
elements.

2.5
2.5.1

Numerical results
Failure response and fracture path

For the historic oak wood specimen dated 1300 A.D. Figure 2.15 shows the numerical response (black lines) together with the experimental response (grey lines)
taken from Figure 2.4. The numerical response is computed both for the isotropic
and orthotropic models, thereby distinguishing between specimens with and without
an initial imperfection. It appears that the presence of an imperfection at the notch
only has a small effect on the failure response, i.e., it decreases the failure load by
maximally 7%. Note further that for the orthotropic model the failure load is between
10% and 13% higher than for the isotropic model, and that the response for the orthotropic model in the linear elastic regime is somewhat stiffer. Nonetheless, both
the failure load and the fracture energy dissipation for all simulations are in rather
close agreement with the experiments, such that it may be concluded that the effect
of anisotropy in elastic properties on the overall fracture response is relatively small.
In order to reach this level of correspondence, the fracture toughness and tensile
strength of the historical oak wood dated 1300 A.D. for the large specimen with a TL
crack typically had to be taken smaller than for the small specimen with a TL crack,
see Table 2.3. This difference in fracture properties, however, may not be associated to an energetic size effect [1], as this effect is explicitly accounted for in the
numerical simulations. In specific, the energetic size effect refers to a sample sizedependency of the strength and toughness values caused by stress redistributions
in the specimen, as characterized by the interplay between length scales following
from the fracture process (i.e., crack length, fracture process zone) and length scales
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(a)

(b)

(c)

Figure 2.15: Load-displacement curves for historic oak wooden beams dated 1300 A.D. under three-point bending; FEM results (black lines) versus the experimental results taken from
Figure 2.4 (grey lines). The FEM results are plotted for the isotropic and orthotropic elastic
models, with and without an imperfection. a) Small sample with a TL crack. b) Large sample
with a TL crack. c) Small sample with an RL crack.

defining the structural geometry (i.e., the specimen dimensions, notch size, imperfection size and location). In the present simulations the contribution of the relative
crack length on the energetic size effect is explicitly included by adopting a discrete
fracture modelling approach, while the influence by the fracture process zone is accounted for through the softening characteristics employed in the interface damage
model. Accordingly, it is concluded that the difference in fracture properties of the
large and small specimens should be ascribed to the rather strong inhomogeneities
in the wood microstructure, see Figure 2.9.
The failure responses from the experimental tests (grey lines) and numerical simulations (black lines) of the historic oak wood dated 1668 A.D. and new oak wood
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Figure 2.16: Load-displacement curves for historic oak wooden beams dated 1668 A.D. under
three-point bending; FEM result (black line) versus the experimental results taken from Figure
2.5 (grey lines). a) Small sample with a TL crack. b) Large sample with a TL crack. c) Small
sample with an RL crack.

are depicted in Figures 2.16 and 2.17, respectively. The simulation results refer to
an oak wood specimen without an initial imperfection and anisotropic elastic properties. In comparison to the response for the historic oak wood specimen dated 1300
A.D. in Figure 2.15, the experimental failure responses obviously are more brittle,
as characterized by one or more dynamic drops in the failure load. As explained
in Section 2.3, during such a dynamic load drop the quasi-static response is characterized by a snap-back behaviour, which reflects that the energy incrementally
dissipated by the brittle failure crack is less than the energy incrementally released
by elastic unloading of the rest of the beam specimen. In the numerical simulations the quasi-static snap-back behaviour is simulated with the dissipation-based
path-following technique described in Section 2.4.4. The calibration procedure of the
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(a)

(b)

(c)

(d)

Figure 2.17: Load-displacement curves for new oak wooden beams under three-point bending; FEM result (black line) versus the experimental results taken from Figure 2.6 (grey lines).
a) Small sample with a TL crack. b) Large sample with a TL crack. c) Small sample with an
RL crack. d) Large sample with an RL crack.

numerical model was performed by approximating the value of the peak load and
closely matching the quasi-static parts of the experimental softening response, during which the load point deflection w monotonically increases under a decreasing
load F . It can be concluded that this procedure in general leads to an adequate
agreement between the experimental and numerical results plotted in Figures 2.16
and 2.17, although for the new specimens the discrepancy on parts of the softening
branch appears to be somewhat stronger due to a large drop in the experimental
failure load.
Figure 2.18 illustrates the simulated fracture path for the TL crack in the small historical sample dated 1300 A.D. A comparison with Figure 2.7 shows that this fracture
path is in good agreement with the experimental fracture path. Note, however, that
34

2.5. Numerical results

L
T
(a)

(b)

(c)

(d)

Figure 2.18: Simulated fracture path of a small orthotropic sample dated 1300 A.D. with a TL
crack starting at the geometrical imperfection indicated in Figure 2.13. a) Elastic response. b)
Crack initiation. c) Crack propagation. d) Ultimate failure.

there is a small difference in the precise location of crack initiation, which in the numerical simulation is set by a small geometrical imperfection that mimics the effect
of a local irregularity present at the notch tip. As pointed out in Figure 2.15, the influence of the precise location of the imperfection on the characteristics of the failure
response nevertheless is small. For other test specimens a similar comparison between the numerical and experimental fracture patterns was found; these results are
omitted here for reasons of brevity.
Observe from Figures 2.7 and 2.18 that both in the experiments and the numerical
simulations the trajectory of the catastrophic failure crack is characterized by small
undulations, due to material heterogeneities and heterogeneities in the finite element
mesh, respectively. In order to estimate the effect of such undulations on the energy
absorbed during the fracture process, an additional FEM simulation was carried out
for the small, historical specimen dated 1300 A.D. and failing by a TL crack, whereby
the trajectory of the catastrophic failure crack developing from the notch was enforced
to be ideally straight (and thus growing along the vertical specimen direction). Due
to the shorter cracking path, the area under the load-displacement curve turned out
to be 7% less than for the FEM model with an undulated crack trajectory, from which
it may be concluded that the effect of the crack undulations on the energy absorbed
is minor.

2.5.2

Calibration of toughness and tensile strength

The toughness and strength values calibrated from the FEM simulations of an anisotropic oak wood specimen without an initial imperfection are listed in Table 2.3. In
order to compare these “numerical” toughness values to the “analytical” values computed with Eq.(2.1), see Table 2.1, a graphical overview of the toughness parameters
is provided in Figure 2.19. For the oldest specimen the numerical toughnesses appear to be very close to the analytical toughnesses, but for the other two specimen
ages clearly have a somewhat lower value. This confirms that the dynamic load
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drops present in the testing of the new specimens and the specimens dated 1668
A.D. cause the area under the experimental failure curve to provide an overprediction of the (quasi-static) fracture toughness. The numerical toughness values do not
show a clear dependency on the orientation of the fracture surface with respect to
the grain orientation and on the specimen size; the range of values falls between
0.23 to 0.47 N/mm1 , which lies somewhat lower than the range reported in Section
2.3.3. for the values determined with Eq.(2.1). Obviously, this is due to a more accurate modelling of the relatively brittle behaviour of the historical specimens dated
1668 A.D. and the new specimens by the numerical model.
The numerical tensile strength depicted in Figure 2.20 for the new specimens generally has the largest value, followed by the historical specimens dated 1668 A.D. and
finally the oldest specimens dated 1300 A.D. This decrease in tensile strength may
be due to the ageing of oak wood, which, in accordance with Figure 2.20, approximately seems to take place as a linear function of time considering that the two time
intervals between the three age categories are more or less equal. It can be further
observed that for the small specimens the strength related to the RL crack is generally larger than the strength associated to the TL crack. Conversely, the large new
specimens show the opposite trend, which therefore does not allow to draw a unique
conclusion on this aspect. Finally, it is noted that the strength values for the historical
specimens dated 1668 A.D. and the new specimens are a factor 2 to 3 larger than
the values of 6 to 9 N/mm2 reported for oak wood in the literature [31, 49]. A possible
reason for this may be that the literature values were determined without considering
the effect by the high, local stress concentration emerging at the crack tip. Consequently, the critical stress required for crack initiation turns out lower compared to
when this stress concentration is accounted for, as is done in the FEM analyses.
Table 2.3: Fracture toughness Gc and tensile strength tu adopted in the interface damage
model.
Date

Size

Crack
orientation

Gc
[N/mm1 ]

tu
[N/mm2 ]

Historical 1300 A.D.

Small

TL crack
RL crack
TL crack

0.47
0.36
0.35

5.20
6.00
4.00

TL crack
RL crack
TL crack

0.28
0.32
0.32

12.0
21.0
12.0

TL crack
RL crack
TL crack
RL crack

0.23
0.32
0.40
0.38

18.0
21.0
26.0
21.0

Large
Historical 1668 A.D.

Small
Large

New

Small
Large
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0.8
Small; TL crack
Large; TL crack
Small; RL crack
Large; RL crack

Fracture toughness Gc [N/mm1]

0.7

Small; TL crack; FEM
Large; TL crack; FEM
Small; RL crack; FEM
Large; RL crack; FEM

0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.0

0.5 1300
1.0A.D. 1.5

2.0 1668
2.5A.D. 3.0
Age

3.5

New
4.0

4.5

5.0

Figure 2.19: Fracture toughness Gc as determined from the numerical simulations (black
triangles). For reasons of comparison, the average value of Gc computed according to Eq.
(2.1) is indicated by grey square blocks, where the error bars indicate one standard deviation
of uncertainty. The corresponding values are given in Tables 2.1 and 2.3.

2.6

Conclusions

The fracture behaviour of oak wood under three-point bending has been studied by
experiments and numerical simulations for historical samples dated 1300 A.D., 1668
A.D. and new samples. The main conclusions of this study are summarised below.
1) For an adequate calibration of the toughness and strength values from a threepoint bending experiment, it is necessary to simulate the inhomogeneous stress pattern and failure response in the beam in detail by using an advanced finite element
model. By surrounding continuum elements by interface elements equipped with a
robust interface damage model, the FEM model allows to accurately describe the
complexity of crack initiation and propagation.
2) The fracture response of the historical samples dated 1668 A.D. and the new
samples investigated in this chapter show a relatively brittle response, leading to dynamic load drops in the quasi-static failure experiments. Under these circumstances
the area under the experimental load-deflection curve no longer serves as an ade37
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30
Small; TL crack; FEM
Large; TL crack; FEM
Small; RL crack; FEM
Large; RL crack; FEM

28
26

Local tensile strength tu [N/mm2]

24
22
20
18
16
14
12
10
8
6
4
2
0

0

13001 A.D.

2

1668 A.D. 3
Age

New
4

5

Figure 2.20: Local tensile strength tu as determined from the simulations. The corresponding
values are given in Table 2.3.

quate measure for the fracture toughness, but will lead to an overestimation. This
effect can be mitigated by accounting for snap-back effects in the quasi-static fracture response, which requires the finite element model of the three-point bending test
to be extended with a robust path-following technique. For future work, however, it is
worthwhile to investigate the application of test configurations that do not suffer from
dynamic load drops during crack propagation, thereby allowing for a straightforward
calibration of the fracture toughness of relatively brittle wood samples.
3) The effects of wood anisotropy and small imperfections at the notch tip on the
failure response of the specimen are relatively small. Due to imperfections the peak
load decreases by maximally 7%. Further, the orthotropic elastic model leads to a
failure load that is 10% to 13% higher than that of a corresponding isotropic elastic
model.
4) The local tensile strength in the oak wood test specimens decreases with age
in an approximately linear fashion. The historical specimens dated 1300 A.D. on
average have a local tensile strength of 5 N/mm2 , which is about 4 times lower than
the average local tensile strength of 21 N/mm2 of the new specimens.
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5) No significant dependence of the fracture toughness on the age of the oak wood
has been found. Also, no significant distinction has been measured between the
toughness values related to cracking along the TL and RL directions. The measured
toughness values generally lie between 0.23 and 0.47 N/mm1 , which is in correspondence with the range of values reported in other references [46, 49, 64].
As a final note, in Chapter 4 the present modelling approach for discrete fracture is
combined with a numerical thermal-hygral model in order to simulate climate-induced
damage in decorated oak wooden panels in historical Dutch cabinets. The strength
and toughness values measured for the historic and new oak wood serve as input
for this numerical model.
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HYGRO-MECHANICAL RESPONSE OF
OAK WOOD CABINET DOOR PANELS
UNDER RELATIVE HUMIDITY FLUCTUATIONS

Photo previous page: left door of historical star cabinet. Oak, veneered with various wood
species, cabinet: h = 221 cm, w = 192 cm, d = 63 cm. The Netherlands, circa 1690-1710.
Rijksmuseum, Amsterdam BK-1966-16.

Chapter 3

Hygro-mechanical response of oak
wood cabinet door panels under
relative humidity fluctuations
Indoor climate fluctuations are regarded as one of the major risks for the emergence
of damage in historical works of art. For a safe preservation of their art objects museums try to minimize this risk, which is typically done by imposing strict limitations on
the indoor temperature and humidity conditions. The high energy demand resulting
from this approach, however, undermines the aim of preeminent museums to execute a sustainable preservation strategy of their collections. A rational improvement
of this aspect asks for detailed information on the history of museum objects, complemented by a thorough comprehension of the failure and deformation behaviour
of museum objects under indoor climate fluctuations. Accordingly, in this chapter1
the hygro-mechanical response of mock-ups of historical Dutch cabinet door panels
made of oak wood is examined under several relative humidity variations. In specific,
the mock-ups were subjected to i) an instantaneous decrease of 40% relative humidity, ii) 8 successive, instantaneous drops of 5% relative humidity, and iii) a varying
relative humidity profile ranging between 35% and 71%. The shrinkage characteristics of mock-ups are translated to their damage susceptibility using an analytical
hygro-mechanical bi-layer model. This model shows that restrained hygral shrinkage
may originate from: i) a difference in moisture content across the thickness direction
of the panel, or ii) a directional difference in the coefficients of hygroscopic expansion
of structural components forming a coherent connection. The first type of shrinkage
occurs in the outer regions of the panel thickness, while the second type of shrinkage
takes place at the cleated ends. Further, by accounting for the age-dependency of
the fracture strength of oak wood, a clear distinction can be made between the damage susceptibility of new door panels and historical door panels present in museum
cabinets. The 6 main conclusions of the experimental study - conveniently summarized at the end of this chapter - provide a scientific basis for the understanding
of shrinkage cracks and dimensional changes observed on decorated oak wooden
panels in historical Dutch cabinets, and thus may assist in advising museums on
sustainable preservation strategies and guidelines for indoor climate specifications.
1 This

chapter is based on [35].
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3.1

Introduction

The protection and preservation of works of art is important, as these objects constitute a significant part of our cultural heritage. Museums are responsible for safely
preserving works of art and making their collections accessible to the public. This
task is challenging: indoor climate fluctuations, often caused by the entering public, may induce undesirable deformations and damage in the displayed objects, and
therefore form a major concern to conservators and curators. Since the late nineteenth century the environmental control of museums has developed substantially,
which, from the 1970s until the end of the twentieth century, has led to the formulation
of specific conditions for indoor temperature and relative humidity fluctuations [4, 33].
In order to prevent climate-induced damage of susceptible art objects, these environmental guidelines prescribe strict limitations on indoor climate conditions. This
results in a low risk preservation of susceptible collections, at the expense of high
energy demands and costs. Only since the beginning of the twenty-first century museums tend to strive for a more sustainable collection management, by exploring
whether strict indoor climate conditions can be relaxed without introducing an unacceptable risk of damage. Within the conservation community, this approach has been
intensively debated [2, 3, 18, 30, 40, 57], whereby three distinct positions are taken
[4], based on i) precautionary safety, ii) proven safety and iii) pragmatic risk management. To support the debate and find consensus among the distinct positions
on sustainable collection management, additional scientific research on the origin of
climate-induced damage of museum objects is of utmost importance [4, 60].
Recently, various research efforts aimed at understanding and improving preservation procedures for historical works of art. For example, the Furniture Conservation
Department of the Rijksmuseum has carried out several challenging conservation
treatments on cabinets on stands decorated with marquetry [61, 62]. During the
late seventeenth century these cabinets were very popular in the Netherlands, because of the magnificent, decorative surface layers applied on the large flat doors,
see Figure 3.1. In 2010, the Rijksmuseum organized a master class in which 17
pairs of Dutch seventeenth-century cabinet doors were studied extensively [61]. Despite the variety in substrate structures and construction methods used, all doors
showed shrinkage cracks, see Figure 3.2, and some doors were slightly warped.
Inspired by these observations, a combined experimental-numerical study was initiated regarding the influence of historical and current indoor climate variations within
a castle on the risk of damage to historical wooden door panels, see [25]. From similar grounds, the behaviour of two historical wooden pianofortes under mechanical
and hygral loading was analysed numerically in [48], providing detailed insight into
the damage observed on these objects. The mechanical interactions between the
poplar substrate and the frame of the Mona Lisa, painted by Leonardo da Vinci, were
experimentally investigated in [22]. The hygro-mechanical performance of the painting was determined, from which an estimation could be made of the appropriateness
of the climate conditions applied in the exhibition room. The research reported in [6]
focused on monitoring the dimensional response of an altarpiece located in a church
in Italy, which made it possible to advise on the specific settings of the heating system
used in the church. In [39, 44, 45], experimental tests were combined with numerical
modelling to characterize the fatigue behaviour of mock-ups of single board panel
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(a) Historical cabinet, Jan van
Mekeren. Oak veneered with
various wood species, door: h =
110 cm, w = 80 cm, t = 3.5 cm.
Amsterdam, circa 1695-1710.
Amerongen Castle, Amerongen.

