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Abstract 
In traditional and modern paintings on canvas or wood, two crack types have been identified, these are: (i) delamination between two of the many layers and (ii) channelling through the paint layer, terminating at the paint-substrate interface. One cause of this damage can be attributed to environment-induced low-cycle fatigue, specifically through relative humidity and temperature fluctuations. We present novel 2D as well as 3D finite element models that, for the first time, identify the time for each type of crack to initiate under a variety of realistic relative humidity (RH) cycles, as well as the corresponding crack growth rates. The focus is on modern paintings that have some layers executed in alkyd paint, found to be a vulnerable layer in a relatively short period of time. The paintings are idealised as a two-layer construction with a visco-hyperelastic alkyd paint layer on a linear elastic (acrylic) primed canvas substrate. Cracks, both interfacial and channelling, are represented using cohesive elements.  To simulate the damage caused by a relative humidity cycle, a fatigue damage parameter was incorporated in the traction-separation law using a user-defined field. It was found that channelling cracks initiate slightly earlier than interfacial cracks for all the environmental conditions studied. Specifically, for an RH cycle of 35% to 90%, channelling cracks initiate at 2.2 years and grow at an accelerating rate, while the interfacial crack initiates at 2.6 years and grows at a stable rate of approximately 0.1 mm/year.  Narrower RH cycles lead to longer crack initiation times, e.g. the channelling crack initiates at 13.9 years under 40%-65% RH, and when the RH cycle was further narrowed to 45%-55%, the initiation time increased to 86 years. Our models are applicable to other painted or coated cultural heritage objects and can be used to inform preservation and environmental control strategies.
Keywords: paintings conservation; environmental low-cycle fatigue; interfacial crack; irreversible cohesive zone model; through-thickness (channelling) crack; visco-hyperelastic.
1. Introduction
The majority of research into the effects of environmentally induced fatigue of cultural heritage has focused on traditional easel paintings executed either on wood or canvas in oil paint [1]. Research into the damage induced in modern and contemporary paintings has focused on characterising their mechanical properties in ambient, or extreme environmental conditions that they can encounter usually during transportation. Paintings which contain alkyd layers are particularly vulnerable to cracking as the oil-modified polymer starts to cross link, becoming stiffer and more brittle within several years [2]. This is of particular concern for modern art from the 1960’s (which include paintings by artists such as Andy Warhol and Robert Motherwell); there is great demand for access (study and display) to these works around the world, which presents challenging conservation issues. 
Typically, easel paintings on canvas consist of heterogeneous layers of varying hygroscopicity. The canvas support/substrate is prepared with an initial sizing layer (traditionally animal skin glue, but sometimes PVA or acrylic is used) followed by a priming layer (usually titanium dioxide, zinc oxide, or lead carbonate, with fillers such as calcium carbonate or lithopone).  The design layers are applied, and the work may then be finished with a varnish. The ground and paint layers are themselves particulate composite materials with pigments contained within a binding material. Depending on the period of the work and intent of the artist, the ground and paint layers can consist of animal glue, egg yolk, drying oils, alkyd, PVA or acrylic co-polymers. The resulting painting is a complex composite material that consists of a number of hygroscopic layers that have differing dimensional and stress-strain responses when subjected to fluctuations in the environment, namely temperature and relative humidity (RH) [1, 2]. One of the first studies to classify the crack patterns in easel paintings was performed by Keck [3], where it was suggested that the internal stress caused by chemical, physical and biological agents is the primary reason for premature and drying crack formation. The classification and study of cracks in coated/painted objects has been predominantly studied in easel paintings [4] and lacquered furniture [5]. A qualitative study has since been performed on a collection of forty-three seventeenth century oil paintings on wood located in the Brown Gallery at Knole House (National Trust) in Kent. The study identified that the two main cracks observed were (i) an interfacial (delamination) crack between the painting layers and (ii) a through-thickness (channelling) crack within the layers [6]. Similar empirical observations are reported by conservators treating many different artefacts. Thus, the systematic study of crack initiation and propagation in paintings and coated artefacts is an important objective that is relevant across cultural heritage. 
