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ABSTRACT

Oil paintings are complex, multi-layered systems that are prone to chemical degradation. While it is in-
creasingly recognised that water plays an important role in these degradation reactions, little is known
about moisture concentrations in oil paint systems and their temporal variation in response to fluctuating
ambient air humidity. This knowledge is necessary to further preventive conservation, specifically to es-
tablish optimal environmental conditions to safeguard works of art for future generations. We developed
a transient one-dimensional moisture transport model based on Fickian diffusion enabling the integration
of experimentally recorded relative humidity data. Moisture sorption and transport data for painting ma-
terials have been reviewed from literature showing that each component of a painting has rather distinct
properties. Including the properties of the individual layers enabled predicting the behaviour of a multi-
layered painting system. A sensitivity study indicated that the response of a multilayer is determined by
the combination of diffusion coefficients, isotherm shapes, maximum water contents, layer thicknesses,
period of RH fluctuation and stacking order of the layers. Finally, the model was employed to investigate
a case study of 18™-century painted wall hangings in a historic house to illustrate the insights that can

be gained from this approach and the types of conservation-related questions that can be answered.

© 2022 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Like many works of art, oil paintings are complex layered sys-
tems consisting of composite materials that are subject to change
on a timescale of decades. In order to safeguard these works of art
for future generations, preventive conservation efforts aim to slow
down or prevent this change by optimising environmental storage
and display conditions, and exercising risk mitigation. The ethical
considerations within the cultural heritage context also strongly
restrict the degree to which conservators can alter a work of art
when attempting to undo unwanted material change. Thus, pre-
ventive conservation is considered an effective and sustainable art
conservation strategy [1]. Fundamental to this approach to conser-
vation is that we should have a thorough understanding of the
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mechanisms of material change in artworks and the environmental
factors that influence deterioration. In recent decades, considerable
progress has been made towards elucidating the mechanisms of
chemical degradation in oil paintings. Many of these studies have
pointed to the negative influence of water on the chemical deterio-
ration of oil paints [2-22]. In a cultural heritage context, a painting
can be exposed to water from different sources. Paintings are ex-
posed to ambient air for multiple decades or centuries in historic
buildings, on public display in museums or in storage in museum
depots. Short term water exposure could occur during restoration
interventions such as cleaning or consolidation treatments that in-
volve water. Also, in a worst-case scenario, a painting can experi-
ence extreme water exposure during events like leakages or floods.

To understand the kinetics of oil paint degradation reactions in-
volving water, a key step is to investigate the water content in a
painting under varying environmental conditions. Despite the im-
portance of this objective, complete multi-layered oil paint sys-
tems have not yet been studied in detail from the point of view
of thermodynamics and transport phenomena. Hence, this study
focuses on the transport and distribution of water in an oil paint-
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Table 1
Overview of typical paintings’ materials.
Layer Composition General chemical References
composition
varnish natural resin mixture of
triterpenoids
oil paint drying oil polymer network of [23-25]
unsaturated
triacylglycerides
pigment metal salts, minerals
or organic dyes
ground layer animal glue collagen (helical [26,27]
protein chains)
chalk calcium carbonate [28]
canvas woven linen, cellulose fibres and [29,30]
pre-treated with collagen
glue sizing

ing stratigraphy as a result of environmental humidity fluctuations,
providing a first step towards correlating chemical deterioration
patterns to a painting’s environmental conditions. A major chal-
lenge is the wide variability of the, often natural, paint materials
involved, with compositions that are neither constant nor well-
defined within or across objects. Table 1 shows some details on
the function and composition of the materials considered in this
paper.

The topic of moisture transport through multi-layered poly-
mer systems has been addressed quite extensively, both experi-
mentally and theoretically, in research fields dealing with indus-
trial coatings and commercial paints [31-38]. In addition, com-
putational modelling of transport processes is a well-established
practice [39-43]. However, in cultural heritage research, only few
studies have been dedicated to spatially resolved quantification of
water concentrations inside multi-layered paint systems, usually
using either Nuclear Magnetic Resonance (NMR) imaging [44] or
neutron radiography [44-47]. However, these techniques tend to
provide insufficient spatial resolution for measuring water concen-
trations in thin layers, and the techniques can be difficult to ac-
cess. Although other techniques such as 'High-Resolution-Magic-
Angle-Spinning (HR-MAS) NMR spectroscopy, infrared (IR) spec-
troscopy and gravimetric analysis may provide valuable informa-
tion on moisture diffusion and sorption properties of paint films,
they are usually bulk techniques that do not provide spatially re-
solved information [3,9,48-52]. Finally, mobile unilateral NMR de-
vices, such as the NMR Mouse, with their unique capability for
in-situ diffusion studies have limitations in resolution, sample size
and measuring depth [53,54].