(b) Historical cabinet. Oak veneered with olive wood and
cedar, h = 212 cm, w =
178 cm, d = 62.5 cm.
The Netherlands, circa 16801700. Rijksmuseum, Amsterdam, BK-1960-19.

(c) Historical cabinet. Oak veneered with rosewood, walnut,
padauk, purpleheart, ebony,
olive wood, holly and bone, h =
227 cm, w = 192 cm, d =
65 cm. The Netherlands, circa
1680-1710. Rijksmuseum, Amsterdam, BK-NM-6073.

Figure 3.1: A selection of Dutch cabinets on stands decorated with marquetry.

(a) Close-up of historical cabinet door, Jan van
Mekeren. Oak veneered with various wood
species, door: h = 110 cm, w = 80 cm, t = 3.5
cm. Amsterdam, circa 1695-1710. Amerongen
Castle, Amerongen.

(b) Close-up of historical cabinet door. 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.

Figure 3.2: Shrinkage cracks (indicated by the white arrows) in the oak substrate.

paintings under sinusoidal, relative humidity fluctuations. In [14] mock-ups of panel
paintings were subjected to step variations of the ambient relative humidity, in order
to obtain detailed insight into their hygro-mechanical response.
In addition to research performed on specific objects, the ongoing debate within the
conservation community regarding appropriate sustainable museum environments
also revealed the need to provide the preservation of large museum collections with
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a firm, scientific basis [60, 63]. For this purpose, several long-term, multidisciplinary
research projects were initiated, like the Managing Collection Environments Initiative
by the Getty Conservation Institute [27], and the Climate4Wood project by the Eindhoven University of Technology, Delft University of Technology, Rijksmuseum and
Cultural Heritage Agency of the Netherlands [16, 50]. The first project addresses
compelling research questions related to the control and management of museum
environments suitable for susceptible collections [27]. The response of hygroscopic
materials and objects has been studied under climate fluctuations, and epidemiology [15] has been applied to susceptible objects in order to identify how the object
condition or the adverse effect of the environment appears within large museum collections. In the second project the material properties, indoor climate conditions,
and type of construction of decorated oak wood panels present in the Rijksmuseum
collection are investigated by combining an extensive museum study with advanced
numerical modelling and dedicated laboratory and in-situ experiments [16]. From the
museum study a large amount of data was collected in a systematic fashion; these
data has been used i) as input for experimental, numerical and in-situ studies on
oak wood panels, and ii) for constructing a reference case that can be employed for
determining the condition of similar collections present in other museums. In addition, the possibility of a causal connection between the panel characteristics and the
climate history of objects has been explored.
As part of the Climate4Wood project, in this work the hygro-mechanical response
of mock-ups of historical Dutch cabinet door panels made of oak wood is examined experimentally under several relative humidity variations. More specifically, the
mock-ups are subjected to i) an instantaneous decrease of 40% relative humidity,
ii) 8 successive, instantaneous drops of 5% relative humidity, and iii) a varying relative humidity profile ranging between 35% and 71%. The effect of the presence
of cleated ends and veneer layers on restrained hygral shrinkage of the oak wood
door panels is explored by distinguishing two basic types of shrinkage mechanisms.
Further, the shrinkage response of the mock-ups is translated to their damage susceptibility using an analytical hygro-mechanical bi-layer model. In accordance with
these research tasks, this chapter is organized as follows. Section 3.2 discusses
the experimental program, whereby the mock-ups, their preparation, the test set-up
and the measurement scheme are described. Sections 3.3 and 3.4 treat the experimental results for the different mock-ups, analysing the time evolution of the panel
deformations, the origin of restrained hygral shrinkage, and the risk of damage. Also,
the development of the moisture profiles in the mock-ups is analysed. The 6 main
conclusions of the experimental study are outlined in Section 3.5.

3.2

Experimental program

The damage observed on door panels of historical Dutch cabinets is illustrated in Figure 3.2, and, as reported in [17, 61], may be induced by indoor climate fluctuations.
This work aims at gaining more insight into this aspect, by performing an experimental program in which the deformation response and damage resistance of mock-ups
of cabinet door panels under relative humidity fluctuations is analysed. Two mockups - referred to as mock-ups A and B - were subjected to a single decrease and
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Mock-up: A,B,D

Mock-up: C

Mock-up: F

Mock-up: E

Cleated end
Board
Veneer layer

Unrestrained
substrate
No veneer layers
Restrained substrate
No veneer layers

Unrestrained
substrate
Veneer layers
Restrained substrate
Veneer layers

Figure 3.3: Mock-up composition. The mock-ups have a restrained (A, B, D and F) or unrestrained (C and E) oak substrate, where only mock-ups E and F have plain teak veneer
layers. Animal glue is used for the joints and for the attachment of the veneer layers to the oak
substrate. The grain directions in the boards and cleated ends are indicated by arrows.

multiple stepwise decreases in relative humidity, respectively, and four mock-ups referred to as mock-ups C to F - were exposed to a varying relative humidity profile
ranging between 35% and 71%. Mock-ups C to F also consider the influence of the
presence of cleated ends and veneer layers on the panel response, as illustrated in
Figure 3.3.

3.2.1

Mock-ups

Historical Dutch cabinet doors typically consist of an oak wood substrate that is covered by veneer layers, mouldings and/or a surface coating, see Figure 3.1. The
substrate comprises several quarter-sawn oak boards, which are connected to form
a flat structure. The veneer layers are applied plain or as marquetry, and consist of
specific wood species, possibly combined with other materials, such as bone, turtle shell and ivory. The characteristics of the historical Dutch cabinet doors were
systematically documented in the Rijksmuseum study [16]. This provided a useful
source of information for the geometrical design of mock-ups A to F, see Figure 3.3,
and for the wood species, type of joints and type of veneer layers used. One practical limitation that had to be overcome related to the dimensions of the mock-up,
which were restricted by the size of the climate chamber and by the limited thickness of the oak boards provided. Since this reduction in dimension was only small,
the mock-up dimensions may be nevertheless considered as representative of door
panels commonly present in historical cabinets.
Mock-ups A, B and D were composed of an oak substrate restrained by cleated ends,
which does not have veneer layers attached to the front and back sides, see Figure
3.3. The substrate was composed of five boards, where three boards were placed
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side by side with parallel grain directions. Two smaller boards, i.e., the cleated ends,
were placed at the top and bottom sides of these three boards. The grain direction
of the cleated ends was oriented perpendicular to the grain direction of the three
boards. The three parallel boards were connected by a butt joint with animal glue,
while the cleated ends were connected to the three boards by a tongue-and-grove
joint with animal glue.
For mock-ups C to F the substrate was constructed in a similar fashion as described
above. The effect by the cleated ends on the panel behaviour was considered by
selecting restrained (i.e., cleated ends present) and unrestrained (i.e., cleated ends
absent) oak substrates, see Figure 3.3, and comparing the responses of mock-ups
C and D, and mock-ups E and F. This selection was motivated from the museum
study reported in [17], where for the historical door panels analysed these two types
of substrates typically showed to have the most and least damage, respectively. In
addition, the influence of plain teak veneer layers on the panel response was studied
by considering two cases: i) a mock-up with an unrestrained (C) or a restrained (D)
substrate, but without veneer layers and ii) a mock-up with an unrestrained (E) or
a restrained (F) substrate with veneer layers at both the front and back sides. The
grain directions of the veneer layers coincided with those of the three oak wooden
boards below. The dimensions of mock-ups A to F are listed in Table 3.1.
Table 3.1: Dimensions mock-ups. All measures are in millimetres. Note that the values not
provided for h1 and h3 are due to the absence of cleated ends for the unrestrained mock-ups
C and E.
t
h3

h2 h

h1
w1

w2
w

w3

Mock-up

h

h1

h2

h3

w

w1

w2

w3

t

A
B
C
D
E
F

730.2
731.7
629.0
732.3
629.0
732.1

49.0
49.8
49.0
48.8

633.2
631.4
629.0
632.3
629.0
634.5

48.0
50.5
51.0
48.8

546.0
546.0
545.9
546.6
546.0
545.7

165.0
186.5
165.7
168.5
158.0
160.2

206.0
214.5
196.0
229.3
220.5
216.7

175.0
145.0
184.2
148.8
167.5
168.8

14.35
14.64
14.38
14.48
15.52*
15.52*

*The thickness of the veneer layers is equal to 0.5 mm.
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3.2.2

Preparation mock-ups

The mock-ups were composed of oak boards provided by the University of Amsterdam, Faculty of Humanities, Department of Arts & Culture. The boards were stored
for at least 10 years in the Ateliergebouw of the Rijksmuseum, Amsterdam at a temperature of 20◦ C ±2◦ C and a relative humidity of 50% ±5% in the winter and 55%
±5% in the summer. The boards were quarter-sawn, had a relatively small annual
ring width between 2 and 7 mm, and almost had no imperfections, thereby accurately
mimicking the high-quality characteristics of historical cabinet doors. The animal glue
used for the joints and the attachment of the veneer layers to the oak substrate was
composed of a solution of bone and hide glue in a ratio one to one. The water to
glue ratio of the solution was two to one.
The mock-ups were made by a senior furniture conservator at the Department of
Conservation and Scientific Research of the Rijksmuseum, Amsterdam. After construction, the mock-ups were kept in the Ateliergebouw of the Rijksmuseum, Amsterdam in a stable indoor climate (temperature of 20◦ C ±2◦ C and relative humidity
of 50% ±5% in the winter and 55% ±5% in the summer). For the performance of
the experimental tests, the mock-ups were transported to the climate chamber of
the Structures Laboratory of the Eindhoven University of Technology, where they
were kept at a temperature of 20◦ C ±2◦ C and a relative humidity of 60% ±5% for
about three months. Prior to testing, the measurement devices where attached to
the mock-ups, after which the mock-ups were included in the test set-up.

3.2.3

Test set-up

The experimental tests were performed in a Memmert ICH750 climate chamber at
the Building Physics Laboratory of the Eindhoven University of Technology. The dimensions of the climate chamber are such that a homogeneous indoor climate could
be ensured during testing. The mock-ups were placed in a custom-made stand in
the middle of the climate chamber, whereby all surfaces were freely exposed to the
surrounding air, see Figure 3.4. Two layers of Teflon were placed between the mockups and the stand to minimize the contact friction. The wires of the measurement
devices were conducted through a hole located at the backside of the climate chamber. Behind the climate chamber, the wires were connected to a data acquisition
system that transmitted the measured data to a computer. The measurement time
interval was set to 120 seconds, in order to follow the response of the mock-ups
accurately while keeping the processing of the measurement data feasible.

3.2.4

Measurements

Various measurement devices were used in order to accurately capture the hygromechanical response of the mock-ups. The displacement, strain, moisture content, temperature and relative humidity were monitored at a number of locations,
see Figure 3.5. Solartron SM3 linear variable displacement transformers (LVDTs)
were glued to the mock-up surfaces to measure local displacements. A calibration
was performed to check the linearity of the LVDTs, which resulted in an accuracy
of ±0.0075 mm. Tokyo Sokki Kenkyujo PFLW-30-11 strain gauges were selected
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LVDT

Strain gauge
MC device
T and RH sensor

Aluminium stand

Teflon

Figure 3.4: Test set-up: Mock-ups E (unrestrained substrate with veneer layers; left) and C
(unrestrained substrate without veneer layers; right) inside a climate chamber.

to measure local strains. These special purpose strain gauges are designed for
long-term measurements on wood exposed to humid conditions. A two-component
hygroscopic PS polyester adhesive was used to glue the strain gauges to the mockup surfaces. The measuring of the moisture content, which complies with EN 16682
[19], occurred at the half-depth of the mock-ups with a Brookhuis MCM Sensor (serial number 0302128), whereby the response was obtained from an indirect method
based on the electrical resistance of the wood. Sorption experiments were performed
in order to calibrate the moisture content sensor. The temperature and relative humidity in the climate room were determined by using Humitter 50U/50Y(X) sensors.
The sensor accuracy obtained after calibration is ±0.6◦ C and ±3% relative humidity.
The measurement devices for mock-ups A and B were located such that the response of the left board and the response at the glue joints with the adjacent board
and cleated ends were captured in detail, whereby the main purpose was to gain
more insight into local dimensional changes at connections and their relation to the
location of possible shrinkage cracks, see Figure 3.5a. Six LVDTs were placed in
horizontal direction to measure the displacement in the radial material direction of
the oak wood substrate (LVDT 1, 2 and 3 on the front surface and LVDT 5, 6 and
7 on the back surface). The LVDTs were located at the middle of the board and
close to the cleated ends to analyse the restraining effect of the cleated ends on the
deformation response of the panel. Two vertical LVDTs were used to measure the
response in longitudinal material direction of the substrate (LVDT 4 and 8 on the front
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(b) Mock-ups C to F, for which only mock-ups D and F are equipped with cleated ends.

Figure 3.5: Measurement scheme for mock-ups A and B (a) and C to F (b). The locations
of the displacement transformers (LVDT), strain gauges (numbers), moisture content sensors
(MC) and temperature (T) and relative humidity (RH) sensors are indicated. Strain gauge
group 3,11,16,24 depicted in figure (a) was only used on mock-up A. Strain gauge groups
3,14 and 4,15 depicted in figure (b) were only used on mock-ups D and F.
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and back sides, respectively). In addition, a total of 26 strain gauges was used; 13
on the front side of the mock-up and 13 on the back side. The locations of the strain
gauges were selected such that the following aspects could be captured: the effect
of the cleated ends on the deformation behaviour of the substrate, possible out-ofplane displacements of the substrate (warping), the orthotropic material behaviour
of the oak wood substrate and the response at the glue joints. In addition, four moisture content sensors were located at the centre of the left and right boards (MC 1
to 4), and one sensor was located at the right board, close to the cleated end (MC
5). Two temperature and relative humidity sensors (RH/T) were applied to measure
the ambient climate conditions at the centre of the front and back surfaces of the
mock-ups. Two additional temperature and relative humidity sensors were located
halfway in between the mock-up surfaces and the front and back sides of the climate
chamber, in order to confirm that the climate established inside the climate chamber
was homogeneous; this indeed appeared to be the case.
Compared to mock-ups A and B, the locations of the measurement devices for mockups C to F were chosen more uniformly across the panel, such that variations of the
response across the specimen could be clearly identified, see Figure 3.5b. The
mock-ups were equipped with eight horizontal LVDTs to measure the displacement
in radial material direction (LVDT 1, 2, 3 and 4 on the front surface and LVDT 5, 6,
7 and 8 on the back surface). The LVDTs were located close to the upper cleated
end, one on each of the three vertical boards and one covering the total width of the
mock-ups. Mock-ups C and E were equipped with 18 strain gauges (SG 1, 2, 5-11
on the front surface and SG 12, 13, 16-22 on the back surface) and mock-ups D and
F were equipped with 22 strain gauges (SG 1-11 on the front surface and SG 12-22
on the back surface). The strain gauges were positioned on the boards and across
the glue joints. Two moisture content sensors (MC 1 and MC 2) were applied, one
at the centre of the left board and one at the bottom of the right board. In addition,
two temperature and relative humidity sensors (RH/T) were placed at the centre of
the mock-ups, close to the front and back surfaces.

3.2.5

Time-averaged strain

From the strain profile measured the time average is determined in order to facilitate
the comparison of strain responses at different measurement locations and between
different mock-ups. This measure gives a good indication of how a deformation on
average has evolved in time. The time average of the strain a is characterized by
the area under the strain-time curve, divided by the total time:
Z
1 t
ˆ (t) dt,
(3.1)
a =
t 0
where  = ˆ (t) is the total strain and t is the time.

3.2.6

Boundary conditions

The relative humidity profiles applied to the mock-ups are depicted in Figure 3.6.
Mock-ups A and B were subjected to single and multiple stepwise decreasing relative
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(a) Time evolution of the relative humidity for mock-up A.

80
Mock-up B

Relative humidity [%]

70
60
50
40
30
20
10
0
0

5

10

15

20

25

30

35

40

45

50

Time [days]
(b) Time evolution of the relative humidity for mock-up B.
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(c) Time evolution of the relative humidity for mock-ups C to F.