Fatigue induced by environmental fluctuations has been studied for gesso on lime wood using mechancial strain as an analogue to moisture induced strain [7]. However, it is unknown whether a mechanical load cycle produces the same stress fields within the specimen compared to humidity cycles. Another approach has been taken combining the experimental methodology of Schellmann and Taylor [8] with a numerical model to investigate the effect of the pre-existing cracks on the vulnerability of the panel painting [5]. The authors found that paintings with developed networks of cracks are less sensitive to climate variation than new and undamaged ones; the same phenomenon has been observed in engineering applications, e.g. thermal barrier coatings with crack networks in the microstructure are found to be less susceptible to changes in temperature [9]. Nevertheless, the use of numerical models where relative humidity cycles are directly applied as boundary conditions provide crucial comparative results to experimental investigations. Tantideeravit et al. [6] investigated the delamination between an alkyd film and primed canvas substrate under environment-induced low-cycle fatigue using a finite element model. To model the irreversible damage caused by the cyclic loading, a damage parameter modification [10-13] for the cohesive elements was used, simulating the response of the interface between the two layers. Following on from Tantideeravit et al.’s research [6], 3D models are used for the first time in this research to obtain a more accurate prediction of the crack initiation time for both interfacial and channelling cracks.
When considering a through-thickness (channelling) crack caused by low-cycle fatigue loading, there appears to be a gap in the literature, with the majority of the published work considering monotonic loading. The steady state energy release rate is widely utilised [14-21], which is said to be achieved once the channelling crack has reached a certain length, meaning the front remains a constant shape and the energy release rate at all points along it is also constant. Using a 3D finite element analysis [17], it  has been shown that the steady state energy release rate for a compliant film on a rigid substrate with perfect adhesion is achieved when the channel length is approximately twice the film thickness. To achieve steady state for a film on a more compliant substrate, the required flaw size for edge cracks is significantly larger than that of through cracks [19]. A semi-analytical method using linear elastic fracture mechanics [14] was developed to avoid the need for complex 3D finite element models by considering plane strain conditions far ahead and far behind the crack tip, meaning the steady state energy release rate could be calculated from the difference in strain energy of the two situations. The model was later extended to allow for plasticity in the substrate caused by the stress field around the crack tip at the interface between the film and substrate [15]. Finally, plastic deformation in both film and substrate were investigated through the finite element method with plane strain conditions and mechanical or thermal loading [15]. The disadvantage of using the steady state energy release rate is that the crack growth rate from such models cannot be estimated.  Instead, it is only possible to ascertain whether the pre-existing crack will channel or not by comparing the steady state energy release rate to the film’s critical energy release rate.  
[bookmark: _Hlk61899233]Significantly, for the first time through the use of finite element models, the research presented here aims to identify which of the two major cracks seen in paintings are more readily grown due to environmentally induced low-cycle fatigue. The paintings are simplified to a bi-layered structure with a visco-hyperelastic film representing an alkyd film on an acrylic primed canvas substrate. Two-dimensional finite element models are used to compare crack initiation times for an interfacial crack and a through-thickness (channelling) crack when the models are exposed to relative humidity cycles in a partially controlled display environment [22]. Furthermore, a parametric study has been performed on the properties of the traction-separation law for a through-thickness crack to identify the effect on crack initiation time. Finally, two separate three-dimensional models were generated, one for each crack type, which allows for the investigation of crack growth rate as well as initiation time. This provides a useful tool for optimizing the environmental conditions for paintings as part of considerations towards establishing preventive conservation protocols. 