Numerical modelling of moisture transport has been applied
previously in the context of cultural heritage. Most studies have
focused on the mechanical effects induced by moisture sorption
in sensitive wooden objects [47,55,56,57]. Rachwal et al. (2012)
[56] developed a two-layered model to calculate moisture diffusion
through wood and gesso (rabbit skin glue with chalk). However,
only very few studies have applied numerical modelling to multi-
layered systems representing canvas paintings. Ferrer et al. (2022)
employed moisture transport modelling to evaluate the efficacy of
aluminum backplates for canvas paintings [58], while Lee et al.
(2022) investigated the mechanical response of canvas paintings to
dessication [59]. Oil paintings are particularly interesting objects
to simulate, because the oil-based paint layer has very slow trans-
port properties compared to the other components of the paint-
ing resulting in a complex response to fluctuating environmental
conditions. The diffusion coefficient of water in an oil-based paint
(~10"13 m?/s) is markedly lower compared to other well-known
polymer films such as cellulose acetate (~10"1! m2/s), polyvinyl ac-
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etate (~10"1! m2/s) and 6-10 nylon (~10"12 m2/s) [60]. In fact, the
diffusion coefficient of water in oil-based paints is closer to those
of barrier coatings tested for the automotive industry (~10"13-
10712 m2/s) [31,40].

We have developed a transient one-dimensional moisture trans-
port model for painting stratigraphies based on moisture transport
and sorption parameters collected from literature. This diffusion
model is evaluated using a method-of-lines approach and it al-
lows quantification of water concentration in all layers of an oil
painting, including paint layers, preparatory layers and the canvas
support. Each layer is considered as a continuous solid medium of
constant thickness. Ideal diffusion has been used previously to de-
scribe water sorption in oil paint [3,49,61]. Baij et al. (2018) de-
veloped a Fickian diffusion-swelling model that forms the basis
of the model presented in this paper [3]. They showed that film
swelling can strongly influence overall sorption behaviour. How-
ever, as water only caused minimal expansion of linseed oil-based
polymer films (less than 5%), swelling is not considered in the cur-
rent model. For other layers found in an oil painting, especially
those containing animal glue (which contains 12-15 wt% water at
50% relative humidity [26]), minimal swelling could be a more ten-
uous approximation.

In order to accurately predict moisture sorption behaviour, con-
sidering the full painting stratigraphy is essential. In this paper,
we demonstrate that each layer can have a profound influence on
the moisture response of the entire system. The current model
requires as input two bulk properties per layer of the painting
stratigraphy: a moisture sorption isotherm and a diffusion coef-
ficient. With this input, the model can be used to make general
predictions about moisture transport and distribution in multi-
layered systems. Moreover, the ability to directly relate experimen-
tally recorded relative humidity values to local moisture concentra-
tions makes this model especially suitable for conservation appli-
cations. A particularly relevant application for the model and the
insights it generates is assessing the guidelines for indoor climate
in heritage institutions that are currently under discussion in the
face of the energy and climate crisis [62]. A case study that con-
siders the 18t™-century painted wall hangings in the salon of the
Hofkeshuis (Almelo, the Netherlands) will demonstrate the appli-
cation of the model. The painted wall hangings have been the sub-
ject of previous investigations into the correlation between the in-
door climate and deterioration of oil paint [63-66]. Those studies
indicated that the oil paint on the south wall showed a higher de-
gree of chemical degradation in deeper paint layers than near the
surface. It was hypothesised that this observed deterioration pat-
tern could be explained by a higher concentration of water in the
lower paint layer caused by a high relative humidity behind the
wall hangings. Hence, the current model is used to test whether
a gradient in relative humidity between the front and the back of
the wall hangings could lead to a gradient in moisture content in
the paint layers.

2. Method
2.1. Thermodynamics: sorption isotherms

In this study, we consider the situation where solid films absorb
water as a result of exposure to humid air. The thermodynamic
equilibrium between humid air and wet film is described by mois-
ture sorption isotherms. These isotherms are usually plotted as wa-
ter concentration, also known as Equilibrium Moisture Concentra-
tion (EMC), in the material (cy,o) versus relative humidity (RH),
which is equal to the ratio between partial water vapour pressure
and saturated water vapour pressure, py,o/ pgzo, or the activity co-
efficient of water in air, ay,o. The moisture sorption capacity of a
material is indicated in this paper by cgs, i.e. the water concen-
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Fig. 1. Moisture sorption isotherm of raw umber oil paint [51], as water activ-
ity coefficient, ay,o, equal to RH (%), versus water concentration. For comparison,
Henry’s law is shown with the same slope as the sorption isotherm at cy,o — 0.
The isotherm also deviates strongly from the Flory-Huggins curve with x = 1.66.

tration at 95% RH. It must be noted that animal glues experience
a change in material characteristics at high RH, i.e. roughly above
70% RH [26,67,68]. Therefore, the experimentally recorded sorption
data of glue above 70% RH may be less reliable. Nevertheless, for
the sake of consistency, the moisture sorption capacity of each ma-
terial is indicated by cgs. A linear relation between ay,o and cy,o
with the slope of the sorption isotherm at cy,0 — O represents
Henry’s Law [69], according to

PH,0 = Kcn,o (1)

where K is Henry's constant. Hydrophobic polymers with a low
water absorption capacity typically follow Henry’s Law [40]. How-
ever, Fig. 1 shows a typical isotherm of a raw umber oil paint
which deviates from this linear relation. Here, the x-axis shows the
activity of water vapour in the air, and the y-axis the concentration
of water in the paint. For polymer systems, Flory-Huggins theory
may be more accurate, based on Flory’s well-known lattice model
for mixed polymer systems [70].