Figure 3.6: Time evolution of the relative humidity applied to mock-ups A (a), B (b) and C to
F (c). During testing the temperature was kept constant at 20◦ C.
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humidity profiles, respectively, as depicted in Figures 3.6a and 3.6b. The temperature was kept constant at 20◦ C. For both profiles the total drop in relative humidity is
from 60% to 20%, with the total duration of the humidity profiles being comparable.
These humidity changes obviously are larger than those currently defined as acceptable for indoor museum conditions; nonetheless, they are assumed to be representative of the more extreme, uncontrolled variations experienced during manufacturing
and the early history of the museum object. Mock-ups C to F were subjected to
a continuously varying relative humidity profile (at a constant temperature of 20◦ C)
illustrated in Figure 3.6c. This humidity profile is based on measurement data obtained from the Grand Salon of the Amerongen Castle, located in Amerongen, The
Netherlands. The measurement data were provided by the Chair of Building Physics
of the Eindhoven University of Technology, and were obtained by measuring the indoor climate in the Grand Salon from 2010 until 2014 [25]. During this four-year
period, the largest fluctuations in relative humidity were measured in the winter of
2012, from 26 January to 24 February, which were used as a basis for the humidity profile applied in the experiments. Note from Figure 3.6c that the experimental
relative humidity profile varies between 35% and 71%, and slightly differs from the
measured profile in the Amerongen Castle; however, since the differences are small,
the experimental profile may be assumed to be representative of the measured climate conditions. Considering that cabinet door panels in museums typically are
exposed to climate conditions that are much more strict, this humidity profile can be
regarded as a serious test case for the damage resistance of door panels.

3.3
3.3.1

Experimental results mock-ups A and B
Deformation response

The time evolutions of horizontal strains measured in mock-ups A and B are, respectively, depicted in Figures 3.7 and 3.8 for a selection of strain gauges. In accordance
with Figure 3.5a, the strain gauges selected can be assembled in groups with a similar location, which is the group of strain gauges 6,19 attached to one of the three
boards at the half-length of the panel, the group 2,9,15,22 attached to one of the
boards near a cleated end, and the group 1,10,14,23 attached to a cleated end. The
strain responses of the first two groups are depicted in Figures 3.7a and 3.8a, while
the response of the latter group is shown in Figures 3.7b and 3.8b, together with the
corresponding relative humidity profile taken from Figure 3.6. The responses measured by the other strain gauge groups shown in the overview of Figure 3.5a are
omitted in Figures 3.7 and 3.8, since the trends are qualitatively similar to those of
the three strain gauge groups depicted. For completeness, however, further in this
chapter the time-averaged strain value and the final strain value measured by these
additional strain gauge groups will be analysed and compared to the time-averaged
values of the current three strain gauge groups.
During the first 7 days the relative humidity was kept fixed at 60%, whereby the strain
profiles shown in Figures 3.7 and 3.8 for mock-ups A and B remained approximately
constant. After 7 days the relative humidity was lowered to 20% in a single step for
mock-up A, and in 8 separate steps of 5% for mock-up B. It can be observed that the
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Figure 3.7: Time evolution of horizontal strains in mock-up A for a selection of strain gauges.
a) Group of strain gauges 6,19 attached to a board at the half-length of the panel, and group
2,9,15,22 attached to a board near a cleated end. (b) Group of strain gauges 1,10,14,23
attached to a cleated end, together with the corresponding relative humidity profile imposed,
taken from Figure 3.6a.

slopes of the strain profiles measured for mock-up A initially are high, but gradually
decrease to relatively small values observed at the end of the hygral loading process, indicating that the final response of mock-up A is close to the time-independent
steady-state limit. Mock-up B experiences incremental changes in deformation each
time the relative humidity is lowered by 5%, which causes the overall trend of the
strain curves to be different from that for mock-up A. The final strain values of the
two mock-ups are comparable, and are the largest for strain gauge group 6,19 attached to one of the three boards at the half-length of the panel, followed by strain
gauge group 2,9,15,22 attached to one of the boards near a cleated end, and finally
the group 1,10,14,23 attached to a cleated end. This clearly indicates that the restraining effect by the cleated end on the local deformation response of the substrate
decreases with increasing distance from the cleated end. The relatively small horizontal deformations measured on the cleated ends are mainly due to the coefficient
of hygroscopic expansion in the longitudinal material direction of the oak wooden
cleated ends being more than 10 times smaller than that in the radial material direction of the oak wooden boards [49]. Note finally that the strain measurements within
a strain gauge group show some spread in value, which may be mainly ascribed to
the spatial heterogeneity of the oak wood microstructure.
The time evolutions of the local panel displacements measured by the LVDTs are depicted in Figures 3.9a and 3.9b for mock-ups A and B, respectively. From a comparison with Figures 3.7 and 3.8, it can be confirmed that the horizontal displacements
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Figure 3.8: Time evolution of horizontal strains in mock-up B for a selection of strain gauges.
a) Group of strain gauges 6,19 attached to a board at the half-length of the panel, and group
2,9,15,22 attached to a board near a cleated end. (b) Group of strain gauges 1,10,14,23
attached to a cleated end, together with the corresponding relative humidity profile imposed,
taken from Figure 3.6b.
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Figure 3.9: Time evolution of displacements in mock-ups A (a) and B (b). The LVDT numbers
refer to the measurement locations indicated in Figure 3.5a.
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Figure 3.10: Spatial variation in the orientation of R-T material axes in the not perfectly
quarter-sawn left board of mock-up B, together with a schematic representation of the resulting warping under a drop in relative humidity. The warped shape of the board has been
validated by means of a finite element simulation not presented here for brevity.

(recorded by LVDT 2, 6) follow a similar trend as that recorded by the horizontal strain
gauges. The final displacements measured across an individual oak wooden board
(as obtained by LVDT 2, 6) are comparable to those following from multiplying the
local values measured by strain gauges at similar locations (i.e., SG 6, 19) with the
corresponding nominal LVDT width. The relative differences between these global
and local deformation measures for the two mock-ups fall in between 3% and 35%,
and indicate that the deformation across a board is not ideally uniform, due to the
heterogeneity of the oak wood microstructure. It is further noted that for mock-up
B the horizontal displacements measured at the back side of the panel (LVDT 5, 6
and 7) are up to 34% lower compared to the corresponding displacements at the
front side of the panel (LVDT 1, 2 and 3), see Figure 3.9b. This difference may be
ascribed to the fact that the left board of mock-up B is not ideally quarter-sawn, as
a result of which the material orientation rotates counter clockwise going from the
right side to the left side of the board, see Figure 3.10. Consequently, the board is
subjected to some warping, induced by a lower shrinkage at the back side than at
the front side. Finally, it shows that the vertical displacements of the oak wooden
board measured by LVDT 4 and 8 are negligible, which results from the fact that the
coefficient of hygroscopic expansion in the longitudinal material direction of the oak
wooden board (= vertical panel direction) is more than 10 times smaller than in its
radial material direction (= horizontal panel direction).
The time-averages of all strain measurements shown in the overview in Figure 3.5a
are calculated in accordance with Eq.(3.1), and depicted in Figure 3.11 by means of
the average per strain gauge group. As already explained, a strain gauge group is
composed of strain gauges positioned at similar measurement locations. It can be
observed that the time-averaged strains recorded for mock-up A are always substantially larger than those for mock-up B, see Figure 3.11. This clearly results from the
less abrupt decrease in relative humidity for mock-up B, whereby the deformation
generated develops in a more gradual fashion, see also Figures 3.7 and 3.8, leading
to a lower value for the time-averaged strain a . Note that all time-averaged strain values are negative, generally reflecting a shrinkage behaviour of the panel. The strain
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Figure 3.11: Overview of the time-averaged strain per strain gauge group. The numbers
along the horizontal axis define the strain gauge groups and correspond to the measurement locations indicated in Figure 3.5a. The squares and circles indicate the mean values for
mock-ups A and B, respectively. The bars indicate the minimal and maximal time-averaged
strains recorded at specific locations within a strain gauge group. Note that strain gauge group
3,11,16,24 was only used on mock-up A.

values observed at the half-length of the panel, i.e., the values measured by strain
gauge groups 6,19, 7,20 and 8,21 are similar, which illustrates that it is insignificant
whether the strain gauge is located on a single board, or on two adjacent boards
thereby crossing a glue connection. Accordingly, it may be concluded that the glue
does not fail, and that the elastic stiffness of the glue connection is much larger than
of the oak wood itself (so that it does not influence the deformation behaviour of the
panel). The same conclusion may be drawn after comparing the horizontal strains
of the strain gauge groups 2,9,15,22, 3,11,16,24 and 5,13,18,26 located on boards
near a cleated end. Also, the vertical strain gauges across the glue joint between
the cleated end and the boards, i.e., strain gauge group 4,12,17,25, did not give an
indication of failure of the glue connection; the strain values measured by this strain
gauge group almost completely result from the deformation of the cleated end in the
radial material direction.
In addition to the computation of the mean value of the time-averaged strains over
a strain gauge group, the mean value of the final strain (i.e., the strain value at the
end of the hygral loading process) has been derived from the strain measurements,
see Figure 3.12. The final shrinkage strain obviously has a larger value than the
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Figure 3.12: Overview of the final strain per strain gauge group. The numbers along the
horizontal axis define the strain gauge groups and correspond to the measurement locations
indicated in Figure 3.5a. The squares and circles indicate the mean values for mock-ups A and
B, respectively. The bars indicate the minimal and maximal final strains recorded at specific
locations within a strain gauge group. Note that strain gauge group 3,11,16,24 was only used
on mock-up A.

time-averaged shrinkage strain plotted in Figure 3.11. Further, moderate to small
differences appear in the values recorded for mock-ups A and B; this indicates that
the final deformations of the mock-up only slightly depend on how the overall drop
in 40% relative humidity is applied in time. The largest value of the final shrinkage
strain occurs at the half-length of the panel, i.e., at the strain gauge groups 6,19,7,20
and 8,21, at which location the restraining effect by the cleated end is expected to be
negligible (which will be confirmed in Section 3.4). The values measured by these
strain gauge groups lie between −0.43% and −0.67%, which, in accordance with a
panel width of 546 mm, relates to a horizontal shortage of the panel between 2.3
mm and 3.7 mm. Near the cleated ends, i.e., at the strain gauge groups 2,9,15,22,
3,11,16,24 and 5,13,18,26, the final shrinkage strains in the substrate are almost a
factor of two lower, in between −0.23% and −0.41%. The final shrinkage strain measured on the cleated ends, i.e., at the strain gauge group 1,10,14,23, is the lowest,
and varies between −0.13% and −0.18%, which is mainly due to the relatively small
hygroscopic expansion coefficient in the longitudinal material direction of the cleated
end. A more detailed interpretation of the local shrinkage strains and their relation to
the occurrence of damage in the panel is provided in the next section.
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Figure 3.13: Orthotropic hygro-elastic bi-layer composed of layers (1) and (2).

3.3.2

Restrained shrinkage and risk of damage

The spatial variety in the shrinkage strains measured across the panel may have
different origins. Consider, for example, the strain responses plotted in Figures 3.7a
and 3.7b for strain gauges SG6 and SG10 attached to mock-up A and oriented in the
radial and longitudinal material directions of the oak wood, respectively (see Figure
3.5a), or the displacement responses illustrated in Figure 3.9a, measured by LVDT 3
and 4 in the radial and longitudinal material directions, respectively. The reason that
the deformation in the radial material direction here is larger than in the longitudinal
material direction can be mainly ascribed to the considerable difference of a factor of
10 in the corresponding hygroscopic expansion coefficients of orthotropic oak wood
[49]. Other aspects that can be seen as a cause for the difference in the amount
of shrinkage observed on the panel surfaces are the mock-up composition, the local
wood density (a large annual ring width results in more shrinkage than a small annual
ring width), a variation in moisture content across the thickness of the panel, and
the appearance of spatial changes in the orthotropic material directions (e.g., not
perfectly quarter-sawn boards and the presence of conical or spiral grain directions).
In order to explore how local differences in shrinkage behaviour may influence the
susceptibility of the panel to damage, it is useful to consider the in-plane response
of the hygro-elastic bi-layer illustrated in Figure 3.13. The two layers constructing the
bi-layer are orthotropic, initially stress-free, and are connected by a coherent (= fully
sticking) interface. The in-plane hygro-mechanical behaviour of the orthotropic bi(i)
(i)
(i)
layer is characterized by the elasticity parameters Ex , Ez and νzx , the hygroscopic
(i)
(i)
expansion coefficients βx and βz , and the layer heights h(i) , with the indices i =1,2
designating the individual layers. Driven by a change in moisture content ∆m(i)
(defined as the mass of moisture per unit volume divided by the mass of dry material
per unit volume), layer-wise uniform stresses are generated. The normal stresses
(i)
σxx can be computed by starting from static equilibrium of the bi-layer in x-direction:
(1) (1)
(2) (2)
σxx
h + σxx
h
= 0.

(3.2)

(i)

In addition, the total axial strain xx experienced by each layer may be decomposed
e,(i)
m,(i)
into an elastic part xx and a hygroscopic part xx :
e,(i)
m,(i)
(i)
xx = xx + xx

with

i = 1, 2,

(3.3)

where the superindex m used for the hygroscopic strain refers to “moisture”. Under
plane-stress conditions (i.e., σzz = 0), the elastic and hygroscopic strains in each
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layer can be derived from the general constitutive expressions for an orthotropic
hygro-elastic continuum as
(i)

e,(i)
xx
=

σxx

m,(i)
= βx(i) ∆m(i) ,
xx

and

(i)
Ex

while under plane-strain conditions (i.e., zz = 0) these two strains follow as
!
(i)
(i)
σxx
e,(i)
(i) 2 Ex
(i) (i)
xx = (i) 1 − (νzx ) (i) + νzx
βz ∆m(i) and
Ex
Ez
m,(i)
xx

=

βx(i) ∆m(i)

(3.4)

(3.5)

.

The first expression in Eq.(3.5) has been obtained by making use of the symmetry
condition νxz Ez = νzx Ex of the orthotropic elastic tensor. Inserting either Eq.(3.5)
or Eq.(3.4) for each of the two layers into Eq.(3.3), followed by equating the two
(i)
resulting expressions and invoking Eq.(3.2), allows for computing the stresses σxx in
each layer as
(1) (2)
(1)
(2)
(β̄x ∆m(2) − β̄x ∆m(1) )h(2) Ēx Ēx
(1)
,
σxx
=
(2)
(1)
h(1) Ēx + h(2) Ēx
(3.6)
(1)
(2)
(1) h
σxx = −σxx (2) ,
h
(i)

where under plane-stress conditions the effective stiffness Ēx and the effective hy(i)
groscopic expansion coefficient β̄x of a layer are given by
Ēx(i) = Ex(i)

and

β̄x(i) = βx(i) ,

(3.7)

while under plane-strain conditions these parameters are
(i)

Ex
and

2 E (i)
x
(i)
1 − νzx
(i)
Ez
!
(i)
(i) βz
= 1 + νzx
βx(i) .
(i)
βx

Ēx(i) =

β̄x(i)

(3.8)

Eq.(3.6) shows that the two layers develop stresses under the following two basic
types of conditions: Type 1, where the change in moisture content in each layer is
different, ∆m(1) 6= ∆m(2) , but their effective coefficients of hygroscopic expansion
(1)
(2)
are equal, β̄x = β̄x , and Type 2, where the change in moisture content in both
(1)
layers is equal, ∆m = ∆m(2) , but the effective hygroscopic expansion coefficients
(1)
(2)
are different, β̄x 6= β̄x . Trivially, combinations of these two basic cases, i.e., mutual
differences in both the moisture content and the effective coefficient of hygroscopic
expansion, will also lead to stresses in the layers, in accordance with the general
(1)
(2)
condition β̄x ∆m(1) 6= β̄x ∆m(2) . It can be further observed from Eq.(3.6) that
the stresses in the two layers have an opposite sign, i.e., if one layer is subjected
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Figure 3.14: Restrained hygral shrinkage originating from a difference in moisture content
across the thickness direction of a perfectly quarter-sawn board, i.e., Type 1 shrinkage. The
solid lines indicate the original dimension of the board, whereas the dotted lines represent the
dimensional change upon drying. The radial and tangential material directions are indicated
by the letters R and T respectively.

to compression (characterized by a negative sign of the stress), the other layer is
subjected to tension (characterized by a positive sign of the stress).
The result given by Eq.(3.6) can be used for identifying the origin of locally restrained
hygral shrinkage in the panel, and its effect upon crack formation. For mock-ups A
and B, restrained hygral shrinkage may originate from: i) a difference in moisture
content across the thickness direction of the boards, i.e., Type 1 shrinkage, or ii) a
directional difference in the coefficients of hygroscopic expansion of structural components forming a coherent connection, i.e., Type 2 shrinkage. Type 1 shrinkage
occurs in the outer regions of the board thickness; these regions initially experience
a relatively fast decrease in moisture content upon a decreasing relative humidity
at the front and back sides of the board, while the inner core of the board has not
(yet) experienced a noticeable change in moisture concentration. When considering
one of these outer regions as layer 1 and half of the core of the boards as layer 2
(thereby making use of the symmetry across the thickness direction), in accordance
with Eq.(3.6) this results into a tensile stress in the outer regions of the board thickness and a compressive stress at the core, see also the qualitative sketch in Figure
3.14. Conversely, Type 2 shrinkage occurs at the cleated ends of a panel, where the
longitudinal (grain) direction of the oak wood representing the cleated end is oriented
perpendicular to that of the connecting boards composing the substrate. The coefficient of hygroscopic expansion in the radial material direction of the boards is larger
than in the longitudinal material direction of the cleated end. When interpreting the
cleated end as layer 1 and the upper region of the boards adjacent to the cleated
end as layer 2, in accordance with Eq.(3.6) the boards will be subjected to tension
and the cleated end will be loaded in compression, see also the qualitative sketch in
Figure 3.15. Correspondingly, the glued tongue-and-grove joints between the boards
and cleated ends will be loaded in shear and the glued butt joints between the boards
will be loaded in tension.
In order to compute the tensile stresses in the mock-ups for both types of restrained
hygral shrinkage, the material parameters for oak wood as listed in Table 3.2 are
used. Here, the elastic moduli are adopted from [36] and the hygroscopic expansion
coefficients are taken from [49]. Starting with the analysis of Type 1 shrinkage across
the thickness of the oak wooden boards, it is assumed that the oak wood at the halflength of the boards is subjected to plane-strain conditions in the length (= vertical)
direction of the panel, in correspondence with the negligible deformations measured
by LVDT 4 and 8 in the length direction of mock-ups A and B, see Figure 3.9. The x62
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compression
tension

