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Introduction

While observing paintings in a museum, we rarely realize that various materials are hidden behind
the face of every masterpiece. The visible paint is generally applied onto several preparatory layers, which, in turn, are applied onto a support of typically canvas or wood. Many of the materials
constituting a painting are porous and hygroscopic, meaning that they absorb or release moisture
from their structure when the external relative humidity (RH) changes. In organic materials, this
is often accompanied by expansion or shrinkage. The extent to which moisture-related dimensional change occurs varies considerably amongst materials: whereas paint shows little to no expansion or shrinkage, wood is a familiar example of a material which exhibits substantial dimensional
change. A painting painted on a wooden support will thus change shape upon a variation in the
external RH. This deformation leads to mechanical stresses in the various components, which can
ultimately cause damage in the painting, as illustrated in Figure 1.1.
To prevent the occurrence of moisture-related damage, museums tend to strictly limit climatic
fluctuations, i.e. variations in temperature and RH, in the exhibition halls and storage facilities.
This is often achieved by means of sophisticated climate-control systems, which comes at high
financial and environmental costs of operation. Previous research has indicated, however, that
many objects may be exposed to larger fluctuations in RH without being damaged. Nevertheless,
objects exhibited in the same environment usually have diverse compositions; hence the maximum allowable humidity fluctuation is dictated by the most susceptible class of objects. The role
of the latter has often been assigned to wooden panel paintings.
Painting on a supporting panel of wood, better known as panel painting, was the most widespread practice in the creation of movable paintings until the popularization of canvas in the sixteenth century. It was particularly popular in easel painting and was often used in the creation
of religious altarpieces. As such, panel paintings constitute a considerable part of many museum
collections dealing with visual art from the twelfth century onward and hence form an important
part of our cultural heritage.
1.1
A brief history of panel painting
The practice of painting on panels has a long history. In Pre-Classical Greece, wooden panel paintings involved fairly simple, unified scenes and served as architectural decoration or independent
votives (Boardman, 1993). One of the first surviving panel paintings stems from this period and
depicts a sacrificial procession on a tablet. Later, in the fifth century BC, friezes painted on wooden
panels were used to decorate the interior walls of public buildings. Unfortunately, the Greek climate was not suitable for the preservation of wooden works of art. As a consequence, only several
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Figure 1.1: The front (left) and back-side (right) of: Bernardus Swaerdecroon, Portrait of François
Leydecker, Burgomaster of Tholen, 1646. Oil on oak panel, height: 747 mm, width: 598 mm, thickness: 10 mm. Rijksmuseum inv. no. SK-A-828. Damage in the paint along the joined boards in the
vertical direction is visible.
wooden objects have survived. Nevertheless, there is substantial evidence that wood was used for
both large-scale sculpture and for panel painting in that time (Johnston, 1993), although it is not
completely clear how common they might have been.
From literary sources, it is known that wooden panel paintings have existed in the Imperial
Roman Period, and some of the most renowned paintings in antiquity were in this form (Pollitt,
1993). Sadly, mostly only tiny fragments of paintings on wood have survived. The dry Egyptian climate was fortunately more favorable for the preservation of wooden artifacts. Hence more wooden panel paintings from this part of the Roman Empire have stood the test of time (Boardman,
1993): the mummy portraits of Fayum or the Severan Tondo serve as examples.
From the fifth century AD, wooden panels were often used as a support for painted icons in
Byzantine art and the Eastern Orthodox Church. In medieval Europe, a change in church practice, i.e. the alignment of both the priest and congregation on the same side of the altar, resulted
in space behind the altar for religious decorations. As a result, panel painting popularized in the
twelfth century, initially almost exclusively in altarpieces with religious themes. In that period,
decorated wooden panels were also used as epitaphs in Northern Netherlands (van der Blom, et
al., 1997). In the fifteenth century, a stand-alone art of panel painting, not bound to altarpieces,
developed. It was especially favored in easel painting, but also large-scale works have been created
on wooden panels. For example, the Elevation of the Cross by Rubens measures 459.5 cm by 339.6
cm (Kirby, 1999).
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In the mid-sixteenth century, Venetian painters developed and popularized the use of canvas. Following Italy, painting on canvas began to develop in Spain as well (Gayo & Jover de Celis, 2010).
The transition from panel painting to painting on canvas occurred almost a century later in Northern Europe; partly due to the greater availability of suitable timber, but also the possibility of a
finer, more detailed way of painting on prepared panels played a role. Nevertheless, due to the
undeniable merits of canvas in terms of its ease of transport, larger permitted formats, reduced
deterioration, and lower price, canvas became the preferred support for paintings in Northern
Europe in the seventeenth century as well, even though smaller works on panel paintings were not
uncommon. By the eighteenth century, painting on panels had become unusual.
1.2
The structure and construction of panel paintings
In its most simplified representation, a panel painting consists of a support, several preparatory
layers, and the pictorial layer. Due to the widespread provenance of panel painting practice, however, many different materials and techniques have been used in their construction. An extensive
structural diversity can therefore be found in panel paintings created in different places over the
course of history. Although copper panels were popular in seventeenth century Italy and the Netherlands, panel painting supports were mostly constructed of wood. Here, we will therefore limit
ourselves to the structure of wooden panel paintings.
The construction of supports for panel paintings was a laborious and time-consuming process.
It required craftsmanship and was therefore trusted to registered panel-makers or joiners. These
skilled manufacturers would produce custom made panels for painters, although ready-to-paintpanels were available in the painters’ material shop from the late sixteenth century onward. To
safeguard the high quality of panel paintings, quality control was enforced by local guilds in several towns. Regulations were formulated by these guilds, in Munich and Antwerp as early as 1424
and 1442, respectively (Wadum, 1998). Both painters and panel-makers had to be registered with
the guild. Before being sold, all panel supports had to be approved and branded by an inspector,
who was mandated to destruct any unsatisfactorily constructed panel. Panels may be rejected,
for example, due to discovered faults in the wood or the use of sapwood instead of the prescribed
heartwood.
The selection of the wood species used in the construction of the support relied on technical,
economical, as well as practical aspects. In some cases, the artist or the buyer of the painting
would prescribe the use of a specific wood species, whereas in other cases the panel-maker himself
would make the selection, sometimes simply using any piece of wood available in the workshop.
Native and locally available wood was often used, as well as imported wood. As such, the support
of Italian panel paintings was commonly poplar (Uzielli, 1998), whereas Spanish panels were constructed mostly of poplar or pine (Véliz, 1998) and panels in Central Europe of lime wood (Lukomski, 2012). In Northern Europe, the use of for instance chestnut and walnut was not uncommon.
Nevertheless, oak, primarily imported from the eastern Baltic regions (Eckstein, et al., 1986) and
present-day Poland (Haneca, et al., 2005), was almost exclusively used in the supports of panel
paintings. Hence, the main oeuvre of the Northern school was painted on oak panels.
Although examples exist of panels consisting of a single board (for instance almost all of Frans
Hals’ panels consisted of a single plank (Wadum, 1998)), most panels were constructed using mul-
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Figure 1.2: The front (left) and back-side (right) of: Allaert van Loeninga, The Regents of the House
of Correction of Middelburg, 1643. Oil on oak panel, height: 1470 mm, width: 2200 mm, thickness:
18 mm. Rijksmuseum inv. no. SK-A-3459.
tiple boards. The different boards making up the panel, occasionally of different thicknesses, were
carefully matched before they were joined by for instance butt joins, tongue-and-groove joins, or
wedge joins, often glued with casein or animal glue. An example is presented in Figure 1.2. The
grain direction of the boards was usually parallel to each other as to decrease the panel’s vulnerability to environmental fluctuations. After joining, the panel was smoothed with a plane tool before
being covered by several layers. Reinforcement in the form of glued sheets or strips of hide, canvas,
or parchment, fibers, wooden or metal dowels, or pegs and tongues was attached to the front face
of the panel and occasionally also to its back face. Connections between boards were sometimes
additionally strengthened by parchment strips or glued cow hair transversely placed over the join.
In some cases a rigid support, for example cross-battens or beams, was secured to the back face to
increase the rigidity of the structure as a whole. In the fourteenth and fifteenth century, a frame
was commonly fixed to the panel before application of the preparatory layers. In other cases, the
frame would be attached in a later stage.
The result is a reinforced wooden support with a typical thickness of 8-30 mm, although
panels as thick as 45 mm were not uncommon. Direct application of the pictorial layer onto the
wooden support, however, would possibly result in absorption of the paint by the wood, visibility
of the wooden structure through the pictorial layer, or fungal growth. Prior to painting, the panel
was therefore prepared to facilitate a smooth surface. To this end, several successive layers were
applied to the front face of the panel, and sometimes the back face was prepared as well. The
ground layer generally consisted of organic sizing applied directly to the wooden support as a
sealant coating, covered by several layers of calcium carbonate or calcium sulphate in a medium of
animal glue, the so-called gesso. The ground layer serves to isolate the support and was commonly
applied by the panel-maker or a specialized grounder. In many cases, the panel was now ready to
be transferred to the artist.
Before making the underdrawing and painting, the artist would apply a priming layer sealing
off the ground layer. It was typically a lean mixture of linseed oil and a suitable pigment, and hence
provides a colored background for the painting. Nevertheless, some artists would make the un-
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derdrawing directly onto the white ground and apply a transparent priming layer before painting
the actual painting.
The paint itself, in its most basic form, is a mixture of pigments and a binder, and occasionally
a diluent (Taft Jr. & Mayer, 2000). Over the course of history, different types of pigment and different binders have been used. Examples for the binding medium are, amongst others, hot beeswax
in encaustic painting, which was widely used in Greek and Egyptian art, as well as in Roman and
Byzantine art; an emulsion of water and egg yolks or whole eggs, and occasionally milk, honey,
or glue, in tempera most associated with medieval painting; and different types of oil, generally
linseed oil, in oil painting. Oil paint is the most widely found paint type in preserved sixteenth and
seventeenth century panel paintings. Oil paints were and still are popular amongst artists due to
their depth of color and since they enable attaining a wide variety of effects, for example opaqueness and transparency. Furthermore, their slow drying allows reworking over a longer period of
time. Oil paint is, however, prone to color degradation, and the aforementioned slow drying results
in paintings not drying completely for typically 50 years. Nevertheless, oil paint has been widely
used and is still the most widely used paint type along with acrylic paints. Since the latter paint
type appeared in the 1940s, it has not been used in panel painting.
Generally, the painting layer was finished with a protective varnish film. After framing, the
painting was ready to be transferred to the buyer. The result is a complex composition of different
materials, which are all prone to deterioration when exposed to changing environmental conditions.
1.3
Damage to panel paintings and structural interventions
The structural complexity of historic panel paintings is manifested in a wide variety of possible
types of degradation. Besides the damage suffered as a result of sudden impact or shock during
transport, the oil paint can suffer from metal soap formation (Noble, et al., 2003; Keune, 2005;
Centeno & Mahon, 2009) and fungal or microbial growth (Inoue & Koyano, 1991; Ciferri, 1999;
Poyatos, et al., 2018), whereas the wooden support itself can degrade due to fungal contamination
(Popescu, et al., 2007) or insect attack (Blanchette, 1998). However, most damage to panel paintings can be attributed to humidity fluctuations the object has experienced over its past (Michalski,
1991).
The various materials which compose the panel painting all react differently to moisture in
terms of dimensional change. As such, and depending on the structural configuration and mechanical properties of the different materials, strain may be imposed on less moisture-responsive
components. This is the case if a relatively thick and thus mechanically dominant wooden support
changes shape and thereby deforms the less responsive finishing layer. Large shear stresses at the
interfaces between different layers can result in delamination of the pictorial layer. Furthermore,
the mechanically most vulnerable component of this layer, which often is the ground layer (Mecklenburg, et al., 1998), may at some point deform permanently, or ultimately fracture. Since the
ground layer is generally hidden behind paint, cracks may penetrate into the paint layer only years
later. Conversely, dimensional change of a drying gesso layer on a wooden surface is restrained in
the grain direction of wood, since dimensional change of the latter is negligible. This may give rise
to the appearance of craquelure patterns on the gesso surface (Krzemien, et al., 2016).
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Figure 1.3: The front (left) and back-side (right) of: Pieter Jansz. van Asch, Wooded Landscape, ca.
1640-1678. Oil on oak panel, height: 1000 mm, width: 730 mm, thickness: 31 mm. Rijksmuseum
inv. no. SK-C-88 (long term loan from the City of Amsterdam, A. van der Hoop Bequest).
To reduce internal moisture gradients in the wooden support and thereby deformation, moisture
barriers have been added to the back surface of panel paintings in some conservation treatments
(Brewer, 1991). Different types of coatings, for example varnishes or wax, have been used for this
purpose, as well as wooden strips. Nowadays, such practices are not prevalent amongst conservation professionals; efforts to stabilize moisture-induced deformation focus on indoor climate
control or the application of a structure posing mechanical limits to deformation.
Over the course of history, various types of backing structures have been attached to panel
paintings for either mechanical support or to restrict its shape change. Examples include laminated structures, for instance strips of wood or paper adhered to the back-side. The most invasive
intervention of this type concerns the complete transferal of the paint layer to a new (canvas)
support due to worm-damage to the original support (Dunkerton & Howard, 2009). Although the
latter is seldomly performed in current practice, laminated structures are still applied onto panels
judged to be too thin to support themselves. Other types of backing structures are, amongst others,
cradle structures, cross-grain batten supports, unattached supports, and framing supports (New,
2014). In contrast to for example cradle systems (Brewer & Forno, 1997), as illustrated in Figure
1.3, which restrain in-plane and out-of-plane deformation, modern supporting structures are often designed as to allow some degree of deformation. Depending on the individual requirements
of a panel and the environment it is housed in, adjustments to the backing structure can be made
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to facilitate tolerable deformation, but prevent excessive compression or tension. This reflects the
current conservation practice, in which deformation to some extent is deemed acceptable.
Damage in the wooden support is less likely to occur in unrestrained panels. Nevertheless, exceedance of the compressive yield strength due to large changes in RH can result in lasting deformation (Fratzl & Weinkamer, 2007). This compression set is the cause of the frequently encountered permanent cupping of panel paintings. Deemed undesirable, conservators have attempted
to straighten previously cupped panels by attaching a supportive structure to the back-side of the
panel. Structural interventions like these are on the basis of most damage in many collections
(New, 2014). To understand moisture-induced deformation of wood and the issues related to it,
knowledge on the structural features at different length scales is essential.
1.4
Wood’s multiscale structure
Usable wood stems from tens of thousands of tree species (Forest Products Laboratory, 2010). As a
consequence, a wide variety in properties, appearance, and workability is found in timber. A floor
made of Balsa wood may not be the most durable choice, whereas one will have great difficulty
in constructing a miniature airplane of ebony which will actually be able to glide as gently as
one constructed from Balsa. Similarly, some wood species were considered more suitable for the
construction of panel painting supports than others. The properties which make a wood species
suited for one application and unsuited for another are dependent on features on many different
scales. The arrangement and distribution of different cell types largely determines properties like
stiffness, strength, and permeability. Appearance in terms of coloration and resistance to fungal
attack are additionally affected by the presence of certain organic compounds. In order to understand macroscopic properties of wood, it is thus important to gain insight into its microstructure.
Since the latter is the result of the lifelong growth of a living tree, we will start at this macroscopic
level and gradually descend to the molecular structure.
All tree species are included in the botanical division of spermatophytes for seed-producing
plants (Desch & Dinwoodie, 1996). As in almost all woody plants, the roots of a tree anchor its
structure and absorb water and minerals, while its leaves absorb gases and energy from the atmosphere to produce nutrients. What distinguishes a tree from other wood-producing plants is
the presence of a single main trunk instead of several stems. A further subdivision of tree species
can be made into softwoods and hardwoods. Despite what these names might suggest, the categorization is not reliant on a species’ mechanical properties. Softwoods are gymnosperms, meaning
that they produce largely unprotected seeds. They are characterized by needlelike leaves and often
carry scaly cones, inside which the seeds are produced. As such, softwoods are often referred to as
conifers. Hardwoods are angiosperms, whose seeds are produced within fruiting bodies such as
acorns or pods. Hardwoods typically grow broad leaves which change color and drop in the fall in
temperate climates. Besides their mode of reproduction and external appearance, hardwoods and
softwoods also differ in terms of their microstructure. Nevertheless, there are many similarities
between hardwoods and softwoods; in the following, we focus on generic features of wood but
highlight remarkable differences between the two categories.
On a macroscopic scale, characteristic features of wood are best observable in a schematic
wedge-shaped segment of the trunk, as presented in Figure 1.4. The wedge illustrates the tree’s
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Figure 1.4: Schematic wedge section of the trunk of a tree, highlighting relevant features, principal
directions, and sectional planes.
structural inhomogeneity resulting from its growth, embodied by features with characteristics in
different directions. Three principle directions and corresponding sectional planes in wood can be
distinguished. The longitudinal or axial direction runs along the growing direction of the tree; the
cross section of the trunk is perpendicular to this direction. The radial direction is from the pith
in the center of the tree towards the bark; the tangential section is perpendicular to this direction.
Finally, the tangential direction is tangent to the growth rings; the section perpendicular to it is
the radial section.
Both the macroscopic features of wood as presented in Figure 1.4 and its microstructure, which
will be discussed in the following, are a result of the complex growth process of a tree, in which
the tree’s height and the diameter of its trunk and branches increases. The latter is engendered
by cell division and subsequent differentiation of a thin layer of cells located on the inner side of
the bark, the vascular cambium. Accordingly, woody xylem cells are produced on the inside of
the cambium layer and phloem cells are created on the outside as the inner bark, protected by a
rough outer bark. The growth rate is dependent on external factors; as a consequence, seasonal
climate variations induce alternate periods of fast and slow growth followed by a resting period.
This results in concentric regions of low and high density material, termed earlywood and latewood, respectively. Boundaries between these two regions are pronounced in some species, such
as oak, less pronounced in for instance poplar, and almost missing in certain tropical species due
to the absence of well-defined growth seasons. The growth season in many temperate climates
often lasts one year; growth rings are hence often referred to as annual rings, which enable the
age-determination of a felled tree.
In a living tree, dynamic processes take place in only a thin section of the trunk. The inner
part of the trunk, known as heartwood, is physiologically inactive and serves only as a mechanical
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support for the growing tree. Complex organic compounds have been deposited in the heartwood,
making this part darker and more resistant to fungal growth and insect attack. Transport of water
and minerals from the roots upward takes place through the physiologically active outer parts of
the xylem known as sapwood. Nutrients produced in the leaves are transported down through the
inner bark, but are needed in the cambium to enhance growth. To facilitate horizontal transport
of nutrients and sap, radially oriented cells are present which connect the cambium to the bark
and the sapwood. Accordingly, nutrients can be delivered to the cambium, while surplus nutrients
can be transferred to and stored in the sapwood. The cells responsible for this horizontal interconnectivity are bundled into so-called rays; the amount of cells per ray varies amongst species.
Oak rays, for instance, cluster a large amount of cells, making them observable by the naked eye,
whereas softwood rays typically include only several cells. Ray cells can either be tracheid cells or
brick-shaped parenchyma cells; while the former serve as horizontal pathways for transport, the
latter foresee a storage function of surplus nutrients.
In softwoods, ray cells comprise 5-10% of the xylem volume; the remainder 90-95% consists
of longitudinal tracheid cells, which provide both support and a conduction pathway for axial
transport. Interconnection between the cells for transport of biochemicals and water is assured
through thin areas in the cell wall, known as pits. The number, type, and size of these pits influences wood properties to a large extent, ranging from moisture transport to the response to coating
application.
The longitudinally oriented cells have a wider variety in hardwoods; in addition to axial parenchyma and tracheid cells, large continuous pore-like conducting cells, called vessels, are found.
Their diameter can be as large as 400 µm (Desch & Dinwoodie, 1996), and are thus observable
by the naked eye in the cross-section of a tree. Additionally, specialized narrow fiber cells for mechanical support can be found in hardwood, which are absent in softwoods. The dimensions and
abundance of both cell types vary considerably amongst hardwood species.
Unlike cells in other natural systems, most wood cells are dead at maturity, even in the active
sapwood. Before reaching functional maturity, wood cells have removed the protoplast, resulting
in an air void, often referred to as cell cavity or lumen, enclosed by the cell wall. In most practical
conditions, the cell cavity is filled with either liquid water or a mixture of air and water vapor.
Hence, all mechanical loads are borne by the cell wall solely. The cell wall is composed of a large
amount of microfibrils, which in itself consist of long thin cellulose fibers embedded in a matrix of
hemicellulose and lignin molecules. In the cell wall, the microfibrils themselves are, again, embedded in a matrix of hemicellulose and lignin. An insightful analogy compares these components to
microstructural elements in concrete: cellulose microfibrils as the steel reinforcement providing
tensional rigidity, lignin as the aggregates for compressional stiffness, and hemicellulose as the
cement providing cohesion in the structural composition (New, 2014). The result is an interconnected, unified microstructure, with mechanical properties suiting the needs of a living tree.
The cell wall can be subdivided into several layers with varying microfibril arrangement. The
primary wall, which is the original wall created during cell division, is a thin layer with a random
structure of microfibrils. The secondary wall, produced after cell division, typically consists of multiple layers with various microfibril angles (the angle of the microfibril to the axis of the tube-like
wood cell). In the outermost thin layer, the microfibril angle is almost 90°, whereas the angle is
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much smaller in the thickest layer, generally almost parallel to the cell axis (Fratzl & Weinkamer,
2007). Elongation of the cell wall in the longitudinal direction is impeded by the large stiffness and
small extensibility along the axis of the microfibril; the cell wall’s deformation is therefore caused
by shearing of the matrix between the microfibrils (Kecskes, et al., 2003). As such, the dominant
microfibril angle in the wood cell wall determines to a large extent the elastic modulus and the
fracture strain of wood on the macroscopic scale. This is employed by the growing tree to suit
the changing mechanical needs during its lifetime (Lichtenegger, et al., 1999). Furthermore, the
near-alignment of the microfibrils in the dominant cell wall layer results in the wood’s stiffness
and strength in the longitudinal direction being much higher compared to the other two directions
(Rafsanjani, et al., 2012).
Being a bio-polymer, wood is prone to degradation over its service lifetime. The possible deterioration mechanisms are manifold, and all depend on the conditions the wooden object is exposed
to (Nilsson & Rowell, 2012). Besides the more obvious causes of deterioration, such as pyrolysis
or exceeding the mechanical strength, wood may degrade biologically, for example due to fungi,
bacteria, or insects. Furthermore, wood degrades due to ultraviolet radiation and heat. In aged
wood, the hemicelluloses have typically degraded, which leads to a color change, an improved decay resistance, reduced hydrophilicity, and a decrease in fracture toughness (Luimes, et al., 2018).
Nevertheless, when wood is preserved in dry conditions and in the absence of UV-radiation, hardly
any degradation occurs (Kránitz, et al., 2016).
In summary, wood is a hierarchical bio-polymeric composite material which exhibits characteristic aspects on different scales. On the macroscopic scale, wood can be considered an anisotropic cellular solid, whereas on the microscopic scale, the fiber-composite nature of the cell wall is the
prominent feature. The hydrophilicity of the cell wall constituents, the hemicellulose in particular,
results in considerable moisture exchange with the environment. Not only do certain properties of
wood change with moisture content, it may also cause damage in case of restrained shape change.
We will therefore treat the interaction between moisture and wood in the next subsection in more
detail.
1.5
Wood-water interactions
The presence of moisture influences many wood properties. A water-logged board is more easily
deformable into a desirable shape, a feature which, in combination with heating, has been extensively used in the practice of barrel-making and ship construction. When dried to a low moisture
content, the stiffness and strength of wood increase, whereas its vulnerability to fungal growth
decreases. Qualification and quantification of wood-water relations has therefore received widespread attention over the past century, but is still subject to research (Engelund, et al., 2013).
Green wood, i.e. wood from a freshly felled tree, is typically water-saturated. As such, water
is present as free capillary water in the pore-like lumens of the cells, and as bound water in the
cell walls. This can be illustrated experimentally with the distribution of moisture in a water-saturated oak sample as a function of the T2 magnetic relaxation time, as presented in Figure 1.5a.
In nuclear magnetic resonance (NMR) applied to general porous media, the transversal magnetic
relaxation time T2 relates to the dimensions of the water molecule’s local environment (Kleinberg,
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Figure 1.5: (a) The moisture content c relative to the dry mass as a function of transversal magnetic relaxation time T2 for a water-saturated oak cylinder. Subsequent distributions during drying
are presented in grey. The time between two successive distributions is one hour. (b) The macroscopic strain in the tangential direction of the cylinder (diameter 10 mm, height 30 mm) relative to
dry dimensions, as a function of the moisture content in the cell wall and cell lumens during drying
from water-saturated conditions.
1996). As such, direct proportionality exist between the T2 and the pore’s volume-to-surface ratio.
The bimodal distribution in Figure 1.5a thus reveals the free capillary water in the large-diameter
cell lumens, which exhibits a high T2 , and the water in the narrow cell wall spaces with a low T2 .
Upon drying from water-saturated conditions, the capillary water in the cell lumens is extracted first. This is illustrated by successive distributions during drying: the moisture content
of the cell lumens decreases rapidly compared to the cell wall water. This first stage of the drying
process is not accompanied by any dimensional change: only when the cell wall moisture content
decreases, macroscopic shrinkage is observed, as illustrated in Figure 1.5b. The state just before
dimensional change occurs, i.e. at water-saturated conditions of the cell wall, is denoted the fiber
saturation point, although different definitions occur in literature (Engelund, et al., 2013). It is a
well-known phenomenon of wood-water interactions that only the cell wall water contributes to
changing mechanical properties (softening with increasing moisture content) and dimensional
change (Haygreen & Bowyer, 1982; Desch & Dinwoodie, 1996).
Apart from objects in direct contact with liquid water, most wood components in indoor applications are generally exposed to a RH below 99.5%. In these conditions, the cell lumens are filled
with a mixture of air and water vapor and water is mostly contained in the cell wall (Thygesen, et
al., 2010), where water is attracted by the hydrogen-bonding sites of the cell wall matrix constituents’ hydroxyl groups. Two-thirds of the hydroxyl groups are bound between and within cellulose
chains, making them inaccessible to water. The hydrogen-bonding sites on the surface of microfibrils are, however, accessible to water. At low moisture content, monomolecular adsorption occurs, i.e. at most one water molecule is bound to the hydroxyl group. At high moisture content, up
to five or six molecules can be bound to a single hydroxyl group (Haygreen & Bowyer, 1982), even
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though new models explaining moisture sorption are still emerging in literature (Willems, 2018).
Water absorbed by the cell wall forces the microfibrils apart; as a result, the cell wall itself expands.
Conversely, the microfibrils approach when water leaves the cell wall. Both processes are accompanied by dimensional change, which is generally proportional to the amount of water entering or
leaving the cell wall. Due to the microstructure highlighted in the previous subsection, however,
the dimensional change is not equal in all directions. In the absence of substantial length change of
the oblong microfibrils themselves, dimensional change occurs perpendicular to the microfibrils.
The near-parallel alignment of the microfibrils in the dominant layer of the cell wall therefore
results in negligible dimensional change along the length direction of the tubular cells, and thus in
the longitudinal direction of a macroscopic piece of wood. Nearly all dimensional change occurs in
the radial and tangential directions, where the latter is generally twice as high as the former. This
has been attributed to the reinforcing influence of ray cells in the radial direction, frequent pits on
radial walls reducing moisture-responsiveness, and differences in the amount of cell wall material
(Haygreen & Bowyer, 1982).
The relation between ambient RH, or vapor pressure, and internal equilibrium moisture content of a porous material is characterized by its sorption curve. Since it generally expresses the
relation at a fixed temperature, the sorption curve is also known as the sorption isotherm. The
relation between RH and equilibrium moisture content is, however, not unique, and it depends
on the sorption history. As such, a difference in the course of moisture content exists between
wetting a dry sample and drying a water-saturated sample. These two extremes are denoted the
adsorption and desorption curve, respectively. All possible combinations between ambient RH
and equilibrium moisture content are located within the region bound by these two curves. The
sorption history-dependence of the moisture content is generally known as hysteresis (Patera, et
al., 2016), and is likely caused by the difference in available sorption sites during adsorption and
desorption (Stamm, 1964).
The sorption curves relate the ambient RH to the equilibrium moisture content of a wood
sample. Due to dynamic exposure conditions, however, objects in everyday applications are rarely
completely in equilibrium. As such, moisture is constantly transported to and from the exposed
surfaces of the object. The dynamics of the process are dependent on a variety of factors, e.g., wood
species, principal direction in which moisture transport occurs, and temperature. Accordingly,
a wide variety of models to describe the dynamics of moisture transport in wood is present in
literature. These models range from relatively simple, i.e. using the diffusion equation with constant coefficients, to highly complicated incorporating many factors and non-constant coefficients.
When considering the moisture transport in panel paintings, other effects, such as a mechanical
load acting on the object (mechanosorption), or changes in hygroscopicity with aging (Kránitz,
et al., 2016; Obataya, 2017) may influence the process. Regardless of the model used, however,
the driving force for internal moisture transport processes are changes in the conditions of the
surrounding environment.
1.6
Indoor museum climate
Museum environments often house a wide variety of objects, which are composed of an even
wider variety of materials. These materials react differently to changes in the ambient conditions;
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whereas the dimensional stability of metals is influenced more by temperature fluctuations than
humidity variations, materials like wood and gypsum respond more heavily to humidity changes.
At high RH, metals may corrode and fungal growth may initiate on organic materials. Nevertheless, factors like the comfortability of the museum visitors and the environmental footprint of
the institution need to be taken into account as well. Decision-making on indoor climate control
is therefore accompanied by a large degree of complexity and involves many stakeholders. Here
we will limit ourselves to a brief discussion of the indoor humidity of museum climates and their
control.
Substantial changes in the ambient RH increase the risk of damage to hygroscopic materials
in general, and to vulnerable objects such as panel paintings in particular. This was already recognized in the late nineteenth century, when heating systems started to appear in some institutions
to provide a reasonable climate for both objects and visitors. The advantage of a stable climate for
works of art is nicely illustrated in the storage of the National Gallery’s paintings during the Second
World War: the frequent cracking, flaking, and blistering of the paint in the uncontrolled environment of the National Gallery did not occur in the stable conditions in the quarry used as a storage
facility, and resumed after return to the unconditioned gallery rooms (Davies & Rawlins, 1946).
Despite the absence of comparative research on the implications of other sets of stable humidity
values, most museums adopted a stable humidity in the range of 50-60%.
Being both affordable and acceptable, the main goal of environmental management of museums in the second half of the twentieth century was to limit indoor climatic fluctuations as much
as possible. This was achieved by sophisticated climate-control systems, which consume a lot of
energy and are hence costly to operate. The close control of RH, however, proved to be difficult in
the often historic buildings which house museum objects. Furthermore, examples arose of objects
which were undamaged upon return from temporary exhibition, even though climatic conditions
in the borrowing institution deviated from the requirements set by the lender (Kirby Atkinson,
2014). Further study on the moisture response of several common materials constituting museum
objects suggested that many of these materials might be able to sustain larger humidity fluctuations than previously assumed. As a consequence, recommendations for humidity and temperature fluctuations were loosened slightly in several institutions. Nevertheless, many museums still
strictly control indoor environmental conditions and limit daily fluctuations in order to minimize
the risk of damage to the most vulnerable objects in a collection. For example, the RH at the National Gallery, London is kept between 50% and 60%, the Smithsonian Institution in Washington,
D.C. allows a RH of 45% ± 8%, whereas MOMA and the Metropolitan Museum of Art, New York,
maintain a RH of 48% ± 5% (Bickersteth, 2014).
Nowadays, green arguments gain popularity and museums also recognize the need for reconsidering their strict climate control (Ashley-Smith, 2018). Due to the fear that relaxing the limits
has implications for the stability of sensitive artworks, the debate on acceptable guidelines for
humidity and temperature is still ongoing. The sometimes conflicting views and interests of the
various stakeholders complicate the agreement on acceptable environmental conditions in museum galleries. Furthermore, some fluctuations are inevitable, especially for the many artworks
not located within a climate-controlled museum environment, for instance in institutions unable
to afford expensive systems. As such, knowledge on the moisture-induced response of materials,
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Figure 1.6: (a) The RH over the course of 9 years in the Grosse Galerie of Schönbrunn palace,
Vienna, and (b) the Fourier transform of the time data, which shows distinct peaks at fluctuation
periods of one day and one year. The inset histogram illustrates the distribution of the RH values
in (a). Data has been obtained from: http://www.monumenten.bwk.tue.nl.
and more importantly, classes of objects, is important. Any statement on what conditions an object can or cannot safely sustain resulting from scientific research is, however, accompanied by a
large degree of uncertainty (Ashley-Smith, 2000). This uncertainty can be lowered by the study of
individual objects, as for instance in the concept of proofed fluctuation (Michalski, 2009): as long
as future climatic conditions do not surpass the historic range of an object, further mechanical
damage is unlikely. Despite practical difficulties in terms of incomplete records of past climatic
conditions and intermittent structural interventions, the concept underlines the current view that
no ‘size fits all’ exists (Bickersteth, 2014) and that the museum environment should reflect the
local climate rather than international standards (Staniforth, 2014).
As a final example, let us now consider actual climate data in an environment possibly housing
works of art. Apart from incidental occasions such as flooding or climate-control system malfunctioning, the changes in ambient RH are generally gradual. This is demonstrated in the time-evolution of the RH over a period of 8 years in the Grosse Galerie of Schönbrunn palace, Vienna, in
Figure 1.6a. As can be seen, the RH changes cyclically with a main fluctuation period of one year,
with other fluctuations superimposed. This is elucidated in its Fourier transform in Figure 1.6b:
we observe a distinct peak at a fluctuation period of one year. Even a minor peak at a fluctuation
period of one day is noted. Furthermore, RH values are normally distributed, as illustrated in the
inset in Figure 1.6b.
The focus in environmental guidelines for museum objects is often on the magnitude of
change: limits in terms of allowable humidity or temperature levels are usually provided. But not
only the magnitude of a humidity change influences the response of a wooden object, also the rate
of change is of importance. Short-term daily fluctuations can be more damaging to certain objects than similar yearly fluctuations, due to the larger internal moisture gradients they engender
(Bratasz, et al., 2007). Conversely, slower fluctuations can result in more substantial deformation
of a whole object, which can cause damage to vulnerable components as well. As such, character-
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ization of the influence of frequency in the cyclic deformation behavior of different materials and
objects has practical implications and can support the identification of safe and possibly harmful
fluctuations in RH.
1.7
Aim and outline of this thesis
As introduced in the previous sections, many different elements play part in the moisture-induced
deformation of panel paintings. In some models, a large number of factors is therefore taken into
account in an effort to arrive at an uttermost accurate prediction of the deformation. The numerous input parameters used in these studies, which are sometimes functions of variables such as
moisture content, constitute a complex system of non-linear equations. Not only do we need to
resort to numerical (finite-elements) methods to find solutions, the complexity also results in a
loss of overview about the influence of the different input parameters on the behavior. The aim of
this thesis is to arrive at a description of the moisture-induced deformation of oak boards mimicking decorative panels which is as simple as possible, yet sufficiently accurate. To this end, several
studies have been conducted in which different experimental techniques are employed to explore
diverse features related to this issue.
In Chapter 2, we present non-destructive measurements of the moisture penetration in the
different principal directions of oak during sinusoidal fluctuations in RH.
Due to the resistance to moisture exchange posed by the pictorial layer of a panel painting,
moisture is preferentially exchanged with the exposed back surface. The transient deformation in
these conditions is studied in Chapter 3 using oak boards coated unilaterally, analytically as well
as experimentally.
The moisture permeability of the coating influences the deformation of the board. To determine the moisture diffusion properties of crosslinked silicone rubber, we have designed NMR
experiments to study the spatial movement of a crosslinking front, which we present in Chapter 4.
In Chapter 5, we study the influence of asymmetric exposure to humidity changes, i.e. different changes on either side, on the bending behavior of an oak board.
Non-destructive, simultaneous measurements of the internal moisture distribution using
NMR and macroscopic deformation of oak boards with different finishing layers are presented in
Chapter 6.
In Chapter 7, we present a theoretical analysis of the moisture-induced deformation for a
mechanically dichotomous board: the deformation behavior is influenced by both the support and
the finishing layer.
Sunlight or artificial light can raise the temperature at the surface of a panel. In Chapter 8,
we study the internal moisture transport in a pine cylinder, which is unilaterally exposed to a heat
source, using a specialized NMR setup.
Finally, conclusions based on the results of the studies presented in the chapters are provided
in Chapter 9. In the ensuing concise outlook, recommendations for further research are formulated.
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Moisture penetration in oak during
sinusoidal humidity fluctuations

Most natural fluctuations in relative humidity are cyclic of nature, e.g. daily or seasonal. During
these fluctuations, hygroscopic materials exchange moisture with the surrounding air. The penetration of moisture into the material depends on the frequency of the fluctuation, but also on the
transport characteristics of the material. Here we present an experimental study on the penetration depth of moisture in oak during sinusoidal relative humidity fluctuations, covering a wide
range of frequencies. Using nuclear magnetic resonance, we show that the amplitude in moisture
content decreases exponentially from the exposed surface. The slope of the decay on a logarithmic
scale provides the diffusion coefficient in the three principal directions of wood (longitudinal, radial, tangential), which are in good agreement with literature values. Furthermore, we show the
influence of the moisture content range on the decay in amplitude by performing experiments in
different relative humidity ranges. Numerical experiments are performed to assess the dependence of moisture penetration on different model parameters.

This chapter has been adapted from: T. Arends, L. Pel, D.M.J. Smeulders, Construction and Building Materials 166 (2018): 196-203.
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2.1
Introduction
A wide variety of wooden objects in the built environment is exposed to a fluctuating climate,
for example furniture, construction elements in housing, but also works of art. A change in the
ambient relative humidity (RH) results in moisture exchange between wood and air. As a consequence, the moisture content of the wood changes continuously. This can be advantageous since
it contributes to the moisture buffering capacity of a room, ensuring a more stable indoor climate,
affecting comfort but also energy consumption (Osanyintola & Simonson, 2006). The buffering
capacity of building materials has accordingly been subject of several studies (Kuishan, et al., 2009;
Casey, et al., 2013; Wan, et al., 2017), amongst others for application in building energy simulation
(Steeman, et al., 2010a; Steeman, et al., 2010b; Tariku, et al., 2010). Since the buffering capacity is
governed by moisture transport, it is important to characterize transport behavior.
The penetration of moisture in wood has been studied extensively for step changes in the ambient RH, including drying (Avramidis & Siau, 1987; MacMillan, et al., 2002; Senni, et al., 2010;
Dvinskikh, et al., 2011; Gezici-Koç, et al., 2017). These conditions are, however, rare in the built
environment; changes in RH of indoor climates are most often cyclic. An example of a fluctuation
in indoor RH was already shown in Figure 1.6. Peaks at dominant fluctuations of one day and one
year were immediately visible. Typical RH fluctuations can thus be decomposed into a sum of sinusoidal fluctuations with different frequencies and amplitudes. The penetration of moisture into
the material is dependent on the frequency of the external changes and the transport properties of
the material (Luikov, 1966; Cunningham, 1992). Moisture will penetrate further into the material
when exposed to slow fluctuations. Furthermore, at the same fluctuation frequency, the penetration depth will be higher for a material which is more permeable to moisture.
The goal of this study is to investigate the penetration of moisture in oak during RH fluctuations by nuclear magnetic resonance (NMR). This method has been applied before to study the
moisture penetration in pine wood during daily alternating step changes in the RH (Hameury &
Sterley, 2006). We intend to study a wider range of sinusoidal fluctuation frequencies to characterize the frequency dependence of moisture penetration in the different principal directions in
oak. To this end, we first briefly introduce a simple theory based on the diffusion equation. Experiments are then performed using NMR, in which the moisture content profile can be determined
non-destructively during sinusoidal RH fluctuations. The influence of the transport direction on
the penetration depth is assessed by doing experiments in the different principal directions of
the wood (longitudinal, radial, and tangential). Furthermore, the behavior in different moisture
content regimes is explored. Results are discussed and compared to numerical calculations with a
moisture content-dependent diffusion coefficient. Finally, conclusions are drawn and an outlook
is presented.
2.2
Theory
Many models have been proposed in the literature to describe moisture transport in wood, with a
wide range of complexity. In this section, moisture transport in a wooden cylinder with a thickness
d will be treated. One surface is exposed to sinusoidal fluctuations in RH, the back surface and side
surface are sealed, resulting in one-dimensional moisture transport. Presuming a linear sorption
isotherm and no surface resistance, this translates into a sinusoidal fluctuation in moisture con-
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tent at the exposed surface. Regardless of the driving potential, transport in the material can be
described by the diffusion equation (Skaar, 1988):
∂c ∂  ∂c 
=
D
,
∂t ∂z  ∂z 

(2.1)

where c is the moisture content (mass of moisture relative to dry material weight), t time, D the
diffusion coefficient, and z the distance from the exposed surface. Here, we will assume a constant diffusion coefficient to arrive at an analytical expression for the moisture content. Initial and
boundary conditions can be formulated as
c ( z , 0 ) = c0 ,

c ( 0, t=
) c0 + A0 sin ( 2π ft ) ,

(2.2)
∂c
( d , t ) = 0,
∂z
where c₀ is the initial uniform moisture content, A₀ the amplitude in moisture content at the exposed surface, f the frequency of the RH changes, and d the sample thickness. In the case of small
penetration depths, i.e. in conditions for which the medium can be considered semi-infinite, the
moisture content over time can be described analytically as (Luikov, 1966):
c ( z,t ) =
c0 + A0 e − kz sin ( 2π ft − kz ) ,

(2.3)

with k the reciprocal of the penetration depth:
k=

πf
D

.