In(an,0) = n(Pr,0/Pf,0) = In(¢1) + 92 + x (¢2)° ()

Here, ¢1and ¢, are volume fractions solvent and polymer, re-
spectively, while x is the interaction parameter. For the raw um-
ber oil paint isotherm, a value for x of 1.66 was found based on
cg5, but the Flory-Huggins curve still deviates significantly from
the measured sorption isotherm (Fig. 1). More detailed models de-
scribing sorption isotherms of various shapes are available, for in-
stance the GAB (Guggenheim, Anderson and de Boer) model [37].
The shapes of the isotherms presented here may best be described
as a Type II shape of the GAB model. For improved accuracy, in
the present paper we will use experimental sorption isotherms in
all calculations instead of idealised sorption models. The experi-
mental sorption isotherms are linearly interpolated. No significant
hysteresis in the isotherms of the materials considered in this pa-
per was found in literature. For that reason, the model does not
incorporate hysteresis.

2.2. Transport properties: Fickian diffusion

Our transport model is based on Fick’s second law, applied to
moisture transport in one dimension in the direction perpendicular
to the paint surface in a massive, continuous solid, assuming a con-
stant diffusion coefficient for each layer. Assuming ideal diffusion,
we do not allow for swelling and the corresponding extra drift or
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convective transport equation. We assume that the values for diffu-
sion coefficients are independent of moisture content. Fick’s second
law is expressed with a second-order partial differential equation
(PDE):

ac d%c
=P g (3)

Here, c is the water concentration in kg/m?3 (the subscript ‘H,0’
is dropped) and D is the diffusion coefficient. Eq. 3 is solved using
a discretization scheme as depicted in Fig. 2 and Eq. 4, where each
layer is discretised in n slices with constant thickness h. c, refers
here to the bulk moisture concentrations in the centre of each slice
n.

Cni1—Cn Cn—Cn_1
e @
At h

Furthermore, solving the PDE in Eq. 3 requires the formula-
tion of proper boundary conditions. For our multi-layered systems,
we assume equilibrium at the interfaces between layers and at
both system-air interfaces. At the interface between a layer and
air, the equilibrium concentration ceq is obtained from the sorp-
tion isotherm, which sets the boundary condition at air-interface:

Ceq = f(a) = f(RH) (5)

Here, f{a) represents the sorption isotherm as a function of wa-
ter activity coefficient. The water activity coefficient is equal to RH.
The boundary conditions between the various layers are also in-
ferred from the sorption isotherms. The equilibrium concentrations
¢* at interface between adjacent layers 1 and 2 are stated as fol-
lows.

¢; = fi(a)and ¢ = fo(a) (6)
These provide the distribution coefficient as a function of activ-

ity.

m(a) = cj/c; (7)

The boundary conditions follow from the interface concentra-
tions in Egs. (4) and (6) and from the continuity condition of equal
fluxes at both sides of each interface. With each layer discretised
into n slices, this continuity condition reads as follows.

Di(cin — i) = Da(c35 — ¢34) (8)

Note that Eq. 7 applies to the equilibrium concentrations in the
slices, ¢f , and c5 ;. The equilibirium concentrations ¢}, and ¢3
are solved by combining Eqs. 7 and Eq. 8.

The transport model was implemented and solved in MATLAB
using a standard MATLAB ODE solver (ode15s) [71,72]. A typical
script used for the calculations in this study can be found in the
SI. Research data is available on reasonable request. The model was
validated against high resolution NMR imaging data of moisture
absorption and desorption in a bilayer coating system [31,40]. This
bilayer coating system consisted of a hydrophobic solventborne top
coat and a hydrophilic waterborne base coat. Results of the numer-
ical model using material properties reported by the authors of the
NMR study were in good accordance with the experimental sorp-
tion data. Details of this validation step can be found in the SL

2.3. Parameter estimation

The aim of our parameter estimation approach was to obtain
adequate estimates of the diffusion coefficients (D) and moisture
sorption isotherms for each layer in an oil painting stratigraphy
based on the rather limited amount of data available in literature.
Three approaches for estimating these parameters were used: (i)
Available information in literature was converted into data with
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Fig. 2. Schematic representation of the bilayer system and the interface between layer 1 and 2. ceq denotes the water concentration at the air interface. ¢®* denotes the
bulk moisture concentration at the centre of each slice n, as defined in Eq. 4. c* denotes the equilibrium moisture concentrations at the layer-layer interface.

Fig. 3. South wall of the salon in the Hofkeshuis, Almelo in 1981, showing painted wall hangings on either side of the mantel piece. Image: Rijksdienst voor het Cultureel

Erfgoed, Amersfoort | 225.788.

suitable units for incorporation in the model; (ii) Sorption exper-
iments from literature were simulated using the model, replicat-
ing the experimental set-up as closely as possible with respect to
layer build-up, layer thickness and humidity conditions, enabling
the estimatation of the diffusion coefficients and water concentra-
tions at saturation; (iii) Properties of mixtures or composites were
estimated based on the individual components of those mixtures.
The parameter estimation is discussed in more detail in Section 3.1.