Free shrinkage

Restrained shrinkage

Figure 3.15: Free hygral shrinkage (left) and restrained hygral shrinkage (right). The restrained hygral shrinkage originates from a difference in the coefficient of hygroscopic expansion of structural components forming a connection, i.e., Type 2 shrinkage. The solid grey
lines indicate the original dimensions of the board, whereas the solid black lines represent the
dimensional change upon hygral shrinkage.

and z-directions of the bi-layer thus correspond to the radial and longitudinal material
directions of the oak wooden boards, respectively. Consider now a drop in relative
humidity from 60% to 20%, which relates to a maximal drop in moisture content in
the oak wood from 0.089 to 0.051, in accordance with the values at points A and B
in Figure 3.16 (these values will be further discussed in Section 3.3.3). Under the
assumption that the maximal drop in moisture content takes place in the outer quarter regions across the board thickness h, i.e., ∆m(1) = 0.051 − 0.089 = −0.038 for
h(1) = h/4, and the moisture content of the inner core of the boards does not change,
i.e., ∆m(2) = 0 for h(2) = h/4 (representing half of the symmetrical inner core),
(1)
Eq.(3.6) provides a tensile stress in the outer quarter region of σxx = 6.0 N/mm2 .
This tensile stress lies below the values for the tensile strength (measured perpendicular to the grain direction) of new oak wood (≈ 21 N/mm2 ) and seventeenth-century
oak wood (≈ 12 N/mm2 ) reported in [36]. Note hereby that the latter strength value
is substantially lower, which is the result of ageing effects. From these strength
data it may be concluded that under the current Type 1 shrinkage conditions cracking indeed does not occur, also not if the panel tested would have been made of
(weaker) seventeenth-century oak wood. The horizontal shrinkage strain under the
above Type 1 conditions can be computed from Eqs.(3.3) and (3.5), and for both
Table 3.2: Elasticity parameters (taken from [36]) and hygroscopic expansion coefficients
(taken from [49]) in the longitudinal (L) and radial (R) material directions of oak wood.
Elasticity parameters

EL [N/mm2 ]
ER [N/mm2 ]
νLR [-]

12800
1600
0.35

Hygroscopic expansion coefficients

βL [-]
βR [-]

0.016
0.19
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Figure 3.16: Moisture hysteresis behaviour of oak wood. The boundary curves reflecting
time-independent (steady-state) hygral equilibrium are indicated by dashed lines, and were
determined by means of sorption tests. The desorption scanning curve indicated by a solid
line is constructed with the hysteresis model presented in [21].

layers equals xx = −0.37%. Obviously, this shrinkage strain lies below the range of
final horizontal shrinkage strains of −0.6% to −0.7% that was measured for mockup A at strain gauge groups 6,19, 7,20 and 8,21, see Figure 3.12. The reason for
this is that the measured final shrinkage strain is expected to agree closely to the
steady-state situation, whereby the board has undergone sufficient time to accommodate for the maximal drop in moisture content across its complete thickness, i.e.,
∆m(1) = ∆m(2) = −0.038. Indeed, with a uniform coefficient of hygroscopic expansion across the board thickness, Eq.(3.6) confirms that the stresses relax to zero,
(2)
(1)
σxx = σxx = 0, which, with Eqs.(3.3) and (3.5), leads to a maximal final horizontal
shrinkage strain of the layers of xx = −0.74% (= β̄x ∆m = β̄x (mB − mA )). This
value for the final shrinkage strain is only slightly larger than the measured values
plotted in Figure 3.12.
For a Type 2 shrinkage analysis at the cleated ends, a plane-stress assumption is
taken, in agreement with the limited thickness of the cleated ends and the boards in
the out-of-plane direction. Hence, in the bi-layer model the stress response only depends on the material characteristics in the x-direction, see Eqs.(3.6) and (3.7). The
elastic moduli and the hygroscopic expansion coefficients are again taken from Table
3.2, whereby the x-direction of the bi-layer is represented by the longitudinal direction of the oak wooden cleated end (= layer (1)), and by the radial direction of the oak
wooden boards (= layer (2)). The effective height h(2) across which the oak wooden
board substantially contributes to the local hygro-mechanical equilibrium near the
cleated end is assumed to be equal to the height h(1) of the cleated end. Under a
maximal drop in moisture content of ∆m(1) = ∆m(2) = −0.038, Eq.(3.6) provides a
(2)
tensile stress in the oak wooden board of σxx = 9.4 N/mm2 . With this result, the total
horizontal shrinkage strain in the layers from Eq.(3.3) is calculated as xx = −0.13%,
which is indeed comparable to the total final shrinkage strain measured for mock-up
A on the cleated end, see Figure 3.12 for the strain gauge group 1,10,14,23. This
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agreement confirms that the above assumption for the effective height h(2) of the
oak wooden board is realistic. Note that the above tensile stress does not exceed
the tensile strength of new oak wood of 21 N/mm2 (measured perpendicular to the
grain direction), as reported in [36]; however, the stress has a magnitude relatively
close to the reported tensile strength of 12 N/mm2 for seventeenth-century oak wood,
which, considering a realistic spread in the material properties for oak wood, thus potentially may lead to crack formation comparable to that observed near cleated ends
of seventeenth-century historical cabinets displayed in museums, see Figure 3.2b.
Alternatively, this value for the tensile stress may reach the strength of the glue connecting the oak wooden boards, thereby leading to failure of a glue joint.
As illustrated by the experimental deformations depicted in Figure 3.9, the hygral
shrinkage of the door panels tested appeared to occur predominantly in the horizontal direction. This supports the in-situ observation of Type 2 shrinkage cracks
emerging mainly along the vertical direction of historical cabinet doors, see Figure
3.2b, i.e., perpendicular to the horizontal direction in which restrained hygral shrinkage leads to the development of significant tensile stresses in the panel substrate.
It must be emphasized that the basic bi-layer model sketched in Figure 3.13 considers the stresses to be uniform in each layer, which provides an adequate estimate of the risk of climate-induced damage in a door panel if the spatial variations
of stress within a layer are moderate too small. Essentially, the predictions following from Eq.(3.6) are useful for obtaining a first estimate of the risk of damage; a
more detailed insight into this aspect requires the performance of advanced finite element analyses, in which climate-induced damage in oak wood panels is simulated
by means of a coupled thermal-hygral-mechanical model that accounts for nucleation
and propagation of discrete cracks. This type of analysis, however, falls beyond the
scope of this chapter, and is subject of Chapter 4.

3.3.3

Moisture content development

The time evolutions of the moisture content, measured at 5 different locations at the
core of the boards of mock-ups A and B, are depicted in Figures 3.17a and 3.17b,
respectively. During the first 7 days of testing the relative humidity was kept constant,
during which the moisture content only slightly varies in value, and for the 5 sensors
lies in between 8.0% and 8.8%. Since it was confirmed that the relative humidity
in the climate room was homogeneous, this spread in values is likely to be caused
by spatial heterogeneities of the oak wood microstructure. After the initial stage, the
relative humidity is lowered in an instantaneous (mock-up A) and stepwise (mock-up
B) manner from 60% to 20%, as a result of which the moisture content in the panels
decreases towards values between 6.9% and 7.7%.
The recorded decrease in moisture content can be compared to the values represented by the points A and B on the steady-state boundary curves depicted in Figure
3.16. Sorption experiments were performed for the construction of these boundary
curves and for the calibration of the depicted desorption scanning curve. The adsorption boundary curve provides an equilibrium moisture content of 8.9% at a relative
humidity of 60%, see point A in Figure 3.16, which lies somewhat above the range
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Figure 3.17: Time evolution of moisture contents in mock-ups A (a) and B (b). The numbers
refer to the measurement locations indicated in Figure 3.5a.

of initial moisture contents measured in the panels, see Figure 3.17. Upon lowering
the relative humidity towards 20%, the moisture content in Figure 3.16 smoothly decreases along the desorption scanning curve towards an equilibrium moisture content of 5.1% on the desorption boundary curve, as indicated by point B in Figure
3.16. It can be observed that this value lies approximately a factor of 1.5 below the
range of final moisture contents recorded in the panels, see Figure 3.17. The almost
horizontal slopes observed at the end of the curves in Figure 3.17 nevertheless suggest that these final moisture contents closely correspond to a steady state of hygroscopic equilibrium. The difference of a factor of 1.5 in equilibrium moisture content
may be due to the reliability of the moisture sensors; unfortunately some inaccuracies caused by signal interference, signal instability and the influence of the electric
current on the measured moisture content did appear during the testing procedure.

3.4
3.4.1

Experimental results mock-ups C, D, E and F
Deformation response

Mock-ups C to F were exposed to a relative humidity profile ranging between 35%
and 71%, see Figure 3.6c. Here, the configuration of mock-up D and F are the same
as that of mock-ups A and B, while mock-ups C and E do not have cleated ends,
and mock-ups E and F are constructed with veneer layers at the front and back sides
of the substrate, see Figure 3.3. The horizontal strain response measured at the
half-length of the central board of mock-up D, as monitored by strain gauges SG6
and SG17, see Figure 3.5b, is illustrated in Figure 3.18, together with the relative
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Figure 3.18: Time evolution of horizontal strains in mock-up D for strain gauges 6,17 attached
to the central board at the half-length of the panel, see Figure 3.5b, together with the relative
humidity profile imposed (taken from Figure 3.6c).

humidity profile applied. It is observed that the signals recorded by the two strain
gauges are virtually equal, and roughly follow the same trend as that of the relative
humidity profile applied. The maximal shrinkage strain at the half-length of the board
is −0.16%, which is 3 to 4 times lower than the maximum shrinkage strain of mock-up
A under an instantaneous drop in relative humidity of 40%, see Figure 3.7a.
In Figures 3.19a, 3.19b, 3.19c and 3.19d the time evolution of the horizontal displacements recorded by the LVDTs sketched in the overview of Figure 3.5b are depicted
for mock-ups C, D, E and F, respectively. Clearly, the displacements develop along
a similar trend as the strains depicted in Figure 3.18. For mock-ups D and F the
displacements of LVDT 1 and 5, measured near a cleated end across almost the
complete width of the oak wood substrate, have a maximal value close to 0.6 mm,
while for the mock-ups C and E without cleated ends this displacement approaches
1.2 mm. In other words, the presence of cleated ends locally reduces the horizontal
deformation of the adjacent substrate by a factor of two. Further, the displacements
recorded across an individual board (i.e., LVDT 2, 3, 4, 6, 7, 8) are one third to
one half of the displacements recorded across the whole substrate (i.e., LVDT 1, 5),
which is in correspondence with the substrate being constructed of three boards with
some variation in width, see Table 3.1.
The time responses measured by the strain gauges other than SG6 and SG17 appear to follow a similar trend as those depicted in Figure 3.18, and are not illustrated
here for brevity. Instead, the time-averaged strains of the strain gauges a , averaged
per strain gauge group, are depicted in Figure 3.20. For reasons of comparison,
this is done for all four mock-ups C, D, E and F. In accordance with the measurement scheme depicted in Figure 3.5b, there are five strain gauge groups monitoring
horizontal strains and two groups monitoring vertical strains.
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Figure 3.19: Time evolution of displacements in mock-ups C (a), D (b), E (c) and F (d). The
LVDT numbers refer to the measurement locations indicated in Figure 3.5b.

.
Consistent with the results obtained for mock-ups A and B, for mock-ups D and F the
horizontal shrinkage strain at the half-length of the panel (i.e., at strain gauge groups
6,17 and 5,7,16,18) is substantially larger - approximately a factor of two - than the
horizontal shrinkage strain close to the cleated ends (i.e., at strain gauge groups
1,11,12,22, 2,9,10,13,20,21 and 3,14). In contrast, for mock-ups C and E without
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Figure 3.20: Overview of the time-averaged strain per strain gauge group. The square, circle,
triangle and diamond symbols indicate the mean values for mock-ups C, D, E and F, respectively. The bars indicate the minimal and maximal time-averaged strain values. The numbers
along the horizontal axis define the strain gauge groups and correspond to the measurement
locations indicated in Figure 3.5b.

the cleated ends these strains are approximately equal, which again illustrates the
restraining effect by the cleated end on local deformations in the panel. In addition,
the horizontal shrinkage strains recorded at the centre of the panel are similar for
the mock-ups with and without cleated ends, which confirms the earlier hypothesis
that at the half-length of the panel the restraining effect by the cleated end on the
deformation behaviour is negligible. It can be further noticed that the spread in strain
values measured on mock-ups E and F with veneer layers is considerably larger
than for mock-ups C and D without veneer layers. Hence, the addition of veneer
layers increases the variability in the local deformation behaviour of a panel. On
average, the horizontal shrinkage strains for the panels with veneer layers are slightly
larger than those for panels without veneer layers; this is caused by the fact that the
hygroscopic expansion coefficient of the teak veneer layers in the tangential material
direction (= horizontal panel direction) is larger than that of the oak substrate in the
radial material direction (= horizontal panel direction). In accordance with the bilayer model in Figure 3.13 and Eq.(3.6), at the half-length of the panel this Type 2
shrinkage mechanism will induce a horizontal tensile stress in the veneer layer and a
(small) horizontal compressive stress in the oak wood. This horizontal tensile stress
indeed stimulates the development of vertical cracks in veneer layers, as regularly
observed for historical cabinets [61]. These vertical cracks may subsequently deflect
into delaminating cracks between the veneer layer and the substrate, with the chance
of local spallation (i.e., flaking off) of the veneer layer. This failure mechanism is
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Figure 3.21: Time evolution of moisture content in mock-up D, together with the relative humidity profile imposed (taken from Figure 3.6c). The numbers refer to the measurement locations indicated in Figure 3.5b.

amplified by bending effects (warping) in the panel, see [20] for more details.
Since the spreads in strain values for the panels with and without veneer layers
generally overlap, the influence by the veneer layers on the shrinkage behaviour of
the substrate may be considered insignificant. This minor influence can be ascribed
to the limited thickness of the veneer layers of 0.5 mm, see Table 3.1, which only
represents 6% of the total panel thickness of 15.52 mm. It can be further seen
that the strain values measured on an individual board are comparable to those
measured across the glue connection between two adjacent boards. This again
confirms that the glue connections do not noticeably influence the local deformations
of the oak wooden board. Finally, as also observed for mock-ups A and B, the
recorded vertical strain values (i.e., at strain gauge groups 4,15 and 8,19) typically
are smaller than the horizontal strain values, with the strain value measured at the
centre of the panel being close to zero.
For brevity reasons, the final strain f per strain gauge group, as depicted in Figure
3.12 for mock-ups A and B, will not be shown for mock-ups C to F; this information appears to be comparable to that of the time-averaged strain depicted in Figure
3.20, which may be ascribed to the smooth variations in the relative humidity profile
imposed, see Figure 3.6c.

3.4.2

Moisture content development

The development of the moisture content with time is illustrated in Figure 3.21 at two
different locations in mock-up D, together with the relative humidity profile imposed.
The moisture sensors MC 1 and MC 2 are attached to a board at the half-length
of the panel and near a cleated end, respectively, see Figure 3.5b. Note that both
70

3.5. Conclusions

moisture profiles start at a value relatively close to the equilibrium moisture content
of 8.9%, as following from the adsorption boundary curve depicted in Figure 3.16.
The trends measured by the sensors clearly are comparable, and roughly follow
the trend of the relative humidity profile applied. Note that the shortest fluctuations
in relative humidity do not affect the moisture content profiles, which is due to the
characteristic minimal time it takes for the moisture to diffuse from the surface to
the core of the board (which is where the sensors measure the signal). Since the
moisture profiles for mock-ups C, E and F are similar to the profile of mock-up D,
these are not illustrated here. Nonetheless, from this similarity it can be concluded
that the presence of cleated ends and veneer layers does not significantly influence
the moisture content development in the substrate.