(2.4)

Eq. (2.3) shows that the fluctuation in moisture content has a phase lag of kz, and the amplitude A
at a distance z decays with e-kz away from the exposed surface:
A ( z ) = A0 e − kz .

(2.5)

Rewriting terms in Eq. (2.5) and using Eq. (2.4) yields
 A
π
ln   = −
z f.
D
 A0 

(2.6)

The decay in amplitude should thus be linear on a logarithmic scale, when plotted versus the
parameter z√f. The slope of the amplitude decay then directly provides the diffusion coefficient.
In the experiments, a finite sample is used. The theory will therefore only hold in case the
penetration of the moisture is considerably smaller than the thickness of the sample. Here we numerically assess the influence of sample finiteness on amplitude decay at different frequencies. To
this end, we introduce dimensionless parameters, indicated by asterisk superscripts:
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With these dimensionless parameters, we can transform Eqs. (2.1) and (2.2) to
 ∂c * ∂ 2 c *
 * = *2 ,
∂z
 ∂t
*
*

= 0,
c
z
,
0

.
 *
*
* *
c 0, t = sin 2π f t ,
 *
 ∂c 1, t * = 0.

 ∂z *

(
(

)
)

(

)

(2.8)

( )

The equations in (2.8) are discretized, and simulations are performed with different frequencies
(f* = 0.5, 1, 2, 5, and, 10). The decay in amplitude as a function of the dimensionless parameter
z*√f* is shown in Figure 2.1. For a semi-infinite sample, the decay is linear. For the finite sample,
we see a deviation from the linear decay towards the back of the sample, where the amplitude is
larger compared to a semi-infinite sample. Nevertheless, the amplitude decay of the first half of
the sample is linear for frequencies f* larger than 1. Even for f* = 0.5, the first half of the sample
deviates only slightly from the decay of a semi-infinite sample. We can therefore expose finite
samples to frequencies as low as f* = 0.5, if we only consider the half of the sample closest to the
surface. Using literature values for D of oak (Saft & Kaliske, 2013) and the sample thickness, we
can determine the range of frequencies of interest for our experiments using the definition of f*
in Eq. (2.7). The diffusion coefficients are dependent on the direction in which transport occurs.
Assuming diffusion coefficients of 1∙10-9 m2/s, 5∙10-11 m2/s, and 2.5∙10-11 m2/s for transport in longitudinal, radial, and tangential direction respectively, we yield maximum fluctuation periods of 27,
1111, and 2222 hours.
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2.3
MATERIALS AND METHODS
The material used in the measurements is white oak heartwood. Its structure contains large earlywood vessels, with typical diameters of 100-300 μm (measured with a Dino-Lite© digital microscope); latewood vessel diameters are typically 30-50 μm. Other significant microstructural elements in oak include rays and long, thick-walled fiber tracheids or cells, whose diameter is much
smaller than the typical vessel diameter. Moisture transfer between bordering cells occurs through
pits or perforation plates, with approximate pit diameters of 6 μm (Siau, 1984). These pits have
openings typically smaller than 100 nm, with a reported mean of 30 nm (Siau, 1984). These pits,
and in particular their thickness, influence moisture transport characteristics of wood species to a
large extent. For a more elaborate and detailed discussion of the microstructure of hardwoods, the
reader is referred to specialized literature (Siau, 1984; Forest Products Laboratory, 2010).
Cylindrical oak samples are prepared with their axis along either one of the principal macroscopic directions of wood. These principal directions are the longitudinal direction, i.e. along
the growth direction of the tree; the radial direction, i.e. from the center of the tree to the outer
bark; and the tangential direction, i.e. perpendicular to both longitudinal and radial direction and
tangential to the annual rings of the tree. The cylinders have a diameter of 20 mm and a height of
10 mm. Accordingly, several consecutive layers of earlywood and latewood are present in a single
sample. The side surface and bottom of the cylinders are sealed by a thick layer of Krytox© Teflon
grease, ensuring one-dimensional transport from the exposed surface. The sealed sample is placed
inside a Teflon sample holder, where air can be blown over the top surface using a humidifier. The
humidifier mixes a dry and a wet air stream; their mixing proportions determine the RH of the
resulting air stream.
Moisture content profiles along the height of the sample are measured using NMR. The key
concept of NMR is that nuclei (e.g., 1H, 13C) possess spin, and consequently have a magnetic dipole
moment. In an externally applied magnetic field B0, these nuclei precess at a resonance frequency
fL:
f L = γ B0 ,

(2.9)

where γ is the gyromagnetic ratio of the nucleus (for 1H, γ/2π = 42.58 MHz/T). This resonance
condition allows the selective measurement of nuclei in an NMR experiment by applying suitably
chosen radiofrequency (RF) pulses. Moreover, when a gradient in the static field is applied, the
resonance condition can be made spatially selective. Accordingly, the moisture content of a thin
slice can be determined by changing the resonance frequency fL.
The experiments described in this study are performed on a custom-built NMR system, specifically designed for quantitative measurement of moisture in porous materials. The system operates
with a static magnetic field of 0.78 T, using a magnetic field gradient of ~0.3 T/m in the vertical
direction generated with Anderson coils (Valckenborg, et al., 2001). The set-up is shown schematically in Figure 2.2. The Teflon sample holder containing the sample of interest is placed inside
a coil to transmit and receive RF fields during the NMR experiments. A Faraday shield is placed
between the coil and the sample to suppress the effects of a varying dielectric permittivity induced
by moisture content changes, thereby enabling quantitative measurement (Pel, et al., 2016). Mois-
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Figure 2.2: Cross-section of the NMR set-up as used in the experiments to assess one-dimensional
moisture transport.
ture content profiles are measured by performing Hahn spin-echoes (Hahn, 1950) at different
frequencies, i.e. at different heights, without moving the sample. To account for the decreasing
sensitivity of the coil away from its center frequency, obtained values are divided by a reference
profile obtained with a solution containing 0.1 M CuSO4. Accordingly, we can measure moisture
inside the porous structure of wood, e.g., as water inside the cell walls or as liquid water in fiber
cells or vessels. Latter is not the case in our experiments, since the moisture content is below the
fiber saturation point marked by the absence of liquid water. Hence, we measure the concentration
of bound water inside the cell walls. The cell spaces themselves are filled with water vapor, which,
due to its low concentration, is not measured by NMR.
2.4
RESULTS AND DISCUSSION
2.4.1
Influence of transport direction
An example of the moisture content profile of the sample during a sinusoidal fluctuation in RH is
shown in Figure 2.3a, for a sample with its axis in the longitudinal direction. As can be seen, the
change in moisture content is the largest near the exposed surface, and damps towards the sealed
back surface. This is also observed in the moisture content evolution over time at the different
distances from the exposed surface in Figure 2.3b. The moisture content evolution at the different
measurement points can be fitted with a sine function to acquire the amplitude in moisture content as a function of frequency and distance from the exposed surface. These results can then be
used to determine the penetration depth of moisture in the different directions of oak.
Figure 2.3 shows that the moisture content at the sealed back surface of the sample fluctuates
too; strictly speaking, the sample length cannot be assumed infinite. We did, however, show that
for the considered fluctuations, the moisture content near the exposed surface is not affected by
the finiteness of the sample. By taking into account only the first half of the sample, this effect is
omitted.
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Figure 2.3: (a) Normalized moisture content profiles for transport in the longitudinal direction,
during a sinusoidal RH fluctuation of 50 ± 40% with a period of 256 minutes. Profiles are measured every 15 minutes, one in every four profiles is shown. (b) Normalized moisture content evolution for different distances from the exposed surface (1, 2, 3, 4, 5, 6, 7, 8, 9 mm) during the same
experiment.
The resolution in the experiments is 2 mm; each point we measure is an average over a slice with
a thickness of 2 mm. The signal at each point within 1 mm of the surface will thus also be an
average containing the signal outside the sample. We therefore omit these data points to include
only information on the moisture content 1 mm away from the exposed surface. We can fit the
distance-dependent logarithm of the amplitude linearly to retrieve the amplitude in normalized
moisture content at the exposed surface. The decay of the amplitude as a function of z√f is shown
in Figure 2.4a for the three principal directions of wood (longitudinal, radial, and tangential). The
decay in all three directions is linear, as expected from transport according to the diffusion equation with constant coefficients. Furthermore, the three directions are clearly distinguishable, with
the decay being the steepest in the tangential and radial direction, and more slowly decaying in the
longitudinal direction.
A linear fit with Eq. (2.6) provides diffusion coefficients for the different directions. For the
longitudinal direction, a value of 2.9∙10-9 m2/s is found. The diffusion coefficient in the radial direction is obtained as D = 5.5∙10-11 m2/s and is in reasonable agreement with values from literature
(Saft & Kaliske, 2013). The diffusion coefficient in the tangential direction has a value of 2.3∙10-11
m2/s, which is consistent with qualitative information that the diffusion coefficient is the lowest in
the tangential direction (Siau, 1984). The presence of large vessels explains the high value for the
diffusion coefficient in the longitudinal direction; although both water vapor and bound water diffusion occur, water vapor diffusion dominates the overall transport since it is much faster. Adsorption of the water from the vapor phase into the cell wall then results in an increase in measurable
moisture content. The timescale of the latter process is presumed to be shorter than the transport
timescale, otherwise an additional attenuation would be expected based on fluctuation frequency.
For transport in radial or tangential direction, moisture is transported over cell walls and through
pits, which largely increases the transport timescale. This can be schematized as diffusion in se-
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derive the diffusion coefficient for each direction. (b) The decay in amplitude as a function of the
position relative to the penetration depth kz, with Eq. (2.6) as a solid line.
ries, with consecutive vapor transport through cell spaces and bound water diffusion through cell
walls (Gezici-Koç, et al., 2017). Since bound water diffusion is slower, it is the limiting factor in the
overall transport. The faster transport in radial direction can possibly be attributed to more pits on
the radial surfaces of the cells or to the presence of rays in the radial direction.
The amplitude decay as a function of kz, i.e. as a function of the distance from the surface
scaled by the penetration depth, is shown in Figure 2.4b for the three different principal transport
directions. Use is made of the derived diffusion coefficients derived in Figure 2.4a, in order to scale
all three principal directions onto one curve. The figure illustrates the similarity in decay in the
three different directions. The theoretical slope (-1) from Eq. (2.6) is added to demonstrate the
agreement with the penetration depth from the diffusion equation.
Using the derived diffusion coefficients of the different principal transport directions, the penetration depth as a function of fluctuation frequency is shown in Figure 2.5 for the three different
principal directions. The figure insightfully shows that, for a given fluctuation frequency, the penetration depth is the highest in the longitudinal direction, and the lowest in the tangential direction.
For an hourly fluctuation, the moisture penetrates ~1.8 mm into the longitudinal direction, ~0.25
mm in the radial direction, and ~0.16 mm in the tangential direction. During daily fluctuations,
the penetration depth is 9 mm, 1.2 mm, and 0.8 mm for the longitudinal, radial, and tangential
direction respectively; for the yearly fluctuation, these values are 17 cm, 2.3 cm, and 1.5 cm respectively.
2.4.2
Non-constant diffusion coefficient
The experiments so far have covered almost the total hygroscopic moisture content range by fluctuating the RH between 10% and 90%. In literature, however, moisture content-dependent values
have been proposed for the diffusion coefficient of moisture in wood (Avramidis & Siau, 1987;
Simpson, 1993; Richards, 1994; Baronas, et al., 2001). The influence of a moisture content-depend-
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Figure 2.5: The penetration depth of moisture as a function of the period of a sinusoidal fluctuation for the three different principal transport directions. Vertical dotted lines indicate main fluctuation periods of one hour, one day, and one year.
ent diffusion coefficient on the amplitude decay is assessed numerically first. Again we consider
one-dimensional transport, with the exposed surface subjected to sinusoidal fluctuations in RH,
similar to Eq. (2.1). We can, similar to Eq. (2.7) introduce the following dimensionless parameters:
=
c*

c − c0
Da t
z
D
d2 f
=
=
=
, t*
, z* =
, D*
, f*
,
2
A0
d
Da
Da
d

(2.10)

where Da is the average diffusion coefficient over the moisture content range considered. With
these dimensionless parameters, the equations in (2.1) and (2.2) can be scaled to arrive at
∂c *
∂  * ∂c * 
(2.11)
=
D
.
∂t * ∂z *  ∂z * 
The initial and boundary conditions are the same as in Eq. (2.8). The scaled diffusion coefficient
D* is assumed to be of exponential form:
D* =

β
β

e −e

*

−β

eβc ,

(2.12)

where β determines the influence of the diffusion coefficient on scaled moisture content. For increasing β, the diffusion coefficient has a stronger dependence on moisture content. The form of
the diffusion coefficient is chosen such that the average scaled diffusion coefficient over the scaled
moisture content range (from -1 to +1) is unity. For small values of β, simulations can be scaled
with z*√f* as is shown in Figure 2.6a for β = 1. The amplitude decay is, similarly to β = 0, exponential.
If the diffusion coefficient is dependent on moisture content, the amplitude decay is additionally affected by the moisture content range in which the fluctuation occurs. This effect is shown
in Figure 2.6a for β = 1, exposed to different scaled moisture content fluctuations at the surface (0
± 1, -0.5 ± 0.5, 0 ± 0.5, and 0.5 ± 0.5). Even for this relatively weak dependence of the diffusion
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Figure 2.6: (a) Calculated decay of normalized moisture content amplitude as a function of the
dimensionless parameter z*√f* from numerical simulations for a moisture content dependent diffusion coefficient with β = 1, for different scaled moisture content ranges (0 ± 1, -0.5 ± 0.5, 0 ±
0.5, and 0.5 ± 0.5). (b) Decay of normalized moisture content amplitude as a function of z*√f* for
transport in the longitudinal direction in different RH ranges (50 ± 40%, 30 ± 20%, 50 ± 20%,
and 70 ± 20%). The solid lines are linear fits with the experimental data.
coefficient on moisture content, the decay in the three different moisture content ranges is clearly
distinguishable. The slope of the decay becomes less negative for increasing moisture content
range, since the diffusion coefficient increases with moisture content. It is therefore expected that,
when performing experiments in different moisture content ranges, the decay in amplitude is different if the diffusion constant is dependent on the moisture content. Experiments are accordingly
performed with the longitudinal sample, which is exposed to RH fluctuations of 30 ± 20%, 50 ±
20%, and 70 ± 20%, with different frequencies (periods of 4.25, 8.5, and 17 hours). The resulting
decay in moisture content amplitude as a function of z*√f* (using the diffusion coefficient derived
in Figure 2.4a) is shown in Figure 2.6b. The linear fits with the experimental data for the four
different RH regimes are similar (2.9∙10-9 m2/s, 2.8∙10-9 m2/s, 2.5∙10-9 m2/s, and 3.7∙10-9 m2/s for
50 ± 40%, 30 ± 20%, 50 ± 20%, and 70 ± 20% respectively). We can therefore conclude that, in
the longitudinal direction of oak, the kinetics of moisture transport is almost independent of the
moisture content regime and can thus be well described by a constant diffusion coefficient.
2.5
CONCLUSIONS
During exposure to sinusoidal fluctuations in RH, the amplitude in moisture content in oak decreases exponentially away from the exposed surface. This is in agreement with predictions from
the diffusion equation with constant coefficients in a semi-infinite domain. The attenuation of the
amplitude is dependent on the direction of transport; due to its low permeability, the amplitude
decay is the most severe in the tangential and radial direction. Conversely, the high permeability
in the longitudinal direction results in large penetration depths of the humidity fluctuations. The
derived diffusion coefficients are in good agreement with literature values. The dependence of the
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penetration depth in the longitudinal direction on moisture content is shown to be negligible, since
experiments in different RH ranges provide similar diffusion coefficients.
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Dynamic moisture-induced deformation
of a coated oak board

A unilaterally coated oak board preferentially exchanges moisture with the ambient environment
at the exposed surface. The resulting asymmetric moisture content distribution induces differential expansion over the thickness. Consequently, a bending moment causes the board to curve. A
theory is introduced to describe the deformation of the board for different internal moisture distributions. It is shown analytically that, in case of a completely impermeable coating, the transient
deflective behavior following a step change in the ambient relative humidity provides the moisture
diffusion coefficient, which is derived experimentally. We furthermore study the influence of the
coating’s permeability to moisture on the deformation behavior: the reduced internal distribution
asymmetry results in decreased deformation. Additionally, the frequency behavior of deformation
is derived analytically and verified experimentally.

Part of this chapter has been published as: T. Arends, L. Pel, H.P. Huinink, Materials and Structures
50 (2017), 181.
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3.1
INTRODUCTION
As highlighted in Section 1.2, a wide variety in panel painting structure types, compositions, and
used materials exists. Nevertheless, many unrestrained panel paintings may conceptually be simplified as an oak board, representing the support, and a coating layer, mimicking the preparatory
layers and the paint applied onto the support. Since a coating poses a resistance to moisture exchange, moisture transfer between the panel and the ambient environment preferentially occurs
at the exposed back surface. As a result, the moisture content is unevenly distributed across the
board’s thickness, as schematically represented in Figure 3.1a. This distribution induces differential expansion and thus provokes a bending moment. Consequentially, not only the board’s length
changes; the board also bends, which is manifested in deflection of its free end.
Due to fluctuations in the ambient relative humidity (RH), the internal moisture distribution
and thus the board’s configuration change continuously. An example is presented in Figure 3.1b,
where we show the transient deflection of the free end of a board (length: 100 mm, width: 30 mm,
thickness: 2 mm) clamped at the opposite end in an office environment without climate control. A
silicone rubber coating has been applied to five of the six surfaces of the board. Only one surface is
in direct contact with the ambient environment. The RH fluctuations between values of 22% and
34% are rather moderate. Nevertheless, a change in the RH is accompanied by immediate deformation of the board. A thin panel painting in a museum environment will thus also deform upon
relatively minor changes: larger changes can thus substantially deform the painting and possibly
cause damage. It is therefore important to characterize the deformation behavior induced by RH
changes as to ultimately assign safe and possibly harmful fluctuations.
In this chapter, we analytically and experimentally study the moisture-induced bending of
coated oak boards mimicking simplified panel paintings. We introduce a theoretical framework
to describe the transient deformation of the board, which is tested experimentally using different
board thicknesses. The limit case of a completely impermeable sealant is studied first. Subsequently, the framework is extended to include the influence of moisture transport through the coating
on the internal distribution and hence the deformation. Finally, the deformation behavior when
exposed to sinusoidal fluctuations in RH with different frequencies is studied.
3.2
MATERIALS AND METHODS
3.2.1
Material
Oak boards with a length of 100 mm, a width of 30 mm, and different thicknesses (2-9 mm) were
sawn from a large oak wood board. Since wood is an anisotropic material with properties dependent on the characteristic directions, all samples were prepared such that the grain direction is
along the width of the board. Perpendicular to that, the tangential direction is in the length of the
board, and the radial direction along the thickness. Transport hence occurs in the radial direction
of the wood, whereas the expansion along the length of the board is the expansion in tangential
direction. Prior to an experiment, either Bison© silicone sealant or butylene sealant was applied to
five sides of the board, leaving one of the two largest surfaces open. The sealants were allowed to
cure for at least three days. In addition, a thick layer of Krytox™ Teflon grease is applied onto the
side surfaces of the board as to completely impede moisture transfer. For the experiments where
a completely impermeable sealant is desired, the grease is also applied onto the sealed surface.
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Figure 3.1: (a) Schematic representation of the moisture-induced deformation of a coated oak
board, with relevant parameters indicated for the analysis. The inset shows an example of the
moisture content c distributed as a function of the distance z from the exposed surface. (b) The
deflection of the free end of a clamped, coated oak board (length: 100 mm, width: 30 mm, thickness:
2 mm) over time during changes in RH in an uncontrolled office environment.
3.2.2
Experimental set-up
The experimental set-up designed to measure the deformation of a sealed oak board due to changing humidity conditions is shown in Figure 3.2. One end of the wood board is clamped between
two PVC strips and fixed to the ground. Onto the opposite free end of the sample, a copper pointer
is connected. The setup is placed in a transparent plastic container in which the RH can be controlled by the help of a humidifier. Meanwhile, the RH is measured using a Sensirion© sensor. A
Dino-Lite© digital microscope records images of the board’s free end in order to record the deflection of the copper pointer. During post-processing, the deflection is corrected for the presence of
the inactive copper pointer. As such, the deflection of the board’s free end is retrieved from the
recorded images.
3.3
MOISTURE-INDUCED DEFORMATION OF A BOARD
A change in moisture content in a board composed of a hygroexpansive material results in expansion or shrinkage. In case of a uniform moisture content c and no lateral contraction, the expansion of the board ε is given by

ε
=

L − L0
= α ( c − c0 ) ,
L0

(3.1)

where L is the length of the board at time t, L₀ the initial length of the board, α the linear hygroscopic expansion coefficient, and c₀ a reference moisture content value, for instance the uniform
initial moisture content. In dynamic conditions, for example due to a change in external RH, the
moisture content is rarely constant throughout the board. Instead, the moisture is distributed
along the board’s thickness and thus the free strain (the product α(c-c₀)) is position-dependent. As
a result, the board not only expands or shrinks, but also curves onto a circle.
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Figure 3.2: The experimental set-up for measuring the deformation of an oak board under changing humidity conditions.
To characterize the configuration a board with an initial length L₀ and thickness d, we employ the
equations describing the strain and curvature of a board by Scherer (1987), who, in turn, adapted
these equations from the temperature-analysis by Boley and Weiner (1997). We assume that one
end of the board is fixed, while the other end is free to deflect. We furthermore presume that expansion in the directions other than along the length of the board is negligible. The expansion of
the board ε at half-thickness and the deflection w of its free end can then be expressed as

ε=

w= −

f1 g1 − f0 g2
g1 2 − g0 g2

,

(3.2)

L02 f1 g0 − f0 g1
,
2 g1 2 − g0 g2

(3.3)

with
d 2

fn
=

E
=
ε f x n dx , gn
∫
1
−
ν
−d 2

d 2

E n
x dx .
1 −ν
−d 2

∫

(3.4)

In the above equations, E is the Young’s modulus expressing the material’s stiffness, υ the Poisson’s
ratio, and x the distance from the center of the board. The free strain εf is the product of the moisture expansion coefficient α and the moisture content ĉ relative to a reference value c₀, i.e. ĉ = c-c₀.
It represents the strain of the material in the absence of local mechanical restriction.
So far, we have made no assumption on the configuration of the board nor its elastic properties
or moisture distribution. As such, Eqs. (3.2) and (3.3) are valid for any composite board with an
unspecified number of layers with different elastic properties, which may additionally be dependent on the moisture content. In our case, the board consists of a single component which contributes mechanically to the deformation of the whole board. Furthermore, we assume that E and α
are constant, i.e. unaffected by the moisture content. Accordingly, substitution of Eq. (3.4) into Eq.
(3.2) results in the expression for the expansion of the board at half-thickness ε as:
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ε
=

d 2

α
d

∫ c ( x ) − c

0

−d 2

 dx.

(3.5)

Note that for a constant moisture content, Eq. (3.5) simplifies to Eq. (3.1). Similarly, substitution of
Eq. (3.4) into Eq. (3.3) results in the deflection to be expressed as:
=
w 6

α L02
d3

d 2

∫

−d 2

x  c ( x ) − c0  dx.

(3.6)

Here the integral represents the moment exerted on the board as a consequence of an asymmetrical moisture content distribution. As such, it expresses the asymmetry in the moisture content
distribution. It can be shown that for the general case of a symmetric moisture content profile,
i.e. c(x,t) = c(-x,t), the integral in Eq. (3.6) vanishes and the deflection equals zero. Hence in case
of a two-sided exposure to a change in RH there will be no deflection, only a length change of the
board. In case of a one-sided step change, the moisture profile will approach a constant value for t
∞, and consequently the deflection approaches zero again.
To generalize the ensuing analyses, we will make use of dimensionless variables and scaled
results. As such, we introduce the dimensionless moisture distribution as c* = ĉ/cR, where cR is
a reference moisture content, e.g., the difference between initial and final moisture content in a
transient analysis, and the scaled distance from the board’s center x* = x/d. Using these dimensionless variables, we can scale Eqs. (3.5) and (3.6), which results in the following expressions for
the scaled expansion ε* and scaled deflection w*:

ε*
=

ε

=
α cR

12

∫ c ( x ) dx ,
*

*

(3.7)

−1 2

12

w*
=

*

wd
=
6 ∫ x * c * x * dx * .
α c R L20
−1 2

( )

(3.8)

We have now derived two general equations describing the board’s configuration in terms of the
expansion at half-thickness and the deflection of the board’s free end, in both dimensional and
dimensionless form. So far, we have made no assumptions on the internal moisture content distribution. As such, the distribution can take any form and can also change in time, thereby influencing the board’s configuration dynamically. In the following subsections, we will introduce
analytical expressions to describe the internal moisture distribution.
3.4
IMPERMEABLE COATING ON ONE SURFACE
3.4.1
Theory
In the previous section we demonstrated that the board’s deflection and thus curvature is dependent on the internal moisture distribution asymmetry. The asymmetry can be provoked by unequal
moisture sorption at the opposite surfaces. This is the case if a coating is applied onto one of the
two surfaces. If this coating is completely impermeable to moisture, a step change in the ambient
RH results in a stepwise change of the moisture content at the exposed surface, whereas no moisture is transferred through the coating. The governing equations for moisture transport can be
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formulated mathematically as:
∂ t c = D∂ zz c ,

c ( z , 0 ) = c0
(3.9)

c ( 0, t ) = c e ,
∂ c ( d , t ) =
0,
 z
where c is the moisture content at time t and distance z from the exposed surface, and D the diffusion coefficient. An analytical solution for c can be obtained by separation of variables, see e.g.
(Strauss, 2008), in the form of the Fourier series:

3

( −1 )

n

2

 2n +1 
−
π  Dt
 2d 

 2n + 1

(3.10)
cos 
π ( d − z ) .
n =0
 2d

Before substitution into Eq. (3.7), we make Eq. (3.10) dimensionless as c* = (c-c₀)/(ce-c₀):
c ( z , t ) =−
ce

4

∞

( c − c ) ∑ 2n + 1 e
π e 0

4 ∞ ( −1 ) −π 2 4 t *
 2n + 1

(3.11)
1− ∑
e
cos 
c z ,t =
π 1 − z * ,
π n = 0 2n + 1
 2

where t* = Dt/d2 is the scaled time. Substitution of Eq. (3.11) into Eqs. (3.7) and (3.8) results in
the scaled expansion as:
*

(

*

*

(2 n + 1 )

n

)

ε ( t )= 1 −
*

*

8

π2

n =0

(

)

2

1

∞

∑

2

( 2n + 1 )

2

e

 2n +1  *
−
π t
 2


(3.12)

,

and the scaled deflection:
 4 ( −1 )n
 −  2 n + 1 π  t *
1

e  2  .
(3.13)
w t
=
−
∑
π 2 n = 0  π ( 2 n + 1 ) 3 ( 2 n + 1 )2 


Alternatively, we can find an expression for the moisture content distribution if the medium can
be presumed semi-infinite. This is the case for a small moisture penetration depth, as discussed in
Section 2.2. This leads to the moisture content distribution:
*

( )
*

24

2

∞

 z 
c ( z, t ) =c0 + ( c e − c0 ) erfc 
,
 2 Dt 

(3.14)

which can be made dimensionless to arrive at:
 z*
c * z* , t * = erfc 

*
2 t

(

)


 .


(3.15)

Substitution of Eq. (3.15) into Eqs. (3.7) and (3.8) yields short-time solutions (denoted by the subscript ‘ST’) for the scaled expansion and deflection as:
*
ε ST
(t * )  2

and
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(a)

(b)

Figure 3.3: (a) The scaled expansion and (b) the scaled deflection as a function of the square root
of dimensionless time for the three different solutions.
 t*

*
(3.17)
w ST
t *  6
− t * .
 π



In the derivation of Eqs. (3.16) and (3.17), we have omitted terms which only influence the longterm solution. The scaled expansion for the full solution and the short-time solution, i.e. Eq. (3.12)
and Eq. (3.16), respectively, are shown in Figure 3.3a as a function of the square root of t*. Initially, both solutions are linear with a slope 2/√π. For √t* larger than ~0.5, the short-time solution
starts to deviate from the full solution: moisture has reached the back surface, thus Eq. (3.15)
fails to describe the moisture content evolution. The scaled deflection, i.e. Eqs. (3.13) and (3.17),
are presented in Figure 3.3b as a function of the square root of t*. Again, the short-time solution
follows the full solution initially up to a maximum deflection. At this point, the internal moisture
content distribution asymmetry is maximum, which, due to moisture transport, decreases afterwards. The short-time solution is composed of a dominant rising component at short times and
a negative component, which gains dominance at later times. After reaching the maximum, the
deflection decreases rapidly for the short-time solution and large quantitative deviations with the
full solution are observed.
To find the time tm* at which the maximum deflection wm* occurs, we can take the zero of
the derivative with respect to time. Due to the infinite sum of modes, this is impossible to derive
analytically for the full solution in Eq. (3.13). We can therefore, as a first-order approximation, take
only the first two modes of the full solution in Eqs. (3.12) and (3.13), which results in the long-term
solutions (denoted with subscript ‘LT’):

( )

8

1− 2 e
ε LT * ( t * ) =
π

−

π2
4

t*

−

8
9π 2

e

−

9π 2 *
t
4

,

(3.18)

and
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π *
9π
24  4
 − 4 t* 
 −4t 1 4

.
−
−
+
(3.19)
1
1
w LT t =
e
e




9  3π
π 2  π



The long-term solutions for the expansion and deflection are shown in Figure 3.3a and Figure 3.3b,
respectively. Similar to the short-time solution, the long-term deflection consists of a rising and
a falling component. Since the higher modes in the full solution represent the behavior at short
times due to their small time constants, their omission in the long-term solution for the expansion
and deflection results in deviations from the full solutions at short times. At large times where
the short-time solutions deviate, however, the long-term solutions coincide with the full solution.
A hybrid solution can therefore be proposed, which consists of the short-term solution for times
up to the maximum deflection, and the long-term solution for the deflection after the maximum.
The time of maximum deflection for the short-time and long-term solution is found to be:
*

3

2

( )

2

*

t m* , ST
=

1
1
 1 3π + 4 
, t m* , LT
ln 
=
.
2
4π
2π
 3 4 −π 

(3.20)

Inserting tm* from Eq. (3.20) into Eq. (3.17) and (3.19) for the short-time and long-term solution,
respectively, yields the maximum deflection of the board:
1
9


3
24  4
 4 − π  8 
 4 − π 8 1  4
*
*
, w m , LT =
1
3
1
3
−
−
+
w m , ST =
(3.21)
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 3π + 4  


From Figure 3.3b, we can qualitatively conclude that the point of maximum deflection is similar
for all three solutions. Quantitatively, a deviation in the time of maximum deflection from the full
solution of 6.8% and 0.0% for the short-time and long-term solution, respectively, whereas the
deviation in terms of the magnitude of maximum deflection is 0.5% and 0.1%. We can thus effectively capture the time and magnitude of maximum deflection using the derived values from the
long-term solution in Eqs. (3.20) and (3.21).
3.4.2
Experiments
Examples of the measured length change of a board and the deflection of its free end is presented
in Figure 3.4 for two board thicknesses: 4 mm and 6.4 mm. The ambient RH is elevated stepwise
at t = 0 from 60% to 90%. As can be seen, the board quickly deforms and reaches a maximum
in deflection, after which the board bends back towards its initial, straight configuration, but has
elongated due to the ingress of moisture. The deflection is expectedly smaller for the thicker board,
and its maximum occurs later in time. The transient deflection and length change of the board can
be fitted with a sum of exponentials as to derive the final length (and thus the final expansion) and
the maximum in deflection from the experiments.
In the theoretical analysis in the previous section, we derived values for the scaled time of
maximum deflection (Eq. (3.20)). Since we have scaled time as t* = Dt/d2, we can make the time
of maximum deflection dimensional again:
t m = t m*
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d = 6.4 mm
d = 4 mm

Figure 3.4: The measured deflection and length change of two boards with thicknesses of 4 and 6.4
mm following a step change in the ambient RH from 60% to 90%.
Since the scaled time of maximum deflection is a constant, the time at which the board is deflected
maximally is proportional to the typical diffusion time d2/D. We can thus perform experiments
with different board thicknesses and use the time of maximum deflection to derive the moisture
diffusion coefficient. Accordingly, we have exposed boards with varying thicknesses (d = 2-8 mm)
to a step change in the ambient RH either from 55±5% to 90±5%, or vice versa. The time of
maximum deflection as a function of the squared board thickness is presented in Figure 3.5a for
the different boards. The expected squared-thickness dependence of the maximum deflection is
confirmed by the experiments. A linear fit with Eq. (3.22) is included, which provides a diffusion
coefficient of 2.5∙10-11 m2/s. This is approximately half the value found using NMR in Chapter 2. As
introduced in Section 1.4, wood is an inhomogeneous and anisotropic material. Large differences
in properties exist between different species, but also between different trees of the same species
and even within a single tree. Even though the species of the samples used in Chapter 2 and this
study are the same, different batch boards were used. Furthermore, even within samples from the
same batch board differences in the time of maximum deflection (and thus transport properties)
can be found, as shown in Figure 3.5a: two 4 mm thick boards differ approximately a factor of two
in terms of tm. The difference in derived diffusion coefficient between this chapter and Chapter 2
can therefore probably be attributed to the inhomogeneous nature of wood.
We already observed the reduced maximum deflection for a thicker board in Figure 3.4. This
is also apparent when scaling the measured magnitude of maximum deflection according to Eq.
(3.8) as:
wm

α ( c e − c0 ) L02

=

w m*
.
d

(3.23)

The factor α(ce-c₀) represents the difference between initial and final expansion of the board and
can be calculated using the measured length change of the board. The maximum deflection is predicted to be inversely proportional to the board thickness. The same relation is found in the experimental results using different board thicknesses, as demonstrated in Figure 3.5b. The theoretical
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Figure 3.5: (a) The time of maximum deflection following a step change in the ambient RH as a
function of the squared board thickness. (b) The maximum deflection normalized by the final expansion as a function of the reciprocal board thickness. The thicknesses of the boards are 2-8 mm.
relation, using wm,LT* from Eq. (3.21), is included and demonstrates that the thinner the board, the
larger the maximum deflection.
In the treatment of the board’s deformation so far, we have presumed a perfectly impermeable
coating. If, however, the coating is permeable to moisture to some degree, moisture will also enter
the board from the back surface. This has an influence on the internal moisture distribution and
thus on the transient deformation of the board. As such, we need to revisit the description of the
transient moisture distribution to include moisture ingress from the coated surface.
3.5
PERMEABLE COATING ON ONE SURFACE
3.5.1
Theory
If the coating is permeable to moisture to some extent, also the moisture transport through the
coating should be taken into account, as schematically represented in Figure 3.6a. The no-flux
boundary condition in Eq. (2.2) is no longer valid; instead, we can replace it by a continuity condition, stating that the flux should be equal to the left and the right of the boundary:
−D

∂c
∂c
− DF F ( d , t ) ,
d,t ) =
(
∂z
∂z

(3.24)

where DF is the moisture diffusion coefficient in the coating and cF the moisture content in the
coating. Since the external RH at both the exposed surface of the board and the coating is equal, we
can relate the moisture content at the boundaries to each other using the ratio ∂cF /∂c of equilibrium moisture content of the coating and oak. Similarly, we assume that the board and the coating
are in equilibrium at the boundary, such that we can relate the moisture content in the board and
the coating to each other as:
=
cF ( d,t )
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∂c e
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Figure 3.6: (a) Schematic representation of the moisture content distribution c(z) in the board
(between z = 0 and z = d) and cF (z) in the coating (between z = d and z = d+dF ) with thickness dF.
The conditions concerning flux and moisture content are indicated at the boundary. (b) Normalized
moisture content profiles in the board over time following a step change in the exposure moisture
content for an impermeable coating (h* = 0) applied on the surface at z* = 1, and a permeable
coating (h* = 1).
If we furthermore presume fast diffusion through the coating, i.e. a high DF in combination with
a small coating thickness dF , the moisture distribution through the coating will be linear. Accordingly, we can rewrite Eq. (3.24) as:
−D

∂c
( d , t ) = hF  c ( d , t ) − ce  ,
∂z

(3.26)

where hF is the moisture transfer coefficient of the coating:
hF =

DF ∂c F
.
d F ∂c

(3.27)

The boundary condition (3.26) can be made dimensionless to arrive at
∂c *
h *  c e* t * − c * 1, t *  ,
1, t *
=
*


∂z

( )

( )

( )

(3.28)

with h* = hF d/D the scaled coating permeability. For a step change in the exposure moisture content from 0 to 1, we can derive an analytical expression of the moisture content distribution over
time by separation of variables (Gatewood, 1957):

(

)

∞

c * z * , t * = 1 − 2∑
n =1

2 *
1 − cos pn
e − pn t sin pn z * ,
pn − sin pn cos pn

(

)

(3.29)

where we have:
pn + h * tan pn =
0.

(3.30)
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Figure 3.7: (a) The scaled expansion as a function of the square root of dimensionless time for different scaled coating transfer coefficients h*. The two limit cases of h* = 0 and h*
∞, i.e. represented by Eqs. (3.12) and (3.33) respectively, are included in the figure. (b) The scaled deflection as
a function of the square root of dimensionless time for different scaled coating transfer coefficients
h*. The limit case for an impermeable coating (h* = 0), i.e. Eq. (3.13) is included.
In other words, pn is the nth root of the equation y = p + h*tan p. No explicit analytical expressions
for pn can be obtained, hence we resort to numerical methods to determine pn.
Normalized moisture content profiles as a function of dimensionless distance from the exposed
surface at different times following a step change in the external moisture content are shown in
Figure 3.6b. Two cases are presented: a completely impermeable coating on the opposite surface
(h* = 0) and a permeable coating (h* = 1). As can be expected, the moisture content just below the
coating rises more quickly for a permeable coating. Consequentially, the increase in total moisture
content of the board is more rapid compared to the board with an impermeable coating. This is
also reflected in the scaled expansion of the board at half-thickness, which can be gained from
substitution of Eq. (3.29) into Eq. (3.7):

( 1 − cos pn ) e − pn2t* .
1
ε t = 1 − 2∑
n = 1 pn pn − sin pn cos pn
*

( )
*

2

∞

(3.31)

The scaled expansion as a function of the square root of dimensionless time t* is presented in Figure 3.7a for different scaled coating permeabilities h*. The limit case of a completely impermeable
coating (h* = 0), as was studied in Section 3.4, is shown as well. The coating permeability results
in an accelerated moisture increase and thus enhances the expansion.
In the other limit case of a completely permeable coating (h*
∞), the normalized moisture
distribution can be expressed as:

(

)

∞

c * z * , t * = 1 + 2∑
n =1

( −1 )

n

nπ

−1

(

)

2
− nπ t *
sin nπ z * e ( ) .