2.4. Case study Hofkeshuis

The case study concerns a set of wall hangings painted by An-
dries Warmoes in 1778 covering all four walls of a salon in a pri-
vate house in Almelo (the Netherlands), known as the Hofkeshuis
[63]. Executed in oil on canvas hangings stretched onto wooden
battens, the paintings depict a Roman procession in imitation relief
(Fig. 3). The colour palette contains only beige and brown shades
to imitate stonework. It consists of chalk, black and brown earth
pigments, and lead white. The painting stratigraphy is composed of
two paint layers on top of a chalk-glue ground. Microscopic anal-

ysis revealed that the lead white pigment has partly reacted with
free fatty acids in the oil to form slightly transparent lead soaps,
disrupting the visual effect originally intended by Warmoes [63].
The outcome of a systematic study of lead soap formation in the
paintings demonstrated that the degree of degradation of the lead
white pigment is rather variable throughout the room and between
paint layers. The researchers suggested that the variable environ-
mental conditions in the salon have influenced the deterioration
patterns [65,66]. The paintings form a rare opportunity to study
the effect of the environment on paint deterioration in isolation,
because the paintings have undergone relatively little restoration
treatment.

The relative humidity and temperature were measured at var-
ious locations in the salon over the course of one year in 2013.
A second investigation was performed focusing on temperature ef-
fects due to sunlight hitting the paintings [64]. In the current pa-
per, we focus on the south wall of the salon, which does not re-
ceive direct sunlight. The paintings on this wall experienced chem-
ical degradation in the form of lead white breakdown and lead
soap formation deeper inside the paint stratigraphy [65].
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Fig. 4. a) Painted border along which samples were taken for analysis. Image by Keune et al. (2016) [65]. b) Light microscopy image of cross-section of a sample of the
painted wall hangings. Layer 2 is the chalk-glue ground and layers 3 and 4 the lead white based paint. Layer 5 is a very thin (1-2 wum) varnish layer. Image by [65]. c)
Schematic image (not to scale) of the reconstructed stratigraphy with the values chosen for the model parameters. The number of slices per layer was chosen to achieve

constant slice thickness (h = 1 pum).

A current hypothesis is that a raised relative humidity behind
the wall hangings has led to a higher concentration of water in the
lower paint layer and could have contributed to a higher degree of
lead white degradation in that layer. We used the moisture trans-
port model to investigate whether the relatively small difference
in RH between the sides of the canvas leads to such higher water
concentrations in support of this hypothesis. To that end, a sim-
plified stratigraphy of the painted wall hangings was constructed
in the model. The paintings are executed in a lead white mixture
on a chalk-glue ground and a glue-sized canvas. These findings
are based on cross-section analysis of microscopic samples taken
from the painted border (Fig. 4a) [63,65]. The paint layer consists
of two applications of similar paint (Fig. 4b): layer 3 (approximate
thickness 20 um) and 4 (approximate thickness 10 wm). They are
represented as one layer with the same properties in the model
(Fig. 4c). Moreover, a varnish layer is present on the paintings,
which was probably applied in 1957. The varnish layer is omit-
ted from the simulations, because it is very thin (1-2 pum), dimin-
ishing its effect on overall moisture transport. The values for the
model parameters are chosen based on the findings presented in
Section 3.1 and are summarised in Fig. 4c.

2.5. Environmental monitoring and data preparation

The environmental data used for the analysis was recorded be-
tween 31 October 2012 and 7 October 2013 in the salon of the
Hofkeshuis. Relative air humidity (RH) and air temperature (T,)
were recorded close to the west wall at 1.0 m above floor level. The
relative humidity and surface temperature (Ts) behind the painted
wall hangings were recorded on the south wall, through a pre-
existing hole in the wall hangings. The interval between each mea-
surement was 10 minutes. The missing data points in the data
set (1% of the total data set) were replaced with the last mea-
sured value. The absolute humidity (AH) in kg/m? was calculated
using RH and T, according to the formula described in a recent
paper by He et al. (2021) [73]. Table 2 shows the specifications
of the sensors that were used to measure relative humidity and
temperature.

Table 2

Specification of instruments that were used for the indoor climate measurements.
Variable Range Accuracy Sensor
Temperature [°C] -80 150 +0.1 NTC type DC95
Relative Humidity [%] 0 100 +3 Humitter® 50YX

3. Results
3.1. Parameter estimation

3.1.1. Moisture sorption isotherms

Fig. 5 shows moisture sorption isotherms of the materials rel-
evant to the current study [47,51,61,67]. In the literature sources,
the isotherms were reported as sample mass gain in percentages.
Using common values for the density and typical critical pigment
volume concentration (CPVC) or reported mixture ratios, the per-
centage mass gain was converted to water concentration in kg/m?3.

Fig. 5a shows the isotherms of relevant materials with a high
sorption capacity. Multiple isotherms of animal glues were found
in literature and are in good agreement [47,51,56,67]. Tradition-
ally, animal glue had many uses in painting practice, for instance
for the preparation of canvas (sizing) or as a binding medium for
chalk-glue ground layers.