3.5

Conclusions

The experimental study reported in this work has led to several important insights
and conclusions on the hygro-mechanical response of cabinet door panels under
relative humidity fluctuations, which are summarized below. These conclusions provide a scientific basis for the understanding of shrinkage cracks and dimensional
changes observed on decorated oak wooden panels in historical Dutch cabinets,
and thus may assist in advising museums on future sustainable preservation strategies and rational guidelines for indoor climate specifications.
1) Restrained hygral shrinkage observed in cabinet door panels can be a source
of damage formation. As demonstrated by means of a hygro-mechanical bi-layer
model, this shrinkage may originate from: i) a difference in moisture content across
the thickness direction of the panel, referred to as Type 1 shrinkage, or ii) a directional difference in the coefficients of hygroscopic expansion of structural components forming a coherent connection, referred to as Type 2 shrinkage. Type 1 shrinkage occurs in the outer regions of the panel thickness, whereas Type 2 shrinkage
takes place at the cleated ends of a panel.
2) Under a maximally applied decrease in relative humidity of 40%, the panels tested
did not show any shrinkage cracking in the oak wood or the glue connections, no
matter whether this decrease in relative humidity was applied abruptly or in a more
gradual, step-wise fashion. By means of a basic analytical bi-layer model it has
been demonstrated that the local tensile stresses developing in the panels under
restrained hygral shrinkage indeed were lower than the tensile strength of new oak
wood perpendicular to the grain direction, as reported recently in [36]. Nonetheless,
the tensile stress generated near the cleated end - as a result of Type 2 shrinkage - is
comparable to the tensile strength of seventeenth-century oak wood reported in [36],
which possibly explains the crack formation regularly observed near cleated ends in
seventeenth-century historical cabinets, see Figure 3.2b. Alternatively, these cracks
may result from the local tensile stress reaching the fracture strength of the (ageing)
historic glue connecting the oak wooden boards, leading to failure of a glue joint.
3) The presence of cleated ends locally reduces the horizontal (Type 2) shrinkage
of the substrate by approximately a factor of two, regardless of the features of the
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humidity profile applied. Together with the above conclusions 1) and 2), this experimental result supports the observation from the museum study reported in [17] that
historical door panels with and without cleated ends respectively show the most and
least damage.
4) The presence of teak veneer layers induces a Type 2 shrinkage mechanism via its
connection to the oak wood substrate below. At the half-length of the panel this leads
to a horizontal tensile stress developing in the veneer layer and a (small) horizontal
compressive stress evolving in the oak wood. This horizontal tensile stress indeed
stimulates the development of vertical cracks in veneer layers, as regularly observed
for historical cabinets [61].
5) The hygral shrinkage of the mock-ups tested predominantly occurred in the horizontal direction. This supports the in-situ observation of Type 2 shrinkage cracks
emerging mainly in the vertical direction of historical cabinet doors, see Figure 3.2b,
i.e., perpendicular to the horizontal direction in which restrained hygral shrinkage
may induce significant tensile stresses in the panel substrate.
6) A few mock-ups experienced some warping under the relative humidity variations
applied. This is caused by the fact that the boards composing the panel substrate
were not always ideally quarter-sawn, which resulted in different amounts of shrinkage at the back and front sides of the board. This may explain the warping observed
in door panels of seventeenth-century cabinets displayed in museums [61].
As a final note, it is mentioned that a detailed study of the damage generated by
restrained hygral shrinkage in oak wooden panels requires the performance of advanced finite element analyses, in which a coupled thermal-hygral-mechanical modelling approach is used that accounts for the nucleation and propagation of discrete
cracks. This type of analysis is presented in Chapter 4.
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NUMERICAL MODELLING OF CLIMATE-INDUCED
FRACTURE AND DEFORMATION IN WOOD:
APPLICATION TO HISTORICAL MUSEUM OBJECTS

Photo previous page: inside of right door of historical star cabinet. Oak, veneered with various
wood species, cabinet: h = 227 cm, w = 192 cm, d = 65 cm. The Netherlands, circa
1680-1710. Rijksmuseum, Amsterdam BK-NM-6073.

Chapter 4

Numerical modelling of
climate-induced fracture and
deformation in wood: Application
to historical museum objects
Damage in oak wood museum objects under indoor climate variations (relative humidity, temperature) is studied in this chapter1 using a thermal-hygral-mechanical
model. The model incorporates the effects of moisture hysteresis and discrete cracking, and is implemented within a finite element framework using a staggered approach. Sorption experiments were performed in order to calibrate the moisture 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 thermal-hygral-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 hygral shrinkage is maximal, which stimulates local crack development.
The susceptibility to fracture only becomes active after the oak wood has reached
a certain age, as the effect of ageing 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 substantially and becomes (almost) zero when reaching
a fully developed failure crack. The location and orientation of this failure crack are
in accordance with in-situ observations on historical oak wood cabinets.
1 This

chapter is based on [34].
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4.1

Introduction

A thorough understanding of the thermal-hygral-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 curators. 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 thermal-hygral expansion and/or shrinkage
[55]. An object is put at risk if thermal-hygral 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 compressive stress reaches the material yield strength. Conversely, tensile stresses develop under restrained shrinkage, and cracks are initiated when the tensile strength
is reached. Occasionally shrinkage deformation (in-plane shortening and/or warping) and shrinkage cracks can be observed on decorated cabinet doors [16, 61],
and several challenging conservation treatments have been carried out to remedy
these effects [61, 62]. 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 mechanisms
of climate-induced damage and to warrant the safe and sustainable preservation of
valuable works of art [60, 63].
Over the last two decades, various numerical approaches were applied to study fracture in wood under mechanical loading, such as fictitious crack models and lattice
models [32, 46, 56], or more recently, cohesive zone models [38, 52]. 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 [42, 49]. The current work presents a coupled thermal-hygralmechanical 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 accordance with the approach applied in a previous work [36], whereby discrete cracks are simulated by surrounding
the continuum elements in the finite element model with interface elements equipped
with the mixed-mode interface damage model. This modelling strategy was originally
proposed in [67], 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 oak wood [36, 51], polymers [58] and fibrous composites [8, 10]. The influence of crack formation on heat conduction and moisture diffusion is accounted for
by reducing the heat and moisture fluxes across a crack in proportion to the amount
of damage generated.
The main thermal and hygral 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 coefficient is taken
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as a function of temperature and relative humidity, and the effect of moisture hysteresis on the hygral response is accounted for via the moisture hysteresis model
proposed by Frandsen et al. [21]. Sorption experiments were performed in order
to calibrate the moisture hysteresis 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 work are solved by means
of an incremental-iterative update procedure, whereby the couplings between the
thermal, hygral 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 [35], and to in-situ observations on
historical cabinet doors.
This chapter is organized as follows. Section 4.2 outlines the models describing
the thermal conduction, moisture diffusion and elasto-fracture processes in wood.
The couplings between these models are formulated, and the incremental-iterative
update procedure used for solving boundary value problems is described. Section
4.3 systematically demonstrates the main features of the thermal-hygral-mechanical
model, by sequentially analysing the response of a basic oak wood specimen under 5 different thermal-hygral-mechanical loading cases of increasing complexity. In
Section 4.4 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 the experimental results reported in a previous work [35]. At the panel
location experiencing the highest tensile stress, the damage induced by the drop
in relative humidity is simulated using a microscale model that accounts for the nucleation and propagation of discrete cracks. Finally, Section 4.5 presents the main
conclusions of the study.

4.2

Modelling of climate-induced damage

The development of climate-induced damage in historical oak cabinets is simulated
by using finite element modelling. The conduction 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, hygral and mechanical models occur via a staggered
approach. Sections 4.2.1 to 4.2.6 outline the features of the thermal, hygral and mechanical models, their couplings, and the numerical implementation procedure.

4.2.1

Thermal conductivity

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


∂T
− ∇ · kth · ∇T = 0 ,
∂t

(4.1)
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where T is the temperature, t is time, ρ is the material density, c = ĉ(m) is the specific heat capacity, which is prescribed here as a function of the moisture content
m, kth is the second-order thermal conductivity tensor, and ∇ is the gradient operator. Further, the centred dot designates a single contraction between two tensors.
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 = k1th e1 ⊗ e1 + k2th e2 ⊗ e2 ,
(4.2)
with k1th and k2th the thermal conductivities in the x1 - and x2 material directions,
respectively, e1 and e2 the corresponding orthonormal unit vectors, and the symbol
⊗ designates the dyadic product of two tensors. The thermal conductivities kith =
k̂ith (m) are expressed as a function of the moisture content m. After applying the
appropriate initial and boundary conditions, the solution of Eq.(4.1) describes the
evolution of the temperature field in the domain specified. The heat flux q th induced
by the temperature field is described by Fourier’s law
q th = −kth · ∇T .

(4.3)

During the process of fibrillar fracture, the amount of material that connects two separating crack faces gradually reduces in correspondence with the amount of damage
locally generated, eventually leading to a complete separation of the crack faces.
In correspondence with this process, the heat conduction across the crack faces,
qnth = q th · n, with n the unit outward normal to one of the crack faces, is presumed
to reduce in accordance with the amount of damage generated:
th
qnth = (1 − d) knn
JT K ,

(4.4)

th
where knn
= n · kth · n is the heat conductivity in the direction perpendicular to
the crack faces, J T K is the jump in temperature across the crack faces, and d is
the damage parameter. The damage parameter is bounded as 0 ≤ d ≤ 1, where
d = 0 represents the undamaged material and d = 1 reflects a completely damaged
material, in correspondence with fully separated crack faces, see Section 4.2.5 for
more details. Note from Eq.(4.4) that for a fully damaged material the heat transfer
across the crack becomes zero.

4.2.2

Moisture diffusion

In analogy with Eq.(4.1), the diffusion of moisture through the orthotropic wood material is simulated using the diffusion equation
∂h
− ∇ · (km · ∇h) = 0 .
∂t

(4.5)

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 hysteresis model of
Frandsen et al. [21] that is outlined in Section 4.2.3, which uses the relative humidity
78

4.2. Modelling of climate-induced damage

calculated from the diffusion analysis as input to compute the moisture content, m =
m̂(h). The orthotropic moisture diffusion tensor km used in Eq.(4.5) is given by
km = k1m e1 ⊗ e1 + k2m e2 ⊗ e2 ,

(4.6)

with k1m and k2m the moisture diffusion coefficients in the x1 - and x2 material directions, respectively. The moisture diffusion coefficients are given by the relation [11]
kim = k̂im (T, h) =

δa P̂sat (T )
ˆ
µi ξ(h)

with

i ∈ {1, 2} ,

(4.7)

where δa is the vapour permeability of stagnant air, Psat = P̂sat (T ) is the saturation
pressure as a function of the temperature T , µi is the vapour resistance factor in
ˆ
the i-th direction, and ξ = ξ(h)
is the moisture capacity as a function of the relative
humidity h. Similar to Eqs.(4.3) and (4.4), the moisture fluxes in the bulk material
and across a crack are, respectively, defined as
q m = −km · ∇h ,

(4.8)

and
m
qnm = (1 − d) knn
JhK ,

qnm

(4.9)
qnm

m

m
knn

with the moisture flux
across the crack faces given by
= q · n, where
=
n · km · n is the corresponding moisture diffusion coefficient, and JhK is the jump in
relative humidity across the crack faces.

4.2.3

Moisture hysteresis

Under moderate fluctuations in relative humidity, the effect of moisture hysteresis on
the hygral response needs to be taken into account. This phenomenon is visualized
in Figure 4.1, 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 moisture 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 considerations
[54, 55], commonly leading to comparable formulations [5]. In the present work, the
sigmoid-shaped function proposed by Dent [13] 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 = m̂(h) =

h
,
a1 + a2 h + a3 h2

(4.10)

where m is the moisture content, and a1 , a2 and a3 are material shape parameters that are related to a state of adsorption (A) or desorption (D). The values of
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Moisture content m [-]

0.24
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desorption boundary curve
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0.8
Relative humidity [-]

1.0

Figure 4.1: Sorption isotherms of oak wood calibrated on sorption measurements. The
boundary curves are calculated by Eq.(4.10), using the materials shape parameters listed
in Table 4.1. The scanning curves are determined by applying the hysteresis model presented
in [21].

these shape parameters are typically obtained from sorption experiments, which in
the present work were performed on 9 different oak wood specimens in order to account for statistical spread and uncertainties in the measurement results. Each oak
wood specimen had a length of 50 mm (radial material direction), a width of 25 mm
(tangential material direction) and a height of 20 mm (longitudinal material direction).
The test set-up consisted of 7 desiccators, which were placed in a stable thermal
environment at a temperature of 20◦ C +/-2◦ C. Each of the 7 desiccators contained
a different saturated salt solution, above which 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 [28]. 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 [28],
which allowed to establish the relation between the equilibrium moisture content and
the relative humidity, see the measurement data in Figure 4.1. In specific, the mean
measurement values following from the experiments on the 9 specimens were subjected to a curve fit by using Eq.(4.10), which leads to the values of the material
shape parameters a1 , a2 and a3 listed in Table 4.1.
The moisture hysteresis effect is accounted for by applying the hysteresis model
developed by Frandsen et al. [21]. 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.(4.5), and ii) to determine the moisture capacity ξ present in Eq.(4.7). The
mathematical description of the hysteresis model is elaborated in detail in [21], and
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a review is given below.
As a start, the wood moisture content is formulated in a normalized way as a function
of the relative humidity h:
s = ŝ(h) =

m̂(h) − m̂a (h)
m̂d (h) − m̂a (h)

with

0 ≤ s ≤ 1,

(4.11)

where ma and md are the moisture contents corresponding to the adsorption and
desorption boundary curves, respectively. Note that for s = 0 the adsorption boundary curve is obtained, and that s = 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 Figure 4.1. The adsorption scanning curve
needs to satisfy the requirements [21]
h = h0d
dŝ
→0
dh

for s = 1 ,

(4.12)

for s → 0 ,

(4.13)

while for the desorption scanning curve these requirements are
h = h0a
dŝ
→0
dh

for s = 0 ,

(4.14)

for s → 1 ,

(4.15)

with h0a and h0d 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.(4.12) to (4.15), can be formulated as [21]


d1


1−h
ln(d2 (1 − h0d ))
0
ŝ(h) = −1 + 2 1 − hd
for ḣ > 0 ∧ s0 > 0 ,
(4.16)


d1
 
h
ln(d2 h0a )
0
for ḣ < 0 ∧ s < 1 ,
(4.17)
ŝ(h) = 2 − 2 ha
0

ŝ(h) = 0

for ḣ > 0 ∧ s0 = 0 ,

(4.18)

ŝ(h) = 1

for ḣ < 0 ∧ s0 = 1 ,

(4.19)

Table 4.1: Material shape parameters determined based on sorption experiments of oak wood
specimens.
Shape parameter

a1 [-]

a2 [-]

a3 [-]

Adsorption (A)
Desorption (D)

3.88
2.95

11.43
5.04

-11.04
-3.56
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where d1 and d2 are shape parameters, ḣ is the time derivative of the relative humidity, s0 is the initial normalized moisture content, and h0a and h0d are given by
h0 = h (d h )q1 ,
(4.20)
0

a

2 0

h0d = 1 − (1 − h0 )(d2 (1 − h0 ))q2 .