(3.32)

Due to the two-sided exposure to moisture content and in the absence of a coating on either
surface, Eq. (3.32) yields symmetric profiles around the board’s center. The corresponding scaled
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expansion can be expressed as:

( −1 ) − 1 e −(nπ ) t .
2
n = 1 ( nπ )
∞

ε * ( t * )= 1 + 4 ∑

n

2 *

(3.33)

The expansion for two-sided exposure, i.e. Eq. (3.33), is added to Figure 3.7a, where it demonstrates the acceleration of the process. The initial slope of 4/√π is twice as high as for the board
with a completely impermeable coating. We furthermore observe that the two limit cases enclose
a domain in which the transient expansion of all boards with different coating permeabilities are
located.
The deflection of the board’s free end was predicted to be proportional to the asymmetry in
the internal moisture distribution in Eq. (3.6). We already studied the influence of a completely
impermeable coating on one surface on the bending behavior in the previous section. Following a
step change in the external moisture content, the deflection rises up to a maximum and decreases
to zero afterwards. For a permeable coating, the distribution asymmetry is reduced by moisture
entering the board near the back surface. A completely permeable coating on one surface provokes
a moisture distribution symmetric around the center of the board at all times, and thus results
in an absence of deflection. Similar to the expansion, the two limit cases form a domain which
includes every possible transient deflection for a certain coating permeability h*:

( )

∞

w * t * = 6∑
n =1

1 ( cos pn − 1 )( pn + pn cos pn − 2sin pn ) − pn2 t *
,
e
pn − sin pn cos pn
pn2

(3.34)

The scaled deflection is illustrated in Figure 3.7b for different values for the dimensionless coating
permeability h*. Not only does the deflection decrease with increasing coating permeability, also
its maximum value occurs earlier in time. For very high coating permeability, the deflection diminishes; the board thus only expands without curving significantly.
3.5.2
Experiments
To determine the moisture permeability of the silicone and butylene rubber used as coatings for
the boards, we conduct dynamic vapor sorption (DVS) experiments (more elaborately described in
Section 4.2.2). The resulting adsorption curves, i.e. equilibrium moisture content as a function of
RH during adsorption, are presented in Figure 3.8a on a logarithmic scale. The difference in moisture sorption between oak on the one hand and butylene and silicone rubber on the other hand
is roughly one and two orders of magnitude, respectively. This is also reflected in the equilibrium
moisture content of the silicone and butylene rubber as a function of the moisture content of oak
in Figure 3.8b. The local slope of this relationship, i.e. ∂cF /∂c, determines the amount of moisture
transmitted through the coating, whereas the diffusion coefficient and the thickness govern the
dynamics. The three factors combined constitute the transfer coefficient in Eq. (3.27). A linear fit
to the data provides the slope ∂cF /∂c, which is constant for silicone rubber, and has a constant
slope twice as high at high moisture content compared to low moisture content for butylene rubber. The diffusion coefficient can be determined from the initial increase in moisture content of
each step. It is treated in more detail for silicone rubber in Chapter 4, where it is demonstrated
that the diffusion coefficient is approximately 1.7∙10-9 m2/s. For butylene rubber, the diffusion coef-
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Figure 3.8: (a) The equilibrium moisture content as a function of ambient RH during adsorption
for oak, butylene rubber, and silicone rubber. (b) The equilibrium moisture content of butylene
rubber and silicone rubber as a function of the equilibrium moisture content of oak, with linear
fits to the data.
ficient DF decreases from 10-11 m2/s to 10-12 m2/s over the hygroscopic range. Here we will assume a
constant diffusion coefficient of 5∙10-12 m2/s and employ the slope ∂cF /∂c at high moisture content
to calculate the moisture transfer coefficient hF .
We have exposed boards with varying thicknesses (2-9 mm), coated with either butylene rubber or silicone rubber, to a step change in the ambient RH either from 55±5% to 90±5%, or vice
versa. Similar to the procedure described in Section 3.4, we derive the time of maximum deflection and the magnitude of maximum deflection. These values are scaled according to Eqs. (3.22)
and (3.23), where we make use of the diffusion coefficient derived for a completely impermeable
coating from Section 3.4 (D = 2.5∙10-11 m2/s). The coating thickness of each board is measured
manually, which is used to calculate the scaled coating permeability h*. Accordingly, we present
the scaled time of maximum deflection and scaled magnitude of maximum deflection in Figure
3.9a and Figure 3.9b, respectively. The prediction from theory, which is obtained numerically from
Eq. (3.34), is included: at low h*, both the time and magnitude of maximum deflection are similar
to Eqs. (3.20) and (3.23), respectively. As we already concluded qualitatively from Figure 3.7, these
values decrease with increasing h*. Despite the considerable scatter, the experimental results confirm this behavior: the larger permeability of silicone rubber compared to butylene rubber results
in lower values for both the time and magnitude of maximum deflection.
3.6
SINUSOIDAL FLUCTUATION IN EXPOSURE MOISTURE CONTENT
Most natural fluctuations in RH are cyclic, as was already illustrated in Figure 1.6. It is therefore of
importance to characterize the deformation behavior of panels during these conditions. To derive
the frequency behavior, we can turn to the study of dynamic systems (Franklin, et al., 1994). The
various equations we have introduced so far to describe the scaled expansion and deflection as a
function of dimensionless time are the step response to an external change of the scaled moisture
content from 0 to 1. To determine the amplitude in expansion and deflection as a function of
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Figure 3.9: (a) Time of maximum deflection and (b) maximum deflection of oak boards with
various thicknesses as a function of the scaled coating permeability h*, for two different sealants:
silicone rubber and butylene rubber.
frequency for an external fluctuation with an amplitude of unity, we first determine the transfer
function (not to be confused with the transfer coefficient in the previous section). In a linear
system, the transfer function H relates the Laplace transforms X and U of the output and input
function, respectively:
X ( s ) = H ( s )U ( s ).

(3.35)

The Laplace transform of a step change to unity, i.e. u(t) = 1, is U(s) = s-1. As such, the transfer
function can be expressed as H(s) = sX(s), where X(s) is the Laplace transform of the transient
scaled expansion or deflection. The amplitude as a function of frequency can then be determined
by the length of H(iω) in the complex plane, with ω the angular frequency. In practice, this means
that we take the square root of the summed squares of the real and imaginary parts of the transfer
function.
3.6.1
Impermeable coating on one surface
To determine the amplitude in scaled expansion and deflection of a board sealed unilaterally with
an impermeable coating, we determine the transfer functions corresponding to Eqs. (3.12) and
(3.13) as:

( )=

Hε if

*

1−

8

π2

∞

∑
n =0

64 f *2 + i 8π f * ( 2n + 1 )

1

( 2n + 1 )

2

64 f *2 + π 2 ( 2n + 1 )

4

2

,

(3.36)

and
 4 ( −1 )n
 64 f *2 + i 8π 2 f * ( 2n + 1 )2
1


,
=
−
H w if
(3.37)
∑
π 2 n = 0  ( 2n + 1 )3 ( 2n + 1 )2  64 f *2 + π 2 ( 2n + 1 )4


where f* = fd2/D is the dimensionless frequency of the external fluctuations in scaled moisture

( )
*

24

∞

49

3

(a)

(b)
1

3

Figure 3.10: (a) The amplitude in scaled expansion as a function of the scaled frequency. The limit
value for infinitely slow fluctuations and the approximation for infinitely fast fluctuations (Eq.
(3.42)) are included in the figure. (b) The amplitude in scaled deflection as a function of the scaled
frequency. The approximations for infinitely slow fluctuations (Eq. (3.39)) and infinitely fast fluctuations (Eq. (3.44)) are included in the figure.
content between -1 and 1. No succinct analytical expression for the amplitude can be obtained since
the transfer functions are infinite sums of modes. We can, however, numerically calculate the frequency-dependence of the expansion and deflection amplitude using Eqs. (3.36) and (3.37), which
are presented in Figure 3.10a and Figure 3.10b, respectively.
For infinitely slow fluctuations in exposure moisture content, the moisture content distribution throughout the board’s thickness will be almost constant at all times. As such, the amplitude
in scaled expansion will reach unity. This is the case for external fluctuations much slower than
the internal transport time ( f -1 >> d2/D). For increasing scaled frequency f*, where the timescale
of the external fluctuations becomes comparable to the internal transport time ( f -1 ~ d2/D and f*
~ 1), we observe a decrease in the expansion amplitude. For external fluctuations faster than the
internal transport timescale ( f* > 1), the amplitude decreases with a constant slope on the log-log
scale.
The frequency-behavior of the deflection amplitude is qualitatively different. Whereas the expansion amplitude reaches a constant value at slow fluctuations, the increasingly flat moisture
distributions throughout the board’s thickness result in a decrease of the distribution asymmetry.
Hence the amplitude in scaled deflection declines. At a certain frequency, the external fluctuations
provoke a maximum amplitude in the internal asymmetry, and thus the deflection amplitude is
maximum. For higher frequencies, the increasingly limited moisture penetration depth results in
smaller deflection amplitudes.
At low frequencies, the increase in scaled deflection amplitude has a constant slope on the
log-log scale. Since the frequency behavior in this range is dominated by the lower modes in Eq.
(3.37), we can approximate the frequency-dependence in this domain by the first mode (n = 0).
The amplitude in deflection can then be analytically expressed as:
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Aw* ,n0
=

8f*

24  4

−1
π 2  π


(8 f )
*

2

+π

.

(3.38)

2

For infinitely slow fluctuations, Eq. (3.38) can be rewritten as:
3

4 4

lim Aw* ,n0 3    − 1  f * .
=
f * →0
π
π
  


(3.39)

The inclusion of Eq. (3.39) in Figure 3.10b demonstrates the linearity of the full solution for low
frequencies up to around f* = 10-1, and its transition towards a maximum amplitude.
Since the higher order terms in Eqs. (3.36) and (3.37) determine the behavior for high frequencies, a different approach is needed to derive a simple expression for the amplitude in both expansion and deflection. To this end, we will use the analytical expression for the moisture content
distribution during sinusoidal fluctuations in moisture content at the exposed surface introduced
in Eq. (2.3) in Chapter 2 in dimensionless form:

(

)

=
c* z * ,t *
e−z

*

π f*

)

(

sin 2π f * t * − z * π f * .

(3.40)

Substitution of Eq. (3.40) into Eq. (3.7) for the expansion of the board at half-thickness and subsequent rearrangement of terms and conversion into a single sine-term with amplitude:
1 + e −2

π f*

− e−

π f*

cos π f *

(3.41)
.
2π f *
The initial assumption to arrive at Eq. (3.40) was a small penetration depth, i.e. a semi-infinite
sample thickness (for an analysis on the influence of the finiteness of the board’s thickness, we
refer to Section 2.2). As such, Eq. (3.40) holds for large f* where the external fluctuations are fast
compared to the internal moisture transport. We can therefore take the limit of Eq. (3.41) to yield:
*

Aε =

lim Aε* =

f * →∞

1
2π f *

.

(3.42)

Eq. (3.42) is added to Figure 3.10a, where we observe its coincidence with the full solution for f* >
1. To derive a similar expression for the deflection amplitude at high frequencies, Eq. (3.40) can be
substituted into Eq. (3.8), which results in a single sine-term with amplitude:

)

(

*

π f * + 2 π f * + 2 e −2 π f + π f * − 2 π f * + 2 +
3 2
.
A =
2π f * 2 π f * − 2 e − π f * cos π f * + 2 π f * e − π f * sin π f *
*
w

(

)

(3.43)

Again, the limit for infinitely high frequencies yields a concise expression for the deflection amplitude:
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Figure 3.11: (a) The amplitude in scaled expansion as a function of frequency for different scaled
coating permeabilities h* (logarithmically space between h* = 10-2 and h* = 102). The two limit
cases of h* = 0 and h*
∞, i.e. represented by Eqs. (3.36) and (3.45) respectively, are included in
the figure. (b) The amplitude in scaled deflection as a function of frequency. The limit case for an
impermeable coating (h* = 0), i.e. Eq. (3.37) is included.
lim Aw* =

f * →∞

3
2π f *

.

(3.44)

which is shown to coincide with the full solution for f* > ~101 in Figure 3.10b.
3.6.2
Permeable coating on one surface
In Section 3.5 we observed the effect of the coating permeability on the board’s deformation behavior following a step change in exposure moisture content: the process is accelerated and the
bending magnitude diminished with increasing permeability. Similarly, the coating permeability
will affect the frequency behavior in terms of expansion and deflection amplitude. The starting
point is, again, the transfer function for both the expansion and deflection. We can derive these
functions from Eqs. (3.31) and (3.34), respectively, to arrive at:
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(3.46)

(3.47)

The scaled expansion amplitude Aε* as a function of frequency f* is shown in Figure 3.11a for dif-
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ferent coating permeabilities h*. The limit cases of an impermeable coating (h* = 0), which was
treated in the previous section, and of a perfectly permeable coating (h*
∞), determined from
Eq. (3.33), are presented in Figure 3.11a as well. For infinitely slow fluctuations, the expansion amplitude reaches unity regardless of h*. At a certain frequency, the amplitude declines. This turning
point shifts towards higher frequencies with increasing coating permeability. At high frequencies,
the amplitude ultimately approaches the behavior for h* = 0: the timescale of the external fluctuations is faster than transport through the coating, thus the coating has no effect on the board’s
deformation whatsoever. Similar to the expansion following a step change in the moisture content,
the two limit cases of completely permeable and impermeable coatings form a domain enclosing
all frequency behavior.
The scaled deflection amplitude Aw* as a function of f* is presented in Figure 3.11b for different coating permeabilities h*. Similar to the limit cases of an impermeable coating (h* = 0), the
amplitude increases at low frequencies with a constant slope. This relation can be derived similar
to the previous subsection, which gives:
lim Aw ,n1 = 12π

f * →0

Ω1
p12

f *,

(3.48)

At a given frequency in the low-frequency range, the amplitude in deflection decreases with increasing coating permeability: the resultant reduced moisture distribution asymmetry diminishes
the transient deflection. At a certain frequency, the deflection amplitude reaches a maximum. The
magnitude of this maximum is again smaller with increasing coating permeability. At high frequencies, the amplitude again ultimately approaches the behavior for h* = 0.
As Figure 3.11 illustrates, for a given moisture diffusion coefficient of the board material, all
frequency behavior is located in a domain enclosed by two extremes: a completely impermeable
and a completely permeable coating. The coating permeability then determines the location within
this domain. Furthermore, at high enough frequencies, the deformation is unaffected by the coating permeability: the fluctuations are faster than the transport timescale in the coating. As such,
the coating can be approached as being impermeable in this range. On the other hand, at low
frequencies the expansion amplitude reaches a constant value, whereas the deflection amplitude
diminishes with increasing coating permeability due to the reduced internal moisture distribution
asymmetry over time.
3.6.3
Experiments
To experimentally explore the deflection frequency behavior of coated oak boards, four boards
with different thicknesses (d = 2.3, 4.0, 6.4, 7.8 mm) are exposed to a sinusoidal change in RH
between ~20% and ~90%, with different frequencies. The boards are coated with crosslinked
silicone rubber with sealant thicknesses between 1.3 and 1.7 mm. An example of the deflection
during a sinusoidal RH fluctuation with a period of 6 hours is presented in Figure 3.12a for the
different board thicknesses. The concurrently measured RH is shown in the inset. The fluctuation
in deflection is sinusoidal too, with a decreasing amplitude with increasing thickness. The amplitude can be gained by fitting the transient data with a sinusoidal fluctuation with fixed frequency
and the phase and amplitude as fitting parameters. The amplitude can then be scaled similar to
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Figure 3.12: (a) The measured deflection of the board’s free end for four board thicknesses (d =
2.3, 4.0, 6.4, 7.8 mm) while exposed to a sinusoidal fluctuation in RH with a period of 6 hours, as
illustrated in the inset. (b) The amplitude in scaled deflection as a function of scaled frequency f*
for four board thicknesses. The black lines are calculated using Eq. (3.46) for the different board
thicknesses.
Eq. (3.8), where the reference moisture content cR equals the amplitude in equilibrium moisture
content during these fluctuations. The product αcR is determined using the equilibrium expansion
of a board at an RH of 20% following desorption and at an RH of 90% following adsorption: αcR
is then half the difference between these two values.
The scaled amplitude as a function of the dimensionless frequency f* is presented in Figure
3.12b for the different board thicknesses. The calculated amplitude as a function of f* for the different coating permeability values h* corresponding to the different boards are included in the figure
(h* = 1.1, 2.1, 3.3, and 4.7). The slowest fluctuation the boards have been exposed to has a period
of four days, whereas the fastest fluctuation has a period of 7.5 minutes. At high dimensionless
frequencies, the scaling results in a similar behavior for the different board thicknesses: a constant slope of approximately -0.5 on the log-log scale, as predicted from theory. In this range, the
fluctuations are faster than moisture transport through the coating, such that the coating appears
impermeable and scaled amplitudes approximately fall onto one main master curve. At lower
f*, however, a decreasing scaled amplitude with increasing thickness can be observed: at these
timescales, the moisture permeability of the coating influences the internal moisture distributions
which affects thick boards more than thin boards.
In a study on the barrier effect of early European painting materials, typical values for the
transfer coefficient hF between 1.6∙10-9 m/s and 8.0∙10-8 m/s were found (Allegretti & Raffaelli,
2008). For a panel thickness of 2 mm, this produces a scaled coating permeability h* between
0.1 and 6.4; values for a thickness of 8 mm are in the range h* = 0.5-25.6. The h*-values for the
different boards in Figure 3.12 are all in these ranges. As such, the deformation of a typical panel
painting is thus expected to be considerably influenced by the permeability of the materials applied
to its surface.
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3.7
CONCLUSIONS
In this chapter, we have analytically derived the moisture-induced deformation behavior of coated
oak boards, which has been verified experimentally. The expansion of the board is proportional to
the total amount of moisture which has entered the board, whereas the deflection of the board’s
free end is linearly related to the asymmetry in the internal moisture distribution. Combination
with analytical solutions for the transient moisture distribution allows us to describe the time-evolution of the board’s deformation for two cases: a completely impermeable coating applied to one
main surface, and a coating which is permeable to some degree. Following a step change in the
ambient RH, the board’s free end deflects to a maximum value corresponding to a maximum
distribution asymmetry. After the maximum, internal moisture transport flattens the moisture
distribution and thereby reduces the distribution asymmetry. As a consequence, the board deflects
back towards its initial straight configuration, but is elongated due to an increase in the moisture
content.
In case of an impermeable coating, the time at which the maximum deflection occurs is proportional to the squared board thickness and inversely proportional to the diffusion coefficient.
The magnitude of maximum deflection is inversely proportional to the board thickness, which is
confirmed by experiments with different board thicknesses. Moreover, the maximum deflection
is independent of the diffusion coefficient. The diffusion coefficient only plays a role in the time at
which the maximum occurs, and can similarly be derived from experiments with different board
thicknesses.
A permeable coating influences the internal moisture content distribution and thus the deformation of the board. The decreased distribution asymmetry results in an accelerated time of maximum deflection and a reduced maximum deflection, which is confirmed by experiments using two
different sealants: silicone rubber and butylene rubber.
We have additionally derived the deformation frequency behavior in terms of the amplitude in
expansion and deflection as a function of fluctuation frequency. At low frequencies, the amplitude
in expansion is constant; at higher frequencies, the amplitude decreases with frequency due to the
lower moisture penetration depth. The deflection amplitude is maximum at an intermediate frequency range, where the RH fluctuation timescale is comparable to the typical moisture transport
time. The amplitude decreases for both increasing and decreasing frequency as a consequence of
reduced internal distribution asymmetries. The coating permeability influences the deformation
behavior at low and intermediate frequencies only, with increased expansion amplitude and reduced deflection amplitude. At high frequencies, the coating can be considered impermeable and
the deformation is governed by the transport properties of oak.
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4

Dynamics of heterogeneous crosslinking
in room temperature vulcanizing
poly(dimethyl
siloxane)
and
its
dependence on moisture supply

The influence of moisture supply on the crosslinking rate in room temperature vulcanizing poly(dimethyl siloxane) is investigated using spatially resolved 1H nuclear magnetic resonance relaxometry. Using this technique, we observe heterogeneous crosslinking manifested in a front moving
into the material from the exposed surface, which separates the crosslinked and uncrosslinked
parts of the material. The presence of a sharp boundary indicates that moisture transport towards
the front is the limiting factor in the crosslinking process. As a result, the moisture supply controls
the crosslinking front velocity, which we capture in a diffusion-reaction model. Reasonable agreement is found between the front diffusivity retrieved directly from nuclear magnetic resonance
experiments and calculated values using independently measured properties of the crosslinked silicone rubber. This result demonstrates the direct relationship between exposure moisture content,
moisture diffusion, and crosslink density on the crosslinking front dynamics in room temperature
vulcanizing poly(dimethyl siloxane).

This chapter has been published as: T. Arends, H.P. Huinink, L. Pel, Polymer 164 (2019): 8-16.

57

4

4.1
INTRODUCTION
Silicones or polysiloxanes possess exceptional properties and high durability regarding heat, weather aging, and moisture and chemical degradation. Silicones are therefore widely used in different
fields, for example in building industry as sealing agents, release liners or coatings (Mathivanan
& Radhakrishna, 1998), in electronics as insulating coatings (Mrotek, et al., 2001; Chen, et al.,
2012) or dielectric layers in pressure sensors (Peng, et al., 2017), in microfluidic devices (Sasaki,
et al., 2010; Kim, et al., 2014; Halldrosson, et al., 2015; van Meer, et al., 2017), in technological
membranes (Scholes, et al., 2010; Berean, et al., 2014; Scholes, et al., 2016), in dentistry (Garner,
et al., 2015), and in medical products such as finger joints and breast implants (Sanchéz-Guerrero, et al., 1995; Taylor, et al., 2007; Colas & Curtis, 2014). To reach their final state and shape of
application, silicones are vulcanized from a viscous paste into an elastic rubber. The responsible
crosslinking mechanism can be triggered in several ways, for example with crosslinking agents (Li,
et al., 2017) or under the influence of increased temperature (Berean, et al., 2014) or gamma-radiation (Folland & Charlesby, 1976; Maxwell, et al., 2003; Cao, et al., 2017). A certain subgroup of
silicones vulcanizes at room temperature under the influence of moisture. These so-called room
temperature vulcanizing (RTV) silicones are often used as sealants. Before application, the most
basic uncrosslinked RTV silicones contain chains of poly(dimethyl siloxane) (PDMS) with acetoxy
end-groups. The crosslinking reaction is a two-step process and occurs when PDMS is brought in
contact with a moisture source (de Buyl, 2001). First, an acetoxy group is hydrolyzed into a silanol
group, which results in the release of acetic acid:
O
O


(4.1)
−O − Si ( CH 3 ) − O − C − CH 3 + H 2 O → − O − Si ( CH 3 ) − OH + H 3 C − C − OH
2
2
Condensation of the silanol group results in crosslinking and additional release of acetic acid:

−O − Si ( CH 3 )

2

O

− O − C − CH 3 + H − O − Si ( CH 3 ) − O − →
2

−O − Si ( CH 3 ) − O − Si ( CH 3 )
2

2

O

− O − + H 3 C − C − OH

(4.2)

The release of acetic acid is noticeable by a vinegary smell after application of the silicone paste.
The crosslinking of PDMS has been widely studied before using a variety of experimental
techniques, e.g. infrared spectroscopic ellipsometry (Simpson, et al., 2003), Fourier transform
infrared spectroscopy (Ramli, et al., 2011; Berean, et al., 2014; Li, et al., 2017; Cao, et al., 2017),
X-ray photoelectron spectroscopy (Cao, et al., 2017), scanning electron microscopy (Li, et al., 2017),
Raman spectroscopy (Berean, et al., 2014; Keizers, et al., 2015), 13C nuclear magnetic resonance
(NMR) spectroscopy (Li, et al., 2017; Birkefeld, et al., 2003), 29Si NMR spectroscopy (Birkefeld, et
al., 2003; Taylor, et al., 2007; Yactine, et al., 2009; Formes & Diehl, 2014), 1H NMR spectroscopy
(Birkefeld, et al., 2003; Yactine, et al., 2009; Ramli, et al., 2011; Formes & Diehl, 2014; Keizers, et
al., 2015; Li, et al., 2017; Cao, et al., 2017), and 1H relaxometry (Folland & Charlesby, 1976; Charlesby, et al., 1977; Folland & Charlesby, 1977; Menge, et al., 1999; Maxwell, et al., 2003; Esteves, et
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Figure 4.1: Cross-section of the experimental NMR set-up used to measure one-dimensional hydrogen profiles of curing silicone cylinders.
al., 2009; Esteves, et al., 2010). Most often, the crosslinking of polymers in general and silicones
in particular is studied by comparing uncrosslinked and crosslinked samples, by measuring the
thickness-dependence of the crosslinking rate of a PDMS coating (Simpson, et al., 2003), or by
measuring mechanical properties of a sample over time (Yuan, et al., 1988). Spatial information
on crosslinking in PDMS has been obtained before, but only on fully crosslinked samples (Esteves,
et al., 2009; Esteves, et al., 2010). Time-lapsed spatial information, however, can provide valuable
information on the crosslinking dynamics of polymers, as demonstrated for alkyd coatings (Erich,
et al., 2005; Erich, et al., 2006). To the authors’ knowledge, no similar studies on PDMS have been
conducted so far.
The aim of this study is to relate the crosslinking dynamics in PDMS to the supply of moisture.
To this end, we employ spatially resolved 1H NMR to observe the movement of a crosslinking front,
which becomes observable due to a difference in NMR transversal relaxation time between the
crosslinked and uncrosslinked parts of the material. We relate the observed front velocity to the
exposure condition and properties of the crosslinked rubber using a diffusion-reaction model. The
moisture sorption capacity and diffusion coefficient of the crosslinked material are independently
measured using dynamic vapor sorption (DVS). The crosslink density is determined using swelling measurements of crosslinked rubber in toluene.
4.2
MATERIALS AND METHODS
4.2.1
NMR
The experimental setup to assess the crosslinking of a silicone rubber cylinder is shown schematically in Figure 4.1. The setup is similar to one used in Chapter 2, with slight modifications. The
bottom half of the hollow cylindrical Teflon sample holder can be detached from the top as to cast
silicone cylinders inside the sample holder, with a diameter of 20 mm and a height of 10 mm.
Bison© mastic silicone sealant from a local do-it-yourself store is used in the experiments. The
top surface of the sample is smoothened by scraping off surplus material. The experimental setup
is designed such that air can be blown over the top surface using a humidifier, which intermixes
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a dry and a wet air stream; their mixing proportions determine the relative humidity (RH) of the
resulting exposure air flow, which is verified by a Sensirion© RH sensor. Since the sides and bottom of the cast silicone cylinders are sealed off by the vapor-tight Teflon sample holder, we have
created a one-dimensional experiment. Meanwhile, the signal distribution along the height of the
sample is measured using NMR.
During an experiment, we perform a CPMG pulse sequence (Carr & Purcell, 1954; Meiboom
& Gill, 1958), which consists of a train of 180° RF pulses equally spaced in time after an initial
90° excitation RF pulse at different frequencies under a constant vertical gradient in the magnetic
field. Accordingly we measure the magnetization decay of thin slices along the height without
moving the sample. To account for the decreasing sensitivity of the coil away from its center, the
acquired signal distribution is divided by a reference profile obtained with a solution containing
0.1 M CuSO4 (Kopinga & Pel, 1994). To enhance the signal-to-noise ratio, the signal of each slice is
an average over 16 measurements. Furthermore, we use a repetition time of two seconds, which
is at least four times larger than the longitudinal relaxation time T1 to ensure full recovery of the
magnetization.
During the CPMG measurement, the decay of transversal magnetization M (which is directly
proportional to the received signal) can be represented by a sum of several modes:
M (τ ) = ∑ M i e

−

τ
T2 ,i

,

(4.3)

i

where τ is the time after the initial manipulation of the magnetization by a 90° RF pulse (τ = ntE ,
with n the echo number and tE the echo time, which is 200 μs in all experiments as to minimize the
effects of diffusion on the magnetization decay), and Mi and T2,i the magnetization and transversal
relaxation time respectively corresponding to the i-th mode. The environment of the proton, e.g.
the segmental mobility (Whittaker, 2008), influences its T2 value. It has been demonstrated that
network formation in the form of crosslinking affects the T2 relaxation time, while the longitudinal
relaxation time T1 is invariant (Charlesby, et al., 1977). We can therefore expect to be able to image
the spatial movement of the crosslinking reaction based on the local T2 relaxation time value.
4.2.2
DVS
The relationship between the ambient RH and the equilibrium moisture content (kg moisture / kg
dry material) of the vulcanized silicone rubber is determined using DVS. DVS relies on the accurate
measurement of the mass of a sample placed in a humidity-controlled chamber upon step changes
in the RH. Accordingly, the mass fraction of moisture in the sample can be determined for different
equilibrium RH. To this end, silicone samples are casted in a small cylindrical aluminum sample
container with an inner diameter of 5.5 mm and a height of 1.4 mm, and crosslinked at different
exposure conditions (crosslinking relative humidity RHCL = 12%, RHCL = 85%, and submersed
in water). The completely crosslinked silicone rubber samples are dried in the oven at 50 °C for
one day before an actual experiment. Subsequently, the sample is placed on the balance of a DVS
apparatus (TA Instruments Q5000 SA). The RH is varied in steps of 10%, every 3 hours, except
for the step from 90 to 98%, where a waiting time of 5 hours is used. Subsequently, the silicone
sample is immersed in water to determine its liquid water-saturated moisture content. The mois-
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ture content time-evolution is fitted with a sum of three exponentials to retrieve the equilibrium
moisture content for each step.
To determine the moisture diffusion coefficient from the silicone rubber moisture content
increase over time, we first assume that we have one-dimensional Fickian diffusion with a constant diffusion coefficient. This is ensured by exposing the sample to small increments in RH. Furthermore, we presume low concentrations such that the system can be approached as ideal with
negligible intermolecular interactions. Accordingly we can express the initial increase in fractional
moisture content as:
c ( t ) − c0
c e − c0

≅2

Dt
,
π d2

(4.4)

where c is the moisture content at time t, c0 and ce the initial and final moisture content, respectively, D the moisture diffusion coefficient, and d the sample thickness. With all variables but the
diffusion coefficient known, we can retrieve the diffusion coefficient from the initial slope of the
normalized mass-evolution on the √t-scale by data fitting.
4.2.3
Swelling measurement
To determine the average crosslink density of vulcanized silicone rubber, a silicone sample is immersed in a toluene solution (Flory & Rehner, 1943). Unlike water, toluene is absorbed in large
quantities by vulcanized silicone (Sun & Chen, 1994; Mahomed, et al., 2010), which results in
substantial swelling of the silicone sample. At swelling equilibrium, the crosslink density γ can be
calculated as follows:

γ=

ρ
M CL

= −

ln ( 1 − ϕ ) + ϕ + χϕ 2
VT ϕ 1 3

,

(4.5)

where ρ is the density of the unswollen crosslinked sample, MCL the average molecular weight
between crosslinking sites, χ the interaction parameter of the polymer and the solvent (0.465) (Li,
et al., 2017), and VT the molar volume of toluene (106.54 cm3/mol). The reciprocal of the volume
increase � can be determined using the swollen and unswollen mass of the sample:
1
,
ϕ=
(4.6)
ρ m s − m0
+1
ρT m 0
where ρT is the density of toluene (870 kg/m3), and ms and m0 the weight of the swollen and unswollen sample respectively.
4.3
RESULTS AND DISCUSSION
4.3.1
DVS
The mass percentage of water over time during step changes in the ambient RH is demonstrated
in Figure 4.2a. As can be seen, in most cases the silicone sample quickly attains a constant value
following a step change in the RH. Nevertheless, the time-evolution of the mass fraction after each
step is fitted with a sum of three exponentials to retrieve the eventual equilibrium value. This equilibrium moisture content ceq (kg moisture / kg dry material) is shown in the sorption curve in Fig-
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Figure 4.2: (a) The moisture content c of a silicone cylinder, which was vulcanized while submersed in water, during step changes in the ambient RH. (b) The equilibrium moisture content ceq
as a function of the RH, for samples vulcanized at different exposure conditions (RHCL = 12%, RHCL
= 85%, and submersed in water). The liquid water-saturated moisture content is shown for the
different samples as horizontal dashed lines.
ure 4.2b as a function of RH. The curve is approximately linear between an RH of 10% and 80%,
with a steep increase for higher RH. This is consistent with sorption isotherms of water in PDMS
reported in the literature (Barrie & Platt, 1963; Favre, et al., 1994; Rezac, et al., 1997; Lue, et al.,
2008; Scholes, et al., 2010) and corresponds to systems in which sorbate-sorbent interactions are
relatively weak compared to sorbate-sorbate interactions. Furthermore, the liquid water-saturated
moisture content is approximately the value corresponding to an extrapolation to RH = 100%. Up
to an RH of 80%, only minor differences in equilibrium moisture content are observed between
the different samples. At high RH a larger sorption capacity of the sample which was vulcanized
while submersed in water is observed; a possible explanation is presented in Section 4.6.
4.3.2
Magnetization decay
After being cast into the Teflon sample holder, the silicone cylinder is exposed to a moisture source
in the form of air with a certain RH or a water layer. Meanwhile, the local magnetization decay is
measured at different positions along the axis of the cylinder. An example of the magnetization decay at a distance of 5 mm from the exposed surface at different exposure times is shown in Figure
4.3a for a sample exposed to an RH of 85%. As can be seen, the initial slope of the decay becomes
steeper at longer exposure times, which can be attributed to the contribution of protons with a
lower T2 relaxation time. Laplace inversion of the decay provides the proton density distribution,
as demonstrated in Figure 4.3b. As can be seen, the initial T2-distribution consists of a single peak
around 100 ms. A second peak around 2 ms emerges over time, clearly visible in the final T2-distribution. This second peak arises as a result of the crosslinking reaction; protons neighboring the
crosslinking site become more restrained in their movement, which results in a lower T2 relaxation
time. A similar bimodal decay of the magnetization in crosslinked PDMS has been observed before
(Esteves, et al., 2009; Esteves, et al., 2010).
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Figure 4.3: (a) The signal decay and (b) the corresponding T2-distributions of the sample, obtained by Laplace inversion of the signal decays, at a distance of 5 mm from the exposed surface at
different exposure times. The inset illustrates the fraction of the total signal attributed to spins with
high T2 as a function of the fraction attributed to spins with low T2 .
The decrease in area under the initial peak in the T2-distribution over time is observable in Figure
4.3b. Simultaneously, the second peak at a lower T2 value emerges, the area of which increases
over time. The area under the peak corresponding to a high T2 relative to the initial area is shown
in the inset in Figure 4.3b as a function of the relative area under the peak corresponding to a low
T2 . As can be seen, the decrease in signal of high T2 is directly related to the increase in signal of
low T2 . This is a clear indication that crosslinking occurs, since the total amount of signal remains
equal, and only the T2 relaxation time of a certain amount of protons changes.
4.3.3
Crosslinking front movement
In the previous subsection we demonstrated that the magnetization decay is affected by the occurring crosslinking reaction. Since we measure the local magnetization decay at different positions
along the height of the cylinder, we are able to distinguish between crosslinked and uncrosslinked
parts of the material. In this subsection we present two different approaches to characterize the
spatial distribution of crosslinked material over time.
The most straightforward approach comprises the presentation of the signal distribution corresponding to different τ. This should be interpreted as follows: for τ smaller than the shortest
T2-component, i.e. shortly after initial excitation of the protons, T2-relaxation is negligible. Hence
all protons participate in the received signal and the distribution includes all protons present in
the sample. By increasing τ, we arrive at a point where we have lost the contribution of the short
T2-components, whereas long T2-components still contribute to the signal. For τ much larger than
the largest T2-component, we lose all signal. The above is illustrated in Figure 4.4a as spatial signal
distributions corresponding to different τ, at different measurement times, during a typical experiment (exposure RH = 85%). The signal distributions corresponding to τ = 200 μs (i.e. the first
acquired echo of the CPMG pulse sequence) present the spatial arrangements of the total number
of protons over time. The total signal displays no significant changes over time; the conservation
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Figure 4.4: (a) The spatial distribution of the signal at different measurement times during exposure to air with an RH of 85% (on the left side of the figure), for different echo times (τ = 0.2 ms, 40
ms, 100 ms, and 200 ms). Time between subsequent distributions is two hours. The front position
is shown with square markers in the signal distribution corresponding to τ = 40 ms. (b) The spatial
distribution of the arithmetic mean of the T2 relaxation time at different measurement times.
of the protons during the experiment was already concluded from Figure 4.3b. A slight compaction of the sample, however, is observed, which is illustrated by the inward movement of the left
boundary. This feature was independently assessed by measuring the thickness of a silicone film
over time using the probe of a Mettler Toledo TMA/SDTA 841e system. The film with a thickness
of approximately 1 mm was placed between two cylindrical silica plates and exposed to an air flow
with an RH of 30%. During vulcanization, the sample compacted 30 μm, which, for a sample
thickness of 10 mm, extrapolates to a compaction of ~300 μm. This is roughly in agreement with
the observed compaction in Figure 4.4a.
To demonstrate the spatial arrangement of crosslinked and uncrosslinked material over time,
we also present signal distributions corresponding to τ = 40 ms, 100 ms, and 200 ms (the 200th,
the 500th, and the 1000th echo respectively) in Figure 4.4a. These values for τ are much larger
than the short T2-components in Figure 4.3b with a peak around 2 ms. By choosing sufficiently
large values for τ, we eliminate the contribution of the short T2-components from the signal. The
profiles corresponding to large τ in Figure 4.4a therefore present the distribution of uncrosslinked
material. Here, we observe a clear boundary between a lower and a higher concentration of high
T2-components, which indirectly also represents a boundary between crosslinked silicone rubber
located to the left and uncrosslinked silicone to the right. The boundary thus marks the spatial location of the crosslinking reaction, which we denote as the crosslinking front. This front displaces
over time from left to right in all three distributions until it reaches the back of the sample. In the
end, the sample is crosslinked homogeneously, with a nearly constant final signal distribution.
Alternatively, we can characterize the local magnetization decay by calculating an arithmetic
mean T2 relaxation time as (Steinbrecher, et al., 2000):
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Figure 4.5: The front position f as a function of time for a sample exposed to air with an RH of
85%. Different distributions have been used to determine f: the signal distributions corresponding
to τ = 40 ms, 100 ms, and 200 ms, and the ‹T2›-distributions. The figure inset shows the front
position as a function of √t determined from the signal distributions corresponding to τ = 40 ms.
∞

T2 = ∫
0

M (τ )
M0

dτ ,

(4.7)

where M0 is the magnetization at τ = 0. As already observed in Figure 4.3a, crosslinked material
exhibits a faster magnetization decay compared to uncrosslinked material. This results in a shorter
arithmetic mean T2 , which allows us to distinguish between the crosslinked and uncrosslinked
parts of the material. Accordingly we can present distributions of ‹T2› at different exposure times,
as illustrated in Figure 4.4b. Similar to the signal distributions corresponding to different high τ,
we observe a sharp boundary between a lower ‹T2› on the left and a higher ‹T2› on the right. This
boundary, again, indirectly marks the crosslinking front location which separates the crosslinked
and uncrosslinked material.
The presence of a sharp front suggests that moisture diffusion towards the front is the limiting
factor in the crosslinking process, meaning that the crosslinking reaction occurs quasi-instantaneously. We will use this observation in the next subsection to formulate a diffusion-reaction model
for the analysis of the front displacement over time. As a first step, we can define the front position
as the location where the signal is an average of the values to the left and the right of the front.
For illustrative purposes, the front position is added to the signal distributions corresponding to τ
= 40 ms and in the ‹T2›-distributions in Figure 4.4a and Figure 4.4b respectively. The definition
of the front position appears arbitrary; alternatively, one could choose a fixed value to determine
the front position. This, however, has no significant influence on the front position over time. The
front position as a function of time for the experiment displayed in Figure 4.4 is shown in Figure
4.5. Different distributions have been used to determine the front position, which all produce the
same time-evolution. In all cases the front displacement is proportional to the square root of time,
which is elucidated by the inset illustrating the linearity on a square-root-of-time scale.