Materials with a cgs in the mid-range are shown in Fig. 5b.
The curve representing canvas is the result of combining different
sources of information. The isotherm shown here corresponds to a
medium coarse plain linen weave canvas, recorded by Hendrickx
and co-workers (2016) [51]. Its maximum mass gain lies around
20%, which is in good agreement with an NMR Mouse measure-
ment of unsized canvas at saturation [44]. However, some issues
were encountered when converting mass gain to water concentra-
tion, as the density (kg/m?3) of the plain linen weave canvas was
unknown. Using an estimate of the density of the canvas by com-
bining the surface density (372 g/m?) and its thickness (+500 pm)
resulted in a cg5 of 142 kg/m3. This value seems unreasonably high
when compared to the results of a neutron radiography sorption
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umber, chalk-glue ground A: [51]. Hide glue: [47]. Burnt umber, lead white oil paint: [61].

test of sized canvas [44]. In that experiment, sized canvas reached
0.08 cc/cc volumetric moisture content (80 kg/m?3) after 3 hours at
90% RH. For the purposes of this paper, using the isotherm shape
of canvas, this reported water concentration at 90% RH was con-
verted into a cg5 of 90 kg/m3, as shown in Fig. 5b.

Oil paints can exhibit quite a wide range in moisture sorp-
tion capacity, as became apparent from MacBeth’s study (1988)
of 11 samples of oil paints containing different pigments [61]. In
this study, the burnt umber oil paint was among the paints with
the highest moisture sorption capacity. It is important to realise
that earth pigments such as umbers and ochres may vary consid-
erably in their moisture sorption capacity [67], likely due to dif-
ferences in clay content. In Fig. 5b, sorption isotherms of umber
paints from two different literature sources are presented [61,67].
Lead white oil paint, on the other hand, is amongst the paints with
lowest sorption capacity [3,49,61]. The cy5 of lead white oil paint
is approximately a factor 2 smaller than that of umber oil paint
(Fig. 5c).

In this study, chalk has the lowest moisture sorption capac-
ity of all considered materials [51,56,67]. Although a chalk-glue
ground contains animal glue, this material still falls in the low cqgs5
category. The moisture sorption capacity depends mostly on the
amount of glue present in the mixture. Chalk-glue grounds from
two different literature sources with comparable chalk:glue ratios
(92% and 83% w/w) are shown in Fig. 5c [51,67]. Although their
Cys is similar, the isotherm shapes differ slightly. The isotherm of
gesso (another type of chalk-glue mixture) from a third literature
source agrees well with the data in Fig. 5c [56].

3.1.2. Diffusion coefficients

Data on moisture transport properties of artists’ materials is
scarce in literature. Fig. 6 summarises our findings. The diffusion
coefficients of water in a few oil paints were available in literature
[3,47,49]. Although they contain different pigments, the diffusion
coefficients are all in the order of 10-13 m2/s. In addition, diffusion
coefficients reported for polymerised lead ionomer model systems
agree at approximately 6*10°13 m2/s [3]. In contrast to oil paints,
hide glue has a typical diffusion coefficient three orders of magni-
tude higher around 10710 m2/s [47].

The diffusion coefficients for sized canvas and chalk-glue
ground were found by modelling experimental moisture sorption
data reported by Hendrickx and co-workers (2017) [44]. The exper-
iment in question is a neutron imaging experiment measuring the
water absorption of a three-layered model system: umber oil paint,
chalk-glue ground and sized canvas. From dry conditions, the RH
was raised to 90% and the water absorption in the model system
was measured for 3.5 hours using a neutron radiography set-up.
The three layers were replicated in the model, using the isotherms
for raw umber oil paint, chalk-glue ground and sized canvas as re-
ported by Hendrickx et al. (2016) [51] (Fig. 7a). The RH conditions
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Fig. 6. Overview of diffusion coefficients of relevant materials adapted from litera-
ture. Zinc white: [3]. Prussian blue and lead white: [49]. Hide glue: [47]. Chalk-glue
ground and sized canvas are based on [44].

were increased from 1% to 90%. The cy5 for umber oil paint was set
to 100 kg/m3 based on Hendrickx et al. (2016) [51]. For the chalk-
glue ground and sized canvas, the average of the final 15 experi-
mental data points was taken (represented by the solid data points
in Fig. 7b) and converted using the isotherm to cq5: 46 kg/m3 for
the chalk-glue ground and 90 kg/m? for sized canvas.

Fig. 7b shows the results of the simulations. The best com-
bination of diffusion coefficients (D) for the ground and canvas
was found by systematically trialing sets of diffusion coefficients
and evaluating them according to a least-squares fit criterion.
The three-layered system appeared to be much more sensitive to
changes in Dcanvas than in Dy ng, because in this system the can-
vas is rate-limiting. Therefore, for the chalk-glue ground merely the
lower limit for the value of Dgoung (101! m?/s) could be estab-
lished. Any value above this limit did not influence the concentra-
tion profile as shown in Fig. 7b. For glue-sized canvas, it was pos-
sible to further narrow down the value for the diffusion coefficient
(8*10°11 m2/s).