(4.21)

Here, the parameters q1 and q2 are
ln(ln(2)) − ln(ln(2 − s0 ))
,
ln(ln(2)) − ln(ln(2 − s0 )) − d1
ln(ln(2)) − ln(ln(1 + s0 ))
q2 =
,
ln(ln(2)) − ln(ln(1 + s0 )) − d1

q1 =

(4.22)
(4.23)

where h0 is the initial value of the relative humidity. From the definition of the normalized moisture content s, the moisture content can be calculated by rephrasing
Eq.(4.11) as
m̂(h) = ŝ(h) (m̂d (h) − m̂a (h)) + m̂a (h) .
(4.24)
From Eq.(4.24), the moisture capacity ξ, used in Eq.(4.7), is obtained as


dm̂
dm̂d
dm̂a
dŝ
dm̂a
ˆ
ξ = ξ(h)
=
=
−
ŝ(h) + (m̂d (h) − m̂a (h))
+
dh
dh
dh
dh
dh

(4.25)

where, using Eqs.(4.10) and (4.16) to (4.19), the derivatives appearing in this expression become
dm̂d
aD1 − aD3 h2
=
,
(4.26)
dh
(aD1 + aD2 h + aD3 h2 )2
dm̂a
aA1 − aA3 h2
=
,
dh
(aA1 + aA2 h + aA3 h2 )2
dŝ
dh
dŝ
dh
dŝ
dh
dŝ
dh

−2ga ga ln(2)d1
(1 − h)ln(d2 (1 − h0d ))
−2gd gd ln(2)d1
=
ln(d2 h0a ))h

(4.27)

for ḣ > 0 ∧ s0 > 0 ,

(4.28)

for ḣ < 0 ∧ s0 < 1 ,

(4.29)

=0

for ḣ > 0 ∧ s0 = 0 ,

(4.30)

=0

for ḣ < 0 ∧ s0 = 1 ,

(4.31)

=

with





d1
ln(d2 (1 − h0d ))

1−h
1 − h0d


d1
 
h
ln(d2 h0a )
gd =
.
0
ha
ga =


,

(4.32)

(4.33)

Note that the symbols A and D used in the subindices of the shape parameters a1 ,
a2 and a3 appearing in Eqs.(4.26) and (4.27) refer to “adsorption” and “desorption”,
respectively, see also Table 4.1.
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4.2.4

Mechanical model

The transport of heat and moisture in wood leads to the generation of thermal and
hygral deformations. These deformations are accounted for by decomposing the
total strain  as
 = e + th + m
(4.34)
where e , th and m are the elastic, thermal and hygral strains, respectively. The
thermal and hygral strains are, respectively, defined as
th = α∆T ,


m

= β∆m ,

(4.35)
(4.36)

with α and β the second-order, orthotropic thermal and hygral expansion tensors,
and ∆T = T − T0 and ∆m = m − m0 the increments in temperature and moisture,
where T0 and m0 are the reference temperature and moisture values, respectively.
For the two-dimensional analyses performed in the present work, the thermal and
hygral expansion tensors in the x1 -x2 coordinate system are, respectively, given by
α = α1 e1 ⊗ e1 + α2 e2 ⊗ e2 ,

(4.37)

β = β1 e1 ⊗ e1 + β2 e2 ⊗ e2 ,

(4.38)

and
with α1 and α2 the thermal expansion coefficients and β1 and β2 the hygral expansion
coefficients in the x1 - and x2 material directions. The elastic strain e following from
Eqs.(4.34) to (4.36) can be used to compute the stress σ via the constitutive relation
σ = C : e ,

(4.39)

where C is the fourth-order, orthotropic elastic stiffness tensor. For the two-dimensional, plane-stress analyses performed in this work, the inverted form of the elastic
stiffness tensor follows from the definition of the compliance tensor S as
C −1 = S

=
E1−1 e1 ⊗ e1 ⊗ e1 ⊗ e1
−
ν21 E2−1 e1 ⊗ e1 ⊗ e2 ⊗ e2
−
ν12 E1−1 e2 ⊗ e2 ⊗ e1 ⊗ e1
−
E2−1 e2 ⊗ e2 ⊗ e2 ⊗ e2
+ (2G12 )−1 (e1 ⊗ e2 ⊗ e1 ⊗ e2 + e2 ⊗ e1 ⊗ e2 ⊗ e1 ) ,

(4.40)

whereby the stiffnesses and Poisson’s ratios in the in-plane directions are Ei and
νij , respectively, with i, j ∈ {1, 2}. For reasons of symmetry the relation ν12 E1−1 =
ν21 E2−1 should hold. Note further from Eqs.(4.39) and (4.40) that the symmetry in
the stress tensor, σ12 = σ21 , which follows from the balance of angular momentum,
indeed corresponds to a symmetry in the elastic strain tensor, e12 = e21 . The computation of the stiffness tensor from the inverse of the compliance tensor, C = S −1 ,
can be simply performed by expressing the compliance tensor in matrix form using
Voigt notation. After the in-plane normal stresses σ11 and σ22 are computed with
Eqs.(4.39) and (4.40), the out-of-plane elastic strain e33 follows as
e33 = −ν13 E1−1 σ11 − ν23 E2−1 σ22 .

(4.41)
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Figure 4.2: Traction-separation diagram of the interface damage model, taken from [9].

Finally, in any material point of the simulated domain the mechanical equilibrium
condition should be satisfied, which, in the absence of body forces, reads
∇ · σ = 0.

4.2.5

(4.42)

Crack nucleation and propagation

If the total strain is prohibited and the thermal and hygral strains decrease by a
temperature decrease and moisture release, respectively, the resulting increase in
elastic strain may induce a tensile stress that exceeds the tensile strength of wood,
thereby inducing cracks [36]. Within the present multi-physics framework, this fracture behaviour is simulated by surrounding the continuum elements in the finite element model with interface elements equipped with the mixed-mode interface damage model proposed by Cid Alfaro et al. [9]. The governing equations of the interface
damage model are elaborated in detail in [9], and a review is given below.
The interface damage model uses a bi-linear traction-separation relation, see Figure
4.2. In a two-dimensional setting, the relation between the tractions t and the relative
displacements v across the crack surfaces is
ti = (1 − d) Kδij vj − dCij δ1j h−v1 i

where i, j ∈ {1, 2} ,

(4.43)

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 stiffness and δij is the Kronecker delta symbol. Furthermore, the damage parameter d
is bounded as 0 ≤ d ≤ 1, where d = 0 corresponds to an initial undamaged state of
the material and d = 1 refers to a material for which damage has fully evolved. Penetration of two opposing crack faces is prevented by introducing Macauley brackets
hxi = 21 (x + kxk) in the right-hand side of Eq.(4.43). This enforces the crack faces
to interact elastically when the normal relative displacement v1 becomes negative.
The value of the damage parameter d is described by [9]

vu κ − v0
d = dˆ(κ) =
,
(4.44)
κ (v u − v 0 )
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with κ a monotonically increasing deformation history variable and v 0 and v u the
relative crack face displacements at which damage is initiated and completed, respectively. Note that the specific expression for dˆ(κ) depends on the shape of the
softening branch in the traction-separation law, which in Eq.(4.44) is taken as linear,
in correspondence with Figure 4.2. The evolution of damage occurs in accordance
with a rate-dependent kinetic law [9]:


 F̂ (λ, κ)
for λ ≥ κ and v 0 ≤ κ < v u ,
˙
d=
(4.45)
η

0
for 0 ≤ λ < κ or κ = v u ,
where F̂ (λ, κ) is the damage loading function and η is a relaxation parameter (with
dimension of time). The damage loading function is dependent on the history variable κ and on the effective displacement λ, takenpas the Euclidean norm of the vector
of relative crack face displacements, λ = kvk = v12 + v22 . Note that κ is bounded as
v 0 ≤ κ ≤ v u , where damage is initiated when κ = v 0 (corresponding to d = 0), and
damage is completed when κ = v u (corresponding to d = 1). The lower expression
in Eq.(4.45) 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
material is in a state of unloading, or iii) damage has completed. With the linear
softening branch as represented in Figure 4.2, the damage loading function follows
as


vu λ − v0
vu κ − v0
ˆ
ˆ
F̂ (λ, κ) = f (λ) − d (κ) =
−
,
(4.46)
λ (v u − v 0 )
κ (v u − v 0 )
ˆ is the damage parameter. From Eq.(4.45), it can be observed that in the
where d(κ)
limit of the relaxation parameter going to zero η → 0, the rate-independent loading
function, F̂ (λ, κ) = 0, is recovered, which, as Eq.(4.46) shows, corresponds to λ = κ.
For the simulation of mixed-mode fracture behaviour, the equivalent crack face displacements v 0 and v u at damage initiation and damage completion are made a function of a mode-mixity parameter [9, 59]:
βm =

|v2 |
.
|v2 | + hv1 i

(4.47)

Under pure mode I (tensile) loading conditions v2 = 0, and thus βm = 0, while under
pure mode II (shear) loading conditions v1 = 0, and therefore βm = 1. The functions
v̂ 0 (βm ) and v̂ u (βm ) can be derived adopting an energy-based, mixed-mode failure
criterion from linear elastic fracture mechanics [26, 29]
GII
GI
+
= 1,
GI,c
GII,c

(4.48)

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 displacements at damage initiation and damage completion
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can be derived based on Eqs.(4.47) and (4.48) as [9]
s
2 − 2β
1 + 2βm
m
0
0
0 0
v = v̂ (βm ) = v1 v2
2
2
0
(βm v1 ) + ((1 − βm ) v20 )

(4.49)

and
2
2 1 + 2βm
− 2βm
v = v̂ (βm ) =
Kv 0
u

u

"

2

(1 − βm )
GI,c

!


+

2
βm
GII,c

#−1
,

(4.50)

with v10 = tu1 /K and v20 = 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.
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 [9].

4.2.6

Staggered solution procedure

The coupled thermal-hygral-mechanical response of wood is captured by means of
the staggered approach summarized in Table 4.2. In this approach, the thermal, hygral 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 increment starts with the computation of the thermal field via Eq.(4.1), leading
to the values of the temperature T in the domain simulated, whereby the specific
heat capacity c = ĉ(m) and thermal conductivity tensor kth = k̂th (m) are expressed
as a function of the moisture content at the previous time increment. The heat flux
across cracks is determined using Eq.(4.4), based on the damage parameter d at
the previous time increment. The temperature values are subsequently transferred
to the hygral and mechanical analyses. As a next step, the relative humidity field h
is calculated via Eq.(4.5), whereby the moisture diffusion tensor km = k̂m (T, h) is
determined via Eqs.(4.6) and (4.7), based on the temperature T at the current time
increment and the moisture capacity ξ at the previous time increment. The moisture
flux across cracks is determined using Eq.(4.9), 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.(4.10) to
(4.24). The moisture contents m are transferred to the heat and mechanical analyses, and the moisture capacity ξ is stored for solving the diffusion equation at the
next time increment. Subsequently, the equilibrium equation, Eq.(4.42), is solved
iteratively in order to account for cracking, with the initiation and development of
cracks determined by Eqs.(4.44) and (4.45). After the damage parameter d is updated, it is transferred to the thermal and hygral analyses, in which it is used in the
next increment to calculate the reduced thermal and hygral fluxes across cracks,
in correspondence with Eqs.(4.4) and (4.9), respectively. Subsequently, the above
sequential solution procedure is repeated for the next time increment.
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1. Thermal model
1.1 Initialize the thermal analysis.
1.1.A If time increment i = 0. Apply the initial conditions for the thermal model.
1.1.B If time increment i ≥ 1. Apply the boundary conditions for the thermal
model.
1.2 Solve the heat equation, Eq.(4.1). The specific heat capacity c and the thermal
conductivity tensor kth given by Eq.(4.2) are expressed as a function of the
moisture content m at the previous time increment. The heat flux across cracks
is determined using Eq.(4.4), based on the damage parameter d at the previous
time increment. Obtain the new values of the temperature T for the entire domain.
1.3 Transfer the temperature values T to the hygral and mechanical analyses.
2. Hygral model
2.1 Initialize the hygral analysis.
2.1.A If time increment i = 0. Apply the initial conditions for the hygral model.
2.1.B If time increment i ≥ 1. Apply the boundary conditions for the hygral model.
2.2 Solve the diffusion equation, Eq.(4.5). The moisture diffusion tensor km is
determined via Eqs.(4.6) and (4.7), based on the temperature T at the current time
increment and the moisture capacity ξ at the previous time increment. The
moisture flux across cracks is determined using Eq.(4.9), based on the damage
parameter d at the previous time 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 ξ for the entire
domain, based on the relative humidity h, Eqs.(4.10) to (4.33).
2.3 Transfer the moisture content values m to the heat and mechanical analyses, and
store the moisture capacity ξ 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 hygral strains m as a function of the
temperature values T and moisture content values m at the current time increment,
see Eqs.(4.35) and (4.36).
3.3 Solve the equilibrium equations, Eq.(4.42), accounting for possible fracture in the
domain, using Eqs.(4.44) and (4.45) 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.(4.4) and (4.9), respectively.
3.5 Return to 1.1.B.

Table 4.2: Schematic overview of the staggered approach used in the incremental-iterative
update procedure.

Using the commercial finite element program ABAQUS Standard2 , the domain is
discretised with continuum elements, whose thermal, hygral and mechanical constitutive responses are governed by Eqs.(4.3), (4.8) and (4.39), respectively. The
2 Dassault

Systems Simulia Corp, Providence, RI, U.S.A.
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Figure 4.3: Rectangular oak wood specimen of length L and height H. The initial conditions
and boundary conditions in the mechanical, hygral 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.

constitutive responses of the interface elements placed between these continuum
elements are determined by the discrete, mixed-mode fracture law Eq.(4.43) and by
the thermal and hygral relations Eqs.(4.4) and (4.9), which are incorporated in the
FEM framework by means of user-defined material routines.

4.3

Basic oak wood specimen

The main features of the coupled thermal-hygral-mechanical model are demonstrated
using a basic oak wood specimen that is mechanically constrained at the boundaries
and is subjected to specific thermal and hygral boundary conditions. The geometry,
boundary conditions, finite element discretisation and material properties are presented in Sections 4.3.1 to 4.3.3. The simulation results are discussed in Section
4.3.4.

4.3.1

Geometry and boundary conditions

The oak wood specimen has a rectangular shape characterized by a length L = 20
mm and a height H = 15 mm, see Figure 4.3. The specimen is subjected to planestress 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 tractionfree t = 0, and thermally and hygrally insulated, as represented by the zero-flux
boundary condition q th · n = q m · n = 0, with n the unit outward normal vector to a
boundary. At the left and right boundaries of the domain the specimen 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 specimen for 5 different thermal-hygral-mechanical loading
cases, see Table 4.3 for an overview. The 5 loading cases successively increase in
complexity, which allows for clearly highlighting and explaining the main features of
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the coupled thermal-hygral-mechanical model. In Case 1 the temperature across the
specimen is prescribed as uniform, T = T0 = 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.(4.5) 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 = 60%
to 20% in 20 consecutive steps, while the relative humidity at the right boundary is
kept fixed at the initial value, hr = h0 = 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
fluctuation experienced by historical museum objects i) during manufacturing, ii) during the early history of the object, or iii) while displayed in old churches and castles
[35]. For simplicity, the moisture hysteresis effect is ignored in Case 1; instead, the
relation between the moisture content and the relative humidity is assumed as linear,
m = ah + b, with a = 0.1615 and b = 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 Figure 4.1 for relative
humidities h = 20% and h = 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 = 0.1615 × 0.6 + 0.01135 = 0.108. In a similar fashion, the
values of the moisture content at the left and right boundaries of the domain correspond to ml = 0.1615 × 0.2 + 0.01135 = 0.044 and mr = m0 = 0.108. In Appendix
A an analytical solution is derived for this basic problem, which will be used for valiTable 4.3: Five thermal-hygral-mechanical loading cases of increasing complexity for the oak
wood sample depicted in Figure 4.3.
Mechanical

Hygral

Thermal

Boundary conditions

Case 1

Elastic

Steady-state,
no hysteresis,
h0 = 60%

Isothermal,
T0 = 20◦ C

hl = 20%,
hr = 60%,
Tl = Tr = 20◦ C

Case 2

Elastic

Steady-state,
hysteresis,
h0 = 60%

Isothermal,
T0 = 20◦ C

hl = 20%,
hr = 60%,
Tl = Tr = 20◦ C

Case 3

Elastic

Transient,
hysteresis,
h0 = 60%

Isothermal,
T0 = 20◦ C

hl = 20%,
hr = 60%,
Tl = Tr = 20◦ C

Case 4

ElastoFracture

Transient,
hysteresis,
h0 = 60%

Isothermal,
T0 = 20◦ C

hl = hr = 20%,
Tl = Tr = 20◦ C

Case 5

ElastoFracture

Transient,
hysteresis,
h0 = 60%

Transient,
T0 = 22◦ C

hl = hr = 20%,
Tl = Tr = 18◦ C
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dating the present numerical model. In accordance with Eq.(A.8) in Appendix A, the
moisture content varies linearly across the horizontal specimen direction x1 as
m=

mr − ml
x + ml .
L

(4.51)

In addition, the expression for the axial displacement u generated is given by Eq.(A.9)
in Appendix A, i.e.,
u=

ur − ul
β
(mr − ml )(x2 − Lx) +
x + ul ,
2L
L

(4.52)

where β = βR is the coefficient of hygral expansion in the radial (=horizontal) material direction. Further, the horizontal displacements at the left and right boundaries
vanish in accordance with the constraints ul = ur = 0, see Figure 4.3. Case 2
is similar to Case 1, except that the effect of moisture hysteresis is accounted for.
The relation between the moisture content and the relative humidity, m = m̂(h), follows a trajectory whereby at the initial relative humidity h0 = 60% the corresponding
moisture content lies on the adsorption boundary curve, see Figure 4.1, and the decrease towards a relative humidity of h = 20% is in accordance with a desorption
scanning curve, as described by the model summarized in Section 4.2.3. Case 3 is
similar to Case 2, with the only difference being that the transient, time-dependent effects in the moisture diffusion process are incorporated via the first term in Eq.(4.5).
Case 4 is an extension of Case 3, by allowing for the occurrence of fracture due
to hygral shrinkage. In addition, the abrupt drop in relative humidity from 60% to
20% at the onset of the simulation is applied at both the left and right specimen
boundaries, hl = hr = 20%. Note that this extension, in principle, provides the
boundary value problem with a two-dimensional character, as the cracks induced
by hygral shrinkage might have trajectories that are not ideally vertical. Case 5 differs from Case 4 by adopting an initial temperature within the domain that is 2◦ C
higher, i.e., T0 = Tl = Tr = 22◦ C, and subjecting the left and right boundaries of
the domain at the onset of the simulation to an abrupt temperature drop of 4◦ C, i.e.,
Tl = Tr = 18◦ C. This drop in the boundary temperature gives a global impression
of the effect of thermal variations representative of indoor museum conditions on the
climate response of wooden museum objects.

4.3.2

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 isoparametric continuum elements equipped with a 3-point Gauss quadrature with 6node 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 cracking patterns
that develop at arbitrary locations and under arbitrary directions. This approach was
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originally proposed in [67], and has since then been successfully applied in studies on the fracture behaviour of various engineering materials [8, 10, 36, 51, 58].
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 element size is chosen smaller than 4 times
the ultimate separation v u used in the traction-separation law to ensure an accurate
convergence of the numerical results, see also [7, 9].