65

4

(a)

(b)
85%

RH = 0%

4

RH = 50% ± 40%
RH = 45%

RH = 10%

Figure 4.6: The front position f as a function of the square root of time during different exposure
RH conditions: (a) constant RH (0%, 85%, and 45%, straight lines are linear fits to the front position), (b) initially constant (10%), then varied in a cosine manner (50 ± 40%).
As mentioned before, the crosslinking reaction relies on the presence of moisture. Hence it can
be expected that, if the crosslinking reaction occurs quasi-instantaneously, the crosslinking front
movement will depend on the moisture supply. This is illustrated in Figure 4.6a, where the front
position is shown during exposure to air with a changing RH. When dry air is blown over the
sample, the signal distribution remains unchanged and no front is formed. Elevating the RH to
85% results in the emergence of a crosslinking front, which rapidly displaces towards the unexposed surface. Subsequently lowering the RH to a value of 45% decelerates the front again. For
illustrative purposes, we additionally present the crosslinking front position in a sample exposed
to a cyclic fluctuation in RH in Figure 4.6b. The sample is first exposed to a constant RH of 10% for
4 hours, after which the RH is varied in a cosine manner with a period of 8 hours between 10%
and 90%. As can be seen, the front movement alternately accelerates and decelerates, depending
on the exposure RH, with a high velocity during high RH and vice versa.
The dependence of the crosslinking front velocity on the exposure RH in a single sample was
demonstrated in Figure 4.6. Similarly, the front position as a function of the square root of time
for samples exposed to different exposure conditions (constant RH and submersed in water) is
demonstrated in Figure 4.7a. As can be seen, the front displacement enhances with exposure RH,
and has the highest value when submersed in water. The square-root-of-time dependence is illustrated for all cases by linear fits to the front position. To explain this √t-dependence, a diffusion-reaction model similar to the one by Erich et al. (2005) is introduced.
4.3.4
Diffusion-reaction model
For the description of the crosslinking front movement, we assume a semi-infinite one-dimensional geometry. Accordingly, the description is valid as long as the crosslinking front does not reach
the back of the sample. First, the moisture mass flux J through the crosslinked silicone is described
by the diffusion equation:
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Figure 4.7: (a) The front position f as a function of the square root of time for various exposure
conditions, fitted with a straight line. (b) The coefficient α, i.e. the slope of the linear fits in (a) as a
function of the square root of the exposure moisture content c0 .
J = −D

∂c
,
∂x

(4.8)

where D is the diffusion coefficient of moisture in silicone (Mrotek, et al., 2001), c the mass-based
moisture content, and x the position along the height of the cylinder. We assume here that the
moisture is consumed immediately in the crosslinking reaction. The front velocity is therefore
limited by the supply of moisture, i.e. the moisture flux towards the front, and the amount of water
consumed in the formation of a crosslink site. Hence, the front velocity can be expressed as
df
= vJ ,
dt

(4.9)

where f is the front position and t is time. The mass of crosslinked silicone per mass of water consumed in the reaction is denoted ν and can be expressed as

ν=

ρ
M W nγ

,

(4.10)

where ρ is the vulcanized silicone rubber density, MW the molar mass of water, n the moles of water
consumed per mole of crosslinks created (which equals unity if Eqs. (4.1) and (4.2) are followed
exactly), and γ the crosslink density. At the exposed surface, the moisture concentration is fixed
at a value c0, which is the equilibrium value corresponding to the exposure condition. At the front
position, all water is consumed instantaneously, resulting in a zero concentration at the front. The
concentration difference thus has a constant value of c0, the length over which this difference acts,
i.e. the front position f, changes over time. Eq. (4.8) can thus be rewritten as:
J=D

c0
,
f ( t ) − f0

(4.11)

67

4

(a)

4

(b)

Figure 4.8: (a) The front position f as a function of the square root of the scaled time c0t. (b) The
scaled front position f/√c0 as a function of the square root of time. Both master curves are fitted
linearly to derive the slope, which is proportional to the square root of ν and D.
where f0 is the initial front position. Substitution of Eq. (4.11) into Eq. (4.9) and subsequent integration yields
f (t=
) − f0

2vDc0 ( t − t 0 ) ,

(4.12)

where t0 is the time corresponding to the front position f0.
The diffusion-reaction model predicts the front to displace with the square root of time, which
is in agreement with our experimental results. We can thus fit the front position over time with f-f0
= α√t, as demonstrated in Figure 4.7a. According to Eq. (4.12), the slope of the fit on the √t-scale
is proportional to the square root of the exposure equilibrium moisture content, i.e. α = (2υDc0)1/2.
The latter is verified in Figure 4.7b, where we present the coefficient α as a function of √c0. Use has
been made of the moisture sorption curve in Figure 4.2b to relate exposure condition to c0. Linear
proportionality exists between α and √c0, which demonstrates the validity of the diffusion-reaction model. Alternatively we can scale the front dynamics of our experiments in two ways, both
involving c0 and based on Eq. (4.12). Time can be scaled to arrive at a scaled time (c0t)1/2. Similarly,
the front position can be rescaled to arrive at f/√c0. Both scaling procedures result in one single
master curve for all experiments, as demonstrated in Figure 4.8. The slope of the linear fit is then
proportional to the square root of the diffusion coefficient D and ν, i.e. β = (2υD)1/2. This parameter
(2υD)1/2 can be seen as a front diffusivity, with derived values of 0.52, 0.54, and 0.56 mm/√s from
the fits to the data in Figure 4.7b, Figure 4.8a, and Figure 4.8b respectively. The constant values
for β derived from the fits to the front position illustrate that the product νD is independent of c0,
which will be more elaborately studied in the next subsection.
4.3.5
Crosslinking front diffusivity and crosslink density
The direct observation of the crosslinking front displacement revealed that the product νD is approximately constant. To determine whether the two independent coefficients ν and D are constant
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Figure 4.9: (a) The crosslink density γ as a function of the moisture content c¬0 corresponding to
the environment in which the silicone rubber was vulcanized. (b) The moisture diffusion coefficient
in crosslinked silicone rubber as a function of moisture content as derived from NMR experiments
and from DVS moisture sorption data.
values, first the crosslink density γ of silicone samples which were vulcanized at different exposure
conditions is shown in Figure 4.9a. The crosslink density decreases slightly with an increase in the
exposure moisture content c0. Nevertheless, the decrease in crosslink density is relatively minor
over the range considered here.
With the directly measured crosslink densities and the derived front diffusivity ((2υD)1/2 = 0.54
mm/√s), we can derive the moisture diffusion coefficient as a function of c0 using Eq. (4.10) and
values for ρ, n, and Mw of 1020 kg/m3, 1, and 0.018 kg/mol respectively. The resulting dependence
of D on c0 is demonstrated in Figure 4.9b. The diffusion coefficient decreases slightly from 1.7∙10-9
to 1.5∙10-9 m2/s, which is in good agreement with the constant values (i.e. not dependent on the
moisture content) between 1.6∙10-9 and 2.2∙10-9 m2/s found by Watson and Baron (1996) for different PDMS films. The diffusion coefficient of moisture in crosslinked silicone as derived from DVS
experiments with small cylindrical samples is displayed in Figure 4.9b too. As can be seen, these
values are lower than derived from the crosslinking front dynamics, although of the same order
of magnitude. No significant differences between the various samples are observed. However, a
moisture content-dependence in the diffusion coefficient is observed, with lower values at both
low and high moisture content. This is qualitatively similar to the inverse of the sorption curve
slope in Figure 4.2b. Falling diffusion coefficients at high moisture content have been measured
before (Barrie & Machin, 1969; Favre, et al., 1994), as well as constant diffusion coefficients (Watson & Baron, 1996). Here we are satisfied with the order of magnitude of the diffusion coefficient
around 1∙10-9 m2/s. Despite several simplifying assumptions made in the derivation of the moisture
diffusion coefficient from the front dynamics in our NMR experiments, retrieved values are in reasonable agreement with the DVS values. The latter confirms the validity of our diffusion-reaction
model to describe crosslinking in PDMS.
With the crosslink density and the diffusion coefficient in Figure 4.9a and Figure 4.9b, respectively, we can calculate a value for the front diffusivity (2υD)1/2 from directly measured values.
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Assuming parameter values of 1025 kg/m3, 600 mol/m3 and 1∙10-9 m2/s for the density ρ, the
crosslink density γ, and diffusion coefficient D, we arrive at (2υD)1/2 = 0.43 mm/√s. The reasonable agreement with the fits to the data in Figure 4.7b, Figure 4.8a, and Figure 4.8b ((2υD)1/2 = 0.520.56 mm/√s) confirms the validity of the simple diffusion-reaction model to describe crosslinking
dynamics in PDMS.

4

4.3.6
Crosslink effectiveness
In the derivation of the diffusion coefficient from the measured front dynamics, we assumed the
moles of water consumed per formed crosslink n to be independent of exposure moisture content
and equal to unity. In conjunction with the slight decrease in γ with exposure moisture content,
this accordingly resulted in a slight decrease in diffusion coefficient with c0. Judging from the
two-step crosslinking reactions displayed in (4.1) and (4.2) it is reasonable to assume that n =
1, provided that half of the acetoxy groups hydrolyze into silanols in step (4.1), where they react
with the remaining half of the acetoxy groups to form crosslinks. It is, however, possible that
with a higher c0 during crosslinking, an abundance of acetoxy groups is hydrolyzed into silanols,
deploying the acetoxy source for further condensation. As a result, less crosslinks are formed due
to a surplus of silanols. This is in accordance with previous findings of an increase in the amount
of hydroxyl groups with vulcanization RH (Wu, et al., 2017), which could potentially explain the
higher sorption capacity at high RH of the sample vulcanized while submersed in water (see Figure 4.2b). The amount of water consumed in the reactions is therefore presumably independent
of the exposure condition. The effectiveness of the reaction, however, decreases with an increase
in c0. Hence we can express the moles of water consumed per mole of created crosslinks n = m/
φ, with m the moles of water consumed in the two-step reaction (m = 1) and φ the effectiveness
of the reaction (φ ≤ 1). The minor change in crosslink density with c0 , however, results in an only
slightly decreasing effectiveness.
4.4
CONCLUSIONS
Exploiting the difference in transversal relaxation time between uncrosslinked and crosslinked
silicone rubber, we have demonstrated the observability of a crosslinking front movement using
spatially resolved 1H NMR relaxometry. This crosslinking front, which displaces away from the exposed surface in proportion to the square root of time, separates the crosslinked and uncrosslinked
parts of the material. The presence of the front indicates that moisture transport toward the front
is the limiting step in the crosslinking process. The front velocity is hence enhanced with an increase in exposure moisture concentration.
The observed front displacement can be satisfactorily described using a diffusion-reaction
model. Moisture diffuses through the crosslinked part of the material towards the crosslinking
front, where the supplied moisture is consumed immediately. The observed square-root-of-time
dependence of the front position is supported by the model, as well as its proportionality to the
square root of the exposure moisture concentration. Accordingly the front displacement can be
scaled based on the exposure moisture content for experiments performed at different conditions. The front diffusivity derived from the resulting scaled front displacement is in reasonable
agreement with the front diffusivity calculated using directly measured material properties. This
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marks the validity of the diffusion-reaction model and confirms the influence of moisture supply,
moisture diffusion, and crosslink density on the crosslinking front dynamics.

4
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Moisture-induced bending of an oak board
exposed to bilateral humidity fluctuations

When an oak board is exposed to a change in the relative humidity of the ambient air, moisture
transfer occurs. Consequentially, the internal moisture content distribution changes continuously,
which induces bending of the board over time. With increasing asymmetry in the internal moisture content distribution, induced by an increasing difference in relative humidity over the board
thickness, the board’s curvature increases. In case the board is subjected to two different sinusoidal
fluctuations in relative humidity on its opposite sides, the bending response is a superposition of
two sinusoidal fluctuations. The influences of different fluctuation frequencies, amplitudes, and
phase shifts on the macroscopic bending are theoretically predicted and experimentally explored.
Moisture transport characteristics are derived from a frequency analysis of the macroscopic bending response, whereas the equilibrium bending configuration provides the linear hygroscopic
expansion coefficient. Furthermore, the effect of hysteresis during sinusoidal relative humidity
fluctuations is explored. The results are used in a case study to predict the deformation of an oak
door separating an indoor and outdoor environment, with differently varying relative humidity on
both sides of the door.

This chapter has been submitted to: Journal of Building Engineering.
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5.1
INTRODUCTION
In Chapter 3, we studied the deformation behavior of a unilaterally coated oak board, mimicking
a panel painting. We demonstrated that the internal moisture distribution asymmetry, influenced
by the coating permeability, causes bending of the board. In the absence of internal distribution
asymmetry, no bending occurs. The latter is the case for an uncoated oak board, if the variations
in external relative humidity (RH) and the corresponding moisture content changes are the same
at the exposed surfaces. However, if the variations at the exposed surfaces differ from each other,
asymmetry in the internal distribution is introduced, which consequentially provokes bending.
An uncoated board can conceptually represent a door or wall separating two different environments, for instance indoor and outdoor. Another example is an element of a piece of furniture, e.g.,
a decorated cabinet, which can be found in many museum collections and other cultural heritage
institutions. If the external RH changes, the RH within the cabinet will change as well, although
delayed, due to vapor transport through openings in the cabinet. As such, the cabinet element separating the inner part of the cabinet from the exterior will be exposed to different RH fluctuations
on its opposite surfaces. The resulting deformation, especially when mechanically restrained, may
give rise to damage. It is therefore of importance to study the influence of double-sided RH exposure on internal transport and macroscopic deformation.
The goal of this study is to relate changes in ambient RH on opposite surfaces of an oak board
to the macroscopic bending response of the board itself. Both step changes and sinusoidal RH
changes are considered. First the theoretical framework to describe the deformation is introduced.
Next, experiments are performed with an oak board with two independently controllable microclimates on the opposite surfaces. Different exposure conditions are imposed, thereby varying the
internal asymmetry and thus the bending response of the board. Accordingly, we derive information on the moisture transport properties of the board from the bending dynamics and the expansion coefficient from the equilibrium bending configuration. Furthermore, we explore the relation
between moisture content and RH during sinusoidal RH fluctuations, thereby shining light on the
influence of hysteresis during dynamic conditions. Finally, we use the derived characteristics in a
case study to predict the deformation of an oak door separating the indoor and outdoor climate at
St. Bavo’s Cathedral, Ghent.
5.2
BENDING OF BOARD EXPOSED TO BILATERAL HUMIDITY CHANGES
In this study, we treat the bending of a wooden board due to changes in RH at the opposite exposed
surfaces. Assuming fast moisture exchange between the wood and surrounding air, i.e. no resistance to moisture exchange at the exposed surface due to for example a stagnant boundary layer,
the changes in RH result in immediate changes in the moisture content at the exposed surfaces.
As a consequence, the internal moisture content distribution changes continuously, which induces
a bending moment deforming the board, as was already studied for a coated board in Chapter 3.
The two-sided exposure to moisture, however, requires a different description of the internal distribution. The starting point is, again, the diffusion equation:
∂c ∂  ∂c 
=
D
,
∂t ∂z  ∂z 
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where c(z,t) is the mass-based moisture content, t is time, D is the diffusion coefficient, and z is the
distance from the left exposed surface. In the following, we assume that the diffusion coefficient
can be approximated as constant; the effect of this assumption on the board’s deformation in dynamic conditions will be assessed in a later section.
As a general case, we assume here that the initial moisture content distribution is linear
throughout the sample thickness:
z
c ( z, 0) =
( χR − χL ) d + χL ,

(5.2)

where χL and χR are the moisture content at z = 0 and z = d respectively. Note that, in case of a
constant initial moisture content, we have χL = χR. The prescribed moisture content at the exposed
surfaces changes stepwise to the values:
=
c ( 0, t ) c=
cR .
L , c ( d,t )

(5.3)

An analytical solution for the moisture content distribution over time can be obtained by separation of variables and looking for a particular and an equilibrium solution (Carslaw & Jaeger, 1959;
Balluffi, et al., 2005):
∞ χ −c − χ −c
( R R )( −1 ) sin  nπ z  e − ndπ  Dt . (5.4)
z
L
L
c ( z , t ) =c L + ( c R − c L ) + 2∑
 d 
d
nπ
n =1


Eq. (5.4) can be normalized as a function of the dimensionless diffusion time t* = Dt/d2 and the
scaled distance z* = z/d as follows:
2

n

(

)

∞ 
 sin nπ z − ( nπ )2 t *
c − χL
cR − cL *
c − χR
n
c* z * ,t * =
1
z + 2∑  R
e
. (5.5)
=+
−1 ) − 1 
(
cL − χ L
cL − χ L
nπ
n =1  c L − χ L

An example of the normalized moisture content distribution over time is shown in Figure 5.1a. For
illustrative purposes, we have assumed χL = cR and χR = χL + (cL-χL)/2. In initial equilibrium, the
moisture content varies linearly, with a higher moisture content at the right surface of the board.
The moisture content is elevated at the left surface and decreased at the right surface. The moisture content distributions then change over time towards the final linear distribution.
As introduced in Chapter 3, an asymmetric moisture content distribution induces a bending
moment, which deflects the free end of the board in case the position of the opposite end is fixed,
with a value w:

(

)

w (t ) = 6

α L02
d3

*

d 2

∫ xc ( x , t ) dx ,

(5.6)

−d 2

where α is the hygroscopic expansion coefficient, L0 the initial length of the board, and x the distance from the center of the board, i.e. x = z-d/2. The integral on the right side of the equation
represents the asymmetry in the moisture content distribution. As such, a symmetric distribution
results in no bending. To provide a visual idea of the board’s deformation, the scaled moisture
distribution asymmetry for the case presented in Figure 5.1a is demonstrated in Figure 5.1b as a
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Figure 5.1: (a) Example of normalized moisture content profiles over time. Initially, the moisture is
distributed linearly over the thickness of the board, with a higher moisture content at the right side.
Over time, the distribution reverses towards the final, linear distribution indicated by the dashed
line. (b) Scaled moisture distribution asymmetry over scaled time of the profiles shown in (a).

5

function of the dimensionless time t*. As can be seen, the asymmetry is initially positive, switching
sign over time.
We can now combine Eqs. (5.4) and (5.6) to describe the bending of a board over time following step changes in moisture content at the exposed surfaces:

α L02  1

 nπ 
Dt 
−
c − χ L + χ R − cR 
n
 e  d   .
w (t ) 6
cR − cL ) + ∑ L
1
1
=
−
+
(5.7)
(
(
)
2



d  12
n =1
( nπ )


To relate the equilibrium deflection w∞ of the board to the difference in moisture content at the
opposite sides, the limit of Eq. (5.7) for t
∞ is taken:
2

∞

=
w∞

1 α L0
( c R − c L ).
2 d
2

(5.8)

The final deflection of the board’s free end would thus be linearly related to the difference in moisture content between the opposite surfaces and inversely proportional to the board’s thickness.
5.3
MATERIALS AND METHODS
An oak board with a length of 100 mm, a width of 30 mm, and a thickness of 4 mm is prepared
from a large oak batch board. The grain direction is parallel to the width of the board; the radial
direction is along the length of the board. Moisture transport occurs along the thickness of the
board, which is in the tangential direction. Expansion in the radial direction thus causes bending
of the board.
The experimental setup to measure the deflection of the oak board due to humidity fluctuations on both exposed surfaces is schematically shown in Figure 5.2. The setup is an extension of
the one used in Chapter 3. One end of the board (10 mm of its length) is clamped between two
fixed PVC strips to secure its position on this end. A copper pointer is mounted onto the free end
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Copper pointer
Field of view
microscope

~ 80 mm

RH1

RH2

Sealed
plastic
bag

Air from
humidifier

Figure 5.2: Schematic top view representation of the experimental setup.
of the board using PVC strips of the same size, but not fixed to the floor. Accordingly, clamping the
boards at both ends reduces the board’s effective length to 80 mm. A plastic bag is sealed to the
board over both exposed surfaces to create independently controllable microenvironments on both
sides. Air with a controllable RH is generated by a humidifier and blown into the sealed plastic bag.
The plastic bag has a small opening, such that the air in the bag is refreshed continuously with
the air from the humidifier. A Dino-Lite© digital microscope records images of the top part of the
board, which are analyzed similarly as described in Section 3.2.
To relate exposure RH to internal moisture content, the sorption isotherm of the used oak is
determined using dynamic vapor sorption (DVS). To this end, we use a cubic oak sample with sides
of 2 mm. Using the procedure as described in Section 4.2.2, we can determine both the adsorption
and desorption curves, which characterize the outer boundaries of the possible equilibrium configuration range. These curves can be determined by measuring the equilibrium moisture content
at different values for RH, for both pure adsorption (starting at RH = 0% up to 90%) and consecutive desorption back to RH = 0%, as shown in Figure 5.3. As can be seen, sorption hysteresis
results in a desorption curve deviating from the adsorption curve, which is commonly found in
wood.
5.4
RESULTS AND DISCUSSION
In this section we will first treat the bending of the board exposed to stepwise changes in the RH at
both surfaces. We demonstrate that we can derive the expansion coefficient of the board’s length
direction from the equilibrium configuration of the board. Thereafter we derive the diffusion coefficient from the initial deflection of the board following a step change in the RH. Next, we expose
the board to sinusoidal RH fluctuations at the surfaces. Accordingly we illustrate the relationship
between the internal moisture distribution asymmetry and the macroscopic bending.
5.4.1
Step changes in RH
The theory introduced in Section 5.2 predicts that the deflection of a board exposed to step changes in RH at both exposed surfaces changes exponentially towards a final, maximum value. As an
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Figure 5.3: The equilibrium moisture content
as a function of exposure RH as determined
by DVS. Both adsorption and desorption have
been measured up to an RH of 98%.

5

0

0

5

10

15

20

t [h]

Figure 5.4: The measured deflection of an oak
board with a thickness of 4 mm and an initial
length of 80 mm over time following a step
change on both sides of the board. Initially, the
board is in equilibrium with an RH of 50% on
both sides. The RH on one side is then lowered
to 10%, whereas the RH on the other exposed
side is elevated to 90%.

example, the measured deflection over time following an RH step change at the exposed surfaces
is shown in Figure 5.4. Initially, the board is in equilibrium with an RH of 50% on both sides. The
RH on one side is then lowered to 10%, whereas the RH on the other exposed side is elevated to
90%. As can be seen, the board initially quickly deflects and reaches an asymptote in an exponential manner. This is different from the case in which only one surface is exposed to a step change in
the RH, whereas the opposite surface is sealed to prevent moisture exchange, as treated in Chapter
3. In the latter case, the redistribution of moisture results in flattening of the initially largely asymmetric moisture content distribution across the board thickness. As a consequence, the deflection
rises up to a maximum value, after which it decreases exponentially towards zero again. In the
two-sided exposure treated here, the asymmetry in the moisture content distribution is maximum
when the distribution is linear, i.e. in its final configuration.
The measured deflection of the free end of the oak board during subsequent RH step changes
at the exposed surfaces is shown in Figure 5.5a. Initially, the board is in equilibrium with an RH of
20% on both sides. In the absence of any moisture content distribution asymmetry, the board is
unbent at first. Then, the RH at one surface is elevated in daily steps to an RH of 35%, 64%, 80%,
and 90%, while the RH at the other surface is kept constant at 20%. Due to the growing asymmetry in the internal moisture distribution, the bending of the board increases with each step. Dashed
multi-exponential fits to the data are added which show the extrapolated fit to the time-evolution
of the deflection. The asymmetry is maximum when the RH reaches 90% on one surface, while
the RH on the other surface remains 20%. Next, the RH at the other surface is similarly increased
in daily steps up to 90%, during which the deflection decreases in steps until the board is almost
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Figure 5.5: (a) Time-evolution of the deflection of the board’s free end where step changes in the
RH are imposed at the two exposed surfaces. Initially, the board is in equilibrium with an RH of
20%. The RH at one surface is then elevated in daily steps to 35%, 64%, 80%, and 90%, while the
RH at the opposite surface is kept constant. Next, the RH at the other surface is elevated in the same
manner. (b) Normalized equilibrium deflection as a function of the difference in moisture content
over the thickness of the board, as a result of a difference in RH on the opposite sides. A fit with Eq.
(5.8) is added to derive the expansion coefficient.
straight again when the RH at both surfaces is 90%. The minor non-zero deflection at the end
presumably results from the inaccuracy of the RH-sensor (± 1%) and the relatively steep sorption
curve at this RH (see Figure 5.3).
The equilibrium deflection normalized by the thickness and length of the board is shown in
Figure 5.5b as a function of the difference in moisture content over the thickness of the board (cRcL). The slope of the linear fit with Eq. (5.8) yields a value for the linear expansion coefficient α in
the radial direction of 0.12, which is in reasonable agreement with literature values (Saft & Kaliske,
2013), although somewhat lower.
5.4.2
Small penetration depth
The board’s rate of deflection depends on the internal moisture transport dynamics. Slow moisture
transport will result in slow deflection and vice versa. Hence the transient board deflection contains information about the moisture transport rate. To derive the moisture diffusion coefficient
from the transient deflection, we introduce the special case of small moisture penetration depth
compared to the board thickness, as in Chapter 3. Under this condition the board can be modeled as semi-infinite. If we further assume that the moisture content is initially constant over the
board’s thickness (c(z,0) = c0 ), the moisture content distribution over time can be described as:
 z
c ( z, t ) =c0 + ( c L − c0 ) erfc 
 2 Dt


 d−z
 + ( c R − c0 ) erfc 

 2 Dt


.


(5.9)

Substitution of Eq. (5.9) in Eq. (5.6) results in a short-time solution (subscript ‘ST’):
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Figure 5.6: The normalized board’s deflection as a function of the square root of dimensionless
time, for both the complete solution in Eq. (5.13) and the short-term solution in Eq. (5.12).

5

 Dt
α L2
 d 
Dt
w ST ( t ) =
6 0 ( c L − c R )  2 erf 
−

d
π d2
 2 Dt 
d


 .


(5.10)

Eq. (5.10) can be normalized using the final deflection w∞ in Eq. (5.8), which gives:
*
w
=
ST ( t )

 Dt
w ST ( t )
 d 
Dt
= 12  2 erf 
−

w∞
π d2
 2 Dt 
d


 .


(5.11)

Eq. (5.10) can be expressed as a function of the dimensionless time (t* = Dt/d2) to give:

( )


w ST t *
 1 
t* 
(5.12)
.
= 12  t * erf 
−



*

w∞
π 
2 t 

In the experiments presented in Figure 5.5a, however, only the initial condition of the board (at t =
0 h) complies with the assumption of an evenly distributed moisture content. The initial condition
of the consecutive steps, i.e. a linearly distributed moisture content over the board’s thickness,
violates this assumption. Nevertheless, we will demonstrate that, in this case, the normalized deflection can be described by Eq. (5.12) as well. To this end, we normalize the complete solution
of the board’s deflection described in Eq. (5.7) using the initial deflection w0 = w(0) and the final
deflection w∞ in Eq. (5.8) as a function of dimensionless time t* to arrive at:

( )

*
*
w
=
ST t

*

( )
*

w t =

( )

w t * − w0
w∞ − w0

=

( −1 ) + 1 e −(nπ ) t .
1 − 12∑
2
n = 1 ( nπ )
∞

n

2 *

(5.13)

Eq. (5.13) is plotted in Figure 5.6 along with Eq. (5.12) as a function of the square root of dimensionless time (t* = Dt/d2). As can be seen, the two functions coincide over the whole range
considered here. Hence, we see that the normalized experimental deflection of a board exposed to
a change in the RH on either side of the board, with an initial linearly distributed moisture distribution over its thickness, can be described by Eq. (5.11).
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Figure 5.7: (a) Diffusion coefficient as a function of moisture content as derived from the bending
response following step-wise elevation of the ambient RH presented in Figure 5.5a. The solid line
represents a linear fit on the log-log scale, whereas the dashed line results from the fit presented
in Figure 5.9. (b) The measured deflection over time of a 4 mm thick and 8 cm long board where
the RH is varied sinusoidally (50 ± 40%). The periods of the changes are 4 hours and 1 hour at the
right and left surface respectively. A fit with Eq. (5.18), i.e. a sum of two sinusoidal functions with
fixed frequencies, is added.
To derive the moisture diffusion coefficient for each step in the results presented in Figure 5.5a, we
first normalize the deflection by the final value attained after each step using the multi-exponential fit also shown in Figure 5.5a. The resulting normalized deflection can then be fitted with Eq.
(5.11) to determine the diffusion coefficient as a function of the average moisture content of the
concerned step ((cL+cR)/2). The results for the different steps in terms of the moisture diffusion
coefficient are presented in Figure 5.7a. The diffusion coefficient increases slightly with moisture
content, which is illustrated with a linear fit on the log-scale. In Section 5.4.3.1, we will conduct a
numerical experiment to demonstrate the minor effect of a non-constant diffusion coefficient on
the dynamic deflection of the board.
5.4.3
Sinusoidal changes in RH
Most natural fluctuations in RH are cyclic and can often be decomposed into a sum of sinusoidal
fluctuations, as shown in Figure 1.6. The moisture penetration during these conditions was studied
in Chapter 2, and shown to be dependent on the fluctuation frequency and the moisture diffusion
coefficient. The resulting bending of a wooden board is dependent on the internal moisture content distribution asymmetry, which, besides the moisture penetration, additionally depends on the
amplitude and the phase shift of the RH fluctuations. An example of the influence of fluctuation
frequency on the bending of an oak board is illustrated in Figure 5.7b. Here we present the deflection of its free end over time while exposed to a sinusoidal RH fluctuation with different frequencies on the opposite surfaces. The fluctuation periods are 4 hours and 1 hour at the right and left
surface, respectively (3600/fL = 1 hour, 3600/fR = 4 hours). The amplitude in moisture content is
equal on both sides and the phase shift is zero. The result is a fast fluctuation superimposed on
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a slower sinusoidal motion. A fit with a sum of two sines with frequencies corresponding to the
experimental ones is added to Figure 5.7b to demonstrate the contributions of the fluctuations on
both surfaces. The amplitude in deflection associated with the slow fluctuation is higher than the
fast fluctuation. This is due to the smaller moisture penetration depth of the latter, which results
in a smaller exerted bending moment.
To relate the macroscopically observed deflection of the board’s end to fluctuation frequency,
amplitude, and phase shift, we will first analytically describe the internal moisture distribution
during sinusoidal fluctuations. To this end, we again first assume that the moisture content c(z,t)
is initially distributed evenly throughout the sample: c(z,0) = c0. At the exposed surfaces, the
moisture content changes sinusoidally. The amplitude in moisture content and the fluctuation
frequency can be different on both sides, which gives rise to the following boundary conditions:

5

c ( 0, t=
) c0 + bL sin ( 2π f L t ) ,

(5.14)

c ( d,t ) =
c0 + bR sin ( 2π f R t + φ ) ,

(5.15)

where bL and bR are the amplitudes in moisture content at the two different boundaries, fL and
fR the frequencies of the sinusoidal changes in moisture content, and φ is the phase shift of the
sinusoidal changes at z = d relative to z = 0. If the penetration depth of the moisture is small compared to the sample thickness d, which is the case for sufficiently fast fluctuations and sufficiently
thick boards, the moisture content distribution can be described analytically as a superposition of
two independent contributions due to the fluctuating moisture content at the boundaries (Luikov,
1966):
c ( z, t ) = c0 + bL e − kL z sin ( 2π f L t − k L z ) + bR e

− kR ( d − z )

sin ( 2π f R t − k R ( d − z ) + φ ) .

(5.16)

In this equation, kL and kR are the reciprocals of the moisture penetration depth on both sides:
ki =

π fi
D

,

(5.17)

where i = L,R.
An example of simulated normalized moisture content distributions (c* = (c-c0)/bL) during
sinusoidal fluctuations on both exposed surfaces of a board is presented in Figure 5.8a. For illustrative purposes, the amplitude on the left side is twice the amplitude on the right side, and the
frequency of the changes on the left side is five times the frequency on the right side. As can be
seen, the moisture penetration into the material is higher for the slower fluctuation on the right
side, even though its amplitude is smaller. The resulting scaled asymmetry in the moisture content
distribution over dimensionless time is shown in Figure 5.8b. A clear superposition of two sinusoidal fluctuations is observable in the time-evolution of the asymmetry.
The bending of a board experiencing sinusoidal moisture content fluctuations on both its sides
can be expressed analytically by substituting Eq. (5.16) in Eq. (5.6), which yields
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Figure 5.8: (a) Example of normalized moisture content profiles at different times during sinusoidal RH fluctuations with different amplitude and frequency at the two opposite exposed surfaces.
(b) Scaled moisture content asymmetry over scaled time of the profiles shown in (a).

with

=
w ( t ) AL sin ( 2π f L t + ϕ L ) − AR sin ( 2π f R t + ϕ R ) ,
Ai
=

2
3 α bi L0
η1 2 + η2 2 ,
2 ki d 2

(5.18)

(5.19)

and
η + η tan φ 
ϕi = − tan −1  2 1
,
η1 − η2 tan φ 

(5.20)

where i = L,R. The coefficients η1 and η2 can be expressed as:


η1 =1 + e − k d cos ( ki d ) −  1 +
i

2  − ki d
 e sin ( ki d ) ,
ki d 


(5.21)
2 
2  − ki d
− ki d
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sin
.
e
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d
e
k
d
+ 1 +
+
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(i )
(i )

ki d  ki d 
For sufficiently high frequencies, i.e. for large ki , the amplitude in deflection can be approximated
as
lim Ai =

fi →∞

3 α bi L0
2 d2
2

2D

π fi

.

(5.22)

Eq. (5.18) demonstrates that the two RH fluctuations at the exposed surfaces of the board influence
the board’s deflection over time independently, provided that the board’s thickness is large compared to the moisture penetration depth on either side. Furthermore, the amplitude in deflection
is inversely proportional to the square root of the fluctuation frequency.
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Figure 5.9: (a) The measured amplitude in deflection as a function of the exposure frequency, as
derived from fitting the time-evolution of the deflection with a sum of two sines. (b) Simulated deflection over time for a board (d = 4 mm, L0 = 8 cm, α = 0.12), exposed to sinusoidal fluctuations in
moisture content on both surfaces between 0 and 0.2, with periods of 1 hour and 4 hours on the left
and right surface respectively. Two different diffusion coefficients are used: a moisture content-dependent D(c), and the average of D(c) (D0) over the considered moisture content range (0-0.2).
5.4.3.1 Sinusoidal changes in RH: influence of fluctuation frequency
In the theory presented above, we treated the case of a bending board with sinusoidal RH variations at its two exposed surfaces. If the frequencies, amplitudes, and phases of these fluctuations
are equal, we observe no bending due to the continuous symmetry of the moisture content distribution throughout the board’s thickness. For unequal frequencies, however, the bending of the
board over time can be described as the superposition of two individual contributions, as was
presented in Figure 5.7b. A fit with a sum of two sines with frequencies corresponding to the experimental ones (Eq. (5.18)) yields good results. Accordingly, the amplitudes in deflection AL and
AR corresponding to the two different frequencies can be retrieved from the data.
To measure the frequency-dependence of the deflection amplitude, we expose the board to
different combinations of fluctuations with different frequencies, i.e. similar as depicted in Figure
5.7b. The slowest RH variation has a period of 16 hours, the fastest 1 hour. The amplitudes as a
function of exposure frequency are derived from a fit with Eq. (5.18) and shown in Figure 5.9 on
a log-log scale. We have normalized the amplitudes according to the board’s thickness, length,
expansion coefficient and moisture content amplitude, which gives:
Ai d

α bi L20

=

3 2D
.
2 d π fi

(5.23)

In Figure 5.9, a fit to the data with Eq. (5.23) is added, which produces a slope of -0.5 on the loglog scale, similar to the results presented in Figure 3.12b. The diffusion coefficient retrieved from
the fit to the experimental data in Figure 5.9 is 1.1∙10-11 m2/s, which is lower than the value derived
from direct NMR experiments in Chapter 2, although of the same order of magnitude. The value
has been added as a horizontal dashed line (Dfreq ) in Figure 5.7.
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In the derivation of the predicted moisture content distribution in Eq. (5.16) we assumed that the
moisture penetration depth is small compared to the board’s thickness. To verify this, let us consider the situation in which the moisture content at one exposed surface fluctuates sinusoidally while
the moisture content at the opposite surface is fixed in time at the initial value. For infinitely slow
fluctuations, the moisture content distribution will vary linearly from the exposed surface towards
the fixed value at the opposite surface and can be described as:
c ( x , t=
) c0 + b

d−x
sin ( 2π ft ) .
d

(5.24)

Substitution of Eq. (5.24) into Eq. (5.6) results in a deflection amplitude Ad/αbL02 = 0.5. As can
be seen, the experimental deflection amplitude values are well below 0.5. This suggests that the
experimental conditions are such that we deal with small moisture penetration depths, which
complies with the pivotal assumption for the derivation of the theory.
In Figure 5.7, we demonstrated that the moisture diffusion coefficient increases with moisture
content. To provide insight into the effect of a moisture content-dependent diffusion coefficient
on the deflection during the imposed sinusoidal fluctuations on both surfaces, some numerical
experiments are performed. To this end, the complete diffusion equation (Eq. (5.1)) on a one-dimensional domain (d = 4 mm) is implemented in COMSOL. The initial moisture content c0 is 0.1
throughout the board’s thickness; the left and right boundaries of the board are exposed to sinusoidal fluctuations in moisture content as in Eqs. (5.14) and (5.15). The moisture content amplitude
on both sides is similar (bL = bR = 0.1) and covers the complete moisture content range in Figure
5.7. The period of the fluctuation is, similar to the presented experiment in Figure 5.7b, 4 hours
on the right surface and 1 hour on the left surface. Two different diffusion coefficients are used: a
moisture content-dependent diffusion coefficient D(c), derived from the linear fit on the log-scale
in Figure 5.7, and a constant diffusion coefficient D0 , which is the average of the moisture content-dependent diffusion coefficient over the moisture content range considered.
The moisture content distributions resulting from the numerical simulations are then inserted
in Eq. (5.6) to calculate the deflection of the free end of an 80 mm long board, clamped at one
end and with the experimentally derived expansion coefficient α = 0.12. The result is presented in
Figure 5.9b, where it can be seen that the moisture content-dependent diffusion coefficient results
in a slightly reduced deflection over time, due to decreased asymmetries in the internal moisture
content distribution. Nevertheless, the effect of a moisture content-dependent diffusion coefficient
on the bending over time is minor.
5.4.3.2      Sinusoidal changes in RH: influence of fluctuation amplitude
So far we have treated moisture content fluctuations at both surfaces with different frequencies
but equal amplitudes. Let us now consider equal fluctuation frequencies, but changing amplitudes
on the opposite exposed surfaces. The deflection of the free end of the board can, similarly to Eq.
(5.18), be expressed as:
w = a L sin ( 2π ft ) − a R sin ( 2π ft + φ ) ,

(5.25)
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Figure 5.10: The measured relative deflection amplitude as a function of the moisture content
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where aL and aR are the amplitude in deflection caused by the moisture content fluctuations at the
left and right surface respectively, f the frequency of the fluctuation (periods of 4 hours), and φ the
phase shift of the moisture content fluctuation at the right side relative to the fluctuation at the left
side. Since the frequency of the fluctuation at both surfaces is equal, we can rewrite Eq. (5.25) as:
=
w A sin ( 2π ft + ψ ) .