To further specify the value for Dy ng, the assumption can
be made that the diffusion rate of water in the ground layer is
mostly determined by the presence of glue that acts as the bind-
ing medium. Therefore, we may assume that Dgroung ~ XDhideglues
where x is the volume fraction of glue in the chalk-glue mixture.
For a 1:1 w/w chalk-glue ground [51], x = 0.3. Finally, it must be
noted that the rate of desorption in the experimental data (starting
at 220 minutes) is nearly instantaneous, much higher than the rate
of absorption. The reason for this very rapid desorption is unclear
to us, and therefore we did not simulate this part of the experi-
ment.
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A second study that discusses experimental data on the diffu-
sion of water in canvas is by Gregers-Hgegh and co-workers (2019)
[50]. They reported the time needed for their samples to reach 75%
(t75) of the equilibrium mass change when the RH was increased
from 42% to 69%. The t75 of their untreated canvas was in the range
of 14 to 30 minutes, while the t75 of wax-resin impregnated canvas
samples was around 103 hours. To see how our calculated diffusion
coefficient compared to their results, the t75 of a layer of canvas
(D = 8*10 1! m2/s, cg5 = 90 kg/m3) was calculated. The thickness
of the samples from Gregers-Hgegh et al. is unknown. Based on
the reported thickness of the individual canvas treads, we estimate
a thickness between 600-800 pm. This estimate results in a tys
ranging between 9 and 15 minutes. Since these t75 values are in
the same order of magnitude as those reported by Gregers-Hoegh
et al., this result gives some additional confidence for our estimate
of the diffusion coefficient for canvas.

3.2. Sensitivity study

The discussion in Section 3.1 demonstrates that there remains
some uncertainty in the values for the input parameters of the
moisture transport model. This uncertainty is a consequence of the
relatively small number of suitable experimental studies on mois-
ture transport, ambiguity in the composition of samples or mea-
surement conditions in those experimental studies, and a potential
mismatch in properties between the reconstructions and model
systems in experimental studies and real heritage materials. How-
ever, it is important to note that uncertainty in material properties
is an unavoidable reality when dealing with aged cultural heritage
objects, due to the large inherent variations in material composi-
tion and object history. Therefore, to support our parameter esti-
mation it is essential to explore the sensitivity of the transport
model to variation in parameter values. For each layer in the paint-
ing stratigraphy, the model parameters are the layer thickness,
the diffusion coefficient (D) and the moisture sorption isotherm.
The latter can be divided into two components: the shape of the
isotherm and the water concentration at 95% RH (cg5) as a scaling
factor. Each of the four parameters was varied for a monolayer test
system with a thickness 500 pum, which was subjected to a sine-
wave shaped RH fluctuation (30-70% with a 24h period, with 50%
as initial condition). In addition, we varied the period of the RH
oscillation as a fifth parameter.

Fig. 8a shows the influence of the isotherm shape of the three
materials with mid-range moisture sorption capacity (Fig. 5b). The
main difference between the time profiles in is the average water

concentration around which the profile oscillates, while the shape
of the concentration profiles remains comparable. Both observa-
tions can be explained by considering the isotherms in Fig. 5b.
At the same RH, canvas has a higher moisture sorption capacity
than both raw umber and burnt umber, but the shape of all three
isotherms is almost linear between 30 and 70% RH. Fig. 8b shows
that, as expected, cgs5 effectively scales the concentration profiles,
leading to an increase both in the average water concentration and
the amplitude of the fluctuation.

The effects of changing the diffusion coefficient are shown in
Fig. 8c. The first step between 1071 and 10-1! m?2/s does not cause
a large change in the concentration profile. However, decreasing
the value of D one more order of magnitude to 10"12 m?2/s leads to
a dampened response. The amplitude of this concentration profile
is lower, and the response is delayed with respect to the peak in
external RH. Lowering the value of D to the range of a typical oil
paint (1013 m?/s) results in an almost entirely dampened concen-
tration profile. Under these conditions, water does not penetrate
this system fast enough to the centre of the layer to keep up with
the external changes in humidity. Fig. 8c does show that the av-
erage of the brown curve (D = 10" m?/s) is increasing slightly
over time. Running a longer simulation, it was observed that the
average of this curve stabilises at a water concentration that corre-
sponds to approximately 52% RH. This increase from 50 to 52% RH
seems to be an effect of the shape of the raw umber isotherm.

The same curve, corresponding to a diffusion coefficient in the
oil paint range (D = 10"® m?/s), is shown in Fig. 8d on a much
longer timescale. This D was kept constant, while the period of
the RH sinusoidal fluctuation was increased. It is clear that the re-
sponse of the monolayer with slow moisture diffusion is strongly
affected by the period of the RH fluctuation. When RH fluctua-
tion is slower, the response of the system becomes much more
pronounced. In practical terms, this means that a typical oil paint
film is much less sensitive to high frequency RH oscillations than
to longer timescale weather/seasonal fluctuations. It should be
pointed out that the thickness of the test monolayer (500 wm)
is approximately 10 times thicker than a typical paint layer. The
thickness of the layer strongly affects the water concentration pro-
file as well. In fact, it follows directly from Fick’s second law that
increasing the thickness has the opposite effect of increasing D.
More precisely, decreasing the value of D with factor x is equiv-
alent to increasing the thickness with the square root of x.