4.3.3

Material properties

In the thermal model, the thermal conductivity in the radial material direction kRth is
taken as a function of the moisture content m, in correspondence with [53]
kRth = k̂Rth (m) = 4.1863 × 10−2 [Gs (4.80 + 0.125 m) + 0.57]

in [W/(m ◦ C)] . (4.53)

Here, Gs is the specific gravity, which is computed as Gs = 0.575, in accordance with
the approach described in [53] that is based on density and moisture content values
determined during sorption measurements. The relation m = m̂(h) follows from the
calibrated moisture hysteresis model outlined in Section 4.2.3. As indicated in [53],
from Eq.(4.53) the thermal conductivity in the longitudinal material direction of oak
wood can be obtained as kLth = 2.5kRth . In addition, the heat capacity c is defined as
a function of the moisture content m via [55]
c = ĉ(m) =

c0 + m cw
1+m

in [J/(kg ◦ C)] ,

(4.54)

where c0 = 1172.2 J/(kg ◦ C) is the oven dry heat capacity of oak wood and cw =
4186.3 J/(kg ◦ C) is the heat capacity of water. The density ρ of oak wood is taken
from [36] and equals ρ = 575.5 kg/m3 . The coefficients of thermal expansion in the
longitudinal and radial material directions of oak wood are αL = 4.92 × 10−6 ◦ C−1
and αR = 5.44 × 10−5 ◦ C−1 [31], respectively.
In the hygral model, the vapour permeability of stagnant air used in Eq.(4.7) is taken
as δa = 1.8 × 10−10 s [11], and the vapour resistance factors in the radial and longitudinal directions of oak wood are µR = 43.0 and µL = 5.0, respectively, see [66].
Furthermore, the saturation pressure is expressed as a function of the temperature
T (in ◦ C) in correspondence with [11]


17.08 T
Psat = P̂sat (T ) = 611 exp
in [Pa] .
(4.55)
234.18 + T
ˆ
The moisture capacity is a function of the relative humidity, ξ = ξ(h),
and is defined
by Eq.(4.25). The values of the material shape parameters a1 , a2 and a3 of oak wood
are as listed in Table 4.1. Based on [21], the shape parameters used in Eqs.(4.16),
(4.17), and (4.20) to (4.23) are taken as d1 = −1.32 and d2 = 0.84. Additionally, the
coefficients of hygral expansion in the longitudinal and radial material directions of
oak wood are βL = 1.60 × 10−4 and βR = 1.90 × 10−3 per % change in moisture
content [49].
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The mechanical material properties of the oak wood specimen are taken from the
experimental-numerical study presented in [36]. Accordingly, the elastic stiffnesses
in the longitudinal and radial material directions are EL = 12800 N/mm2 and ER =
1600 N/mm2 , respectively, and the Poisson’s ratios are νLR = 0.35 and νRL = 0.04.
Further, the shear modulus equals µLR = 1200 N/mm2 . The tensile strength and
fracture toughness used in the interface damage model respectively are tu = 6.0
N/mm2 and Gc = 0.35 N/mm1 , measured perpendicular to the grain direction. These
fracture properties are representative of historic oak wood dated 1300 A.D. [36].
Note from Figure 4.2 that the ultimate separation v u of the crack can be determined
from these fracture properties as v u = 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 fracture response in the
present case study is dominated by mode I. Further, the fracture properties of oak
wood typically are anisotropic, with the radial material direction (R) characterized by
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 4.4. The values
of the remaining parameters of the interface damage model are chosen the same
as in the study presented in [9]. Hence, the elastic dummy stiffness K appearing in
Eq.(4.43) is given a relatively high value, such that the overall elastic response of the
sample is almost completely determined by the elastic properties of the continuum
elements. In addition, rate-independent crack propagation under quasi-static loading conditions is warranted by using a small value for the relaxation parameter η in
Eq.(4.45).

4.3.4

Numerical results

The moisture content and displacement profiles computed with the FEM model for
Case 1 are illustrated in Figures 4.4a and 4.4b, respectively, together with the corresponding analytical expressions given by Eqs.(4.51) and (4.52). 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 generates 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.(A.10) in
Appendix A. In correspondence with Eq.(4.34), the summation of the constant elastic strain and the linearly varying hygral 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 Figure 4.4b.
Clearly, the numerical results shown in Figure 4.4 are in excellent agreement with
the analytical results.
In the FEM model for Case 2 the moisture hysteresis effect is accounted for in accordance with a desorption scanning curve, which results in the moisture content
and displacement profiles depicted in Figure 4.5. The comparison with the results of
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Figure 4.4: 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 hysteresis, isothermal loading), see Table
4.3.
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Figure 4.5: 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 hysteresis, isothermal loading), see Table 4.3.

Case 1 plotted in Figure 4.4 illustrates that the hysteresis effect changes the shape
of the response, and reduces the extreme values of the displacement and the maximal drop in moisture content. In addition, the initial moisture content at the specimen
boundaries has a lower value, and the maximum displacement somewhat shifts 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%
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Figure 4.6: Moisture content m (a) and horizontal displacement u (b) along the x1 -direction,
plotted at various time instances 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
hysteresis, isothermal loading), see Table 4.3.

relative humidity being 61% lower than that of Case 1.
Figure 4.6 shows the numerical responses for Case 3 that includes transient, timedependent hygral effects. Apparently, the changes in time of the moisture content
and displacement initially are relatively strong, but gradually decrease when time
progresses. From the comparison with Figure 4.5, 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 twoside drying. Initially the time change of the moisture content is relatively strong,
resulting in a symmetrical moisture profile under an abrupt drop in relative humidity at both the left and the right specimen boundaries, see Figure 4.7a. The time
change of the moisture content reduces when time progresses, ultimately leading
to a straight, steady-state profile after about 30 days. Figure 4.7b shows the antisymmetric displacement profile generated, for which the amplitude first grows, but
after crack initiation starts to reduce. Eventually, at steady-state diffusion the displacement pattern has become irregular under the development of diffusive damage
along the specimen length. The evolution of damage is considered in more detail
in Figure 4.8, 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 minimum value of the damage d, and is subsequently normalized
by dividing the result by the specimen height H = 15 mm. Here, the lowest minimum value of damage selected, d ≥ 0.05, corresponds to interface material points
within the range of damage initiation (d = 0.05) and damage completion (d = 1),
whereas the highest minimum damage value selected, d ≥ 0.95, reflects material
points for which damage is close to completion, or has already completed. It can
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Figure 4.7: Moisture content m (a) and horizontal displacement u (b) along the x1 -direction,
plotted at various time instances 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 hysteresis, isothermal loading), see Table 4.3.
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Figure 4.8: Time evolution of the normalized total crack length for Case 4 (elasto-fracture
material, transient moisture diffusion, moisture hysteresis, isothermal loading), see Table 4.3,
considering different minimum damage levels.

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 constant, 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 ≥ 0.05, the steady-state cracking
length is 82/24 = 3.4 times larger than the value reached for the largest minimal
damage value, d ≥ 0.95. Note that the steady-state limit of the cracking length is a
direct consequence of reaching steady-state conditions in the hygral shrinkage process. Further, the crack length starts developing at an earlier stage if the associated
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Figure 4.9: 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 hysteresis, isothermal
loading), see Table 4.3, whereby the minimal damage in the cracks corresponds to d ≥ 0.6.

minimal damage value is lower. These aspects denote the importance of a strict
definition of the acceptable amount of damage in the time-dependent monitoring of
the damage susceptibility of museum objects under indoor climate fluctuations.
The distribution of cracks across the specimen is illustrated in Figure 4.9 for a minimal damage value of d ≥ 0.6 at two different time instants, t = 7.7 days (plotted in
Figure 4.9a and representing the crack initiation phase) and t = 18.1 days (plotted
in Figure 4.9b and representing a stage relatively close to the steady-state cracking phase). Apparently, under the hygral 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 relatively high value of the minimal damage, d ≥ 0.95, whereby the
crack density is somewhat less compared to the case d ≥ 0.6 illustrated in Figure
4.9b. Apparently, the transition from diffusive damage into localized fracture has not
occurred yet, as this requires a larger drop in moisture content, see the analysis in
Section 4.4.3.
In Case 5 the (isothermal) specimen of Case 4 is subjected to a drop in temperature
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 computational 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 hygral shrinkage
effects.
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Figure 4.10: 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 microscale 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 -x02 coordinate system
designating the principal directions of the macroscopic elastic deformation at the connection
is indicated by the angle α. 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 microscale element.

4.4

Oak wood cabinet door panel

In this section, the thermal-hygral-mechanical model is used for analysing the response of an oak wood cabinet door panel subjected to a decrease in relative humidity. The numerical results are compared to the results of experimental measurements reported in previous work [35]. Here, a two-scale modelling approach is used,
in which the coupled response of the complete elastic cabinet door panel is analysed
first. Subsequently, at a critical location in the panel the elastic response is imposed
on a microscale volume element to analyse the susceptibility 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 4.4.1 to 4.4.3.

4.4.1

Geometry, boundary conditions and material properties

The geometry of the macroscale model is shown in Figure 4.10, and is representative
of the oak wood cabinet door panel of 546×732 mm2 tested in the experimental study
reported in [35]. 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
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joints. Three boards with parallel grain directions are placed vertically, side by side.
Two smaller boards, known 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 longitudinal (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 Figure 4.10; more details on the dimensions of the individual
boards can be found in [35].
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 = 20◦ C and the initial relative humidity is h0 = 60%. In correspondence
with the experiments described in [35], all sides of the specimen are subjected to
a constant temperature equal to the initial temperature T0 = 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) during
manufacturing, ii) during the early history of the object, or iii) while displayed in old
churches and castles [35]. At the initial relative humidity h0 = 60% the corresponding moisture content lies on the adsorption boundary curve, see also Figure 4.1,
and the decrease towards a relative humidity of h = 20% is accomplished by following a desorption scanning curve, in accordance with the model outlined in Section
4.2.3. The experimental hygral response of the panel measured at the end of the
tests (i.e., after about 45 days) was close to a steady state, see [35] for more details. Accordingly, these experimental results are compared here to the numerical
results obtained from a steady-state hygro-mechanical analysis. 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 hygral 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 fracture and the characteristics of the fracture
pattern in a computationally efficient manner, a basic, two-scale modelling approach
is followed instead. In this approach, the macroscale elastic deformation 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 microscale representation of
the region at the connection, via the application of the corresponding uniform elastic
boundary displacements u1 and u2 , see Figure 4.10. For modelling convenience,
the square microscale region is rotated by an angle α that denotes the difference
between the x01 - and x02 -directions of the principal elastic strain at the connection and
the global x1 - and x2 -directions.
In accordance with the macroscale model of the panel, in the microscale region
the x1 - and x2 -directions coincide with the radial and longitudinal material direc-
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tions of the oak wood. The left and top boundaries of the microscale element are
supported by rollers in the x01 - and x02 -directions, respectively. Further, in correspondence with the approach advocated in [67], cracks can develop at arbitrary locations
and under arbitrary directions inside the region, by placing interface elements between all continuum elements modelling the “bulk behaviour” of the oak wood, see
also [8, 9, 10, 36, 51, 58]. In the microscale model the hygral contribution is left
out of consideration, 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 microscale
region, see Figure 4.10. The elastic displacements applied at the boundaries of
the microscale region straightforwardly govern the elastic stress field responsible for
cracks nucleating inside the microscale region. The size of this microscale 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 reasonable to use the average value of the macroscopic elastic deformation in this region for the definition of the microscale 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
hygral strain from the average macroscopic total strain (note that the macroscopic
thermal strain is zero under isothermal conditions), in accordance with Eq.(4.34).
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 microscale 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 elastic strain tensor, which are oriented along an
angle α = 11.2◦ with respect to the global x1 - and x2 -directions, see Figure 4.10.
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 hygral and mechanical
processes are accounted for in accordance with the staggered approach outlined in
Table 4.2, whereby the fracture criterion is switched off. Subsequently, the fracture
response is calculated for the microscale 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 microscale stress relaxations
and deformations induced by the fracture process. Hence, the two-step modelling
approach is only meant to provide a reasonable estimate of the sensitivity to fracture in this critical region and the possible cracking patterns being generated, as it
neglects the detailed interactions between the macro and micro scales after cracks
have nucleated.
The continuum and interface elements used for the discretisation of the cabinet door
panel and the microscale element are the same as used for the numerical analyses
performed in Section 4.3, see Section 4.3.2 for more details. The cabinet door panel
is modelled with about 10800 elements and the microscale element is meshed with
approximately 16700 elements. The elastic, hygral and fracture properties of the oak
wood are in accordance with the specifications mentioned in Section 4.3.3.
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Figure 4.11: 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 [35].

4.4.2

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 [35]. 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 fracture. The simulated
and measured displacements and strains at the end of the hygral loading process are
summarized in Figures 4.11 and 4.12, respectively, considering two different panels
indicated as panels “A” and “B”. The difference between these two panels concerns
the dimensions of the individual vertical boards and cleated ends, see Table 1 in [35]
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 Figure 4.11 represent the average values of specific displacement
groups, whereby the numbering of the displacement groups has been adopted from
[35]. The displacement 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 corresponds to the vertical displacement at the lower part of
the left board. The experimental values depicted in Figure 4.12 represent the aver-
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Figure 4.12: 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 [35].

ages 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.
Figure 4.11 illustrates that the simulated and measured displacements are in reasonably good agreement; the relative overestimation 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 hygral steady-state conditions are assumed in the simulations, while the
experimental specimens had almost, but not fully reached the hygral steady-state
limit after about 45 days of loading, see [35]. 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 negative, 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 hygroscopic expansion in the longitudinal
material direction of the board (=vertical panel direction) is relatively small, i.e., more
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than 10 times smaller than in the radial material direction (=horizontal panel direction), see Section 4.3.3. 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.
Figure 4.12 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 strain measured on the cleated end has the smallest value. Furthermore, the horizontal strain measured across the glue connection between two
boards generally has a similar magnitude as the horizontal strain measured at a similar location on a single board, indicating 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 displacement values shown in Figure 4.11.
The spatial variations in strain originate from restrained hygral shrinkage, which
might be a source of crack formation in the cabinet doors. As demonstrated in [35],
two types of restrained hygral 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 coefficients of hygroscopic expansion of structural components forming a coherent connection (Type 2). Under Type 1 and Type 2
hygral 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 [35] 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 conditions, 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 σ11 plotted in Figure 4.13 that the tensile stress induced by restrained Type 2 shrinkage is the largest at the connection
between a vertical board and the cleated end, which indeed is in agreement with
the experimental observations presented in [35]. Conversely, at the half-length of
the boards the horizontal normal stress has virtually reduced to zero, which implies
that at this location the constraining effect by the cleated end is negligible and hygral
shrinkage can freely occur. The susceptibility to cracking at the connection between
a vertical board and the cleated end is studied in Section 4.4.3 for panel “B”, using a
microscale element of 20 × 20 mm2 on which the local macroscale elastic deformation is imposed via uniform boundary displacements, as explained in detail in Section
4.4.1.