(5.26)

If both fluctuations are in phase, we have φ = 0 and hence ψ = 0. Furthermore, the resulting
amplitude A is simply the difference between the two independent amplitudes, i.e. A = aL – aR. In
case the fluctuation amplitude is equal on both sides, the absence of asymmetry in the moisture
content distribution results in no bending. Decreasing the moisture content amplitude bR on the
right side while leaving the amplitude bL on the left surface unchanged results in an increase in the
normalized board’s deflection amplitude (A/aL = 1-aR/aL). If the moisture content amplitude is zero
(bR = 0), the deflection amplitude is maximum.
To verify the relation between deflection amplitude and relative moisture content amplitude
on both sides of the board, the board is exposed to a sinusoidal RH fluctuation with a period of 4
hours. The amplitude in RH on the left surface remains unchanged in all cases, whereas the fluctuation amplitude on the right surface is changed. The measured deflection amplitude changes
depending on the ratio of the two moisture content amplitudes bR/bL, as presented in Figure 5.10.
5.4.3.3 Sinusoidal changes in RH: influence of fluctuation phase shift
If the fluctuation frequency and amplitude are equal on both sides of the board, and both fluctuations are in phase, the moisture content distribution is symmetric at all times and the board
does not bend. With an increase in the phase of the right side fluctuation relative to the left side
fluctuation, the moisture content profiles become asymmetric. Since the fluctuation frequency is
similar at the opposite surfaces, the board bends sinusoidally with an amplitude dependent on the
phase difference between the two fluctuations. To express the phase-dependence of the deflection
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(a)

(b)

Figure 5.11: (a) The measured absolute value of the normalized deflection amplitude A* as a function of the phase shift φ of the moisture content fluctuation on the right side of the board relative
to the left side fluctuation. (b) Phase shift ψ of the bending of the board as a function of the phase
shift φ of the RH fluctuations.
amplitude, we insert aL = aR = a in Eq. (5.25). Since the frequency of the two fluctuations is equal
again, we can rewrite Eq. (5.25) in the form of Eq. (5.26), with
=
A a 2 ( 1 − cos φ ) ,

(5.27)

and
 sin φ 
φ 
−1 
 = − tan  cot    .
 cos φ − 1 
  2 

ψ = tan −1 

(5.28)

Eq. (5.27) can be rewritten to yield the normalized deflection amplitude:
*
A=

A
φ 
= 2sin   .
a
2

(5.29)

The absolute value of the amplitude A* as a function of the imposed phase shift φ is shown in
Figure 5.11a. The amplitude increases with an increase in φ, with a maximum when the fluctuations are anti-phased (φ = π). Further increasing φ results in a decrease of A*, which is verified by
experiments with different values of φ. The phase-dependence of the amplitude is periodic; for φ
> 2π, the phase-dependence repeats itself.
The phase shift ψ of the resulting bending fluctuation as a function of φ is shown in Figure
5.11b. Similar to the amplitude, the dependence of ψ on φ is periodic. A linear increase in ψ with a
slope of φ/2, as predicted by Eq. (5.28), is verified by experiments with similar amplitude on both
sides of the board, but in which we adjust the two fluctuations out of phase in steps. The recorded
deflection amplitude and phase shift in deflection are presented in Figure 5.11a and Figure 5.11b respectively. As can be seen, experimental results and theoretical predictions are in good agreement.
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5.4.4
Case study and hysteresis effects
The difference between the indoor and outdoor RH of St. Bavo’s Cathedral in Ghent, Belgium, is
demonstrated over the course of three years in Figure 5.12a. As can be seen, the difference fluctuates heavily over time, meaning that gradients in RH over the exterior wall are considerable. This
is also elucidated by the indoor and outdoor RH amplitude as a function of fluctuation period, as
shown in Figure 5.12b. The equilibrium RH around which the fluctuation occurs is 71% indoor and
78% outdoor. The RH amplitude corresponding to the daily outdoor fluctuation is approximately
3%, whereas the indoor RH amplitude is smaller than 1%. The amplitude associated with the
yearly RH fluctuation is similar indoors and outdoors, i.e. roughly 7%. The two fluctuations are,
however, phase shifted approximately π/4, which results in the observed yearly fluctuation of the
RH difference in Figure 5.12a. A wooden part of the exterior structure, e.g. a door, is thus likely
to experience bending due to asymmetric RH fluctuations. The two distinct fluctuation periods in
Figure 5.12b can therefore serve to illustrate the experimental results we obtained in this study.
The daily fluctuation represents the case in which the fluctuations on the opposite sides of the
board are in phase, but with unequal amplitude; the yearly fluctuation is mimicked by fluctuations
with equal amplitudes, but phase shifted relative to each other.
To demonstrate the influence of asymmetric RH fluctuations on a component of an exterior
structure, we will treat the case of an oak door separating the indoor and outdoor environment
introduced in Figure 5.12. Let us assume that the door, with a thickness of 5 cm and a height of 2
m, is fixed at half-height. The deflection of the free top and bottom ends of the door are hence one
fourth of the value in case the bottom would be fixed. Furthermore we can extend the expression
in Eq. (5.18) to include multiple frequencies, which are simply additive. This results in the deflection over time as:
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Figure 5.13: (a) The moisture content c over time of an oak sample exposed to a sinusoidal fluctuation in RH with linearly increasing amplitude over several cycles. The inset shows the concurrent
RH over time. The fluctuations are sufficiently slow to ensure equilibrium conditions at all times.
(b) The sorption isotherm with the cyclic RH-moisture content relationship from (a), which is
shown magnified in the inset. Dashed lines represent the slope of the RH-moisture content relationship from the dynamic experiment (a1 ) and from the adsorption isotherm (a2 ).
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where we consider n frequencies fj . The amplitudes Ai,j and phase shifts φi,j are calculated for each
mode j using Eqs. (5.19) and (5.20) respectively. The deflection amplitude Ai,j is related to the RH
amplitude through the amplitude in moisture content. Hence, we first have to relate the RH amplitude to the amplitude in moisture content.
To this end we can employ the local slope of the adsorption or desorption isotherm. During
cyclic RH changes, however, we alternately deal with adsorption and desorption and thus deviate
from the boundary curves in the sorption isotherm. This process is illustrated in Figure 5.13; the
moisture content of an oak sample exposed to a sinusoidal RH fluctuation around 70%, with a
linearly increasing amplitude over time is presented in Figure 5.13a. Similarly, the moisture content changes sinusoidally with a linearly increasing amplitude. The moisture content as a function
of RH during these dynamic conditions in relation to the sorption isotherm is demonstrated in
Figure 5.13b. With increasing amplitude, an increasingly large range between the adsorption and
desorption curves is spanned. Nevertheless, the relationship between RH and moisture content
remains linear, which is illustrated with a linear fit to the experimental data. The local slope of
the adsorption isotherm at an RH of 70% is added to Figure 5.13b; as can be seen, the two slopes
deviate significantly.
We can use the results in Figure 5.13b to relate the amplitude ARH in RH around 70% to the
amplitude in equilibrium moisture content AMC, as demonstrated in Figure 5.14a. In the derivation,
we have used the slope a1 from Figure 5.13b in the range bound between the adsorption and desorption isotherm. For larger fluctuations, it is assumed that the maximum moisture content is given
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Figure 5.13: (a) The amplitude in moisture content as a function of the RH amplitude around
an equilibrium RH of 70%. The inset shows the upper and lower RH bounds as a function of the
amplitude around 70%. (b) Calculated deflection of the free ends of an oak door with a thickness
of 5 cm and a height of 2 m, fixed at half-height, exposed to the RH fluctuations depicted in Figure
5.12 on its opposite surfaces. The deflection is presented for two ways of relating RH amplitude to
moisture content: directly using the results of experiments with sinusoidal fluctuations in RH (a1 ),
and using the local slope of the adsorption isotherm (a2 ).
by the adsorption isotherm, while the minimum moisture content results from the desorption
isotherm, as presented in the inset in Figure 5.14a. Accordingly, we can calculate the amplitude in
moisture content using the difference between the two.
The deflection over time of the door’s ends from our case study is presented in Figure 5.14a. We
also include the deflection corresponding to an exclusion of hysteresis effects, i.e. using only the
adsorption isotherm to couple RH to moisture content. Due to the smaller slope of the RH-moisture content relationship determined from dynamic conditions in Figure 5.13b, the deflection is
considerably smaller as well. Hysteresis thus has a dampening effect on the deformation of an oak
door.
5.5
CONCLUSIONS
We have experimentally explored the bending response of an oak board exposed to different humidity fluctuations on its opposite surfaces. We have demonstrated the direct relation between the
deflection of the board’s free end and the difference in moisture content over the board’s thickness
and its proportionality to the expansion coefficient. The bending response of the board during sinusoidal fluctuations at the exposed surfaces is dependent on the frequency, amplitude, and phase
difference of the two fluctuations. If the amplitude and phase are equal, the bending response is a
superposition of two individual contributions. By exposing the board to different RH fluctuation
frequencies, we can derive the moisture diffusion coefficient from the bending response. Furthermore, we have shown that, for equal frequency and phase, the amplitude of the bending response
depends on the ratio of the amplitudes in moisture content on the opposite sides. Additionally, we
have related the asymmetry in the internal moisture content distribution to the external bend-
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ing response during sinusoidal humidity fluctuations by moving the fluctuations out of phase.
When the external fluctuations are anti-phased, the internal moisture content asymmetries are
maximum and hence the bending amplitude is maximum. Finally, we have demonstrated that the
relationship between RH and moisture content during cyclic fluctuations around an RH of 70% is
linear and deviates substantially from the local slope of the sorption curve. As such, it also has a
significant influence on predicting the deformation of a component in real-life conditions.
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6

Simultaneous assessment of the internal
moisture distribution and resulting
deformation of a coated oak board by
NMR

In many studies on the deformation of wooden objects, assumptions on the internal moisture
distribution are made. In experiments, however, it is often the total moisture content of the object
which is measured and compared to numerical results. Moreover, valuable information on the influence of the internal distribution cannot be related to measured deformation. In this chapter, we
present an experimental investigation into the transient moisture-induced deformation of an oak
board, with different types of sealants applied to its surfaces. The internal moisture distribution
is measured using a custom-built NMR setup, whereas the macroscopic deformation is assessed
optically. Accordingly, we are able to relate the internal distribution asymmetry and the integral of
the moisture content distribution, i.e. the total moisture content, to the deflection of the board’s
free end and the expansion of the board. We furthermore demonstrate the effect of the sealant’s
moisture permeability on the internal distribution, which, in turn, affects the deformation of the
board as well. Finally, we illustrate the influence of a relative stiff finishing layer on one surface on
the relation between internal distribution and macroscopic deformation.
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6.1
INTRODUCTION
In previous chapters ,we have already demonstrated the consequences of changes in the ambient
environmental conditions and internal moisture transport on one hand, and consequent board
deformation on the other hand. So far, we have assessed the two processes separately, evaluating
transport dynamics using nuclear magnetic resonance (NMR) in Chapter 2, and treating the deformation of a board in Chapters 3 and 5 making use of assumptions on the influence of the internal
distribution on the deformation. This is general practice in numerical studies on moisture-induced
stress and strain of wood, where the moisture content evolution is simulated with the diffusion
equation (sometimes coupled diffusion processes (Eitelberger & Hofstetter, 2011; Eitelberger, et
al., 2011)) or assumptions are made on the distribution, e.g. constant or linear, and stress-strain
relations are used to predict the object’s stress and strain (Ormarsson, et al., 1999; Martinovic, et
al., 2001; Kang, et al., 2004; Jakiela, et al., 2008; Thibeault, et al., 2010; Fragiacomo, et al., 2011;
Rostrand, et al., 2013; Larsen & Ormarsson, 2013; Gamstedt, et al., 2013).
In experimental studies, either stand-alone or as a validation of numerical simulations, various techniques have been employed to quantify the local strain (Lazarescu & Avramidis, 2008;
Thibeault, et al., 2010; Kang, et al., 2011; Larsen & Ormarsson, 2013; Rafsanjani, et al., 2013;
Lanvermann, et al., 2014; Gauvin, et al., 2014) or the deformation of the whole object (de Meijer
& Militz, 2001; Dionisci Vici, et al., 2006; Yang & Ma, 2014), either under equilibrium or transient
conditions. The material’s moisture content is, however, often measured globally rather than locally. As a result, essential information in the analysis of transient moisture-induced deformation
is missing.
The goal of this study is the simultaneous assessment of the internal moisture distribution and
the consequent deformation of an oak board exposed to a change in the ambient relative humidity
(RH) on one surface. First, we briefly treat the theory associated with moisture transport in a coated board and its resultant bending. We explore the effect of coating permeability on the internal
moisture distribution and deformation. We perform experiments with coated boards exposed to
step changes and sinusoidal fluctuations in RH, and non-destructively measure the changes in the
internal moisture distribution. To this end, we use a custom-built NMR setup placed inside the
bore of a medical magnetic resonance imaging (MRI) scanner, which is introduced in the next section. Next, the experimental results are discussed. Finally, conclusions are drawn and an outlook
for further experiments is presented. Furthermore, the effect of in-coil deformation of the board
and spatial signal averaging on the measured moisture distribution is elaborately analyzed in the
Appendix.
6.2
MATERIALS AND METHODS
Oak boards with a length of 140 mm, a width of 30 mm, and a thickness of 10 mm are prepared
from a large oak batch board. This oak board was originally a part of a door from the Rijksmuseum building in Amsterdam (constructed 1885), which has been discarded as a consequence of its
most recent refurbishment between 2003 and 2013. The grain direction of the boards is parallel to
their width, whereas the radial direction is along the length of the boards. Five of the six sides of
each board are coated, leaving one main surface open for unhindered moisture exchange with the
surrounding air, hence creating a semi-one-dimensional experiment.
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Figure 6.1: Schematic representation of the experimental setup, which is placed inside the bore of
a 1.5 T whole-body medical scanner (Gyroscan, Philips).
Different compositions of the sealing layer on the board’s surfaces are employed in the experiments. One board is sealed with a thin layer of Bison© silicone mastic sealant, with a thickness
of approximately 1 mm. A second board is similarly coated, but with a Bison© butylene mastic
sealant, which is known to be more resistant to moisture permeation than silicone sealant (Robb,
1968). A third board is prepared to coarsely resemble a panel painting. One main surface is first
covered with a 1 mm thick layer of an acrylic gesso primer (manufacturer: 4art). The gesso surface
is sandpapered to serve as a smooth ground for subsequent application of a thin oil paint layer
(manufacturer: 4art). The four side surfaces of the same board are coated with a thick layer of the
Bison© butylene mastic sealant also applied in the preparation of the second board. In all boards,
the configuration is such that one-dimensional moisture transport occurs along the thickness of
the board, which is in the tangential direction. Expansion in the radial direction thus causes bending of the board. The diverse compositions of the sealing layers and the associated differences in
moisture permeability, however, are expected to result in different moisture transport characteristics of the structure as a whole, and hence in different transient bending behavior.
The experimental setup to simultaneously measure the internal moisture content distribution
and the deflection of the oak board is schematically shown in Figure 6.1. The setup is placed inside
the bore of a 1.5 T whole-body medical scanner (Gyroscan, Philips), which provides the main magnetic field during the experiments. A constant gradient in the main magnetic field of 58 mT/m is
achieved using two anti-Helmholtz coils. The gradient in the magnetic field results in a spatially
dependent resonance condition, enabling us to measure the one-dimensional moisture content
distribution in the direction of the gradient. In between the two gradient coils, a solenoid coil is
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placed to transmit radio-frequency (RF) pulses and receive the emitted signal during the experiment. The coil is equipped with an internal Faraday shield, which prevents detuning of the RF coil
during the experiment and hence allows quantitative measurement.
One end of the oak board is clamped just outside the RF coil, while the other end of the board
is free outside the opposite face of the RF coil. Accordingly, we can measure the moisture content
distribution across the thickness of the board. With this configuration, 50 mm of the board’s length
is located inside the RF coil. During an experiment, the board will bend. This deformation may
distort the measured signal inside the RF coil and hence the experimental moisture content distribution. An estimation of the effect is included in the Appendix. For small deflections, however,
the extent of this effect is minor. This is the case for sufficiently thick boards or small changes in
moisture content.
A copper pointer is mounted onto the free end of the board. A digital microscope is attached
to the set-up above the free end of the board. The microscope records time-lapsed images of the
top part of the board, which are analyzed by a Matlab optical recognition program to retrieve the
position of the pointer automatically. A correction can be applied to determine the deflection at the
free end of the board, i.e. excluding the copper pointer, which will be used in subsequent analyses.
A transparent climate chamber is constructed around the RF coil and the oak board. Since the
gradient coils heat up during a measurement, a Mylar reflective shield is placed between the coils
and the climate chamber to prevent temperature fluctuations inside the climate chamber, which
would affect the exposure RH. Using a humidifier (see Section 2.3), air with a controllable RH can
be blown inside the chamber, thereby controlling the exposure conditions of the board.
To measure the signal distribution of an oak board, a Hahn spin echo with an echo time of
600 μs is performed under a constant gradient at different frequencies. In doing so, different slices
along the thickness of the board are excited and their corresponding signal measured. A relatively
long pulse time of 200 μs is used to excite a sufficiently thin layer of the board. A demonstration
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of the measured signal distribution throughout the thickness of a 10 mm thick oak board is shown
in Figure 6.2a. We can position the board in the middle of the coil using clamps outside the coil
(see Figure 6.1). At the surface of the board, i.e. its edge, the signal should, ideally, sharply drop.
Since the excited slice has a certain thickness, the signal is averaged over a range of frequencies.
The signal drop at the surface is shown in Figure 6.2b, which demonstrates the slice thickness Δx
of 1.53 mm. We also illustrate the increased slice thickness (Δx = 2.85 mm) when using a shorter
pulse time of 70 μs in Figure 6.2b. Latter is the result of a broader band of frequencies excited by a
shorter pulse, which, under the influence of a gradient, results in an increased slice thickness. Further lengthening the pulse duration would decrease the slice thickness, but comes at the expense
of reduced signal due to a necessarily higher echo time. Hence, as a trade-off, we use a pulse time
of 200 μs with an echo time of 600 μs throughout our experiments. We ensure that the repetition
time is larger than three times the largest T1 relaxation time, which is dependent on the type of
sealant applied.
During an experiment, the board deforms due to changes in the internal moisture content distribution. As a result, the part of the board within the coil is not fixed in space anymore. Since we
measure the moisture distribution over the board thickness, which in itself is the integrated signal
over the direction perpendicular to the board thickness, the deformation of the board results in a
distortion of the measured moisture distribution. An elaborate treatment of the influence of incoil deformation and spatial averaging on the measurement results is presented in the Appendix,
along with estimates and correction factors for the performed experiments. We can conclude that,
due to the in-coil deformation of the board and its distorting effects on the measured moisture
distribution, the best choice is to exclude the averaging slice thickness near both surfaces of the
board in subsequent analyses.
6.3
RESULTS AND DISCUSSION
6.3.1
Silicone rubber sealant
In a first experiment, we have exposed the board with silicone sealant applied to its surfaces,
initially in equilibrium with an RH of 68%, to dry air with an RH of 23%. The moisture content
distribution at different measurement times of the board is shown in Figure 6.3a. The major peak
on the right side can be attributed to the silicone coating layer; the hydrogen embedded in the silicone structure has a typical T2 relaxation time in the order of 100 ms (see Figure 4.3b in Chapter
4), hence these protons contribute significantly to the signal in the experiments. The higher signal
associated with silicone also allows us to discriminate between moisture in wood and the silicone
layer, thereby determining our region of interest.
The decrease in moisture content (obtained from Figure 6.3a, subtracting the first profile,
and converting using the calibration presented in the inset figure in Figure 6.2a) is shown in
Figure 6.3b. As can be expected, the decrease in moisture content is the most pronounced near
the exposed surface. The moisture content distribution further away from the exposed surface is
approximately flat in all profiles, which conflicts with the presented calculated diffusion profiles
in Figure 3.6b in Chapter 3. Furthermore, we observe a small gradient in the moisture content at
the back surface. This is an indication that moisture also diffuses through the silicone coating layer
applied at the back surface. However, the experimental profiles deviate qualitatively from the cal-
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Figure 6.3: (a) Signal distribution at different measurement times during one-sided drying of an
oak board coated with silicone sealant, initially in equilibrium with an RH of 68%, after the ambient RH is decreased to 23%. The peak on the left is due to hydrogen in the silicone sealant polymer
matrix. (b) The moisture distribution relative to the initial distribution over time, as a function of
the distance from the board’s center. In both figures, the vertical black dashed lines indicate the position of the left and the right surface of the board, whereas the vertical grey dashed lines indicate
the slice thickness surrounding the surface over which the signal is averaged. The time between two
consecutive profiles is 24 hours; the total measurement time is 18 days.
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culated distributions corresponding to a moisture exchange resistance on the unexposed surface
(a coating layer). The most probable explanation is that moisture also diffuses through the silicone
coating applied on the smaller, lateral surfaces of the board. Consequently, moisture is transported
along the longitudinal direction of the wood, which is along its width. It is therefore likely that, in
this case, we deal with three-dimensional moisture transport instead of one-dimensional as was
assumed. This mechanism is responsible for the flattening of the moisture distributions.
From the measured moisture content distributions, we can calculate the distribution asymmetry and integral. Following the conclusions from our quantitative analysis in the Appendix, we exclude the slice thickness near the board’s surface (over which the signal is averaged). The derived
asymmetry and integral in the moisture content distribution over time are shown in Figure 6.4a.
As can be seen, both the asymmetry and integral decrease following the step change in the ambient
RH. After reaching a local minimum, the asymmetry rises again. The concurrent deflection and
length change of the board is illustrated in Figure 6.4b, which exhibits a similar development over
time with a local minimum in deflection and a slow successive increase.
The measured deflection and the internal moisture asymmetry exhibit a qualitatively similar
time-evolution, as demonstrated in Figure 6.4. To quantitatively relate the macroscopically measured deflection of the board’s free end to the internal moisture distribution asymmetry, we can
rewrite Eq. (3.6) to normalize the deflection as
d
6
w (t ) = 2
2
d
α L0 ( c e − c0 )
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d 2

∫

−d 2

x

c ( x , t ) − c0
c e − c0

dx.

(6.1)
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(a)

(b)

Figure 6.4: (a) The asymmetry in and integral of the measured moisture content distribution over
time following a step change in the ambient RH as derived from measured moisture content profiles. In the calculation, we have used δ = d-Δx (see Appendix). (b) The measured deflection of the
free end of the board and the length change of the board over time.
The factor α(ce-c0) in the denominator on the left hand side represents the final expansion of the
board, which is obtained by fitting the time-evolution of the expansion with a sum of exponentials.
The factor on the right hand side represents the asymmetry in the moisture distribution, normalized by the step in moisture content, which is obtained by gravimetric measurement before and
after the experiment.
Scaling the measured deflection and moisture content distribution according to Eq. (6.1), we
can present the normalized measured deflection as a function of the concurrent normalized asymmetry in the internal moisture content distribution, as shown in Figure 6.5a. The solid black line
illustrates Eq. (6.1). As indicated by the grey markers, we initially underestimate the asymmetry
from the moisture content distributions. It is demonstrated in the Appendix that this is the result
of removing part the contribution near the board’s surface from the integral, and experimental observations are thus in accordance with the presented analysis. We furthermore recognize that the
scaled values reach a maximum well below 0.48, which is the approximate value for an impermeable coating as derived in Eq. (3.20) in Chapter 3. This complies with the qualitative observation we
made before about moisture entering the board through the silicone sealant on the side surfaces
and the back surface of the board. As a result, the reduced internal distribution asymmetries lead
to limited deflection as well.
Similar to the deflection, we can rearrange terms in Eq. (3.5) to normalize the board’s expansion at half-thickness over time as
c ( x , t ) − c0
1
1
ε (t ) = ∫
dx .
d − d 2 c e − c0
α ( c e − c0 )
d 2

(6.2)

The normalized expansion as a function of the integrated normalized moisture content is presented in Figure 6.5b. A near-linear relationship between the derived and measured expansion is found
(as expected from the analysis presented in the Appendix).
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(a)

(b)

Figure 6.5: (a) The scaled macroscopic deflection of the board’s free end as a function of the normalized internal moisture distribution asymmetry (where we have φw = (1-Δx/d)-3 and δ = d-Δx, as
concluded in the analysis in the Appendix). Grey markers indicate the asymmetry before reaching
local maximum. (b) The scaled macroscopic expansion as a function of the normalized moisture
content increase (with φε = (1-Δx/d)-1 and δ = d-Δx).
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6.3.2
Butylene rubber sealant
In the previous section, we have observed that moisture is also entering the board through the
silicone sealant applied on its surfaces. As such, we are not dealing with a pure one-dimensional
moisture transport experiment since moisture is also infiltrating laterally. Despite violating the
initial assumptions of one-dimensional, unidirectional moisture transport, the internal moisture
distribution asymmetry can be linearly related to the macroscopic bending of the board.
To comply with the initial assumptions of one-dimensional moisture transport, we prepared
a board with a thick (2 mm) layer of butylene sealant which poses a larger resistance to moisture
exchange than the silicone sealant. Similar to silicone, the protons in the butylene matrix also
participate in an NMR experiment and thus contribute to the measured signal. This is reflected in
the signal distributions presented in Figure 6.6a, where the board is in equilibrium with an RH of
15%. The initial signal distribution is not uniform, even though the board is in equilibrium with
the surrounding environment. This inhomogeneous distribution is a result of the applied butylene
sealant on the board’s lateral surfaces, which seemingly is not evenly distributed over the board’s
thickness.
Upon elevating the ambient RH to 55%, the oak absorbs moisture. This is reflected in an
increase in the signal near the exposed, right surface. Since the moisture sorption of butylene
is negligible compared to oak’s moisture-responsiveness (see Figure 3.8 in Chapter 3), we can
subtract the initial distribution from later distributions (the effect of the distribution and in-coil
deformation for a qualitatively similar case as in Figure 6.6a is studied in the Appendix). Similar
to the board with silicone in Figure 6.3, we can convert the relative signal increase distributions
to moisture content incremental profiles, as demonstrated in Figure 6.6b. The improved sealing
properties of the butylene compared to silicone sealant are reflected in the steeper distributions
and the absence of moisture entering from the back surface or from the lateral surfaces of the
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Figure 6.6: (a) Signal distribution at different measurement times of an oak board coated with
butylene sealant on five of its six surfaces, after the ambient RH is elevated from 15% to 55%. (b)
The moisture distribution relative to the initial distribution over time, as a function of the distance
from the board’s center. In both figures, the vertical black dashed lines indicate the position of the
left and the right surface of the board, whereas the vertical grey dashed lines indicate the slice thickness surrounding the surface over which the signal is averaged. The time between two consecutive
profiles is 24 hours; the total measurement time is 56 days.
board. The profiles in Figure 6.6b qualitatively resemble diffusion profiles, as demonstrated in
Figure 3.6b in Chapter 3.
The time-evolution of the distribution asymmetry and integral, calculated from the measured
profiles in Figure 6.6b, is presented in Figure 6.7a. Since the ambient RH is elevated instead of decreased, the step in exposure moisture content is positive. As such, the distribution asymmetry and
integral have a sign opposite to the case presented in the previous subsection. Again, the asymmetry rises to a maximum, and after reaching the maximum, the asymmetry decreases towards zero.
The measured deflection of the board’s free end is shown in Figure 6.7b, along with the length
change. We can recognize the qualitative resemblance between the distribution asymmetry and
the deflection: local distortions, probably due to small fluctuations around the constant exposure
RH, are observed in both the asymmetry and the deflection.
The scaled deflection as a function of the normalized internal moisture distribution asymmetry is presented in Figure 6.8a. The value at maximum deflection, approximately 0.44, is higher
than for silicone sealant and indicates a near-impermeable sealant layer. This is in accordance
with experiments in Chapter 3 where the lower permeability to moisture was demonstrated for
butylene sealant in comparison with silicone sealant (see Figure 3.9). Similar to the previous subsection, however, we initially underestimate the asymmetry in the measured moisture distributions, which is due to the exclusion of the signal contributions near the board’s surface. During
decreasing asymmetry, i.e. after the maximum in deflection has occurred, the relation between
scaled deflection and internal asymmetry is linear. The latter is also observed in the relation between the scaled expansion at half-thickness and moisture content integral in Figure 6.8b, despite
some fluctuations.
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(a)

(b)

Figure 6.7: (a) The asymmetry and integral of the measured moisture content distribution over
time following a step change in the ambient RH. The board is coated with butylene sealant on its
main surface, leaving one main surface open for moisture exchange. In the calculation, we have
used δ = d-Δx (see Appendix). (b) The measured length change of the board and the deflection of
its free end over time.

(a)

(b)

6

Figure 6.8: (a) The scaled macroscopic deflection of the board’s free end as a function of the normalized internal moisture distribution asymmetry (where we have φw = (1-Δx/d)-3 and δ = d-Δx,
see Appendix). Grey markers indicate the asymmetry before reaching local maximum. (b) The
scaled macroscopic expansion as a function of the normalized moisture content increase (with φε =
(1-Δx/d)-1 and δ = d-Δx, see Appendix).
Since we deal with one-dimensional moisture transport, we can derive the moisture diffusion
coefficient of our material directly from the measured distributions, assuming the diffusion coefficient is constant. To this end, we manipulate the initial distributions shown in Figure 6.6b
according to the Boltzmann transformation (Matano, 1933). This encompasses the assignment of
a λ-value (λ = z/√t, where z is the distance from the exposed surface) to each measurement point
in space and time, as presented in Figure 6.9. The result can then be fitted with
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Figure 6.9: The moisture content increase as a function of the transformed variable z/√t. The fit
with Eq. (6.3) provides the change in moisture content ce-c0 and the moisture diffusion coefficient
D. The inset figure shows the distributions before transformation.
 z 
c − c0 = ( c e − c0 ) erfc 
.
 2 Dt 

(6.3)

Fitting our experimental data to Eq. (6.3) yields a moisture diffusion coefficient of 7.1∙10-12 m2/s.
This is lower than the diffusion coefficient of moisture in the tangential direction found in Chapters 2 and 3. The difference may be attributed to the different batches of oak used in the preparation of samples; the samples in this chapter originate from a donated Rijksmuseum door. Nevertheless, the two values are of the same order of magnitude.
The fit with Eq. (6.3) also provides the step change in exposure moisture content ce-c0 = 0.045.
This is in accordance with the gravimetrically measured value (0.041), although slightly higher.
Since the final expansion of the board is the product of the expansion coefficient α and the step
in exposure moisture content, we can calculate the expansion coefficient from the measured final
expansion (see Figure 6.7b). This produces a value for α of 0.15, which is in accordance with literature values (Saft & Kaliske, 2013).
6.3.3
Gesso and oil paint
In the previous two subsections we have studied the influence of a high-permeability (silicone
rubber) and a low-permeability (butylene rubber) sealant on the deformation behavior of an oak
board. Here we will explore the moisture-induced bending of a mock-up panel painting. Hence we
have prepared an oak board with a 1 mm thick gesso layer and coated with a black oil paint. The
side surfaces of the board are sealed by a thick (2 mm) layer of butylene sealant to prevent lateral
ingress of moisture into the board.
The signal distributions over time are presented in Figure 6.10a as a function of the distance
from the board’s center. The peak on the left is due to the applied gesso and oil paint layer on the
board’s main surface. The board was initially contained in an environment with an RH of 30%,
after which the RH was elevated to a value of 60%. As a consequence, the oak absorbs moisture
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Figure 6.10: (a) Signal distribution at different measurement times of an oak board coated with
gesso and oil paint on its main surface (and butylene sealant on the lateral surfaces, leaving one
main surface open for moisture exchange), after the ambient RH is elevated from 30% to 60%. (b)
The moisture distribution relative to the initial distribution over time, as a function of the distance
from the board’s center. In both figures, the vertical black dashed lines indicate the position of the
left and the right surface of the board, whereas the vertical grey dashed lines indicate the slice thickness surrounding the surface over which the signal is averaged. The time between two consecutive
profiles is 24 hours; the total measurement time is 52 days.
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on the right surface (x = 5 mm). As can be seen from the distributions, the signal peak near the
board’s right surface increases in value over time, which can most likely be attributed to moisture
absorption of the gesso.
The calculated asymmetry and integral from the measured distributions in Figure 6.10b are
presented in Figure 6.11a, whereas the measured length change of the board and the deflection of
its free end are shown in Figure 6.11b. Similar to the boards coated with either silicone or butylene
sealant, the board with the gesso and oil paint finishing layer deforms upon exposure to a changing RH. After reaching the maximum deflection of its free end, the board deforms back, but attains
a constant value unequal to zero, i.e. does not deform back to a straight configuration. Meanwhile,
the asymmetry in the moisture content distribution has vanished, as can be seen from Figure
6.11a. The deviation from predicted behavior is engendered by the stiffness of the gesso layer; in
contrast to silicone and butylene rubber, gesso’s stiffness is of the same order of magnitude as oak.
Even though the thickness of the gesso layer is small compared to the board’s thickness, it poses
a resistance on the deformation of the board as a whole. As such, deformation of the board is not
only caused by the asymmetric moisture distribution, but additionally by the asymmetric stiffness
distribution of the board and the smaller moisture response of gesso (Mecklenburg, et al., 1998).
The equilibrium shape of the board following a change in the external RH hence is bent and thus
the deflection of its free end is non-zero. An elaborate quantitative analysis of the deformation of a
dichotomous board is presented in Chapter 7.
The deviant deflection behavior compared to the board with butylene sealant analyzed in the
previous subsection is also apparent in Figure 6.12a, where we present the scaled deflection as a
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(a)

(b)

Figure 6.11: (a) The asymmetry and integral of the measured moisture content distribution over
time following a step change in the ambient RH. The board is coated with gesso and oil paint on
its main surface, leaving one main surface open for moisture exchange. In the calculation, we have
used δ = d-Δx (see Appendix). (b) The measured length change of the board and the deflection of
its free end over time.

(a)

(b)

6
w*∞

Figure 6.12: (a) The scaled macroscopic deflection of the board’s free end as a function of the
normalized internal moisture distribution asymmetry, where we have φw = (1-Δx/d)-3 and δ =
d-Δx. Grey markers indicate the asymmetry before reaching local maximum. The final, non-zero
deflection w∞* is indicated by a horizontal, dashed line. (b) The scaled macroscopic expansion as a
function of the normalized moisture content increase, with φε = (1-Δx/d)-1 and δ = d-Δx.
function of the normalized internal moisture distribution asymmetry. We observe the above mentioned non-zero final deflection while the asymmetry has vanished. Furthermore, the scaled deflection is smaller than predicted at maximum distribution asymmetry. Both features are the consequence of the gesso layer’s mechanical contribution to the deformation of the composite board.
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6.4
CONCLUSIONS
Combining moisture content measurement using NMR with the analysis of an oak board’s deformation exposed to a change in the ambient humidity provides valuable information on the relation
between the internal moisture distribution and the macroscopic configuration of the board. We
have demonstrated the direct relationship between the asymmetry in the internal distribution
and deflection of the board’s free end, if the sealant’s mechanical properties can be neglected.
The latter is the case for silicone and butylene sealant. Similarly, the expansion of the board at
half-thickness is proportional to the total amount of moisture ingress into the board. In case the
mechanical properties of the finishing layer on the board’s surface cannot be ignored, we observe
a deviant deformation behavior. The maximum deflection is smaller than predicted from the internal distribution asymmetry. Furthermore, the final deflection is non-zero, despite the absence
of asymmetry in the final distribution.
The type of sealant applied at the surfaces of the board affects the internal moisture distribution over time, as well as the macroscopic deformation behavior. Silicone sealant poses a smaller
resistance to moisture exchange compared to both butylene sealant and a finishing layer of gesso
and oil paint, which results in qualitatively and quantitatively different internal moisture distributions.
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7

Moisture-induced deformation of
mechanically dichotomous board

a

We present a theoretical framework for the analysis of the moisture-induced deformation of a
mechanically dichotomous board. We will simplify a panel painting as consisting of a support
and a finishing layer. The mechanical properties of the finishing layer affect the deformation of
the board as a whole. As such, a qualitative deviation occurs when a mechanically dichotomous
board is exposed to a step change in moisture content, in both its transient and final configuration.
We furthermore study the transient deformation behavior for different internal moisture content
distributions, as well as the frequency behavior in terms of deformation. Finally, using explorative
case studies on hypothetical panel paintings, we demonstrate that the allowable RH amplitude to
prevent either plastic deformation or damage depends on multiple factors. Not only the fluctuation
frequency, but both support and finishing layer thickness, their stiffness ratio, structure type, and
mechanical restriction affect the acceptable amplitude.
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7.1
INTRODUCTION
In Chapters 3 and 6, we have treated and studied the moisture-induced deformation of coated oak
boards. We explored the influence of different sealant layers on the internal moisture distribution
and the consequent deformation of the board. In Chapter 6, however, we noted that a board with
a finishing layer consisting of gesso and oil paint did not deform to a straight configuration, even
though the internal moisture distribution asymmetry vanished in the end. We hypothesized that
this was due to the mechanical action of the gesso layer, the stiffness of which is of similar order of
magnitude as oak. As such, the transient configuration of the board is not only influenced by the
time-evolution of the internal moisture distribution, but also by the mechanical properties of the
layers applied to its surface.
The moisture-induced deformation behavior of a dichotomous board or beam has been extensively studied in terms of bimetallic strips (Timoshenko, 1925), epitaxial structures (Olsen &
Ettenberg, 1977), microcantilevers (Wenzel, et al., 2008), and wooden bilayers for applications in
bio-inspired actuators (Rüggeberg & Burgert, 2015; Vailati, et al., 2017). The dynamics of the process have, however, not been studied in detail from an analytical viewpoint. Furthermore, we are
also interested in the frequency characteristics of the process, in order to relate the deformation
behavior to panel paintings in fluctuating museum environments.
In this study, we theoretically assess the moisture-induced deformation of a panel consisting of
two layers: a support, for example an oak board, and a finishing layer, for instance a ground layer.
We formulate the governing equations and explore different situations: a passive finishing layer,
i.e. absorbing no moisture, and situations in which the finishing layer absorbs moisture and exhibits hygroexpansion. Finally, we relate the analyzed deformation dynamics to hypothetical panel
paintings housed in a dynamic humidity environment, and assign acceptable RH fluctuations.

7

7.2
DEFORMATION OF A DICHOTOMOUS BOARD
To describe the configuration of a composite board with an initial length L0 and thickness d, we
use the same equations as already introduced in Section 3.3. The expansion of the board ε at
half-thickness is described with Eq. (3.2) and the deflection of its free end w can then be expressed
using Eq. (3.3). These equations are valid for any composite board with an unspecified number
of layers with different elastic properties, which may additionally be dependent on the moisture
content.
In the ensuing analysis, we make several simplifying assumptions. First of all, we restrict ourselves to a dichotomous board, i.e. a single finishing layer with thickness dF applied onto the surface of a support, e.g., an oak board, with thickness dS. Furthermore, we presume constant elastic
properties, i.e. unaffected by the moisture content. With these assumptions, we can rewrite Eq.
(3.4) as:
=
fn α F Eˆ F

( d F − dS )

− ( d F + dS ) 2

=
gn Eˆ F
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∫

2
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∫
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x dx + EˆS
n

( d F + dS )

∫

2

( d F − dS ) 2

( d F + dS )

2

( d F − dS )

2

∫

cˆS x n dx ,

x n dx ,

(7.1)

(7.2)

7 Moisture-induced deformation of a mechanically dichotomous board
where Ê = E/(1-υ) and the subscripts F and S relate to the finishing layer and the support, respectively. In these equations, E is the Young’s modulus expressing the material’s stiffness, υ the
Poisson’s ratio, α the moisture expansion coefficient, ĉ the moisture content relative to a reference
value c0, i.e. ĉ = c-c0 , and x the distance from the center of the board.
To generalize the subsequent analysis, we will use several characteristic values to make Eqs.
(7.1) and (7.2) dimensionless. This results in the appearance of different dimensionless variables,
which are indicated by superscript asterisks in the following. As such, we can introduce the dimensionless moisture distribution as c* = ĉ/cR, where cR is a reference moisture content, e.g., the difference between initial and final moisture content in a transient analysis; the moisture-responsiveness ratio α* = (∂cF /∂cS) αF /αS; the thickness ratio d* = dF /dS; the stiffness ratio E* = ÊF /ÊS; and
the scaled distance from the board’s center x* = x/dS. Insertion of these dimensionless variables
into Eqs. (7.1) and (7.2), and subsequent substitution of these equations into Eqs. and from Section 3.3 results in the following expressions for the scaled expansion ε* and scaled deflection w*:

( d −1 ) 2
( d +1) 2
α*
1
*  *
*
*

ε=
c x ( E − 1 ) + λ dx + * * ∫ c S*  x * ( E * − 1 ) + λ  dx * ,
=


α S c R τ d * − d ∫+ 1 2 F 
τ d E ( d −1 ) 2 
( )
( d −1 ) 2
( d +1) 2
wdS
α*
1
*
*
*
*
*
=
=
w
c F ( x κ + E − 1 ) dx +
c S* ( x *κ + E * − 1 ) dx * .
α S c R L02 2τ d * −( d ∫+ 1 ) 2
2τ d * E * d −∫1 2
( )
*

ε

*

*

*

(7.3)

*

*

*

*

(7.4)

*

The dimensionless parameters τ, λ, and κ in Eqs. (7.3) and (7.4) are functions of the stiffness and
thickness ratios:
1+
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1
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2
.
d*

(7.5)

(7.6)

(7.7)

In the limit case of d* = 0 and E* = 0, the expressions for the scaled expansion and the scaled
deflection become the ones introduced in Eqs. (3.5) and (3.6) in Chapter 3. In Eqs. (7.3) and (7.4),
we have presented the scaled expansion and scaled deflection for yet unspecified internal moisture
content distributions c*. As such, we can describe the configuration of the board for any distribution. In the following sections, we will introduce analytical expressions for the transient moisture
distribution, and analyze the board’s deformation behavior.
7.3
MOISTURE-IRRESPONSIVE FINISHING LAYER
In case the finishing layer absorbs no moisture or exhibits no hygroexpansion, the first terms in
both Eq. (7.3) and Eq. (7.4) vanish and hence become:
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1

( d +1) 2
*

c S*  x * ( E * − 1 ) + λ  dx * ,
(7.8)

τ d * E * ( d −∫1 ) 2 
( d +1) 2
1
*
(7.9)
=
wS
c S* ( x *κ + E * − 1 ) dx * ,
2τ d * E * d −∫1 2
( )
where we have added the subscript S to denote the active contribution of only the support on the
deformation. In the next two subsections, we will introduce expressions for the transient moisture
content distribution for two cases: a step change and a sinusoidal change in the moisture content
at the exposed surface of the oak. In both cases, we assume that the finishing layer is impermeable
to moisture.

ε
=
*
S

*

*

*

7.3.1
Step change in moisture content
If the moisture content near the exposed surface of the support is changed stepwise with step size
cR, the normalized moisture content at a given dimensionless time t* = DS t/dS2 and scaled distance
from the exposed surface z* (z* = 0 at the exposed surface, z* = 1 at the boundary between the
support and the finishing layer) can be expressed as:
4 ∞ ( −1 ) −π 2 4 t *
 2n + 1

(7.10)
1− ∑
cos 
c z ,t =
e
π 1 − z * .
π n = 0 2n + 1
 2

Note that the two position variables x* and z* are related by: x* = (d*+1)/2-z*. Substitution of
Eq. (7.10) into Eq. (7.8) and subsequent integration yields the following expression for the scaled
expansion:
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Similarly, we can substitute Eq. (7.10) into Eq. (7.9) to yield:
∞
−π 2
d* + 1
4
w=
t
− 2 * * ∑ an , w S e
*
2τ d
π τ d E n =0
*
S

( )

with
an , w S
=

κ ( d* + 1) + 2E* − 2
2 ( 2n + 1 )

2

−

2

(2 n + 1 )

*

2κ ( −1 )

4

t*

n

π ( 2n + 1 )

3

.

(7.14)

As an example, the scaled expansion ε* as a function of the square root of dimensionless time √t*
is presented in Figure 7.1a for different stiffness ratios E*, assuming a thickness ratio d* = 0.4. In
the absence of a finishing layer, we observe the same behavior as in Chapter 3: a scaled expansion
initially proportional to √t*, which later approaches unity. For increasing stiffness of the finishing
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Figure 7.1: (a) The scaled expansion at half-thickness of a board over the square root of dimensionless time for different stiffness ratios E*. (b) The scaled deflection of the board’s free end over
dimensionless time for different stiffness ratios. The final values are included as horizontal dashed
lines.
layer, we see a deviation from this behavior. The initial expansion is no longer proportional to √t*
and more noticeably, the final scaled expansion is smaller than unity. The final scaled expansion
ε∞*, i.e. for t*
∞, can be determined from Eq. (7.11) as:

ε =
*
∞

(

)

d * E * − 1 + 2λ
2τ d E *
*

.

(7.15)

The final expansion has been included in Figure 7.1a for the different cases. As can be seen, ε∞*
decreases with increasing stiffness: the stiffness of the finishing layer and its absence of moisture
response reduce the final expansion of the board. The board’s support is thus increasingly hindered in its expansion. Impeded deformation is accompanied by arising stresses, which will be the
subject of investigation in Section 7.5.
The scaled deflection w* as a function of the square root of dimensionless time √t* is presented
in Figure 7.1b for different stiffness ratios E*. For d* = 0, we observe the same behavior as was
already presented in Chapter 3. The board quickly deflects to a maximum around w* = 0.48, after
which internal moisture redistribution by means of moisture transport straightens the board,
whereby the deflection returns to zero. The final configuration of the board is thus elongated, but
straight. For a slight increase in the stiffness ratio E*, the board still deflects to a maximum value,
but returns to a different final value:
w ∞* =

d* + 1
.
2τ d *

(7.16)

In its final configuration, the board’s expansion is thus diminished and permanently curved. With
a further increase in the stiffness ratio, we observe a transition in the deformation behavior: instead of a local maximum, the board’s curvature increases monotonously. As such, the board’s
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Figure 7.2: (a) The time of maximum deflection tm* as a function of the stiffness ratio E* for different thickness ratios d*. The time of maximum deflection tm,0* of a board with no finishing layer
is indicated by the horizontal dashed line, whereas the transitional stiffness ratio for the different
thickness ratios is indicated by vertical dashed lines. (b) The transitional stiffness ratio Etr* as a
function of the thickness ratio, with the other lines indicating the stiffness ratio EΨ* at which a
fractional increase Ψ in time of maximum deflection occurs. The insets schematically illustrate the
transient configuration states of the board in different domains.