The sensitivity study clearly shows that the model is not equally
sensitive to each of its input parameters. The isotherm (isotherm
shape and cg5) has limited impact on the overall response of a
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Fig. 8. a) Time profile of the water concentration in the centre of the test monolayer with different isotherms. The other parameters were kept constant (D = 10°" m?[s;
Cos = 100 kg/m3; thickness = 500 um, RH period = 24h, n = 500). b) Time profile of the test monolayer with different cg5 (D = 10" m?/s; thickness = 500 um;
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layer to external RH fluctuations, at least within the uncertainty
ranges that are relevant to this study. On the other hand, the thick-
ness of a layer, the diffusion coefficient and the period of RH os-
cillation each have a strong effect on the response. It is important
to note that the diffusion coefficient was varied here with entire
orders of magnitude, and that smaller variations will have less im-
pact. As a consequence, a rougher estimate of the diffusion coeffi-
cient is adequate for modelling the general behaviour of a system.
In absolute terms, the model is much more sensitive to variations
in layer thickness. In real paintings, however, the thickness of each
layer does not vary with orders of magnitude. In short, the mois-
ture response of a multi-layered system will be determined mostly
by the combination of D and thickness of the layers, and the RH
period. Finally, it is useful to note that the order in which the
layers are arranged can have a profound effect on the behaviour
of individual layers. A low response layer can act as a barrier to
an underlying layer with high response properties and dampen its
moisture fluctuations.

3.3. Case study: painted wall hangings in the Hofkeshuis in Almelo

In this section the results of the moisture transport modelling
are presented. We used the model to investigate whether a dif-
ference in relative humidity between the room and behind the
painted wall hangings on the south wall led to gradient in water
concentration in the paint layers.

First, the environmental data was further analysed to gain more
insight into the environmental conditions in the room and the ori-
gin of the difference in RH. The RH behind the canvas on the south
wall was found to be on average 7% higher than the air in the room
measured close to the west wall (Fig. 9). The air temperature in the
room was 22.3 °C on average, while the surface temperature of the

reverse was 18.5°C on average. Using these temperatures, the ab-
solute humidity was calculated. The absolute humidity in the room
was actually very similar to that behind the canvas at 7.7 and 7.5
kg/m3, respectively. It is important to note that air temperatures
cannot be compared directly to surface temperatures. Nevertheless,
these findings indicate that on the south wall the temperature be-
hind the painting is lower than at the front. Therefore, the differ-
ences in RH between the front and the back of the painted canvas
may be a simple consequence of a temperature difference rather
than a gradient in absolute air humidity.

Fig. 10 shows the results of integrating the recorded RH values
into the model. This plot is a depth profile, showing the concentra-
tion of water in the three layers. The colour in the plot indicates
how many days of the year the multilayer experiences a particular
water concentration at each depth. A few interesting observations
can be made. First, the water concentration in the canvas varies
more widely than in the other layers. This variation is probably a
consequence of the high moisture diffusion coefficient in canvas,
allowing the layer to respond quickly to RH fluctuations. Although
the diffusion coefficient in the ground layer is similar, the water
concentration in this layer is more stable because its position in
the middle of the system shields it from external RH fluctuations.
On the left, the ground layer is protected from fluctuations by the
low diffusion coefficient in the paint layer, while on the right side
is a very thick layer of canvas. We have noted before that increas-
ing the thickness by a factor 10 has the same effect as decreas-
ing the D by a factor 100. Therefore, the layer of canvas protects
the ground layer from fluctuations to a similar degree as the paint
layer.

In the paint layer, we can observe a clear gradient in water
concentration. On average, the water concentration in the surface
paint layer (in the centre of the first 10 ;«m) is 11.2 kg/m3 and in
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the deeper paint layer (in the centre of the next 20 um) is 11.9
kg/m3. This difference is larger when one compares the water con-
centrations at positions 1 um and 30 pum (Acpine = 14 kg/m?3).
A gradient in this direction exists 99% of the year but is not nec-
essarily constant throughout the year as it depends on the RH dif-
ference between the front and the back of the painting. Fig. 11a
shows that the RH difference is higher in winter than in summer.
Fig. 11b shows the water concentration profile in the paint layer
on the two days corresponding to the maximum and minimum
in ARH (20 November and 28 July, respectively). On 28 July, the
RH in the room was momentarily higher than behind the canvas.
The light blue curve in Fig. 11b corresponds to 80 minutes into
this event, when the gradient in water concentration in the paint
layer has already changed direction. This result demonstrates that
a difference in RH between the front and the back of the painting
promptly gives rise to a moisture gradient in the paint layer.

4. Discussion

The case study of the Hofkeshuis presents an example of the
type of questions that can be answered using the developed model
for moisture diffusion. Our simulations suggest that a difference
in relative humidity between the front and the back of the can-
vas did cause a gradient in water concentration in the paint layers.

Moreover, the RH gradient was mostly the result of a difference in
temperature rather than a difference in absolute moisture concen-
tration of the air. Technically, this temperature difference violates
the assumption of isothermal conditions in the model. Moisture
sorption isotherms can shift slightly with changing temperatures.
Temperature dependency of sorption isotherms has been studied
for coatings (alkyd resin [74], epoxy [75,76]) and several biologi-
cal materials (corn starch [77], cellulose [78] and flour [79]), re-
vealing a slight shift to higher water concentration with increasing
temperature. From Yaseen & Funke, we infer a 0.02-0.13 kg/m3K
shift [74]. As our model does not explicitly account for heat trans-
port, the actual temperature difference between the front and the
back of the oil paint layers is unknown. However, we can estimate
that, to undo the water concentration gradient in the paint lay-
ers that we found for the Hofkeshuis case, we would need an un-
reasonably large temperature difference of 11-70 K between either
side of only 30 pm oil paint. Thus, we can safely assume that any
isotherm shift will not significantly alter our conclusions.