4.4.3

Numerical results of microscale model

In the numerical analysis of the microscale element depicted in Figure 4.10, the total
crack length is computed for two strength values of the oak wood (measured perpendicular to the grain direction), namely tuoak = 6 N/mm2 and tuoak = 12 N/mm2 ,
which are representative of historical oak wood dated 1300 A.D. and 1668 A.D., re102
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Figure 4.13: Distribution of the horizontal normal stress σ11 (in N/m2 ) in the vertical boards
and horizontal cleated ends of cabinet door panel “B”.

spectively [36]. The fracture toughness measured for these historical oak woods
appeared to be more or less independent of their age, and equals Gc,oak = 0.35
N/mm1 [36]. Further, the elastic stiffness of a glue connection is Eg = 4650 N/mm2 ,
its tensile strength is tug = 65 N/mm2 , and its fracture toughness equals Gc,g =
0.47 N/mm1 . These values are derived from [12] 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 [36], are omitted here, as under the applied relative humidity conditions cracking remained absent in the simulations. In fact, this confirms the experimental observations in [35] that panels made of new oak wood are resistant 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 = 60% the corresponding moisture content lies on
the adsorption boundary curve (A), and the decrease towards a relative humidity
of h = 20% is accomplished by following the desorption scanning curve, and ii) a
trajectory whereby at the initial relative humidity h0 = 60% the corresponding moisture content lies on the desorption boundary curve (D), and the decrease towards a
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Figure 4.14: Total crack length (normalized by the height of the microscale volume) as a function of relative humidity for different minimal values of the damage d, considering oak wood
with a tensile strength perpendicular to the grain direction of (a) tuoak = 6 N/mm2 (dated 1300
A.D.) and (b) tuoak = 12 N/mm2 (dated 1668 A.D.). The grey and black lines represent desorption trajectories starting at the adsorption (A) and desorption (D) boundary curves depicted in
Figure 4.1, respectively.

relative humidity of h = 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 Figures 4.11 and 4.12. The macroscopic
hygro-mechanical panel response under the second desorption trajectory was computed in a separate FEM simulation; since the numerical results are qualitatively
comparable to those obtained under the first desorption trajectory, they are omitted
here for brevity.
In Figure 4.14 the total crack length in the microscale element is depicted as a function of the macroscale relative humidity applied at the panel boundaries. The crack
length is calculated for different minimal values of the damage d in the crack, ranging from d ≥ 0.05 to d ≥ 0.95. The lowest minimum value of damage selected,
d ≥ 0.05, corresponds to interface material points within the range of damage initiation (d = 0.05) and damage completion (d = 1), whereas the highest minimum
damage value selected, d ≥ 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 4.3, the total crack length is computed by summing
up the local crack lengths associated to a specific minimum value of the damage d,
and subsequently is normalized by dividing the result by the height of the microscale
element.
Figure 4.14 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
104

4.4. Oak wood cabinet door panel

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 Figure 4.1. For the oak
wood dated 1300 A.D. with a tensile strength perpendicular to the grain direction of 6
N/mm2 , the fracture process 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 Figure 4.14a. It can be observed that for both
cases the normalized crack length for the smallest minimal damage value d ≥ 0.05
is approximately 5 times greater than for the largest minimal damage value d ≥ 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 characterized by cell material bridging the crack faces [36].
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 initial moisture content corresponds to the desorption boundary curve,
and remains absent when the initial moisture content is on the adsorption boundary
curve, see Figure 4.14b. In addition, a comparison with the results in Figure 4.14a
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 perpendicular
to the grain direction of 6 N/mm2 . Also, the crack length development illustrated in
Figure 4.14b seems to virtually have reached a constant, steady-state value when
the relative humidity has decreased towards 25%.
Figure 4.15 illustrates the evolution of the fracture pattern in the microscale 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 Figure 4.14, under this trajectory the damage generated in the panel is
larger, and thus more critical, compared to when the initial relative humidity starts
at the adsorption boundary curve and is decreased along the desorption scanning
curve. Accordingly, the results of the latter case are omitted here. The fracture patterns depicted in Figure 4.15 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 direction 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 dominant
cracks, see Figure 4.15a, which initially both grow when the relative humidity further
decreases, see Figure 4.15b. However, at 26.7% relative humidity the crack at the
left side of the microscale volume starts to unload and close, see Figure 4.15c, 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 microscale domain, with some material
bridging the crack faces. At this stage the stress in the microscale 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 Figure 4.16.
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Figure 4.15: Fracture pattern in the microscale volume for different values of the relative
humidity, considering oak wood dated 1668 A.D. with a tensile strength perpendicular to the
grain direction of tuoak = 12 N/mm2 . The relative humidity of the panel is decreased from 60%
to 20% along the desorption boundary curve (D), see Figure 4.1.

The glue joint located at the centre of the microscale 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 ageing 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 of the glue connection [16, 17].
The investigation of this aspect, however, is a topic for future research.

4.5

Conclusions

In the present work damage in oak wood specimens under indoor climate variations
(relative humidity, temperature) is studied using a thermal-hygral-mechanical model.
The model includes the effects of moisture hysteresis and discrete cracking, and is
implemented within a finite element framework using a staggered approach. Sorption experiments were performed in order to calibrate the moisture hysteresis model.
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Figure 4.16: 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.

The basic features of the coupled formulation are stepwisely demonstrated by solving the response of a basic oak wood specimen under a sequence of thermal-hygralmechanical 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. 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 the experiments presented
in [35]. 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
hygral shrinkage is maximal, which makes this location susceptible to crack development. The susceptibility to fracture only becomes active after the oak wood has
reached a certain age, as the effect of ageing induces a decrease of the oak wood
tensile strength perpendicular to the grain direction with time [36]. Furthermore,
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 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 orientation of this failure
crack are in accordance with in-situ observations on historical oak wood cabinets.
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Photo previous page: right door of historical cabinet, Jan van Mekeren. Oak, veneered with
various wood species, cabinet: h = 205.5 cm, w = 174 cm, d = 61 cm. Amsterdam, circa
1695-1710. Rijksmuseum, Amsterdam BK-1964-12.

Chapter 5

Conclusions and
Recommendations
5.1

Conclusions

For the safe and sustainable preservation of our cultural heritage, it is of utmost
importance to obtain insight in the origin of climate-induced damage in historical
Dutch cabinet doors. By means of scientific research, valuable information is generated to support and advise the museum community in the debate towards developing commonly accepted strategies on sustainable collection management. This
dissertation covers three topics, which aim at providing detailed scientific knowledge
on the most important aspects that determine climate-induced damage in historical
Dutch cabinet doors. The three main topics discussed are: i) the experimentalnumerical determination of the fracture characteristics of historic and new oak wood,
i.e. the tensile strength and fracture energy, ii) the experimental determination of the
hygro-mechanical response of mock-ups of historical cabinet door panels under various relative humidity fluctuations, and iii) the multi-physical numerical modelling of
climate-induced damage formation in historical cabinet doors. The main conclusions
are summarized in Section 5.1.1 to 5.1.3 for each of the three topics presented in
this dissertation.

5.1.1

Fracture behaviour of historic and new oak wood

Strength and fracture toughness values of historic and new oak wood are calibrated
from three-point bending experiments by using an advanced finite element model.
Crack initiation and propagation are accurately simulated by surrounding continuum
elements with interface elements provided with an interface damage model. Snapback responses in the quasi-static fracture response of relatively brittle oak wood
samples are captured by extending the finite element model with a robust dissipationbased path-following technique.
A transition was found from a quasi-brittle fracture response for historical oak wood
samples dated 1300 A.D. towards a rather brittle fracture response for historic oak
wood dated 1668 A.D. and new oak wood. This effect can be mainly attributed to
the local tensile strength of the oak samples perpendicular to the grain direction,
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which decreases with age in an approximately linear fashion. Historical oak wood
dated 1300 A.D. has an average local tensile strength of 5 N/mm2 , while the average
local tensile strength of 21 N/mm2 of new oak wood is about 4 times higher. The
fracture toughness values perpendicular to the grain direction range between 0.23
and 0.47 N/mm1 , but are not significantly dependent on the material age. The effects
of geometrical imperfections at the notch tip on the fracture response are relatively
small; the peak load decreases maximally 7% due to the presence of imperfections.

5.1.2

Hygro-mechanical response of oak cabinet door panels

The failure and deformation behaviour of mock-ups of oak wood cabinet door panels
is examined experimentally under various relative humidity fluctuations. It was found
that restrained hygral shrinkage observed in naturally aged cabinet door panels can
be a source of damage formation. Two types of restrained hygral shrinkage mechanisms are identified by using a basic analytical hygro-mechanical bi-layer model:
Type 1: a difference in moisture content across the thickness direction of the panel
(occurring in the outer regions of the panel thickness) and Type 2: a directional difference in the coefficients of hygroscopic expansion of structural components forming a
coherent connection (present at the cleated ends of the panel). No visible shrinkage
cracks are observed in the new oak wood or the glue joints under a maximally applied decrease in relative humidity of 40%, whether the decrease in relative humidity
is applied at once or in 8 successive small steps. It is demonstrated by means of the
bi-layer model that under these climate conditions the tensile stresses developing in
the boards close to the cleated ends due to Type 2 restrained shrinkage are significantly lower than the tensile strength perpendicular to the grain direction of the new
oak wood mock-ups. However, the tensile stresses are comparable to the tensile
strength perpendicular to the grain direction of 17th century oak wood, thus possibly
explaining the shrinkage cracks observed close to the cleated ends in the historical
cabinet door panels. In addition, the observed glue joint failure in the historical objects might be a result of these tensile stresses reaching the (aged) tensile strength
of the historic glue.
Based on the experimental tests, several aspects are determined that result in more
insight in the origin of climate-induced damage observed in historical cabinet door
panels. Firstly, the restraining effect of the cleated ends reduces the shrinkage of
the oak substrate in radial (=horizontal) material direction by approximately a factor
two. This supports the in-situ observation that panels with and without cleated ends
show the most and least damage, respectively. Secondly, via the Type 2 shrinkage
mechanism, teak veneer layers stimulate the development of tensile stresses in radial
material direction, and thus vertical shrinkage cracks, as observed in historical door
panels. Thirdly, the historical door panels show shrinkage cracks mainly emerging in
the vertical direction, i.e. along the wood grain direction of the boards. This is in line
with the predominantly restrained hygral shrinkage occurring in horizontal direction
of the mock-ups. Finally, warping observed in the historical door panels is caused by
the fact that the boards composing the oak substrate are not ideally quarter-sawn.
This deformation mechanism was identified for some of the mock-ups tested.
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5.1.3

Climate-induced fracture simulations

Climate-induced damage development in historical cabinet door panels is analysed
numerically by using a thermal-hygral-mechanical model. Heat and moisture transport are implemented by using extended versions of Fourier’s law of heat conduction
and Fick’s law of moisture diffusion. The model also includes the effects of moisture hysteresis and discrete cracking, which are implemented within a finite element
framework. Boundary value problems are solved by using a staggered approach.
The influence of crack formation on the heat and moisture transport processes is
taken into account through a damage parameter that affects the heat and moisture
fluxes. The accuracy of the climate-induced damage model is step-wisely demonstrated by simulating the response of a basic oak wood specimen under climate
fluctuations of increasing complexity. It was shown that the effects on the deformation and fracture behaviour of thermal variations representative of indoor museum
conditions are minor compared to the effects of hygral variations.
Subsequently, a detailed study of the damage generated by restrained hygral shrinkage in historical cabinet doors is performed. The hygro-mechanical response of an
oak wood cabinet door panel under a drop in relative humidity from 60% to 20% is
simulated and compared to the results obtained from the experiments performed on
the mock-ups of historical cabinet doors. A two-scale modelling approach is used,
in which the hygro-mechanical response of the door panel is analysed first at the
macroscale assuming elastic material conditions. Subsequently, at a critical location
in the panel the susceptibility of the panel to crack formation is simulated at the microscale. The simulation results showed to be in good agreement with the results
obtained from the experiments on the mock-ups. It was confirmed that the amount
of restrained hygral shrinkage in the vertical boards indeed is maximal at the connection between the cleated ends and the boards. At this critical location the panel
is susceptible to climate-induced crack formation, and the fracture susceptibility increases when the oak wood door panel is older, as the tensile strength perpendicular
to the grain direction of oak wood decreases with time due to ageing effects. For the
panels made of new oak wood no tensile fracture was found, which is in accordance
with the experimental observations on the mock-ups. Also, the amount of shrinkage
cracking in historical panels is larger when the initial moisture content of the panels
lies on the desorption boundary curve compared to the adsorption boundary curve.
Fracture only starts after a certain drop in relative humidity and develops relatively
fast, showing substantial micro-damage in combination with the gradual development of a macroscopic failure crack. At a certain relative humidity the crack growth
decreases substantially and becomes (almost) zero under reaching a fully developed failure crack. The location and orientation of the macroscopic failure crack are
in accordance with the cracks observed on historical oak wood cabinet doors part of
museum collections.

5.2

Recommendations

The experimental results presented in Chapter 2 show a relatively brittle failure response, leading to dynamic load drops in the quasi-static fracture response, for the
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historical samples dated 1668 A.D. and new samples. Investigating experimental
set-ups that do not suffer from this phenomenon would be worthwhile for the straightforward calibration of the fracture characteristics of relatively brittle wood samples.
Extension of the experimental-numerical program towards a larger test batch, i.e.
testing more naturally aged test samples with a variety in age and sample size, would
be beneficial for obtaining a comprehensive overview of the effect of material ageing on the fracture characteristics of oak wood. In light of this, it is recommended
to broaden the experimental-numerical study with the in-depth analysis of the failure behaviour of naturally aged animal glue, as failure at the glue joints can also be
observed on historical cabinet door panels.
The experimental program presented in Chapter 3 illustrates that improvements on
the moisture content measurements are recommended for the accurate determination of the moisture state of the mock-ups. These improvements are necessary to
eliminate the effects of signal interference, signal instability and the influence of the
electric current on the measured moisture content. The use of alternating current, a
more effective sealing method and a better wire insulation can improve the reliability of the moisture content measurements. The experimental tests on the mock-ups
focussed on two basic types of substrates, which show the most and least damage
in historical cabinet doors. It is advised to extend the experimental program and aim
for a more comprehensive study, in which aspects as the substrate type, the type
of glue joints, different decorative layers and a wide range of climate conditions are
considered. In combination with the tests, a numerical variation study is essential,
as it serves as a powerful tool to systematically analyse the different aspects that
determine climate-induced damage.
The climate-induced damage model presented in Chapter 4 is developed to accurately describe crack initiation and propagation under tensile stresses that occur in
oak wood due to restrained shrinkage. Implementation of a plastic material model
for oak wood in compression can increase the accuracy of the finite element model.
Furthermore, it is recommended to explore the possibilities for the implementation of
time-dependent phenomena, such as visco-elasticity and mechano-sorption. Also,
the current climate-induced damage model is applied to two-dimensional problems.
An extension towards three-dimensional studies would allow for a more detailed description of the time-dependent heat and moisture transport processes, and thus
to a more complete analysis of climate-induced damage development in historical
cabinet door panels.
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Photo previous page: left door of historical star cabinet. Oak, veneered with various wood
species, cabinet: h = 227 cm, w = 192 cm, d = 65 cm. The Netherlands, circa 1680-1710.
Rijksmuseum, Amsterdam BK-NM-6073.

Appendix A

Analytical solution for a 1D
specimen subjected to steady-state
hygro-mechanical loading without
moisture hysteresis
In order to validate the numerical model presented in this work, 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 Figure 4.3. In the absence of
body forces, the equilibrium equation in the x1 -direction is defined as
σ,x = 0 .

(A.1)

Furthermore, under steady-state conditions the equation for moisture diffusion can
be written as
m
q,x
= 0,
(A.2)
with q m the moisture flux in x1 -direction. The axial stress σ and the moisture flux q
satisfy the constitutive relations
σ = E (u,x − β∆m) ,
q

m

=

−k∗m m,x

,

(A.3)
(A.4)

where E, u = û(x) and β are the stiffness modulus, horizontal displacement and coefficient of hygral expansion in the x1 -direction, respectively, k∗m is the axial moisture
diffusion coefficient, and ∆m = m − m0 is the change in moisture content m = m̂(x)
relative to the reference moisture content m0 . Note that the diffusion coefficient k∗m
differs from the diffusion coefficient k m used in Eq.(4.6), since the latter coefficient
is related to the relative humidity h 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 hysteresis effects):
m = ah + b ,

(A.5)

Appendix A. Analytical solution for a 1D specimen

with a and b calibration coefficients, it can be simply derived that k∗m = k m /a. With
Eq.(A.5), the moisture capacity becomes ξ = dm̂/dh = a, which, with Eq.(4.7), results in a constant value of the moisture diffusion coefficient kim . Under this condition,
inserting Eqs.(A.3) and (A.4) into Eqs.(A.1) and (A.2), respectively, leads to the set
of coupled equations
u,xx − βm,x = 0 ,

(A.6)

m,xx = 0 .

(A.7)

Applying the boundary conditions for the moisture content at the left boundary x = 0,
i.e., m(0) = ml , and right boundary x = L, i.e., m(L) = mr , and integrating Eq.(A.7)
twice, leads to
mr − ml
x + ml .
(A.8)
m = m̂(x) =
L
Substituting Eq.(A.8) into Eq.(A.6), invoking the displacement boundary conditions
u(0) = ul and u(L) = ur , and integrating twice, results in
u = û(x) =

β
ur − ul
(mr − ml )(x2 − Lx) +
x + ul .
2L
L

(A.9)

Inserting Eqs.(A.8) and (A.9) into Eqs.(A.3) and (A.4), together with Eq.(A.5) gives
for the axial stress and moisture flux


ur − ul
mr + ml
σ=E
−β
,
(A.10)
L
L
mr − ml
q = −k∗m
.
(A.11)
L
Note that both the stress σ and the flux q are constant across the specimen length
L.
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Throughout the years the museum community has
acknowledged the adverse effects of climate fluctuations on
susceptible museum objects and the consequential importance
of stable indoor climate conditions. Recently, the focus has
shifted towards the necessity of sustainable preservation
strategies based on large scale comprehensive collection
analyses with a sound scientific basis. As a result, various
research efforts were initiated, such as the long-term
multidisciplinary Climate4Wood project. The research
presented in this dissertation is part of this project and
contributes towards the safe and sustainable preservation of
valuable decorated oak door panels in historical Dutch cabinets
part of the Rijksmuseum collection. The overall objective is to
gain insight in the origin of climate-induced damage in
historical museum objects. This research field is complex and
comprehensive, despite that, the numerical simulations and
laboratory experiments presented in this dissertation provide indepth information on the most important aspects of climateinduced damage. Three main topics are covered: i) the
characterisation of the fracture behaviour of historic and new
oak wood, ii) the hygro-mechanical response of mock-ups of
historical cabinet door panels under relative humidity
fluctuations and iii) the numerical analysis of climate-induced
deformation and fracture in door panels of historical oak
cabinets. The main findings may serve as input for the
discussion on sustainable collection management and may
contribute to the development of sustainable preservation
strategies.
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