7

deflection reaches a maximum value larger than the maximum of a board with no finishing layer,
without bending back afterwards.
The transition between the two qualitatively different types of deformation behavior can be
best characterized by the time of maximum deflection. In Figure 3.3, we already demonstrated
that the maximum in deflection can be well captured by using the first two modes of the analytical
expression for the transient deflection. Similarly, the first two modes in Eq. (7.13) provide us the
time of maximum deflection, i.e. the time at which the derivative is zero, as:
 1 3πκ d * + 1 + 6π E * − 6π + 4κ 
1
*
.
t m = 2 ln 
(7.17)
 3 4κ − πκ d * + 1 − 2π E * + 2π 
2π


The time of maximum deflection is presented in Figure 7.2a as a function of the stiffness ratio for
different thickness ratios d*. The time of maximum deflection for d* = 0, here denoted tm,0*, is
the same as in Eq. (3.20) in Chapter 3 and is thus unaffected by the stiffness ratio E*. As can be
seen, for small stiffness ratios the time of maximum deflection tm* is similar to tm,0*: the negligible
stiffness of the finishing layer does not substantially affect the bending behavior of the board. For
increasing E*, the range depending on the thickness ratio d*, we observe a deviation from tm,0*,
after which tm* increases rapidly at a transitional stiffness ratio:

(

Etr* =

(

(

)

)

2π − 8

d 8 − 4π − 2π d *
*

)

.

(7.18)

The transitional stiffness ratio Etr* is the stiffness ratio at which the denominator of the logarithm-term in Eq. (7.17) is zero and marks the transition between the two types of deformation
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behavior. For a stiffness ratio smaller than Etr* the board deflects to a maximum deflection before
bending back towards its final deflection w∞*, whereas a stiffness ratio larger than Etr* is characterized by the coincidence of the maximum and final deflection: no local maximum in deflection
and no bending back is observed. The transitional stiffness ratio is presented in Figure 7.2b as a
function of the thickness ratio. Etr* decreases with increasing d*: a thin finishing layer needs a
higher stiffness to induce the transition in deflective behavior. It can be shown that for d* < 4-2/π,
we can approach the relation in Eq. (7.18) as Etr* ~ (d*)-1, whereas for d* > 4-2/π, the approximation is Etr* ~ (d*)-2.
In addition to the transitional stiffness, we can introduce the fractional increase in the time
of maximum deflection relative to the case of d* = 0: Ψ = tm*/tm,0*-1. The parameter Ψ indicates
the deviation in terms of the time of maximum distribution asymmetry (tm,0*) and maximum
deflection (tm*). We can then use Eqs. (7.17) and Eq. (3.20) from Section 3.4 to express the d*dependence of the stiffness ratio for a certain Ψ-value as:
EΨ* =

8 (ξ − 1 ) − 2π ( 3 + ξ )
1
,
*
d 8 ( 1 − ξ ) + 2π d * ( 3 + ξ ) + 4π ( 3 + ξ )

(7.19)

with

ξ=

1  3π + 4 


3Ψ  4 − π 

Ψ +1

.

(7.20)

The stiffness ratio EΨ* as a function of d* is presented in Figure 7.2b for different Ψ-values. As
such, the different lines indicate the boundaries of domains, based on the combination of E* and
d*, with similar Ψ-value. A combination of large thickness and stiffness ratio, for example, is located in the top-right corner of the figure, where Ψ
∞. Here, the board monotonously deflects
towards its maximum, final deflection, which is illustrated by the schematic inset. On the other
hand, a combination of small stiffness and thickness ratio is located in the bottom-left corner with
small Ψ and thus comparable deflective behavior as with d* = 0: a maximum in deflection, and
subsequent decrease towards a straight, but elongated configuration. A combination of E* and d*
located just below Etr*, however, is defined by the presence of a local maximum in tm*, but considerable deviation from the deflective behavior of d* = 0: the final deflection is non-zero.
So far, we have quantified the deviation from the case of d* = 0 in terms of the time of maximum deflection. In other words, we have distinguished based on the transient deformation behavior. Alternatively, we can assess the discrepancy in terms of the final expansion and deflection
configuration (Eqs. (7.15) and (7.16)). To this end, the final expansion and deflection are shown
in Figure 7.3a as a function of the stiffness ratio for different thickness ratios. For small enough
E*, the final expansion and deflection approach the case of d* = 0: we have ε∞*
1 and w∞*
0. The final configuration is straight, but expanded. With increasing E*, we see a reduction in
final expansion and an increase in final deflection. A further increase in E* results in a further decrease in final expansion, but the final deflection reaches a maximum value, which increases with
decreasing d* and has a value of 0.75 at maximum. Additionally increasing E* results in a diminishment of both the final expansion and deflection: the finishing layer has become mechanically
dominant, preventing substantial deformation of the board.
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Figure 7.3: (a) The final scaled expansion ε∞* and deflection w∞* as a function of the stiffness
ratio E*, for different thickness ratios d*. (b) The stiffness ratio EΓ* at which the deviation in terms
of final configuration has a value Γ, as a function of the thickness ratio. The insets schematically
illustrate the final configuration states of the board in different domains.
To evaluate the departure from the case of d* = 0 quantitatively, we can introduce the combined
deviation from the case of d* = 0 in terms of final expansion and deflection as:
Γ=

7

( ∆ε ) + ( ∆w ) ,
*
∞

2

*
∞

2

(7.21)

where Δε∞* = ε∞*-1 and Δw∞* = w∞*. For small E*, both the deviation in final expansion and deflection from the case of d* = 0 is negligible, hence Γ is minor. For a certain E*, depending on d*,
the deviation in terms of the final deflection is maximum, although the deviation concerning the
final expansion is not maximum yet. Nevertheless, the combination of the two factors results in a
considerable Γ-value. A high stiffness ratio results in the maximum discrepancy in final expansion,
but the deviation in terms of the final deflection approaches zero: the board does not deflect nor
expand. Again, the combination of the two produces a significant Γ-value.
The quantification of the discrepancy concerning the final expansion and deflection can be
represented similarly as in Figure 7.2b. Using Eq. (7.21), we can, for a given thickness ratio, calculate the stiffness ratio EΓ* at which the deviation from the case d* = 0 has a value Γ, as illustrated
in Figure 7.3b. Again, different domains can be defined based on the Γ-value, qualitatively similar
to Figure 7.2b. A combination of small stiffness and thickness ratios results in the same behavior
as the case d* = 0: the final configuration is straight, but elongated, as illustrated by the schematic representation in Figure 7.3b. On the other hand, a combination of large E* and d* results
in a large Γ-value and thus a significant deviation from the behavior in case no finishing layer is
present: in the extreme case, the finishing layer’s stiffness prevents any deformation of the board
whatsoever. In between the two extremes, the final configuration of the board is curved, with an
expansion larger than zero but smaller than the free strain.
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Figure 7.4: (a) The scaled expansion amplitude and (b) the scaled deflection amplitude as a function of dimensionless fluctuation frequency for a thickness ratio d* = 0.4 and different stiffness
ratios (E* = 10-1, 100, 101, 102, and 103). The limits for f*
0 and f*
∞ are added in the figures
as horizontal and inclined dashed lines, respectively.
7.3.2
Sinusoidal fluctuation in exposure moisture content
To derive the frequency characteristics in terms of the expansion and deflection amplitude as a
function of the frequency, we follow the same procedure as was already introduced in Section 3.6.
To this end, the transfer functions for the expansion and deflection are derived from Eq. (7.11) and
Eq. (7.13) respectively:

( )

=
H ε if *

∞
64 f *2 + i 8π f * ( 2n + 1 )
E * d * − d * + 2λ
8
−
a
,
∑ n ,ε
π 2τ d * E * n = 0 S 64 f *2 + π 2 ( 2n + 1 )4
2τ d * E *

(7.22)

∞
64 f *2 + i 8π f * ( 2n + 1 )
d* + 1
4
a
,
−
∑ n ,wS
4
2τ d * π 2τ d * E * n = 0
64 f *2 + π 2 ( 2n + 1 )

(7.23)

( )

Hw =
if *

2

2

where f* = fdS2/DS. The amplitude as a function of fluctuation frequency is the length of the
transfer function in the complex plane, which can be calculated numerically only. The amplitude
in scaled expansion at half-thickness Aε* and in scaled deflection Aw* are presented in Figure 7.4a
and Figure 7.4b, respectively, for a thickness ratio d* = 0.4 and different stiffness ratios (E* = 10-1,
100, 101, 102, and 103).
As we already observed in Section 3.6, the amplitude in scaled expansion approaches a constant value of unity at low frequencies. For increasing stiffness ratio, however, the expansion amplitude attains an increasingly lower value. This value equals the first term in Eq. (7.22) and is
equal to the final scaled expansion ε∞* after a step change in the exposure moisture content, i.e.
Eq. (7.15). For higher frequencies, an inclination in the frequency-dependence of the amplitude occurs. We already derived the limit behavior for the case d* = 0 in Eq. (3.42) in Chapter 3, where we
demonstrated that Aε ~ ( f*)-0.5 for f*
∞. Similarly, we can derive the limit behavior by substitution of the analytical solution of the diffusion equation for small penetration depths, i.e. Eq. (3.40)
in Section 3.6, into Eq. (7.8). The resulting expression for the frequency-dependent amplitude is
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extensive. Here we will explore the limit case f*
lim
Aε* =
*

(d

*

∞, which produces a more concise expression:

)(

2τ d E
*

f →∞

)

+ 1 E * − 1 + 2λ
*

(7.24)

.

2π f *

Similar to Eq. (3.42) in Chapter 3, the result is a frequency-dependence of the amplitude Aε* ~
(f*)-0.5. Eq. (7.24) has been added to Figure 7.4a for the different stiffness ratios; the slope on the
log-log scale is -0.5, with the intercept dependent on the combination of E* and d*.
The frequency-dependence of the deflection amplitude for d* = 0, as presented in Figure 7.4b,
is the same as in Figure 3.10b in Chapter 3: a maximum amplitude around f* ≈ 1, and a decrease
in amplitude for both lower and higher frequencies, with a slope on the log-log scale of 1 and -0.5
for the former and the latter, respectively. For non-zero thicknesses, the amplitude attains a constant value at low frequencies equal to Eq. (7.16), which increases with increasing E*. Similar to
the analysis for a step change in the exposure moisture content, however, a qualitative transition
occurs depending on the thickness and stiffness ratios. For certain combinations, as explored in
Figure 7.2b, no local maximum in deflection amplitude occurs and the maximum deflection amplitude is for f*
0. For f*
∞, the deflection amplitude can be derived similarly as described
above for the expansion amplitude and yields:
lim Aw =

κ ( d* + 1) + 2( E* − 1)
4τ d * E * 2π f *

f * →∞

,

(7.25)

which has been added to Figure 7.4b for the different stiffness ratios. Again, the result is a
frequency-dependence of the amplitude Aw* ~ ( f*)-0.5.
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7.4
MOISTURE-RESPONSIVE FINISHING LAYER
The expressions for the expansion and deflection of the board, i.e. Eqs. (7.3) and (7.4), respectively,
contain two contributions: the contribution of the finishing layer and the support. So far we have
assumed that the finishing layer merely acts as a passive elastic layer counteracting the deformation imposed on the board by the moisture absorption of the active support. If, however, the
finishing layer absorbs moisture and thereby deforms, we need to extend the equations describing
the deformation of the board as a whole.
To arrive at an analytical description of the board’s transient deformation in terms of expansion and bending, we assume that the finishing layer transmits moisture to the support, but has
a constant moisture distribution at all times. This can be the case for a highly permeable ground
layer onto which a low-permeable paint layer has been applied. Whereas the paint inhibits moisture transport, the ground layer poses little resistance. This results in a distortion in the support’s
moisture distribution in the absence of an impermeable layer separating the finishing layer from
the support. As such, we can describe the moisture distribution in the support similar to Eq. (3.29)
introduced in Chapter 3. Substitution of this expression in Eqs. (7.8) and (7.9) yields:

( )

=
ε t
*
S

and
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(

)

d * E * − 1 + 2λ
2τ d E
*

*

−

1

τd E
*

∞

*

∑a
n =0

2 *

n ,ε S

e − pn t ,

(7.26)
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∞
2 *
d* + 1
1
−
an , w S e − pn t ,
∑
*
* *
2τ d
2τ d E n = 0

( )

w S*=
t*

with
a n ,ε S =
( 1 − cos pn )

(

(7.27)

2λ 
2λ 

 *
pn cos pn  1 − d * − *
 + pn  d + 1 + E * − 1  − 2sin pn
−
E
1




E* − 1
, (7.28)
pn3 − pn2 sin pn cos pn

)

(

)

(

)

(

)

(

)

pn cos pn κ − 2 E * d * + 1  + pn κ + 2 E * d * + 1  − 2κ sin pn




an , w S= ( 1 − cos pn )
.
pn3 − pn2 sin pn cos pn

(7.29)

The uniform moisture content in the finishing layer can be described using z* = 1 in Eq. (3.29)
from Section 3.5:
∞

( )

c *F t * = 1 − 2∑
n =1

2 *
1 − cos pn
e − pn t sin ( pn ).
pn − sin pn cos pn

(7.30)

Substitution into Eqs. (7.3) and (7.4) results in the finishing layer’s contributions to the expansion
and deflection of the board as:

ε F* ( t * ) = α *

1 − E * + 2λ *
cF ,
2τ

( )

w *F t * = −α *

(7.31)

d* + 1 *
cF .
2τ d *

(7.32)

The expansion and deflection of the board can be described by combining Eqs. (7.26) and (7.31)
and Eqs. (7.27) and (7.32), respectively. The final configuration will differ from the configuration
derived in Section 7.3 and includes contributions of the moisture-responsive finishing layer. The
final expansion and deflection can be expressed as:

ε ∞* =

(

)(

)

(

d * E * − 1 1 − α * E * + 2λ 1 + α * d * E *
2τ d E
*

*

),

(7.33)

and
w ∞*=

*

( 1 − α ) d2τ d+ 1 .
*

*

(7.34)

Note that Eq. (7.34) is the classical Timoshenko formula (Timoshenko, 1925) in different form.
As an example, the transient expansion and deflection of a board with d* = 0.4, α* = 0.5, h* =
2.5 and different stiffness ratios E* are presented in Figure 7.5. In the absence of a finishing layer,
i.e. d* = 0, the expansion is enhanced and the deflection is decreased, as already explored in Section 3.5. Now, the finishing layer’s stiffness and hygroexpansion additionally affect the transient
and final deformation, which is qualitatively similar to Figure 7.1. The constant moisture content
in the finishing layer in conjunction with the distorted moisture distribution in the support result
in positive deflection at all times.
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Figure 7.5: (a) The scaled expansion at half-thickness of a board over the square root of dimensionless time for different stiffness ratios E*, where we have α* = 0.5 and h* = 2.5. (b) The scaled
deflection of the board’s free end over dimensionless time for different stiffness ratios. The final
values are included as horizontal dashed lines.
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7.5
LOCAL STRESS AND STRAIN DURING DEFORMATION
So far we have analyzed the deformation behavior of a dichotomous board following either a step
change or a sinusoidal variation in the exposure moisture content, with either a moisture-irresponsive or a moisture-responsive finishing layer. For risk analysis in indoor museum climate
management, however, it is desirable to know under which circumstances permanent deformation or damage occurs. The quantity of interest is therefore the internal mechanical stress during
different conditions, and more importantly, which conditions lead to exceedance of certain stress
or strain limits.
Here we will analyze the stress in the length-direction of the board σL, which, in the elastic
range, is proportional to the difference between the imposed strain εL and the free strain εf :

(

)

=
σ L Eˆ ε L − ε f ,

(7.35)

Whereas the free strain is the product of the local moisture increase and the extent of consequential expansion, the imposed strain depends on the current configuration of the board. The
latter is thus dependent on the type of macroscopic mechanical restriction. In this section, we
will therefore consecutively consider three types of external mechanical restrictions: unrestrained,
giving the board the freedom to deform; restrained in bending, but free to expand and contract;
completely restrained, preventing any deformation of the board.
7.5.1
Unrestrained board
Although the board is macroscopically unrestrained in this case, local internal stresses may still
arise as a consequence of a mismatch between imposed strain and free strain. The imposed strain
depends on the position along the thickness-direction of the board, and can be expressed as:
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ε L= ε + x

2w
.
L02

(7.36)

Eq. (7.36) can be made dimensionless similar to Eq. (7.3), which results in:
(7.37)

*
ε=
ε * + 2x*w* .
L

Substitution of the expressions for the scaled expansion and deflection in the absence of moisture-responsiveness of the finishing layer, i.e. Eqs. (7.11) and (7.13), into Eq. (7.37) results in:

ε =
( x ,t ) ε
*
L

*

*

*
L ,∞

(x )
*

∞
−π 2
8
− 2 * * ∑ an x * e
π τ d E n =0

( )

2

(2 n + 1 )
4

t*

(7.38)

,
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ε L*,∞ ( x * ) =
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2τ d E
*

*
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,
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n
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4 ( −1 )  λ + x E − 1
E * − 1 + κ x *  *
+
an x
d
1
.
=
+
−
(7.40)
2
2
π ( 2n + 1 ) 
2 ( 2n + 1 ) 
( 2n + 1 )

Eq. (7.38) thus describes the time-evolution of the imposed strain as a function of the position
along the thickness-direction. The difference between the scaled free strain and the scaled imposed
strain in Eq. (7.38), which we will denote scaled stress here, is then a measure for the local stress in
the length-direction of the board. For the support, the scaled free strain equals the dimensionless
moisture content in Eq. (7.10). In the absence of moisture-responsiveness, the free strain of the
finishing layer is zero at all times. The stresses in the finishing layer are thus proportional to the
imposed local strain.
Examples of the difference between the scaled imposed strain (εL*) and the scaled free strain
c*, i.e. scaled stress, are presented in Figure 7.6 for a fixed stiffness ratio E* = 1. The transient
deformation in terms of the scaled expansion and deflection over time are illustrated for two
thickness ratios: d* = 0.1 in Figure 7.6a and d* = 1 in Figure 7.6b. The transient configurations are
schematically indicated by the insets in the figures. The corresponding scaled stress distribution is
shown in Figure 7.6c and Figure 7.6d for d* = 0.1 and d* = 1, respectively. Due to the absence of
moisture-responsiveness of the finishing layer, the scaled stress distribution is linear as dictated by
the imposed strain. The free strain of the support lowers the difference and thus the scaled stress,
which gives rise to large differences at the interface between the support and the finishing layer
and thus shear stresses. The difference is larger for a thin finishing layer and maximum in the
final configuration. The scaled distribution in the final configuration is linear both in the finishing
layer and the support, with a jump at the interface of unity, corresponding to the scaled free strain
level in the support.
The imposed strain in the length-direction of a board at the exposed surfaces of both the
finishing layer and the support (x* = -(d*+1)/2 and x* = (d*+1)/2 in Eq. (7.38), respectively)

( )
*
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Figure 7.6: The scaled expansion and deflection over the square root of dimensionless time, for two
thickness ratios: (a) d* = 0.1 and (b) d* = 1, and E* = 1. Three different transient states are indicated schematically. The difference between scaled local imposed strain (εL*) and the local scaled free
strain (c*) as a function of the scaled distance x* from the board’s center for (c) d* = 0.1 and (d) d*
= 1, for the different transient states indicated in (a) and (b).
are presented as a function of time in Figure 7.7. Two thickness ratios are considered: d* = 0.1 in
Figure 7.7a and d* = 1 in Figure 7.7b, with different stiffness ratios (E* = 10-1, 100, 101, and 102). For
small E*, the surface of the finishing layer is initially slightly compressed by the board’s curvature
before being expanded to a final strain near unity. Concurrently, the imposed strain at the support’s exposed surface rises monotonously to a final value near unity. With increasing E*, both the
initial compression and the final strain at the finishing layer’s surface diminish. For high E*, the
imposed strain at the finishing layer’s surface barely evolves, and the final curvature of the board
even leads to a slight compression of the finishing layer. The final imposed strain at the exposed
surface of the support increases with E*. Since the free strain at this surface is unity by definition,
the surface is in compression initially, but in tension at the end. The magnitude of the final tension
increases with stiffness ratio; the board’s persistent curvature stretches the surface of the support
beyond the free strain.
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Figure 7.7: The scaled imposed strain in the length-direction of the board at the exposed surfaces
of the finishing layer (x* = -(d*+1)/2) and the support (x* = (d*+1)/2) over the square root of
dimensionless time, for a thickness ratio of (a) d* = 0.1 and (b) d* = 1, and different stiffness ratios
(E* = 10-1, 100, 101, and 102).
The final strain at the surface of the finishing layer, i.e. Eq. (7.39) for x* = -(d*+1)/2, can be expressed as:
*
ε FS
,∞ =

(

1 − 3 E * d *2 − 2 E * d *3

)

E * d * E * d *3 + 4 d *2 + 6d * + 4 + 1

,

(7.41)

and is presented in Figure 7.8a as a function of the stiffness ratio, for different thickness ratios.
Again, for small enough E*, the final strain of the finishing layer’s surface is equal to the free strain
of the support. With increasing E*, we observe a decrease in the final strain, engendered by the
counteraction of the finishing layer’s stiffness preventing the board to reach a straight, final configuration. For certain ranges of E*, depending on d*, the persistent curvature of the board results
in a negative final strain at the finishing layer’s surface, even though the free strain is positive. In
other words, the finishing layer is in compression while the support has absorbed moisture, and
vice versa. For high stiffness ratios, the finishing layer is dominant and no expansion whatsoever
occurs. At most, the negative strain has a value equal to -0.5, which can be derived by assessing the
zero of the derivative to E* of the final strain (∂E ε*FS,∞ = 0).
A contour plot of the final strain at the exposed surface of the finishing layer is shown in Figure 7.8b as a function of both d* and E*. For a combination of small d* and E*, i.e. located in the
bottom left corner, the final strain is approximately unity. Increasing either d* or E* results in a
diminishing final strain: the combinations of d* and E* which yield a zero final strain are indicated by the white dashed line. A further increase of d* or E* results in a negative final strain, i.e.
opposite in sign to the free strain, which is indicated by the grey shaded area. A combination of
both high d* and E* means a mechanically dominant finishing layer: as such, the final strain, even
though it is negative, is negligible.
Similar to the procedure followed in the derivation of Eqs. (7.22) and (7.23) we can characterize the frequency behavior of the imposed strain at a certain position, i.e. calculate the transfer
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Figure 7.8: (a) The final scaled strain at the surface of the finishing layer as a function of the
stiffness ratio E*, for different thickness ratios. (b) Contour plot of the final strain at the surface of
the finishing layer as a function of both the stiffness and thickness ratios. The area with negative
values, i.e. opposite in sign to the free strain, are shaded grey.
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function of Eq. (7.38). Accordingly, we can calculate the amplitude in imposed strain at the surface of the finishing layer as a function of the frequency f* and the stiffness and thickness ratios.
For infinitely slow fluctuations ( f*
0), the system is in equilibrium at all times. As such, the
amplitude in imposed strain equals the final strain in Eq. (7.39). For the surface of the finishing
layer, the amplitude can be expressed by Eq. (7.41) and is the same as presented in Figure 7.8. In
the contour plot in Figure 7.8b, the grey area now represents combinations of d* and E* where
the fluctuation in imposed strain is opposite of sign to the fluctuation in free strain of the support,
i.e. the finishing layer is in compression while the support has absorbed moisture, and vice versa.
Furthermore, the line εFS,∞* = 0 now demonstrates the combinations where no strain is imposed
on the surface of the finishing layer.
For higher frequencies, the system is out of equilibrium and the dynamics are therefore different. A contour plot of the amplitude in local strain at the exposed surface of the finishing layer,
as a function of the thickness ratio d* and the stiffness ratio E*, is presented in Figure 7.9. Two
different fluctuation frequencies are considered: f* = 1 in Figure 7.9a and f* = 10 in Figure 7.9b.
The grey areas indicate combinations of d* and E* where the amplitude in imposed strain at the
surface of the finishing layer are larger than the amplitude in free strain. Note that this is the case
for a combination of large d* and small E*: a relatively thick, but mechanically weak finishing layer. The substantial deformation of the board in terms of expansion and bending results in imposed
strain amplitudes larger than five and two times the free strain amplitude, for f* = 1 and f* = 10,
respectively. An amplitude in free strain (αcR, with cR the amplitude in moisture content of the
support) of 1% can thus engender a strain at the surface of the finishing layer of 5%, which can be
large enough as to cause damage.
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Figure 7.9: Contour plot of the amplitude in imposed strain at the exposed surface of the finishing
layer A* as a function of bot the thickness ratio d* and stiffness ratio E*, for a frequency of (a) f*
= 1 and (b) f* = 10. The grey shaded areas indicate combinations of d* and E* where the amplitude
in imposed strain is larger than the amplitude in free strain. The contour lines mark combinations
of d* and E* with similar amplitude: solid lines for an unrestrained board, dashed lines for a board
restrained in bending only.
7.5.2
Board restrained in bending only
In case the panel is restrained in bending only, i.e. equipped with a structure of frame which prevents out-of-plane deformation, the strain is independent of the position along the thickness of
the board and equals the expansion of the board at half-thickness. As a result, the time-evolution
of the expansion is different from Eq. (7.3). Following the analysis by Scherer (1987), and scaling
the equation similar to Eq. (7.3) results in:
( d* + 1 ) 2
( d* + 1 ) 2


1
*
* *
*
*
*
*

=
+
ε
α
E
c
dx
c
dx
(7.42)
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d* −1 ) 2
d* −1 ) 2
(
(


For a moisture-irresponsive finishing layer, i.e. α* = 0, the imposed strain is proportional to the
amount of moisture in the support, reduced by a factor (d*E*+1)-1. The analysis on the board’s
expansion in Chapter 3 thus applies to the strain in the finishing layer here, taking into account
the reduction factor (d*E*+1)-1.
For low frequencies f*, the strain amplitude of an unrestrained support approaches unity (see
Figure 3.10a): hence the strain amplitude for a board restrained in bending equals (d*E*+1)-1. For
high frequencies f*, the amplitude in imposed strain Aε* can be approximated by combining Eq.
(3.42) in Section 3.6 and Eq. (7.42) with α* = 0:
Aε* =

1
1
.
d * E * + 1 2π f *

(7.43)

Eq. (7.43) is presented in Figure 7.9a and Figure 7.9b as dashed lines. We already demonstrated
that the strain amplitude at the surface of the finishing layer can be as large as five times the free
strain amplitude for an unrestrained board. For a board restrained in bending, the maximum
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strain amplitude is smaller than 0.5 (for f* = 1) and 0.2 (for f* = 10). This is significantly lower:
bending-restriction can thus substantially reduce the risk of damage in the finishing layer of a
panel painting for certain combinations of d* and E*.
7.5.3
Fully restrained board
In the case of a fully restrained board, the imposed strain is zero at all times all throughout the
board. As a consequence, the local stress in the board’s length-direction depends solely on the
local moisture content. A moisture-irresponsive finishing layer will thus experience no stress at
all times; stresses only arise in the support. These stresses are simply proportional to the scaled
moisture distributions, as presented for example in Figure 3.6b in Chapter 3, opposite in sign.
Since we will focus on the imposed strain on the gesso layer in the following, we will not analyze
this type of mechanical restriction here.

7

7.6
CASE STUDY: DEFORMING PANEL PAINTING
To relate the analysis in the previous sections to a museum environment, we will perform a case
study on a hypothetical panel painting housed in a dynamic humidity environment. By making
assumptions on the structure of the panel and selecting maximally allowable strains, we are able
to assign acceptable fluctuations in RH as a function of fluctuation frequency. We will consider two
different panel painting structures: both consist of an oak support in tangential direction (with αS
= 0.3 and DS = 3∙10-11 m2/s) and a gesso ground layer. Gesso has been recognized to be the most
vulnerable component in a panel painting, with the lowest strain at break (Mecklenburg, et al.,
1998). As such, and to explore worst case scenarios, we will adopt relatively conservative critical
strain levels in the gesso provoking permanent plastic deformation (εyield = 0.0025) and damage
(εbreak = 0.006). Due to the limited moisture-responsiveness of gesso compared to wood, we will
assume α* = 0. Furthermore, to relate cyclic fluctuations in RH to concurrent changes in moisture
content, we use the relation between amplitude in RH (ARH) to amplitude in moisture content (AMC)
from Figure 5.13a in Chapter 5. As such, the presented guidelines are for fluctuations around an
equilibrium RH of 70%.
In the first structure type, an impermeable, but mechanically not participating glue layer separates the gesso from the oak support. Furthermore, no paint layer is present on the gesso’s surface.
Since we have assumed α*, we can apply the analyses in Section 7.5 to describe the imposed strain
onto the gesso’s surface as a function of frequency f*. In the second structure type, no glue layer is
present, but oil paint is applied to the gesso’s surface. The oil paint poses a resistance to moisture
exchange between the gesso and the ambient air. If we assume that the moisture diffusion coefficient through the gesso is much larger than in the oil paint and the oak support, we can employ
the analysis in Section 7.4.2 in a similar manner as in Section 7.5 to describe the imposed strain
onto the gesso’s surface as a function of fluctuation frequency. To this end, we assume an oil paint
permeability producing hF = 8.5∙10-9 m/s in Eq. (3.27) in Chapter 3 (Allegretti & Raffaelli, 2008).
The acceptable RH amplitude as a function of fluctuation period is presented in Figure 7.10a
and Figure 7.10b, for the two types of painting structures, respectively. For fluctuation amplitudes
below the solid line, only elastic deformation occurs in the gesso layer. For larger amplitudes, i.e.
in the area bound by the solid and dashed lines, the gesso may deform plastically. Amplitudes larg-
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Figure 7.10: The allowable amplitude in RH (ARH ) around an equilibrium RH of 70% as a function
of fluctuation period in order to prevent plastic deformation or damage, for an unrestrained board
and a board restrained in bending. Two approximations are presented: (a) an impermeable glue
layer between the gesso and the oak support, and (b) no glue layer, but oil paint on the surface of
the gesso, with h* = 2.8. We have furthermore assumed α* = 0, E* = 4, d* = 0.1, and dS = 10 mm.
er than the dashed line result in damage near the gesso’s surface. As can be seen, the acceptable
amplitude increases with frequency: the smaller penetration of moisture into the support results
in a smaller imposed strain onto the gesso. As such, daily fluctuations with an amplitude smaller
than 30% result in neither plastic deformation nor damage, regardless of the structure type and
mechanical restriction.
The influence of restricting the board from bending results in smaller acceptable amplitudes,
especially at low frequencies. This effect is more pronounced for oil paint applied to the surface of
the gesso: when unrestrained, the oil paint permeability decreases the bending of the board and
thus the imposed strain on the gesso. As demonstrated in Figure 7.10b, the allowable amplitude to
prevent plastic deformation when unrestrained is as high as 26%, and larger than 30% to prevent
damage. When restrained, these values decrease to 12% and 18%, respectively.
Increasing the gesso’s thickness compared to the support, i.e. both 5 mm and thus d* = 1, results in larger allowable RH amplitudes, as shown in Figure 7.11. The larger gesso thickness reduces the deformation of the board as a whole. As a result, larger RH amplitudes are tolerated due to
the decreased imposed strain onto the gesso. This effect is minor for an unrestrained board, which
can be related to Figure 7.8b and Figure 7.9: d* = 0.1 and d* = 1 lead to similar amplitudes at the
gesso surface, although opposite in sign for infinitely low frequencies. As opposed to Figure 7.10a,
mechanical restriction promotes larger allowable RH amplitudes for a restrained board in the absence of oil paint applied onto the gesso. The allowable amplitude for the structure with oil paint
in Figure 7.11b is qualitatively similar to Figure 7.10b, although differences between restrained and
unrestrained boards are reduced.
Decreasing the stiffness of gesso by two orders of magnitude (E* = 0.04) results in lower
allowable RH amplitudes, as illustrated in Figure 7.12. For a mechanically restrained board, regardless of the presence of oil paint, the acceptable amplitudes for both preventing plastic defor-
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Figure 7.11: The allowable amplitude in RH (ARH ) around an equilibrium RH of 70% as a function
of fluctuation period in order to prevent plastic deformation or damage, for an unrestrained board
and a board restrained in bending. Two approximations are presented: (a) an impermeable glue
layer between the gesso and the oak support, and (b) no glue layer, but oil paint on the surface of
the gesso, with h* = 1.4. We have furthermore assumed α* = 0, E* = 4, d* = 1, and dS = 5 mm.

7

mation and damage decrease by at least 10%. In Figure 7.9, we already recognized the worst case
condition of a mechanically weak but thick finishing layer on an unrestrained support. Certain
fluctuation frequencies can induce substantial strain onto the gesso’s surface of an unrestrained
board, which is reflected in Figure 7.12a: as opposed to previous cases where the lowest allowable amplitude was associated with slow fluctuations, the lowest acceptable amplitude provoking
plastic deformation (10%) corresponds to a fluctuation period of nine days. A yearly fluctuation is,
however, accompanied by an allowable amplitude of 14%. We moreover observe the small allowable amplitude for a daily fluctuation of 14%. A mechanically weak finishing layer thus significantly
increases a panel painting’s vulnerability to damage. In the extreme case of negligible mechanical
properties of the finishing layer, i.e. E* = 0, the lowest allowable amplitude further decreases to
7.5% for this thickness ratio.
In previous sections we already observed the dependence of the deformation on several factors. Not only the internal moisture content distribution of the support, but also the thickness and
stiffness of the finishing layer affect the deformation, as does the fluctuation frequency. This is also
reflected in the allowable RH amplitudes presented in the three cases here. A daily fluctuation is
generally less damaging than a similar yearly fluctuation. When unrestrained, an oil paint layer reduces the internal moisture content asymmetry in the support, which limits the board’s transient
bending. As a consequence, the strain amplitude in the gesso decreases and thus larger RH amplitudes are permitted. When restrained, the acceptable limits are similar. We can thus conclude that
guidelines on acceptable limits are highly dependent on the structure of the panel painting and the
type of mechanical restriction.
Several simplifying assumptions have been made to arrive at the guidelines presented here.
The stiffness of both the support and the gesso has been assumed constant. The stiffness of gesso
and wood in general, however, decreases with moisture content (Mecklenburg, et al., 1998), which
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Figure 7.12: The allowable amplitude in RH (ARH ) around an equilibrium RH of 70% as a function
of fluctuation period in order to prevent plastic deformation or damage, for an unrestrained board
and a board restrained in bending. Two approximations are presented: (a) an impermeable glue
layer between the gesso and the oak support, and (b) no glue layer, but oil paint on the surface of
the gesso, with h* = 1.4. We have furthermore assumed α* = 0, E* = 0.04, d* = 1, and dS = 5 mm.
is accompanied by an increase in the yield and breaking strain. Both materials exhibit the same
qualitative trend. Quantitative deviations may, nevertheless, arise due to the nonlinear nature of
moisture content-dependent factors. The extent of this effect can only be studied by numerically
solving Eqs. (3.2) and (3.3) from Section 3.3, which is outside the scope of this study.
Moreover, due to the availability of experimental data on the coupling between RH amplitude
and moisture content amplitude, we have considered a fluctuation around an equilibrium RH
of 70%. Fluctuations around 50% are, however, more common in museum environments. This
leads to an alteration of the relation between RH amplitude and moisture content amplitude in
Figure 5.13a in Chapter 5. It is nevertheless expected that the relation is qualitatively similar, with
probably an even lower slope at small amplitudes. If deviations are to be anticipated, it is likely
that we underestimate acceptable RH amplitudes here. In other words, we predict that larger RH
amplitudes are allowed for fluctuations around an equilibrium RH of 50%.
7.7
CONCLUSIONS
We have presented a theoretical framework for the elastic analysis of the moisture-induced deformation of a mechanically dichotomous board. The mechanical properties of the finishing layer
result in a qualitative and quantitative deviation from the analysis in Chapter 3. The transient
deformation is not only engendered by the moisture content asymmetry, but additionally by the
stiffness asymmetry of the composite board. As such, the characteristic decrease in deflection after
a maximum for a single support vanishes, and the board’s deflection increases monotonously to
its maximum. Furthermore, the final configuration differs and is dependent on the stiffness and
thickness ratios, and in case of a moisture-responsive finishing layer, additionally on the moisture-responsiveness ratio. All these factors also influence the transient behavior.
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We have, using explorative case studies on a hypothetical panel painting, furthermore demonstrated that the allowable RH amplitude depends on a multitude of factors. Not only the fluctuation
frequency, but both support and finishing layer thickness, their stiffness ratio, structure type, and
mechanical restriction affect the acceptable amplitude. In most cases large amplitudes in daily
fluctuations are permitted, and smaller amplitudes in yearly fluctuations. The worst case scenario
of a mechanically weak finishing layer leads to the lowest tolerable RH amplitude of 10% as to
prevent plastic deformation. The latter further decreases to 7.5% in case the mechanical properties of the gesso are negligible, but the thicknesses of the gesso and the support are equal. Despite
the worst case scenario considered and the conservative limits wielded, this is still higher than the
generally applied limits in museums.
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Moisture transport in pine wood during
one-sided heating studied by NMR

The quantification of moisture transport in heated wood is relevant to several fields, e.g. for lumber drying and processing and for fire safety risk assessment. We present non-destructive and
simultaneous measurements of the moisture content and temperature distributions in pine wood
during unilateral exposure to a heat source. The moisture content is measured by a nuclear magnetic resonance setup specifically built for the evaluation of moisture transport in porous materials
at elevated temperatures. Temperature profiles are obtained by thermocouples placed at different
distances from the exposed surface. While the temperature rises, a peak in the moisture content
is formed, which travels towards the unexposed surface. The velocity of the moisture content
peak depends on the principal direction in which transport occurs, as confirmed by experiments.
Numerical simulations of moisture transport are performed which can qualitatively reproduce the
behavior observed in experiments. Moreover, several characteristics, such as the timescale and
non-linearity of the moisture peak position, are well captured. The influence of the permeability
and diffusion coefficient on the moisture peak dynamics is numerically explored.