Our results support the hypothesis that an increased RH behind
the painted wall hangings leads to higher water concentrations in
the deeper parts of the paint layer compared to the surface. Our
simulations show that 99% of the year the paint layer at the sur-
face is dryer than the deeper layer. However, since the absolute
values for Acp,in, are rather small, it is important to discuss how
we should interpret the result of this model. Our aim for this study
was to incorporate the existing moisture transport and sorption
data into one model to describe the general moisture response be-
haviour of a generic oil painting. Of course, there is no such thing
as a generic oil painting. Each object is unique, with regards to the
time and place in which it was created and its physical and con-
servation history. We found, however, that each component of a
painting has rather distinct sorption and transport properties. The
variations in properties for one class of materials encountered in
literature were therefore relatively minor compared to the varia-
tions between the different components in a painting stratigraphy.
It is this diversity in properties that allows us to make useful gen-
eral predictions.

Fickian diffusion is a basic approximation for moisture trans-
port through an oil painting and it does not consider dimensional
change caused by the uptake of water. In zinc and lead-containing
linseed oil model systems, minimal swelling due to water uptake
has been reported [3]. However, minimal swelling may not be a
valid approximation for the other materials found in an oil paint-
ing. Clays, for example, which may be present in naturally sourced
pigments, can experience expansion due to moisture sorption. Can-
vas is known to experience some degree of swelling, leading to
mechanical stresses [80]. If the dimensional change as a result
of varying RH or moisture content is known, it is possible to in-
corporate layer swelling into the current model following the ap-
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proach by Baij and co-workers (2018) [3]. In addition, any chemi-
cal changes such as dissolution of water-soluble materials are cur-
rently not considered.

The current model assumes solid layers with constant thick-
ness. Typical features of heritage objects such as material hetero-
geneity or craquelure are not reflected by the assumption of ho-
mogeneous layers. Cracks could facilitate capillary transport of wa-
ter, when they are not filled with varnish or other material. Vari-
ation in the thickness of the layers is also commonly encountered
in paintings like those in the Hofkeshuis case. In some areas in
the wall hangings, a thin layer was found between the canvas and
the ground containing silicate (earth) pigments bonded with ani-
mal glue [65], which was applied to smooth the rough surface of
the canvas. Because of this function, this glue layer is not constant
in thickness. In addition, no moisture sorption and transport prop-
erties of such a layer were known to us. We have chosen here to
simplify the stratigraphy and omit this layer, though the effects of
such an inhomogeneous intermediate layer could be investigated
by constructing a transport model in 2 or 3 dimensions.

Despite the complexity of heritage materials and the intrinsic
simplification of any model, we view our model as a useful tool in
the (preventive) conservator’s toolbox. A modelling approach can
provide insights into the moisture response of complicated systems
that are very difficult to achieve otherwise. A major strength of
the modelling approach is the possibility to quickly analyse mul-
tiple scenarios when encountering uncertainties in layer proper-
ties or dimensions, and the ability to couple calculations to ex-
perimental environmental data. These capabilities will contribute
to an intuition for the relative importance of material parame-
ters, as we hope to have demonstrated with the sensitivity study
in Section 3.2. Certainly, validating the model against experiments
and incorporating more experimental data on moisture sorption
and transport properties of heritage materials, especially aged ma-
terials, will be important to provide more robust estimates and re-
liable results. Even with the current limited availability of this data,
however, we have contributed to a basic understanding of mois-
ture transport and distribution in a complex, multi-layered sys-
tem. This work does not yet connect moisture content to chem-
ical deterioration. As such, it is not yet clear whether the calcu-
lated gradient in water concentration is sufficient to cause the ob-
served chemical deterioration pattern. The next crucial steps to-
wards developing damage functions for paintings include studying
the relations between the (variation in) water concentration and
chemical degradation processes. In addition, the current approach
could be expanded to include coupled heat and moisture trans-
port and account for temperature effects more accurately. Besides
the link between temperature and moisture transport [81], tem-
perature gradients could also influence chemical reaction kinetics
inside oil paint layers.

10

5. Conclusion

In this study, a numerical Fickian diffusion model was devel-
oped describing the general moisture response of oil paintings.
This model does not only consider paint layers, but the full stratig-
raphy of the painting, including the support and preparation lay-
ers. Based on experimental data available in literature, estimates
can be made for the model parameters describing the moisture
sorption and transport properties of each component of the paint-
ing. The model was applied to the case study of the painted wall
hangings in the Hofkeshuis (the Netherlands). Our simulations in-
dicate that a higher relative air humidity behind than in front of
the painted canvas leads to a higher concentration of water in
the lower paint layer. These results support the hypothesis that
an increased relative air humidity behind the painted wall hang-
ings contributed to the observed lead soap deterioration pattern. In
general, the case study illustrates the type of conservation-related
questions that can be investigated with the presented moisture dif-
fusion transport model, and it shows how our approach generates
general insights into the response of a painting to varying environ-
mental conditions.
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