This chapter has been adapted from: T. Arends, A.J. Barakat, L. Pel, Experimental Thermal and
Fluid Science 99 (2018): 259-271. The experimental part will also appear as a chapter in the PhD
thesis of A.J. Barakat.
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8.1
INTRODUCTION
Infra-red radiation from sunlight or lighting sources can cause local heating of the surface of a
panel painting. Not only degradation in the paint layer may occur as a consequence, also moisture transport in the wooden support can be induced due to temperature gradients. Furthermore,
objects or structural elements may be exposed to extreme conditions, as demonstrated in the
recent fire in the Notre Dame Cathedral in Paris. At these high temperatures, wood degenerates
by pyrolysis, which can result in the destruction of an object or the failure of a structural element.
For that reason, several high-temperature performance requirements are imposed on a building
component (Fredlund, 1993), for instance on the conservation of loadbearing or insulating capacities. In fire risk assessment, it is therefore of high importance to be able to accurately predict the
fire behavior of materials comprising the building component. Since moisture plays a major role in
many properties of wood, the qualification and quantification of moisture transport mechanisms
is essential.
Numerous modeling studies on heat and mass transfer in wood during exposure to high temperatures exist in literature (Fredlund, 1993; Janssens, 2004; Pecenko, et al., 2015); applications
are in both fire safety of wood building components (Thi, et al., 2017), as well as in industrial applications, e.g. wood drying (Plumb, et al., 1985; Di Blasi, 1998; Perre & Turner, 2002; Carr, et al.,
2013; Oumarou, et al., 2014; Vu & Tsotsas, 2018). These models consist of coupled heat and moisture transport equations, i.e. the temperature distribution is influenced by moisture transport and
vice versa. Most experimental studies on fire behavior of wood are comprised of measurements
of the temperature distribution alone (Reszka & Torero, 2008). Experimental studies on moisture
transport in wood during fire conditions are scarce; measuring moisture content non-destructively is more complex. Moisture content meters, embedded in a wood slab in a vertical furnace, have
been used before to measure moisture profiles at high temperatures by White and Schaffer (1981).
The authors recognized, however, that using moisture content meters comes at the expense of
large errors. Other non-destructive measurement methods are therefore preferred when measuring moisture content (Roels, et al., 2004), such as neutron imaging (Ghilani, et al., 2014; Sedighi
Gilani, et al., 2014), which, however, requires a neutron source. Another powerful technique is
nuclear magnetic resonance (NMR), which has been widely applied to study moisture transport
in a variety of porous materials, such as granular beds (Donkers, et al., 2017), fluidized bed dryers
(Peglow, et al., 2011), building materials (Nunes, et al., 2017), and also wood (Zhou, et al., 2018),
as in Chapters 2 and 6. Most NMR studies focus on isothermal moisture transport; performing
non-isothermal measurements on porous materials requires a specialized setup, able to withstand
high temperatures and equipped with a Faraday shield as to allow quantitative measurement.
Moreover, several materials, e.g. concrete and refractories, possess the risk of explosive spalling
when heated, requiring additional safety measures. Such a custom-built NMR setup has been developed to assess the non-isothermal moisture transport in concrete (van der Heijden, et al., 2007;
van der Heijden, et al., 2012), fired-clay brick (van der Heijden, et al., 2009), gypsum (van der
Heijden, et al., 2011a), and refractory materials (Barakat, et al., 2018). Here, we will employ the
setup to explore the moisture transport in wood during heating.
The goal of this study is the simultaneous and non-destructive measurement of both moisture
content and temperature in pine wood during intensive one-sided heating, simulating the initial
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Figure 8.1: Schematic microstructure (a tracheid cell) of pine wood used in our model. Longitudinal transport occurs perpendicular to the figure, radial/tangential transport takes place in-plane.
period of a fire. Accordingly, a custom-built NMR setup is used, which has been introduced before
(van der Heijden, et al., 2011b), in combination with inserted thermocouples. Moreover, numerical experiments with a non-isothermal moisture transport model are performed to capture basic
characteristic features of moisture transport during these conditions. The theoretical framework
of the numerical model will be introduced first, followed by a concise description of the experimental procedure. Experimental and numerical results are presented and discussed, and finally
conclusions are drawn.
8.2
THEORY
8.2.1
Microstructure
In this section, a two-phase model is formulated for the description of moisture transport in wood
during non-isothermal conditions. The model shares similarities with models present in literature
(Di Blasi, 1998; Pecenko, et al., 2015; Le, et al., 2018). Since tracheid cells make up over 90% of
the volume of softwood (Forest Products Laboratory, 2010), we assume here that the microscopic
structure of our material can be simplified to the representation given in Figure 8.1 (similar to
(Eitelberger, et al., 2011)). The tracheid cell consists of an air-filled cell space (typical diameter
30 μm (Havimo, et al., 2009)), surrounded by a cell wall (typical thickness 3 μm (Havimo, et al.,
2009)). The cell space contains a mixture of dry air and water vapor (not measurable by NMR
due to low concentration), whereas the cell wall contains liquid or clustered water (measurable
by NMR). Moisture exchange occurs at the boundary between the cell space and the cell wall. We
furthermore presume slow cell wall moisture transport compared to the water vapor flux. Hence
we can neglect the influence of cell wall water transport on the overall transport of moisture
(Fredlund, 1993).
8.2.2
Moisture, air, and heat flux
In the experiments, the configuration of the samples is such that transport occurs in only one
direction, i.e. in either the longitudinal or along a combined radial/tangential direction of the
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wood (see Figure 8.1). Moisture and heat transport can therefore be treated as one-dimensional
processes. Along the transport direction, transport of dry air and vapor is induced by a gradient
in the total gas pressure pg. Furthermore, differences in air and vapor mass fraction concentration
(ρa / ρg or ρv / ρg) cause diffusive transport of the respective species. Accordingly, the flux of dry air
and vapor J can be expressed as:
k ∂pg
∂ρ 
Jv =
v , a,
− ρi
− Dg ρ g  i  , i =
(8.1)
µ ∂z
∂z  ρ g 
where ρa and ρg are the concentration of dry air and vapor, respectively, k the gas permeability of
the material, μ the gas viscosity, z the distance from the exposed surface in the transport direction
(longitudinal or radial/tangential), Dg the gas diffusion coefficient, and ρg the total gas concentration ( ρg = ρa + ρv ).
In the experiments, one surface of the sample will be exposed to a constant heat source. Consequentially, one-dimensional heat transport occurs towards the opposite, unexposed surface. We
assume that, in the absence of cell wall water flow and the water vapor density being too low to
contribute to convective heat transfer, the heat flux Q will consist of a conductive term only:
Q = −λ

∂T
,
∂z

(8.2)

where λ is the heat conductivity of the material and T the temperature.
8.2.3
Coupling between water vapor and cell wall moisture
As mentioned before, we presume slow cell wall moisture transport compared to the water vapor
flux. The NMR-measurable cell wall moisture content can therefore only change due to moisture
exchange with the vapor in the cell space. We assume the exchange rate ξ to be proportional to the
difference between actual and equilibrium cell wall moisture content weq:

8

(

)

=
ξ κ s w − w eq ,

(8.3)

where w is the mass-based cell wall moisture content, κ the moisture exchange rate constant, and
s the specific surface area for moisture exchange. The total moisture content c is then the sum of
the cell wall moisture content and the vapor concentration. A crude approximation of the exchange
rate constant κ is introduced here as κ = Dcw ρmat /dcw, where Dcw is the cell wall moisture diffusion
coefficient (Gezici-Koç, et al., 2017), ρmat the wood density, and dcw the typical cell wall thickness.
8.2.4
Constitutive relations
To couple the vapor concentration to vapor pressure and to temperature, we assume that the dry
air and water vapor behave as ideal gasses, so that we have:
=
ρi

pi M i
=
, i v , a,
RT

(8.4)

where pa and pv are the pressures of the air and vapor phases, respectively, ( pg = pa + pv ), Mv and
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Ma are the molar masses of water and dry air, respectively, and R is the gas constant. The relation
between the equilibrium moisture content weq and the relative humidity h (the ratio of the vapor
pressure over the saturated vapor pressure, i.e. h = pv /pvs) can be expressed using a temperature-dependent sorption curve for wood (Skaar, 1988; Bastías & Cloutier, 2005; Forest Products
Laboratory, 2010):
a1
w eq ( h, T ) =
,
a3
(8.5)
−1
1 + a2 h − 1 3

(

)

with the temperature-dependent variables:
a1 =
−5.90 ⋅ 10 −7 T 2 − 9.73 ⋅ 10 −5 T + 0.40,
a2 =
−2.18 ⋅ 10 −6 T 2 − 0.02T − 2.69,
−6

(8.6)

−3

2

a3 = 2.06 ⋅ 10 T − 1.67 ⋅ 10 T + 2.29.

The sorption curve predicts a decrease in the sorption capacity of the wood with an increase in
temperature.
Since the relative humidity is the ratio of the vapor pressure over the saturated vapor pressure,
we need an expression to describe the temperature-dependence of the saturated vapor pressure.
To this end, the Magnus equation is used as an approximation (Alduchov & Eskridge, 1996):
T − 273 

p=
610 ⋅ exp  17.6
.
vs
T − 30 


(8.7)

8.2.5
Conservation equations for vapor, air, cell wall water, and energy
The macroscopic balance equation for the vapor phase includes the vapor flux (Eq. (8.1)) and the
moisture exchange rate term (Eq. (8.3)), which combine to give:
∂n ρ v
∂nJ v
=
−
+ξ,
∂t
∂z

(8.8)

where n is the relative cell space volume or porosity and t is time. A similar balance equation for
dry air can be formulated, without the source term on the right side:
∂n ρ a
∂nJ a
.
= −
∂t
∂z

(8.9)

In the absence of a liquid water flux, the cell wall moisture conservation equation depends only on
the moisture exchange term:
∂ρmat w
= −ξ .
∂t

(8.10)

The energy balance equation is composed of the heat flux (Eq. (8.2)) and the evaporation enthalpy:
∂ρmat c p T
∂t

+

H
∂Q
=
−ξ v ,
∂z
Mv

(8.11)
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where cp is the heat capacity of the material and Hv the evaporation enthalpy.
Substitution of fluxes and constitutive relations in Eqs. (8.8)-(8.11) results in conservation
equations for the vapor phase, air phase, cell wall moisture, and energy, respectively, as:
Dpv M a
Dpa M v
k  ∂p
k  ∂p 
1 ∂pv ∂  1 
1
+  
− pv  a − 
+ pa  v 
T ∂t ∂z  T  pv M v + pa M a µ  ∂z T  pv M v + pa M a µ  ∂z 
(8.12)
 pv   pv ∂T
R κs 
=
,T   + 2
,
 w − w eq 

M v n 
 pvs   T ∂t
Dpa M v
Dpv M a
k  ∂p
k  ∂p  pa ∂T
1 ∂pa ∂  1 
1
+  
− pa  v − 
+ pv  a  =
, (8.13)
T ∂t ∂z  T  pv M v + pa M a µ  ∂z T  pv M v + pa M a µ  ∂z  T 2 ∂t

ρmat


 p

∂w
=
−κ s  w − w eq  v , T   ,


∂t
 pvs  


(8.14)

and

ρmat c p

 p

H 
∂T ∂  ∂T 
− λ
=
−κ s v  w − w eq  v , T   .


∂t ∂z  ∂z 
M v 
 pvs  

(8.15)

8.2.6
Initial and boundary conditions
We assume that, initially, the cell wall moisture is distributed evenly along the length of the sample.
Furthermore, the initial moisture content is the equilibrium value corresponding to the initial relative humidity h0. Similarly, the initial temperature distribution is uniform throughout the sample:
=
w ( z , 0 ) w=
T0 .
eq ( h0 , T0 ) , T ( z , 0 )

8

(8.16)

Similar to the experiments, the heat source at the exposed surface is represented by a radiative
heat flux, proportional to the difference in emittance temperature and surface temperature to the
fourth power. The back surface is insulated to prevent heat transport, resulting in a zero temperature gradient:
−λ

∂T
εσ TR 4 − T 4 ,
( 0, t ) =
∂z

(

)

∂T
0,
( L, t ) =
∂z

(8.17)

where ε is the emissivity coefficient of the emitting surface, σ the Stefan-Boltzmann constant, and
TR the emittance temperature.
Initially, water vapor and cell wall moisture are in equilibrium, hence the vapor pressure is
distributed evenly too. We further assume that the vapor pressure at the exposed surface remains
unchanged. The back surface is completely sealed to obstruct vapor transport, resulting in a noflux boundary condition. In combination with the absence of a temperature gradient, this results
in a zero pressure gradient:
pv ( z , 0=
) p=a pveq ( w 0 ) , pv ( 0, t=) pa ,
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( L, t=) 0.
∂z

(8.18)
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Figure 8.2: Schematic representation of the temperature, relative humidity, and vapor pressure
distributions during one-sided radiative heating of one exposed surface of an insulated pine cylinder. The experimental configuration is schematically shown on top. A peak in the gas pressure some
distance away from the exposed surface, due to release of cell wall moisture as vapor at increased
temperatures, induces flow towards both the exposed and unexposed surface. The temperature
distribution determines the local saturated vapor pressure, which results in a local maximum in
relative humidity. Diffusion tends to level off this peak, resulting in a diffusive vapor flux towards
both the exposed and unexposed surface.
The transport processes described in the equations above are schematically depicted in Figure 8.2
in terms of temperature, relative humidity and gas pressure distributions. A rise in temperature
results in an increase of the local saturated vapor pressure (see Eq. (8.7)). The consequential decrease in relative humidity induces the release of moisture from the cell wall as water vapor, in
accordance with the source terms in Eqs. (8.12) and (8.13). Accordingly, the vapor pressure and
thus the gas pressure increase, thereby inducing pressure-driven water vapor transport towards
both the exposed and unexposed surfaces. This is represented by the permeability terms between
the square brackets in Eqs. (8.12) and (8.13). Meanwhile, pressure-driven air transport also occurs
which tends to decrease the local gas pressure. In addition to the pressure-driven water vapor
transport, water vapor diffusion occurs away from the peak in relative humidity towards both
the exposed and unexposed surface. The local temperature determines the local vapor saturation
pressure. If vapor is transported towards regions of lower saturation pressure, the relative humidity rises. This, in turn, induces moisture exchange with the cell wall, resulting in a rise in the local
moisture content.
8.3
MATERIALS AND METHODS
8.3.1
Material and sample preparation
Pine wood cylinders with a diameter of 70 mm and a length of 70 mm are prepared with their axis
in either one of the principal directions of wood (longitudinal, i.e. along the grain, and, perpen-
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Figure 8.3: Schematic representation of the NMR setup used to continuously measure moisture
content profiles of a cylindrical pine wood sample, while heated unilaterally by an array of halogen
lamps.
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dicular to that, combined radial/tangential). The cylinders are equilibrated at an RH of 53%, after
which they are wrapped in Teflon tape and squeezed in a tight Teflon beaker to seal the sides for
moisture transfer, thus creating a semi one-dimensional experiment. Holes are drilled at different
distances from the exposed surface (5, 12, 20, 30, 45, and 65 mm), in which thermocouples are
placed to measure the temperature during the experiment. The beakers are additionally wrapped
in a layer of Rockwool© insulation material to prevent heat losses to the sides and the back surface.
The beakers are then placed in the NMR setup, described below.
8.3.2
NMR setup
A home-built NMR setup is used to measure moisture content profiles of a pine cylinder, while it is
exposed to a heat source on one side. The setup, schematically shown in Figure 8.3, was specifically
designed for performing non-isothermal moisture measurements on building materials, and will
be introduced here briefly; a more extensive description can be found elsewhere (van der Heijden,
et al., 2011b; Barakat, et al., 2018).
The setup is placed inside the bore of a 1.5 T whole-body medical magnetic resonance imaging (MRI) scanner (Gyroscan, Philips), which provides the main magnetic field during the experiments. A constant gradient of 80 mT/m in the main magnetic field is achieved with two anti-Helmholtz coils, enabling us to measure one-dimensional profiles with a spatial resolution of
approximately 3 mm (Barakat, et al., 2018). A birdcage coil, made from copper strips wrapped
around an alumina (AlO3) tube, is used for sending radio-frequency (RF) pulses and receiving the
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signal from the sample. The alumina tube is able to withstand high temperatures and provides no
background signal. In order to perform quantitative measurements, the coil is equipped with an
internal Faraday shield, which prevents detuning of the RF-coil induced by changes in the dielectric constant. To measure the spatial distribution of the moisture content, a Hahn spin echo with
an echo time of 300 μs is performed under a gradient at different frequencies, i.e. different slices
along the length of the cylinder are excited by RF pulses and measured.
The one-sided heating of the cylinder is achieved by an array of seven 100 W halogen lamps.
The reflective surfaces of the lamps are gold-plated to maximize the infrared radiative flux towards
the exposed sample surface. Accordingly, the surface can be heated up quickly. The radiative temperature of the lamps is estimated based on the measured temperature increase of the sample.
8.3.3
T2 and signal correction
During our NMR experiments, we measure the magnitude of the nuclear magnetization of protons present in a sample. In general porous media and isothermal conditions, the signal can be
directly related to the moisture content of the material and a single conversion factor can be used
to calibrate the obtained signal. In our experiments, however, we deal with large temperature
differences over the length of the sample, which affects the measured signal twofold. The magnetization magnitude of an unchanging volume of water is inversely proportional to the absolute
temperature, also known as the Curie law (van der Heijden, et al., 2011b). Hence, even though the
moisture content remains equal, the obtained signal changes continuously. Furthermore, temperature influences the T2 relaxation times of a system, which characterize the loss of magnetization
after excitation in an NMR experiment (i.e. S ~ exp(-tE/T2). Below the fiber saturation point, i.e.
the moisture content of wood in equilibrium with a relative humidity of 100%, the magnetization
decay of moisture in wood can be well described by a single T2 relaxation time (Gezici-Koç, et al.,
2017). Generally, the T2 relaxation time increases with temperature (van der Heijden, et al., 2011b;
Barakat, et al., 2018). Thence, the obtained signal after an echo time tE will be larger at higher
temperatures. Accordingly the corrected signal SC is obtained from the collected raw signal SR as
SC = C M ( T ) CT2 ( T ) SR ,

(8.19)

where CM and CT2 are correction functions for the magnetization and the T2 relaxation time,
respectively. CM is proportional to the absolute temperature, which has been verified before by
heating a cylindrical flask containing a 0.1 M CuSO4 solution while measuring its signal (van der
Heijden, et al., 2011b). CT2 is determined on a different setup (0.78 T, for a more detailed description
see (Valckenborg, et al., 2001)). A cylindrical pine sample (20 mm in diameter, 20 mm in height)
is placed in a closed Teflon sample holder, additionally wrapped in Teflon tape to prevent loss of
water. At different temperatures, which is achieved by placing the sample holder in the oven for a
sufficiently long period of time, a CPMG sequence (Carr & Purcell, 1954; Meiboom & Gill, 1958) is
performed to determine the T2 relaxation time.
The T2 as a function of temperature is shown in Figure 8.4a for two different samples: equilibrated with an RH of 53% and 93%, respectively. The generally higher T2 with a higher equilibration RH has been observed before (Zhou, et al., 2018), and is most likely due to the increased cell
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Figure 8.4: (a) T2 relaxation time as a function of temperature for two pine cylinders, initially in
equilibrium with a relative humidity of 53% and 93%, respectively, contained in a closed sample
holder. (b) The signal of the pine samples as a function of temperature, additionally corrected for
the temperature-dependence of the magnetization.
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wall water mobility at higher moisture content. In both samples, the T2 of the cell wall moisture
increases up to a temperature of 100 °C, after which it decreases again. The corresponding total
signal of the two samples (extrapolated from the measured CPMG and corrected for the decreased
magnetization at higher temperatures using CM ) is shown in Figure 8.4b. As can be seen, the
signal increases slightly up to a temperature of 100 °C, the origin of which remains unknown to
this point. Exceeding 100 °C, the signal rapidly drops to low values. Despite the vapor-tight sealing
using Teflon tape, excessive vapor pressure has apparently forced out water vapor from the Teflon
sample holder. This is also verified by simultaneously measuring the mass of the samples.
As can be seen from Figure 8.4a, the T2 relaxation time of the cell wall moisture is dependent on
both moisture content and temperature. Hence, the T2 correction applied to the raw experimental
data is highly complex and non-linear. As a first-order approximation, we neglect the moisture
content dependence of the T2 and employ the correction corresponding to the initial conditions in
the experiments (samples equilibrated at RH = 53%). The T2-correction can then be expressed as
CT2 = exp(tE/T2(T)), where tE is the echo time in the NMR measurement (tE = 300 μs) and T2(T)
the free cubic spline fit to the temperature-dependent T2 data for the sample equilibrated at an RH
of 53% in Figure 8.4a. We thus likely overestimate high values in moisture content. To provide an
estimate of the involved error, we take the ratio of the correction factor CT2 for RH = 53% and 93%
at 100 °C, which is approximately 1.3. Hence, the moisture content is overestimated by ~30% at
maximum. To minimize this error, the T2 as a function of both temperature and moisture content
should be determined, which is a subject for future study. The correction to the raw experimental
data applied here is qualitatively similar to cases presented by van der Heijden et al. (2011b) and
Barakat et al. (2018), where examples of the correction are shown. Additionally, moisture content
distributions are normalized by the first profile to account for the decreasing sensitivity away from
the center of the coil and for local inhomogeneities in the wood structure.
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Figure 8.5: (a) The normalized moisture content c* and (b) temperature as a function of the distance from the exposed surface during one-sided heating of a pine cylinder, with its axis in the combined radial/tangential direction. The time between consecutive profiles is 10 minutes. The position
of the peak in moisture content is indicated in each temperature profile with a marker.
Several parameters influence the accuracy of moisture measurement using NMR. First of all, a
small background signal contributes to the measured signal. To correct for this, the background
signal is subtracted from the signal. Furthermore, the signal-to-noise ratio is improved by averaging the signal at each measurement point in space and time. The first profile, which is used to normalize subsequent profiles, is obtained using 64 measurements, all points in successive profiles are
averaged 16 times to arrive at an acceptable time resolution of 3.5 minutes per profile (25 points
per profile). Each measurement in turn is an average over a slice with a thickness of approximately
3 mm, which further enhances the signal-to-noise ratio. To account for the different time stamp
of each measurement point, the acquired data points are linearly interpolated over time to obtain
profiles at matching time stamps. Due to the high time resolution, this leads to small errors related
to the sequential measurement of profile points.
8.4
RESULTS AND DISCUSSION
8.4.1
Moisture content and temperature distribution
Normalized moisture content and temperature profiles during one-sided heating of a pine cylinder, with its axis in the combined radial/tangential direction, are shown in Figure 8.5a and Figure
8.5b, respectively. Time between two consecutive profiles is 10 minutes. Initially, the moisture
content and temperature are constant throughout the sample. After switching on the heat source,
the temperature near the surface quickly rises, resulting in steep gradients as extreme as ~500
°C/m. Meanwhile, a peak in the moisture content is formed, which travels towards the back of the
sample, while the moisture content left from the peak attenuates to low values. A sharp boundary
between dry material left from the peak and the peak in the moisture content itself is observed.
The emergence of the moisture content peak is related to rapid release of cell wall moisture in regions with high temperatures. The resulting vapor pressure gradient induces vapor transport. In
addition, diffusive vapor transport may also occur due to concentration differences. Moisture then
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Figure 8.6: The time-evolution of (a) the normalized moisture content and (b) temperature at
different distances from the exposed surface (z = 5, 12, 20, 30, 45, and 65 mm) in the radial/tangential sample.
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travels as vapor towards regions of low vapor pressure or low vapor concentration, i.e. towards the
surface and towards the back of the sample. Whereas the temperature near the exposed surface
is high, lower temperatures toward the back of the sample cause exchange of the water vapor to
cell wall moisture, which results in an increase in measurable moisture content. This increase is
perceived as the peak shown in Figure 8.5a.
Another representation of the same results is shown as the time-evolution of the moisture
content and temperature at different distances from the exposed surface in Figure 8.6a and Figure
8.6b, respectively. Closest to the surface, the normalized moisture content increases slightly before
rapidly decreasing, whereas further away from the exposed surface, the moisture content increases to higher values before decreasing. The peak in moisture content occurs later in time further
away from the surface, reaching higher values. A similar time-evolution was found by White and
Schaffer (1981) and Fredlund (1993). Meanwhile the temperature near the exposed surface quickly
rises to high values. White and Schaffer (1981) and Fredlund (1993) found a plateau in the temperature around 100 °C, which they linked to the heat associated with water evaporation. In this
case, a change in the temperature increase is observed around 100 °C as well, although it is less
pronounced. A possible cause is the different exposure condition. In the mentioned studies, the
sample is either placed in a furnace with temperatures of over 900 °C (White & Schaffer, 1981) or
exposed to much higher radiant power than in this study (Fredlund, 1993). Furthermore, a higher
initial moisture content can affect the temperature course over time due to the higher amount of
energy required for evaporation.
It is well-known that the different principal directions in wood exhibit different transport
characteristics. Whereas little difference is found between the radial and tangential permeability,
the longitudinal permeability can be several orders of magnitude higher, depending on the wood
species (Siau, 1984; Jinman, et al., 1991). It is therefore expected that the observed moisture transport characteristics are different in case transport occurs in the longitudinal direction, as opposed
to the radial/tangential direction. Normalized moisture content and temperature profiles for the
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Figure 8.7: (a) Normalized moisture content profiles and (b) temperature profiles during one-sided heating of a pine cylinder, with its axis in the longitudinal direction. The time between consecutive profiles is 5 minutes. The position of the peak in moisture content is indicated in each
temperature profile with a marker.
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Figure 8.8: Normalized moisture content as a function of the temperature during the experiment
for the sample with its axis in the (a) combined radial/tangential and (b) longitudinal direction.
cylinder with its axis along the longitudinal direction are shown in Figure 8.7. Time between two
consecutive profiles is 5 minutes, i.e. the time resolution is higher than in Figure 8.5. As can be
seen when comparing Figure 8.7a to Figure 8.5a, the peak travels faster in the longitudinal direction, due to the higher permeability. Furthermore, the increase in temperature is more rapid in the
longitudinal direction, although the profiles are qualitatively similar. The generally higher thermal
conductivity in this direction, typically differing by a factor of two (Siau, 1970), results in a faster
increase in temperature. Flatter temperature profiles are, however, expected in case of a higher
thermal conductivity, which is not seen in the experimental results.
Although the timescales associated with moisture and heat transport in the different principal
directions are different, the behavior is qualitatively similar. As demonstrated in Figure 8.5b and
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Figure 8.9: The peak position zp and temperature at the peak Tp over time during one-sided heating
of a pine cylinder, with its axis in the combined radial/tangential direction.
Figure 8.7b, in both cases the peak in moisture content travels at a constant temperature around
100 °C, which suggests similar timescales for moisture and heat transport, respectively, in each
direction. This is elucidated by plotting the normalized signal as a function of the temperature for
each distribution during the experiment in Figure 8.8a and Figure 8.8b for the combined radial/
tangential and longitudinal direction, respectively. For temperatures up to ~70 °C the moisture
content remains equal. With a further increase in temperature, the moisture content rises towards
its peak value around 100 °C, followed by a steep decrease in moisture content with increasingly
higher temperature. At temperatures above ~130 °C, all moisture has been removed from the
material. The figure is similar for transport in the longitudinal direction, although the rise of the
moisture peak value at a constant temperature of 100 °C is more noticeable.

8

8.4.2
Peak in moisture content
The emergence of a peak in the moisture content was observed in the profiles displayed in Figure
8.5a and Figure 8.7a. This peak travels towards the unexposed surface of the sample and its value
grows over time. Its occurrence is linked to the rapid moisture exchange in regions of high temperature and the consequent vapor transport to and moisture exchange in regions of lower temperature. In a later section, numerical simulations are performed to study influential parameters.
Here, we will study features of this peak in moisture content in more detail.
The peak position and peak temperature over time for transport in the combined radial/tangential direction are presented in Figure 8.9. As can be seen, the peak position follows a slightly
non-linear course over time. This occurs in both principal directions, which is demonstrated by
the time-evolution of the peak position in Figure 8.10a. Two measurements have been performed
in each direction. The non-linear time-evolution of the peak position can be well fitted with a
power law, producing exponents in the range 0.67-0.82. As already observed, the peak velocity is
higher in the longitudinal direction than in the radial/tangential direction. Slight differences are
found between repeated measurements with different, but similarly cut samples. Nevertheless,
the overall behavior is similar, with power law time-dependence of the peak position. This also
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Figure 8.10: (a) The peak position zp as a function of time for the combined radial/tangential and
longitudinal cylinders. Grey markers indicate a second measurement under identical conditions,
but with a different sample. A power fit to the peak position is added in the figure. (b) The position
of the peak in moisture content as a function of the position where the temperature is 100 °C
(z100 .C ) for the different profiles.
becomes apparent upon a closer look at the data presented by White and Schaffer, which reveals
a power law (tb) dependence of the peak position too rather than the linear dependence reported
by the authors.
The peak temperature quickly attains a constant value around 100 °C, as was elucidated in
Figure 8.9. This occurs in both measurements in the radial/tangential direction, which is highlighted in Figure 8.10b by presenting the peak position as a function of the position where the
temperature is 100 °C. The values are scattered around the line zpeak = z100 .C , which marks the
agreement in position of both the peak moisture content and boiling point. A similar value (98 °C)
was measured in the experiments by White and Schaffer (1981). A constant temperature at the
peak position indicates that the two timescales of moisture and heat transport are of similar order.
Moreover, it suggests that the pressure in the material does not reach excessive values. In other
words, the permeability is sufficiently high to prevent a temperature rise above 100 °C, which can
only be achieved at high pressures. For transport in the longitudinal direction we observe a peak
temperature which is moderately lower than 100 °C (also observable in Figure 8.8b), but slightly
increases over the course of the experiment. This is expressed by the peak position preceding the
position of 100 °C in Figure 8.10b, but decelerating in a later stage of the process.
8.4.3
Low heating rate
In isothermal drying of wood, the local moisture content decreases monotonically; a peak in the
moisture content only emerges in non-isothermal conditions (White & Schaffer, 1981; Fredlund,
1993). It can therefore be hypothesized that, in case of a low heating rate and thus small temperature gradients, the peak in moisture content will not appear. To verify this hypothesis, an
experiment with a radial/tangential cylinder is carried out in which the heating rate is kept low to
ensure small temperature gradients. The normalized moisture content profiles and temperature
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Figure 8.11: (a) Normalized moisture content profiles and (b) temperature profiles for a low heating rate of a radial/tangential sample. The heating rate was controlled to have a more or less steady
temperature increase over time near the surface. Time between consecutive profiles is 60 minutes.
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profiles are shown in Figure 8.11. The time between profiles is 60 minutes. The large number of
profiles measured indicates the larger timescale associated with this process (27 hours compared
to 1-2 hours). Furthermore, the temperature gradients are considerably smaller when compared to
the results in Figure 8.5b. Moreover, as expected, no peak in the moisture content is observed. The
slower heating rate results in a lower moisture exchange rate and thus smaller pressure gradients.
Moisture transport is governed by diffusive water vapor transport towards regions of low vapor
content, i.e. towards the exposed surface. At a certain moment, a non-uniformity in the temperature increase is observed (the temperature distribution is unchanged), represented by overlapping
profiles. This is caused by the stepwise elevation of the power to the halogen lamps ensuring a heat
flux towards the surface to arrive at low temperature gradients and an approximately linear increase in surface temperature. At night, however, the constant heat flux resulted in an unchanged
temperature distribution, which is most likely caused by heat losses towards the sides and possibly
back of the sample. Consecutive elevation of the heat flux results in a temperature increase again.
8.4.4
Simulations
To qualitatively and quantitatively describe the observed transport processes from experiments,
numerical simulations with the formulated model are performed. To this end, the balance equations (Eqs. (8.12)-(8.15)) along with initial and boundary conditions (Eqs. (8.16)-(8.18)) are implemented in COMSOL and solved numerically. The input parameters are listed in Table 8.1. First,
simulated normalized moisture content profiles and temperature profiles are compared to experimental results. After that, different values for the gas diffusion coefficient D and the permeability
k are used in the simulations, so as to determine their effect on the peak dynamics. Furthermore,
the influence of the heat conductivity of the solid phase, the exposure temperature, and the initial
moisture content is explored.
Simulated normalized moisture content profiles and temperature profiles for transport in the
radial/tangential direction are shown in Figure 8.12a and Figure 8.12b, respectively. In these sim-
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Table 8.1: Parameters for numerical calculations
Parameter
Evaporation enthalpy
Molar mass water		
Molar mass dry air
Universal gas constant
Vapor viscosity
Sample length
Porosity
Heat conductivity wood
Heat capacity wood
Density wood		
Moisture exchange rate
Surface-to-volume ratio
Initial temperature
Initial relative humidity
Emittance temperature

Symbol
Hv
Mv
Ma
R
μv
L
n
λ
c
ρmat
κ
s
T0
h0
TR

Value
44000 J/mol
0.018 kg/mol
0.029 kg/mol
8.31 J/molK
2∙10-5 Pa∙s
0.07 m
0.65
0.12 W/mK
1400 J/kgK
470 kg/m3
1.3∙10-3 kg/m2s
8.7∙104 m2/m3
293 K
0.5
1000 K

ulations we have assumed values for the diffusion coefficient, permeability, and heat conductivity
of 10-6 m2/s, 10-14 m2, and 0.12 W/mK, respectively. Experimental profiles at similar exposure times
have been added to the figures for comparison. Similar to the experiments, a peak in the moisture
content is formed, which travels towards the back of the sample. Although the qualitative evolution of the peak is similar, with an initially increasing peak value which eventually decreases,
the moisture peak is less pronounced and will reach values of 1.4 at maximum. The discrepancy between experiments and simulations is probably caused by the overestimation of the peak
moisture content in the experiments, due to the T2-correction of the original data. It is therefore
likely that we experimentally capture the dynamics correctly, but overvalue the moisture peak. The
simulated temperature profiles in Figure 8.12b, however, resemble the experimental profiles adequately, despite the slight overestimation of the temperature near the exposed surface. Similar to
the experiments, a small kink in the temperature profiles is observed. This kink is associated with
the exchange of water from vapor to cell wall, which is accompanied by heat release thus causing
distorted profiles near the peak in moisture content.
The peak position over time for diffusion coefficient values of 10-5 m2/s and 10-6 m2/s and different permeability values is shown in Figure 8.13a. Similar to the experimental observations in
Figure 8.10a, the peak position increases non-linearly over time, with power-law fitted exponents
falling in the same range as experiments (0.69-0.83). As can be expected, the peak velocity is generally greater for a higher diffusion coefficient. Relatively small differences in peak displacement
are observed for different permeability values (varying by three orders of magnitude), especially
for high permeability values. For latter cases, the permeability is sufficiently high, such that gas
diffusion of vapor and air are limiting factors for the peak displacement. This is also reflected in
the peak temperature evolution shown in Figure 8.13b, which almost overlaps for high permea-

149

8

(a)

(b) 300

2

200

T [ o C]

c * [-]

1.5

1

Experiment
Simulation
0

10

20

30

40

Time

100

Time

0.5

0

Experiment
Simulation

50

60

0

70

0

10

20

z [mm]

30

40

50

60

70

z [mm]
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Figure 8.13: (a) Peak position zp and (b) temperature at peak position Tp over time for D = 10-5
m2/s and D = 10-6 m2/s and different permeability values.
bility. For a high diffusion coefficient of 10-5 m2/s, the peak temperature increases over time, with
slightly higher values for lower permeability. Lowering the diffusion coefficient by one order of
magnitude results in a qualitatively and quantitatively different peak temperature evolution. For
low permeability, the peak temperature increases to high values over time, which is accompanied
by high gas pressures, as demonstrated in Figure 8.14. Although the peak temperature evolution is
highly dependent on the diffusion coefficient, only minor differences in the internal gas pressure
are found. For high permeability, the peak temperature attains a near-constant value around 100
°C, which is in accordance with experimental observations. This constant peak temperature value
corresponds to the equivalence between atmospheric pressure and saturated vapor pressure at
100 °C. For sufficiently high permeability values, a local increase in the vapor pressure at high
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Figure 8.14: Maximum gas pressure over time for D = 10-5 m2/s and D = 10-6 m2/s and different
permeability values.
temperatures is compensated by a decrease in dry-air pressure. This compensation prevents an
increase in the total gas pressure, which is shown in Figure 8.14.
Further decreasing the diffusion coefficient by one order of magnitude results in a more rapid
attainment of the constant peak temperature of 100 °C for sufficiently high permeability. This,
however, is accompanied by a substantial decrease in peak value, and a complete absence of a
moisture content peak for even higher diffusion coefficients. Only a combination of low diffusion
coefficient and low permeability produces a moisture peak, the temperature of which, however,
increases over time. Moreover, the implemented values for the diffusion coefficient are in the same
range as reported and used in literature (Siau, 1984; Di Blasi, 1998; Pecenko, et al., 2015). We can
therefore conclude that the diffusion coefficient should be in the approximate range of 5∙10-7-5∙10-6
m2/s.
In the experiments, differences in the moisture peak dynamics were observed for the different
sample configurations. These differences were attributed to the varying transport properties in
the principal transport directions. The permeability in the longitudinal direction compared to the
transverse directions is generally several orders of magnitude higher (Skaar, 1988), although a
wide range of values is reported in literature (Siau, 1984; Fredlund, 1993; Di Blasi, 1998; Yuen, et
al., 2007; Pecenko, et al., 2015). It can therefore also be hypothesized that the diffusion coefficient
in this direction is higher, since gas diffusion is obstructed by the solid structure to a lesser extent.
The enhanced moisture peak displacement in the longitudinal direction is therefore probably a
consequence of a higher permeability in conjunction with a higher diffusion coefficient. The latter
observation is also in agreement with the slightly increasing peak temperature in this direction.
Finally, the normalized moisture content profiles and temperature profiles for a low heating
rate, comparable to the one used in the experiment, are shown in Figure 8.15. To this end, the
sample surface temperature is derived from the experimental data and supplied to the model.
Similar to the experimental results, the moisture content decreases monotonically near the exposed surface, with a minor increase near the unexposed back. The simulated temperature profiles
exhibit smaller gradients, i.e. the distributions are more leveled compared to the experimental
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Figure 8.15: (a) Normalized moisture content profiles and (b) temperature profiles for a simulation of transport in the radial/tangential direction, with a low heating rate. The time between
profiles is 60 minutes, total simulation time is 27 hours.
profiles. This is an indication that we either overestimate the heat conductivity, or that heat losses
to the side of the cylinder are more significant during slow heating. The latter is more probable
since lowering the heat conductivity results in more non-linear temperature distributions, which
is qualitatively different from the nearly linear experimental distributions shown in Figure 8.11b.
Despite the discrepancies, the agreement in overall timescale of the processes is acceptable, with
simulated normalized moisture content distributions comparable to experimental results.

8

8.5
CONCLUSIONS
We have demonstrated the possibility to assess moisture transport in pine wood at elevated temperatures using NMR. The non-destructive nature of NMR enables us to measure profiles continuously while controlling the heating rate at the exposed surface. A constant heat flux at the exposed
surface, imposed by the radiance of gold-coated halogen lamps, results in steep temperature gradients near the surface. Cell wall moisture is released and transported as water vapor. The vapor
travels towards regions of lower pressure, i.e. both towards the exposed surface, where the sample
dries, and towards the back surface. Near the back surface, the lower temperatures result in exchange of water vapor into cell wall moisture and thus a local increase in the measurable moisture
content. Consequentially, a peak in the moisture content is formed, which travels towards the
back surface while increasing in intensity. Owing to the direction-dependent transport properties
of wood, this peak velocity is higher in the longitudinal direction than in the radial/tangential direction. The temperature at this peak is nearly constant at 100 °C, suggesting the absence of high
pressures required for reaching higher temperatures brought about by a sufficiently high permeability. For low heating rates, temperature gradients are considerably lower. Hence the pressure
buildup is minor. Water vapor transport toward the back surface is not dominant and therefore
no peak in the moisture content is observed. In addition, the whole process is appreciably slower,
covering 27 hours instead of two.
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Numerical experiments have been performed with a two-phase model comprising moisture being present as cell wall water or as vapor. Moisture transport takes place solely as water vapor,
moisture exchange between air and cell wall results in an increase or decrease of the NMR-measurable moisture content in the cell wall. This relatively simple model can phenomenologically and
qualitatively explain the observed processes occurring during the heating of pine wood, despite
quantitative deviations. Characteristic features of the transport behavior, such as the non-linearity
and timescale of the moisture content peak displacement, are well captured in the model. The
influence of several input parameters has been explored. For sufficiently high permeability values
and adequately chosen diffusion coefficient values, the peak temperature attains a constant value
around 100 °C, similar to experimental observations. This constant peak temperature value is
coupled to the equivalence between atmospheric pressure and saturated vapor pressure at 100
°C. A decrease in the local air pressure compensates the increase in the vapor pressure at high
temperatures, thereby preventing an increase in the total gas pressure. Furthermore, the higher
peak displacement velocity in the longitudinal direction is most probably caused by a higher permeability in conjunction with a moderately higher diffusion coefficient.
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Conclusions and Outlook

9.1
CONCLUSIONS
The aim of this thesis was to arrive at a description of the moisture-induced deformation of oak
boards mimicking decorative panels which is as simple as possible, yet sufficiently accurate. To
this end we have conducted several studies on related issues, shining light on internal moisture
transport, the resultant deformation, and the relation between the two.
In Chapter 2 we have, using spatially resolved NMR, explored moisture transport in the different principal directions (longitudinal, radial, tangential) of oak during sinusoidal relative humidity fluctuations. The moisture penetration in all directions can be satisfactorily described using a
constant moisture diffusion coefficient. This was also found in the analysis of transient moisture
distributions following a step change in the exposure relative humidity in Chapter 6.
Similar conclusions can be drawn from the experimental investigation of the deformation of
oak boards exposed to changes in exposure relative humidity. When coated, the coating permeability accelerates the deformation and reduces the bending response of the board (Chapter 3); when
uncoated and exposed to different humidity fluctuations on its exposed surfaces, both fluctuations
independently influence the bending response (Chapter 5).
The combined measurement of the internal moisture content distribution and macroscopic
deformation of oak boards with different sealants in Chapter 6 demonstrates the direct relation
between distribution asymmetry and deflection of the board’s free end. The condition for the
direct relation is the mechanical dominance of the support. If the stiffness of the panel’s finishing
layer is of the same order of magnitude, a qualitative and quantitative deviation in deformation
behavior of the board is predicted. The results of case studies on different panel configurations in
Chapter 7 underline the notion in literature that climatic guidelines are very much dependent on
object composition and mechanical restriction, and accordingly, no ‘one size fits all’ exists.
The NMR experiments with curing PDMS (silicone rubber) in Chapter 4 illustrate the direct
connection between exposure moisture content and the displacement of a crosslinking front. This
is interesting since the moisture content in crosslinked PDMS is extremely low and the acquired
NMR signal comprises almost exclusively the immobile hydrogen in the PDMS structure. Obtaining moisture transport properties from transient distributions of the mobile hydrogen, as for oak
in Chapter 2, is thus impossible. We have demonstrated that deriving the moisture diffusion coefficient using an indirect method, i.e. by applying a one-dimensional diffusion-reaction model to
the front diffusivity, is feasible.
In the NMR experiments on pine wood in Chapter 8, we have explored the moisture transport
as a consequence of large temperature gradients. Accordingly, we image the movement away from
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the radiatively heated surface of a local peak in the moisture content. The peak emerges due to the
large internal temperature gradients, which chronologically induce the release of cell wall moisture at high temperatures, pressure-driven vapor transport to both the exposed surface and the
back of the surface, and absorbance of vapor into cell wall moisture content at lower temperatures.
The local peak displaces at a constant temperature of approximately 100 °C, corresponding to an
equivalence in saturated vapor pressure at this temperature and the air pressure at room-temperature. The latter emphasizes the importance of including the movement of air besides vapor in
modeling the process.
The overall conclusions of this thesis are summarized in Figure 9.1. We have conceptually simplified a panel painting as a coated oak board (Chapter 3) and as a bilayer board (Chapter 7), and
a furniture door as an uncoated oak board (Chapter 5). The presence of a coating affects the transient internal moisture distribution during fluctuations in RH and thereby the deflection (Chapter
6). In case of a stiff second layer applied onto the oak board, the deflection is additionally affected
by the mechanical properties of this layer (Chapter 7). Using the predicted frequency behavior in
combination with damage criteria, we have presented guidelines of allowable and possibly damaging fluctuations in RH for different panel painting structure types.
9.2
OUTLOOK
Despite the promising results of the studies described in this thesis, a number of questions remain
unanswered and new questions have arisen. Here we will therefore suggest several directions for
further research.
9.2.1
Mock-up panel paintings
The oak boards used in the experimental analysis of the moisture-induced deformation (Chapters
3, 5, and 6) are highly simplified models of actual panel paintings. The choice has been motivated
by the desire to understand and analytically describe moisture-induced deformation, and explore
the isolated effects of coating permeability (Chapters 3 and 6) and two-sided exposure (Chapter 5).
The wide diversity in panel painting structures and compositions, however, demands research into
the moisture-induced deformation of more accurate representations of different structure types.
Furthermore, the inclusion of aging effects and their influence on moisture-responsiveness of oak
and other panel painting components is expected to yield results more closely related to actual
museum objects, which, for that reason, will have more persuasive power towards the paintings
conservation community.
Nevertheless, we have made a start with two 2 mm thick oak boards originating from the
same batch board as the samples in Chapter 6, i.e. from a former Rijksmuseum door. The mockup panels have been prepared according to the procedure described in the Appendix of the PhD
thesis by Vandivere (2013), involving sizing of the panels, application of several ground layers, and
oil paint. Both samples permanently cupped as a result of the preparation, as demonstrated in
Figure 9.2, with initial deflections of the free ends of 39 mm and 29 mm. After exposure to a high
RH of 90%, the board’s free end deflects which results in a decrease of its curvature over time,
shown in Figure 9.2a: no local maximum occurs and the board deforms towards a new, deflected
configuration. This is qualitatively in accordance with the behavior of a bilayer board as studied in
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Figure 9.2: The deflection of the board’s free end over time of two mock-up panel paintings (length:
100 mm, width: 30 mm, thickness: 2 mm), exposed to (a) a step change in the ambient RH to 90%
and (b) RH fluctuations in an uncontrolled office environment. The initial deflection of the board’s
free end was (a) 39 mm and (b) 29 mm.

9

Chapter 7. In this case, however, the initial curvature is probably due to permanent deformation
provoked by high moisture content immediately after application of the preparatory layers. The
implications of permanent deformation induced by past conditions on the deformation behavior
and, more importantly, on the occurrence of damage would be of interest in the assignment of
allowable RH fluctuations.
The other mock-up panel has been exposed to an uncontrolled office environment. The variations in RH between 30% and 60% induce immediate deformation of the panel, as presented
in Figure 9.2b. The panel near-instantly responds to the fluctuations: a thin panel in a museum
environment is thus expected to exhibit similar behavior. Despite the absence of visible damage in
both cases, a more systematic study of allowable RH fluctuations in terms of damage occurrence
is desired to make the translating step from the experimental research in this thesis towards the
museum community.
9.2.2
Damage occurrence
In this thesis, the focus has been on the description of internal moisture transport in oak and
moisture-induced deformation of oak boards. In Chapter 7, we have suggested guidelines in terms
of acceptable fluctuations in external relative humidity, based on case studies following an extensive analysis of the moisture-induced deformation of a bilayer board. The guidelines suggest that
most panel paintings may be exposed to larger fluctuations in relative humidity than is common
practice in museums nowadays. It is obviously not expected that museums will reconsider their
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Figure 9.3: The deflection over time of a 2 mm thick oak board coated with silicone rubber, exposed
to alternating steps between an RH of 10% and 90%. The concurrently measured signal of an
acoustic emission sensor attached to the exposed surface of the board is presented as well.
climatic guidelines based on an analytical study: experimental verification with the focus on the
occurrence of actual damage is a necessary complement.
To this end, optical or acoustic methods could be applied to monitor the emergence of damage
in the ground layer or support upon changes in the ambient conditions. As an example, the deflection of a 2 mm thick oak board, coated with silicone rubber, over time is presented in Figure 9.3
while the RH is changed in alternating steps from 10% to 90%. The concurrently recorded signal
of an acoustic emission (AE) sensor, attached to the exposed surface of the board, is shown as well.
Peaks in the AE signal, which indicate the release of elastic energy and thus possibly damage, occur
especially immediately after the RH is changed.
In the derivation of the guidelines, we have adopted critical strain levels of the ground layer
from literature. A first assumption was that damage will occur in the ground layer only due to
excessive tension or compression. Other damage mechanisms, such as cracking of the wooden
support or the delamination of the ground or paint layer, have not been considered, even though
the former may occur in a completely restrained panel. As such, worst-case scenarios should be assigned to each panel structure type; these scenarios can then be verified with either experiments,
or observations on actual museum objects in case information on former climatic fluctuations is
available.
9.2.3
Moisture-induced deformation of a dichotomous board
In Chapter 7, we have theoretically studied the moisture-induced deformation of a bilayer board,
mimicking for instance an oak support with a gesso ground layer. We have demonstrated that a
qualitative transition occurs in the deformation behavior following a step change in the exposure
moisture content: at a certain transitional stiffness ratio, no local maximum in the board’s curvature occurs, but the board monotonously deforms towards its final configuration. A comparable
experimental study has been conducted recently with bilayer boards composed of two wooden
strips with different principal directions (Rüggeberg & Burgert, 2015; Vailati, et al., 2017). Further-
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Figure 9.4: (a) The scaled measured deflection as a function of the square root of time for a 2 mm
thick oak board with a 200 μm tick epoxy glue layer applied to its surface. A simulation of the
scaled deflection for E* = 1.8 and d* = 0.2 is added. (b) The stress as a function of strain during
three-point bending for epoxy beams (length: 70 mm, width: 10 mm, thickness: 5 mm) for two
different moisture content values (c = 0.3% and 7.3%) and oak boards (length: 100 mm, width: 30
mm, thickness: 4 mm) at a moisture content of 6.2%.
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more, the equilibrium configuration of bilayer boards has been studied before as well (Reichert,
et al., 2015; Holstov, et al., 2015). A similar study, but with the focus on the transient behavior and
the transition in qualitative deformation behavior, would be a valuable extension of the analytical
study in Chapter 7.
As an example, we have prepared a 2 mm thick oak board with a 200 μm thick epoxy glue
layer applied on its surface. The scaled measured deflection of its free end over time is shown in
Figure 9.4a while the RH is elevated from 60% to 90%. In the time scaling, use has been made
of the derived diffusion coefficient D = 2.5∙10-11 m2/s from Chapter 3. The deflection is scaled by
the final expansion of a reference, uncoated board exposed to the same conditions. As can be seen,
the maximum deflection is smaller than the 0.48 predicted for a perfectly impermeable and mechanically negligible coating. Furthermore, the final deflection is non-zero. To present a first-order
simulation of the board’s deformation, the stiffness of both the oak in tangential direction and
epoxy beams is determined using three-point static bending. As shown in Figure 9.4b, the stiffness
of epoxy is a factor 1.8 higher than of oak in ambient conditions. Similar to oak, epoxy also absorbs
moisture upon ambient changes. With increasing moisture content, its stiffness decreases drastically, as demonstrated in Figure 9.4b for an epoxy beam which had been submersed in water and
a moisture content of 7.3% during the measurement. This is the probable cause of the mismatch
between experiment and simulation with a stiffness ratio of 1.8 in Figure 9.4a. A more suitable
finishing layer should therefore be found which transmits no moisture and exhibits no hygroexpansion, thus merely acts as a passive layer, in order to verify the analytical study in Chapter 7
experimentally.
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9.2.4
High-temperature NMR measurements
In Chapter 8, we have explored the moisture transport during unilateral radiative heating of a
pine cylinder. The observed emergence of a local moisture peak and the analysis of its dynamics,
supported by a modeling study, have given insight into moisture transport in wood at elevated
temperatures. In the presented experiments, we have considered the same initial moisture content. For applications in other fields, for example high-temperature industrial drying of green
wood, it would be of interest to study the influence of other initial conditions, mainly water-saturation. Furthermore, as observed in the modeling study, the heating rate is expected to have a
major influence on the moisture transport dynamics, as well as other wood species. The presented
examination thus serves as a pilot-study to further explore moisture transport in a unilaterally
heated object.
The recent fire in the Notre Dame Cathedral in Paris has demonstrated the relevance of
high-temperature experiments on wood for the field of cultural heritage. In other cultural heritage
applications, however, more moderate exposure conditions are more relatable. We recognize that
the conditions in the presented study are rather extreme and unlikely to be experienced in a museum environment. Nevertheless, in outdoor applications, depending on the finishing, the surface
of a timber element can rise up to 90 °C (Kránitz, et al., 2016). A somewhat milder temperature
level can be reached in panel paintings as well, especially in hot climates. An experimental study
with different exposure conditions in terms of radiation level and different finishing layer compositions would be valuable towards understanding the implications of sunlight exposure on panel
paintings.
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Appendix: Effect of spatial averaging and in-coil
deformation on measured moisture distribution
In this appendix, the influence of spatial averaging and in-coil deformation of an oak board on the
measured moisture content distribution and derived values is provided. The experimental configuration is schematically presented in Figure A.1. The board is clamped on one end just outside
the radio-frequency (RF) coil. Accordingly, part of the board is located inside the coil, while its
free end is on the opposite side of the coil. Due to the experimental configuration, we measure the
moisture content distribution along the thickness of the board, i.e. along the x-direction in Figure
A.1. Hence, the deformation of the board distorts the measured distribution, since it causes shifts
in the x-position of the board away from its clamped end.
A.1
In-coil deformation and coil sensitivity
To quantitatively estimate the effect of the board’s deformation on the measured moisture content distribution, we employ the analytical description of the moisture content distribution in
dimensionless form introduced in Eq. (3.11) in Chapter 3. Examples of the transient distributions
are shown in Figure A.2a for a board thickness of 10 mm. Using these distributions, the resulting
expansion of the board and the deflection of its free end can be calculated using Eqs. (3.5) and
(3.6), respectively.

BOARD
y = Y/2

y=0
COIL
y = -Y/2
y

CLAMP

x

A

x=0
x = -d/2 x = d/2
Magnetic field gradient

Figure A.1: Schematic representation of the clamped board’s experimental configuration inside
the solenoid RF coil (Y = 50 mm). The main magnetic field and the gradient in the magnetic field
are both in the x-direction. Due to the gradient, we measure an average over a slice thickness: an
example is shown. The sensitivity of the coil decreases away from the center of the coil (y = 0) in
the y-direction.
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Figure A.2: (a) The normalized moisture content distribution during one-sided exposure to an
increase in the moisture content at x = 5 mm. The profiles are √t-spaced for illustrative purposes.
The profile with the maximum asymmetry is highlighted as a bold line. (b) The resulting radius
of the circle onto which a board with a thickness of 10 mm will bend while the internal moisture
distribution changes, for α(ce-c0 ) = 0.05 and α(ce-c0 ) = 0.01. The time of maximum deflection and
minimum radius is indicated with a vertical dashed line.
As a result of the bending moment induced by the asymmetric distributions, the board bends onto
a circle with a time-dependent radius R. For small deflections, the radius is inversely proportional
to the deflection of the board’s free end (Eq. (3.6)):
R≈

A

L20
.
2w

(A.1)

In the following, we will not consider the influence of board thickness; we fix the board’s thickness
d to 10 mm as in the experiments. As such, only two factors influence the extent of the board’s incoil deformation: the expansion coefficient α and the step in exposure moisture content ce-c0. More
specifically, their product determines the degree of deformation. Hence, we will consider two cases
here: a large combination α(ce-c0 ) = 0.05, which means that the final expansion is 5%, and a final
expansion of 1%, i.e. α(ce-c0 ) = 0.01. The time-evolution of the radius R for a board experiencing
the distributions in Figure A.2a is presented in Figure A.2b for the two values of α(ce-c0 ). The time
at which the board is deformed maximally and the radius R reaches a minimum, corresponding to
the internal distribution highlighted in Figure A.2a, is indicated in Figure A.2b by a vertical dashed
line. In the following subsection, we will use this distribution to illustrate the effect of in-coil deformation on the measured distribution.
Eq. (A.1) can be used to calculate the radius of the circle. Using this, we can numerically map
the board onto a circle with radius R within the coil. If the moisture content distribution is mapped
onto the deformed board, the two-dimensional moisture content distribution is obtained, as illustrated in Figure A.3a. Note that this is the image we would acquire if we perform two-dimensional
magnetic resonance imaging. In the following, we will denote the two-dimensional moisture content distribution inside the coil F (x,y).
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Figure A.3: Two-dimensional signal distribution inside the coil, corresponding to maximum bending of the board. The distribution is (a) uncorrected and (b) corrected for the decreasing sensitivity
of the coil in the y-direction away from its center, as illustrated schematically on the right of both
figures. For illustrative purposes, a signal-emitting sealant layer with a thickness of 1 mm has been
attached to the left surface.
Ideally, integrating F (x,y) displayed in Figure A.3a in the y-direction would result in the one-dimensional distribution we obtain from our measurement. Since the solenoid RF-coil is wrapped
around the y-axis in Figure A.1, however, its sensitivity decreases in the y-direction away from the
center towards the sides. This can be visualized by measuring the relative signal of a narrow (3
mm) cylindrical tube (axis along the x-direction in Figure A.1) containing a 0.1 M CuSO4 solution,
as a function of its y-position inside the coil. As demonstrated in Figure A.4, the sensitivity can be
fitted a Gaussian distribution.
To account for the decreasing sensitivity in the y-direction of the coil, we have to correct the
two-dimensional distribution F (x,y) with the coil sensitivity distribution before integration. The
effect is illustrated in Figure A.3b: the decreasing sensitivity of the coil results in a higher perceived
signal near the center of the coil and a fading signal to the top and bottom of the coil. The measured moisture content distribution cM along the x-direction can then be derived by integration
along the y-direction:
Y 2

cM ( x ) =

∫ F ( x , y ) n ( y ) dy

−Y 2

Y 2

∫ n ( y ) dy

,

(A.2)

−Y 2

where n is the relative sensitivity distribution of the coil.
A.2
Simulation of measured moisture distribution
For brevity and illustrative purposes, we will restrict ourselves here to the analysis of the distribution with maximum asymmetry, as highlighted in Figure A.2a. We consider two cases: considerable deformation (α(ce-c0 ) = 0.05) and minor deformation (α(ce-c0 ) = 0.01). The analytical distri-
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Figure A.4: The measured relative signal as a function of the position of a thin tube filled with a
0.1 M CuSO4 solution, fitted with a normal distribution.
bution for the two cases is presented in Figure A.5a and Figure A.5b, respectively. Additionally, a
simulation of the measured distribution for a deformed board is included, with and without (n(y)
= 1 in Eq. (A.2)) correction for the decreasing sensitivity of the coil. A significant difference is found
between the corrected and uncorrected distribution, especially for α(ce-c0 ) = 0.05. The discrepancy
with the actual moisture content distribution is substantial too. For α(ce-c0 ) = 0.01, the limited
deformation of the board results in a less substantial difference with the actual distribution. This
combination of moisture content step size and expansion coefficient results in a maximum deflection of the board’s free end of approximately 8 mm, which is roughly in accordance with observed
experimental results for the board’s deflection in Chapter 6.
In our NMR experiments, we measure the signal at different frequencies under a constant
gradient in the magnetic field. Accordingly, we excite different slices in the direction of the magnetic field gradient, i.e. the x-direction in Figure A.1. Since the initial RF pulse contains a range of
frequencies (due to the finiteness of the pulse length), we excite a slice with a certain thickness. We
demonstrated before (Figure 6.2b) that the thickness of this slice is approximately 1.5 mm. If we
assume that we excite a perfectly rectangular slice, each measured point is an unweighted average
over the slice thickness Δx:
cA ( x ) =

A

x + ∆x 2

1
c ( x ' ) dx ',
∆x x −∆∫x 2

(A.3)

The averaged actual and distorted moisture content distributions are demonstrated in Figure A.5
as dashed curves. If we discard the board’s deformation, the measured distribution is disturbed
by averaging only. As such, we observe a main distortion within the slice thickness surrounding
the board’s boundaries. The influence of averaging on the distributions distorted by deformation
(uncorrected and corrected for decreasing coil sensitivity) is small in case of large deformations,
as illustrated in Figure A.5a. For small deformations, the effect of deformation on the distortion
of the distribution is smaller, but the difference between unaveraged and averaged distributions
is substantial.

166

Appendix: Effects of spatial averaging and in-coil deformation
1

c * [-]

0.8

(b)
Unaveraged
Averaged

Analytical
Corrected

0.6
0.4

Uncorrected

0.2
0
-8

1

Analytical
Corrected
Uncorrected

Unaveraged
Averaged

0.8

c * [-]

(a)

0.6
0.4
0.2

-6

-4

-2

0

2

4

0
-8

6

-6

-4

x [mm]

-2

0

2

4

6

x [mm]

Figure A.5: The analytical normalized moisture content distribution, the distorted distribution
due to the deformation of the board within the coil (uncorrected and corrected for the decreased
coil sensitivity away from its center). The influence of averaging the distribution over the slice
thickness is demonstrated using dashed lines. Two cases are considered: (a) α(ce-c0 ) = 0.05 and
(b) α(ce-c0 ) = 0.01. The boundaries of the board and the slice thickness are indicated by vertical
grey lines.
A.3
Asymmetry and integral from distorted distributions
We have illustrated that the combined effect of in-coil deformation and spatial averaging in an
NMR experiment results in a distorted measured moisture distribution. It is reasonable to assume
that using these distorted distributions to calculate the asymmetry and integral results in quantitative deviations as well. First of all, we define the normalized analytical asymmetry a in the
moisture distribution c as:
a=

6
d2

d /2

∫

x

− d /2

c ( x ) − c0
c e − c0

dx .

(A.4)

Likewise, we define the normalized analytical integral e of the distribution:
e=

c ( x ) − c0
1
dx.
∫
d − d /2 c e − c0
d /2

(A.5)

The spreading of the signal as a result of the averaging presents a dilemma on which integration
boundaries to choose: the original domain, i.e. as in Eqs. (A.4) and (A.5), a reduced domain excluding parts near the board’s surfaces, or an extended domain including part of the signal outside
the board. The consequences of these three choices will be analyzed in the following subsection.
To compare the calculated asymmetry and integral from the distorted distribution to the analytical
asymmetry and integral, we slightly modify Eqs. (A.4) and (A.5) to arrive at:
6φ
aφ ( ∆x ) =2a
d

δ 2

−

∫
δ

x
2

c D ( x ) − c D ,0
c D , e − c D ,0

dx ,

(A.6)
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(a)

(b)

Figure A.6: (a) The asymmetry aφ derived from the transient averaged moisture content distributions as a function of the analytical asymmetry a, for different values of the relative slice thickness
Δx/d, for δ = d. Grey markers indicate the asymmetry before reaching local maximum. (b) The
calculated integral eφ as a function of the analytical integral e for different slice thicknesses.
δ 2
c D ( x ) − c D ,0
φ
eφ ( ∆x ) =e ∫
dx ,
d −δ 2 c D , e − c D , 0

(A.7)

where cD, cD,0 , and cD,e are the current, initial, and final distorted moisture content, respectively.
The size of the integration domain is indicated by δ, and the correction factors φa and φe depend
on the choice of δ and will be introduced in the following subsections.

A

A.4
Isolated influence of spatial averaging
As mentioned, different choices for the integration domain are possible. For instance, we can
choose to integrate between the original boundaries of the board, which means that we have δ =
d in Eqs. (A.6) and (A.7). In calculating aφ and eφ accordingly, we thus neglect part of the signal
outside the board, which is a result of averaging over the slice thickness. As a consequence, the
derived asymmetry and integral deviate from the actual asymmetry a and integral e. To correct for
this, the factors φa and φe can be chosen as 1+Δx/d and 4/(4+Δx/d), respectively. The calculated
asymmetry as a function of the analytical values (Eq. (A.4)) is presented in Figure A.6a, for transient distributions as illustrated in Figure A.2a, and different normalized slice thicknesses Δx/d.
The asymmetry rises (indicated by grey markers) to a maximum of 0.48 (indicated by dashed
lines), after which the asymmetry decreases towards zero. The deviation between calculated and
analytical values is more pronounced initially, i.e. when the moisture distribution near the exposed
surface is steep (see Figure A.2a), while the deviation is minor during the decrease in asymmetry.
Furthermore, the discrepancy is larger for a large slice thickness.
The calculated integral from the distorted distribution (Eq. (A.7)) as a function of the analytical
integral (Eq. (A.5)) is shown in Figure A.6b. The integral rises up to a maximum value of unity, as
indicated by the dashed lines. Despite minor initial differences, the analytical integral can be well
reproduced, regardless of the slice thickness.
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(a)

(b)

Figure A.7: (a) The asymmetry aφ derived from the transient averaged moisture content distributions as a function of the analytical asymmetry a, for different values of the relative slice thickness
Δx/d, for δ = d-Δx. Grey markers indicate the asymmetry before reaching local maximum. (b) The
calculated integral eφ as a function of the analytical integral e for different slice thicknesses.
Alternatively, we can completely exclude the slice thickness near the board’s boundary. By doing
so, we neglect an even larger part of the signal near the edge of the board and only include the part
of the board which has not been affected by averaging effects near the boundary, i.e. δ = d-Δx in
Eqs. (A.6) and (A.7). The correction factors φa and φe can be chosen as (1-Δx/d)-3 and (1-Δx/d)-1,
respectively. As shown in Figure A.7a, we initially significantly underestimate the asymmetry due
the disregard of the steep moisture gradient near the surface. After reaching the maximum asymmetry in the distribution, moisture gradients are smaller and the contributions near the surface
are minor. Hence, the derived asymmetry aφ approaches the actual asymmetry a. Similarly, we
initially slightly underestimate the calculated integral eφ, as illustrated in Figure A.7b; at higher
values, eφ approaches e.
Instead of excluding parts of the moisture content near the surface, we can include the contribution of half the slice thickness outside the board to determine the asymmetry and integral.
In other words, we take δ = d+Δx in Eqs. (A.6) and (A.7). Since in this case we include the signal
outside the original boundaries of the board, no correction needs to be applied. The calculated
asymmetry and integral for δ = d+Δx as a function of the analytical asymmetry and integral are
presented in Figure A.8a and Figure A.8b, respectively. Perfect agreement between the calculated
and analytical values is observed for both the asymmetry and the integral, regardless of the slice
thickness. We can thus conclude that the proper choice for the integration domain to derive the
asymmetry and integral from the moisture distribution distorted by spatial averaging only is the
inclusion of half the slice thickness outside the board’s surfaces.
A.5
Combined influence of spatial averaging and deformation
In the previous subsection, we have demonstrated the isolated effect of spatial averaging on the
distortion of the measured distribution and its effect on calculating the asymmetry and integral
from the distorted distribution. In the presented analysis, however, we have not taken into account
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(a)
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Figure A.8: (a) The asymmetry aφ derived from the transient averaged moisture content distributions as a function of the analytical asymmetry a, for different values of the relative slice thickness
Δx/d, for δ = d+Δx. (b) The calculated integral eφ as a function of the analytical integral e for
different slice thicknesses.

A

deformation and the possible presence of contributing signal from applied sealant layers. In the
experiments in Chapter 6 we have observed a linearly distributed background signal due to butylene sealant applied to the board’s lateral surfaces, and a peak at the board’s main surface owing to
silicone sealant. In this subsection, we explore the effect of these two examples on the calculated
asymmetry and integral for the experimental slice thickness Δx = 1.5 mm. We assume that the
step size in exposure moisture content is, similar to the experiments, 0.05, and the expansion
coefficient is 0.15.
The simulated moisture content distributions relative to the initial distribution are presented
in Figure A.9a for butylene applied to the lateral surfaces, producing a linear initial distribution.
In-coil deformation and spatial averaging results in discrepancies with the analytical distributions,
especially near the surfaces. Similarly, a signal peak at one of the board’s surfaces due to a silicone
sealant results in discrepancies with the analytical distributions, as demonstrated in Figure A.9b.
In-coil deformation results in an altered peak position, which, upon subtraction of the first distribution from subsequent distributions, results in distortions near the position of this peak. The
disturbances in the distributions are aggravated as opposed to including spatial averaging only, as
in the previous subsection. It can therefore be expected that the discrepancies in calculated asymmetry and integral will be more substantial.
The asymmetry calculated from the distorted moisture distributions in Figure A.9a is presented in Figure A.10a as a function of the analytical asymmetry. Whereas δ = d+Δx was the
proper choice in the absence of deformation, major discrepancies are detected for the linear initial
distribution. Considerable differences are observed for δ = d as well, only excluding the signal in
half the slice thickness within the board, i.e. δ = d-Δx, results in a similar reproduction of the analytical asymmetry as in Figure A.7a. This is also observed for the distorted moisture distributions
in Figure A.9b, presented in Figure A.11a. Again, major errors are found for δ = d+Δx and δ = d,
whereas δ = d-Δx results in a more appropriate reproduction despite initial differences. It appears
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Figure A.9: Simulated moisture content profiles relative to the initial profile during one-sided elevation of the exposure moisture content to 0.05, for (a) a board with a sealant layer applied to its
lateral surfaces resulting in a linear initial distribution, and (b) a constant background of 0.05 and
a 1 mm thick sealant layer at the left surface producing a local peak. Analytic relative profiles are
indicated with dashed lines, solid lines represent distorted distributions. The inset figures show the
analytical signal distributions, including the contributions from the applied sealant layers.

(a)

(b)

Figure A.10: (a) The asymmetry aφ derived from the transient averaged moisture content distributions as a function of the analytical asymmetry a, for different integration domains δ. The board
has a butylene sealant layer applied to its lateral surfaces, i.e. the distributions in Figure A.9a are
used. Grey markers indicate the asymmetry before reaching local maximum. (b) The calculated
integral eφ as a function of the analytical integral e for different integration domains δ.
that calculating aφ for δ = d-Δx is affected by spatial averaging only, and not affected by in-coil
deformation.
The integral eφ calculated from the distorted moisture distributions is, for the linear initial
distribution in Figure A.9a, unaffected by the in-coil deformation. The analytical integral e is reproduced regardless of the choice for δ. For the distributions distorted by the silicone sealant peak
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(a)

(b)

Figure A.11: (a) The asymmetry aφ derived from the transient averaged moisture content distributions as a function of the analytical asymmetry a, for different integration domains δ. The board
has a silicone sealant layer applied to its main surface, i.e. the distributions in Figure A.9b are used.
Grey markers indicate the asymmetry before reaching local maximum. (b) The calculated integral
eφ as a function of the analytical integral e for different integration domains δ.
(Figure A.9b), only δ = d-Δx results in an accurate reproduction of the analytical integral; both δ
= d+Δx and δ = d produce significant discrepancies. From these examples, we can conclude that
for the combined effects of in-coil deformation and spatial averaging, the proper choice for the
integration domain boundaries is δ = d-Δx.

A

A.6
Conclusions
We have explored both the isolated effect of spatial averaging as well as the combined effect of spatial averaging and in-coil deformation on the measured moisture content distribution of a board
contained in an RF-coil. We have found the proper choices for the integration domain and corresponding correction factors, and are able to draw the following conclusions:
• Spatial averaging only: including the part of the signal outside of the board’s boundaries as
a result of the averaging in the integration leads to the exact reproduction of the analytical distribution integral and asymmetry, i.e. the proper choice in Eqs. (A.6) and (A.7) is δ = d+Δx and φa
= φe = 1.
• Spatial averaging and in-coil deformation: contributions from a signal-emitting sealant
layer can, upon deformation, considerably distort the measured distribution. The most accurate
representation of the analytical distribution integral and asymmetry can be obtained by excluding
half the slice thickness near the board’s boundary, i.e. the proper choice in Eqs. (A.6) and (A.7) is δ
= d-Δx, φa = (1-Δx/d)-3, and φe = (1-Δx/d)-1.
The safest selection for integration boundaries thus is δ = d-Δx, with φa = (1-Δx/d)-3 and φe =
(1-Δx/d)-1: deviations exist, especially while the asymmetry rises, but these deviations are unaffected by in-coil deformation.
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Summary

Summary
Over the course of history, wood has been widely used in the creation of art objects. Examples
include, amongst others, wooden sculptures and statues, scale models of ships and buildings, furniture, and supports for panel paintings. As a result, typical museum collections include many
objects containing variously aged wood, a large part of which comprises panel paintings. Fluctuations in the relative humidity (RH) of the surrounding air, for instance due to atmospheric
temperature changes or due to passing museum visitors, result in moisture exchange between the
object and the surrounding air. Both the non-uniformity of the spatial moisture distribution and
differences in moisture-induced expansion properties between the materials comprising the object
induce deformation. This is accompanied by internal stresses, which in some cases are aggravated
by external mechanical restrictions. If the stresses exceed the material’s strength, damage manifested in cracks or delamination of pictorial layers may occur.
To prevent moisture-induced damage from occurring, museums tend to strictly limit the RH
fluctuations in the exhibition halls, often achieved using expensive climate control systems. Previous research has indicated, however, that most objects may be exposed to larger fluctuations in RH
without being damaged. In order to arrive at substantiated guidelines for climate control, accurate
information on the moisture-induced deformation of each class of objects is needed.
In this thesis, we focus on the moisture-induced deformation of oak panel paintings. To this
end, several studies are conducted to arrive at a description of the process which is as simple as
possible, yet sufficiently accurate. We explore the internal moisture transport during different exposure conditions, as well as the resulting macroscopic deformation and the coupling between the
two processes. Different simplifications for panel paintings are introduced: we study the influence
of the moisture permeability of a coating on the surface of the panel, as well as the effects of the
mechanical properties of the finishing layer on the panel. The result is a combined analytical-experimental framework, which we employ to suggest guidelines for safe and potentially harmful
RH fluctuations, depending on the structure of the panel.
In Chapter 2, we present nuclear magnetic resonance (NMR) measurements on oak cylinders
exposed to sinusoidal RH variations on one surface. We show that the moisture content amplitude
decays exponentially away from the exposed surface. The amplitude decay is dependent on both
frequency and transport properties, as illustrated using the different principal directions of wood
(longitudinal, radial, and tangential). Accordingly, we derive the moisture diffusion coefficient in
each direction and demonstrate its minor dependence on local moisture content.
A unilaterally coated oak board, mimicking a panel painting, preferentially absorbs moisture
on the exposed surface. The resulting transient moisture distributions following changes in RH
result in both time-dependent expansion and curving of the board. In Chapter 3, we derive an
analytical framework for the description of moisture-induced deformation of coated boards, and
study the effects of board thickness and coating permeability experimentally. The moisture diffusion coefficient is derived from the board’s step response in terms of bending, which is used to
study the deformation frequency behavior.
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The NMR experiments with curing PDMS (silicone rubber) in Chapter 4 illustrate the direct connection between exposure moisture content and the displacement of a crosslinking front. Combination with a one-dimensional diffusion-reaction model is shown to provide the moisture diffusion coefficient, which is impossible to derive directly due to the extremely low mobile hydrogen
content. The obtained values are in agreement with both literature values and dynamic vapor
sorption measurements.
When an oak board is exposed to the same changes on both its exposed surfaces, the absence
of internal asymmetries results in no bending. If the fluctuations are different, asymmetries are
introduced and bending occurs. In Chapter 5, we experimentally demonstrate that the difference
in equilibrium moisture content over the board thickness is directly proportional to the bending of
the board, and derive the moisture expansion coefficient accordingly. When exposed to sinusoidal
fluctuations on its surfaces, the frequency, amplitude, and the phase difference of the two fluctuations determine the board’s bending response. We use the derived characteristics in a case study,
where we predict the deformation of a hypothetical oak door.
The combined measurement of the internal moisture content distribution using NMR and
macroscopic deformation of oak boards with different sealants in Chapter 6 illustrates the relation
between distribution asymmetry and deflection of the board’s free end. We directly demonstrate
the effect of a permeable coating on the internal moisture distribution and the correspondingly
reduced deformation. Using an impermeable coating, the transient moisture distributions provide
the moisture diffusion coefficient.
Whereas mechanically weak sealants, such as silicone and butylene rubber, only influence the
board’s deformation through their effect on the internal moisture distribution, a sealant with comparable mechanical properties as oak influences the deformation directly. The analytical study in
Chapter 7 explores the implications for the deformation of the mechanical properties of a finishing layer relative to the support onto which it is applied. A qualitative deviation from the deformation behavior with a weak sealant occurs with increasing stiffness, which is of significance to the
moisture-induced deformation of panel paintings. In the presented case studies on different panel
configurations, we suggest guidelines for safe and potentially harmful fluctuations in RH.
In Chapter 8, we explore the moisture transport during unilateral radiative heating of a pine
cylinder. The rapid increase in surface temperature leads to the release of cell wall moisture content into water vapor. The consequent pressure rise induces vapor transport towards both the
exposed surface and towards the back of the sample, where, due to lower temperatures, moisture
is absorbed back into the cell wall. This is perceived as a local peak in the moisture content, which
displaces towards the back surface over time at a constant temperature of approximately 100 °C.
We conduct numerical simulations with a model incorporating the movement of both air and
water vapor due to concentration and pressure differences, where we demonstrate the effects of
transport properties on the dynamics of the process.
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Hout is in de loop der tijd veelvuldig gebruikt bij het vervaardigen van kunstvoorwerpen. Voorbeelden hiervan zijn onder meer houten sculpturen en beelden, schaalmodellen van schepen en
gebouwen, meubels en steunconstructies voor paneelschilderingen. Als gevolg hiervan bevatten
museumcollecties veel objecten met verouderd hout, waarvan paneelschilderijen een groot deel
vormen. Fluctuaties in de relatieve luchtvochtigheid (RV) van de omgevingslucht, bijvoorbeeld ten
gevolge van atmosferische temperatuursveranderingen of door passerende museumbezoekers, resulteren in vochtuitwisseling tussen het object en de omringende lucht. Zowel de niet-uniformiteit
van de vochtverdeling in het materiaal als verschillen in vochtexpansie-eigenschappen tussen de
materialen in het object induceren vervorming. Dit gaat gepaard met interne spanningen, die in
sommige gevallen verergerd worden door externe mechanische beperkingen. Als de spanningen
de sterkte van het materiaal overschrijden, kan schade in de vorm van scheuren of delaminatie
van de beeldlagen optreden.
Om te voorkomen dat vochtschade optreedt, beperken musea de RV-schommelingen in de
exhibitieruimten zo veel mogelijk, vaak met behulp van dure klimaatbeheersingssystemen. Eerder onderzoek heeft echter aangetoond dat de meeste objecten kunnen worden blootgesteld aan
grotere fluctuaties in RV zonder te worden beschadigd. Om te komen tot onderbouwde richtlijnen
voor klimaatbeheersing is nauwkeurige informatie over de vervorming ten gevolge van vocht van
elke klasse van objecten nodig.
In dit proefschrift ligt de focus op de vocht-geïnduceerde vervorming van eikenhouten paneelschilderingen. Daartoe worden verschillende onderzoeken uitgevoerd om tot een beschrijving van het proces te komen die zo eenvoudig mogelijk en toch voldoende nauwkeurig is. We
onderzoeken het interne vochttransport tijdens verschillende blootstellingscondities, evenals de
resulterende macroscopische vervorming en de koppeling tussen de twee processen. Verschillende
vereenvoudigingen voor paneelschilderingen worden geïntroduceerd: we bestuderen de invloed
van de vochtdoorlatendheid van een coating op het oppervlak van het paneel, evenals de effecten
van de mechanische eigenschappen van de afwerklaag op het paneel. Het resultaat is een gecombineerd analytisch-experimenteel kader, dat we gebruiken om richtlijnen voor te stellen voor veilige
en potentieel schadelijke RV-fluctuaties, afhankelijk van de structuur van het paneel.
In Hoofdstuk 2 presenteren we metingen met nuclear magnetic resonance (NMR, kernspinresonantie) aan eikenhouten proefstukken blootgesteld aan sinusvormige RV-variaties op één
oppervlak. We laten zien dat de amplitude van het vochtgehalte exponentieel vervalt met toenemende afstand van het blootgestelde oppervlak. Het amplitude-verval is afhankelijk van zowel de
frequentie van de fluctuatie als van transporteigenschappen, zoals geïllustreerd aan de hand van
de verschillende hoofdrichtingen van hout (longitudinaal, radiaal en tangentieel). Met de resultaten leiden we de vochtdiffusiecoëfficiënt in elke richting af en demonstreren de geringe afhankelijkheid van lokaal vochtgehalte.
Een eenzijdig gecoate eiken plank, als versimpelde nabootsing van een paneelschildering,
absorbeert bij voorkeur vocht op het blootgestelde oppervlak. De resulterende tijdsafhankelijke
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vochtverdelingen na veranderingen in RV resulteren in zowel tijdsafhankelijke uitzetting als kromming van de plank. In Hoofdstuk 3 presenteren we een analytische beschrijving voor de beschrijving van vocht-geïnduceerde vervorming van gecoate planken en bestuderen we experimenteel
de effecten van plaatdikte en coatingpermeabiliteit. De vochtdiffusiecoëfficiënt wordt afgeleid van
de buigrespons van de plank, die wordt gebruikt om het frequentiegedrag van de vervorming te
bestuderen.
De NMR-experimenten met uitharding van PDMS (siliconenrubber) in Hoofdstuk 4 illustreren de directe relatie tussen het blootstellingsvochtgehalte en de verplaatsing van een crosslinkfront. Combinatie met een eendimensionaal diffusie-reactiemodel levert de vochtdiffusiecoëfficiënt op, die niet direct kan worden afgeleid vanwege het extreem lage mobiele waterstofgehalte.
De verkregen waarden komen overeen met zowel literatuurwaarden als dynamische vochtsorptiemetingen.
Als een eikenhouten plank wordt blootgesteld aan dezelfde veranderingen op beide blootgestelde oppervlakken, vindt er geen buiging plaats door de afwezigheid van asymmetrieën in de
interne vochtverdeling. Als de fluctuaties verschillen, worden asymmetrieën geïntroduceerd en
vindt er buiging plaats. In Hoofdstuk 5 demonstreren we experimenteel dat het verschil in evenwichtsvochtgehalte over de plankdikte direct evenredig is met de buiging van de plank, en leiden
de vochtuitzettingscoëfficiënt af. Bij blootstelling aan sinusoïdale fluctuaties op de oppervlakken
bepalen de frequentie, amplitude en het faseverschil van de twee fluctuaties de buigrespons van
het bord. We gebruiken de afgeleide kenmerken in een casusstudie, waarbij we de vervorming van
een hypothetische eiken deur voorspellen.
De gecombineerde meting van de interne vochtverdeling met behulp van NMR en macroscopische vervorming van eikenhouten planken met verschillende coatings in Hoofdstuk 6 illustreert
de relatie tussen verdelingsasymmetrie en verbuiging van de plank. We demonstreren het directe
effect van een vochtdoorlatende coating op de interne vochtverdeling en de daardoor verminderde
vervorming. Met behulp van een ondoordringbare coating leveren de tijdsafhankelijke vochtverdelingen de vochtdiffusiecoëfficiënt op.
Terwijl mechanisch zwakke coatings, zoals siliconenrubber en butyleenrubber, alleen de
vervorming van de plank beïnvloeden door hun effect op de interne vochtverdeling, heeft een
afdichtmiddel met vergelijkbare mechanische eigenschappen als eikenhout direct invloed op de
vervorming. De analytische studie in Hoofdstuk 7 onderzoekt de invloed van de mechanische
eigenschappen van een afwerklaag ten opzichte van de drager waarop deze is aangebracht op de
vervorming. Een kwalitatieve afwijking van het vervormingsgedrag met een mechanisch zwak afdichtmiddel treedt op bij toenemende stijfheid, wat van belang is voor de door vocht-geïnduceerde
vervorming van paneelschilderingen. In de gepresenteerde casusstudies met verschillende paneelconfiguraties stellen we richtlijnen voor veilige en potentieel schadelijke fluctuaties in RV voor.
In Hoofdstuk 8 onderzoeken we het vochttransport tijdens eenzijdige stralingsverwarming
van een vurenhouten cilinder. De snelle toename van de oppervlaktetemperatuur leidt tot het
vrijkomen van celwandvocht in waterdamp. De daaruit voortvloeiende drukstijging induceert
damptransport naar zowel het blootgestelde oppervlak als naar de achterkant van de cilinder,
waar, als gevolg van lagere temperaturen, vocht wordt geabsorbeerd in de celwand. Dit wordt
waargenomen als een lokale piek in het vochtgehalte, die zich in de loop van de tijd verplaatst
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naar de achterkant van de cilinder bij een constante temperatuur van ongeveer 100 °C. We voeren
numerieke simulaties uit met een model waarin het transport van zowel lucht als waterdamp
ten gevolge van concentratie- en drukverschillen wordt meegenomen, waarbij we de effecten van
transporteigenschappen op de dynamiek van het proces demonstreren.
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