The structure of the paper is as follows: in section 2, the aim of this research is summarised. In section 3, the failure and crack propagation mechanism used in this study are introduced. The material properties, boundary conditions and the geometries of the FE models in both 2D and 3D are given in section 4. Finally, in section 5, the predictions of the models are compared to investigate the effect of the RH cycles on crack initiation and growth. 
2. Research aim
[bookmark: _Hlk61899280]The aim of this research was to model the effective cyclic stress induced by humidity fluctuations in multilayer canvas paintings. With this finite element model, it is possible to study the impact of the environment on the formation of crack damage in works of art. Furthermore, the model can be used to help determine the optimum display/storage conditions of paintings to achieve the goal of lowering energy consumption associated with climate control in museums. 
[bookmark: _Hlk61210435]3. Failure mechanisms and crack formation in multi-layered paintings
[bookmark: _Hlk61899356][bookmark: _Hlk61219549]For simplification, canvas paintings are considered as composite materials constructed from two layers, a painting layer and a primed canvas layer as shown in Figure 1. The two layers exhibit a different dimensional response to environmental changes. As the humidity in the air changes, the two layers swell and contract at significantly different rates, producing mechanical stress on the painting. In this study, the alkyd paint layer has a higher expansion coefficient than the acrylic primed canvas [6]. Therefore, when the layers swell, the paint layer will be subjected to compressive stresses and when the layers contract, the paint layer will experience tensile stresses. Although these stresses may appear to be small, due to the fatigue effect, over time it will lead to various types of damage including cracking, which is caused by through-thickness cracks (Figure 1a) and “cupping”, which is caused by interfacial cracks (Figure 1b). 
[image: ]
[bookmark: _Ref61208426]Figure 1 (a) Channelling through thickness crack and (b) Interfacial “cupping” crack in a canvas painting.
[bookmark: _Hlk61899371]Finite element analysis is used in this study to predict the behaviour of canvas painting under environment-induced cyclic load. The painting used in this study is alkyd paint, which is treated as a visco-hyperelastic material, while the acrylic ‘GESSO-primed canvas layer is treated as a linear material. The cohesive zone model is the most widely used approach for simulating crack growth in engineering, but in its usual form it does not take into consideration the effect of fatigue caused by cyclic loads. Therefore, the irreversible cohesive zone model is used in this study [6, 10]. It accounts for fatigue damage by modifying the cohesive zone parameters through the implementation of a fatigue damage parameter. The details of the models will be shown in the following section. 
4. Methodology
4.1. Visco-hyperelastic alkyd film
The alkyd paint film considered in this work is the same as the one in Tantideervit et al [6] where it was considered as a visco-hyperelastic material. This constitutive response is assumed to be variables separable such that it can be split into contributions from strain through the function  and a time-dependent function  [23]. The time-dependent function is represented through a Prony series:
 		(1)
where  and  are dimensionless constants,  and  are relaxation times. A convolution integral enables the stress response for an arbitrary time history to be obtained:
		(2)
where  is the true stress and  is the time. From Equation 2 it is shown that the stress is split into a contribution from the long-term elastic and viscoelastic material responses. The van der Waals hyperelastic potential  is used to obtain the function  for the case of uniaxial deformation through:
		(3)
where  is the stretch ratio,  the instantaneous shear modulus,  the locking stretch, and  the global interaction parameter. Tantideeravit et al. [6] have previously fitted the visco-hyperelastic material model to experimental tensile data for an alkyd paint, specifically an artists’ alkyd (oil based polyester) with phthalocyanine blue pigment (Griffin series) manufactured by Winsor & Newton. The material parameters used throughout this study are shown in Table 1.

	Van der Waals hyperelastic material parameters

	 [MPa]
	
	

	75
	8
	0.5

	Prony series material parameters

	Prony series
	
	
	
	
	
	

	
	0.730
	0.145
	0.05
	0.032
	0.020
	0.013

	 [s]
	0.1
	1
	10
	100
	1000
	10000


[bookmark: _Ref64916332][bookmark: _Hlk60599726]Table 1 Van der Waals hyperelastic material model and Prony series material parameters used for alkyd paint [6].

In this study, the cyclic load applied to the canvas painting is induced by the daily change in humidity, which means both the strain and the strain rate are extremely low. However, the material parameters listed in Table 1 are calibrated from experimental data with a minimum strain rate at 0.00167 min-1. According to studies on viscoelastic materials [24-26], if the strain rate is small enough, a decrease in the strain rate has little impact on the material properties. Therefore, the material behaviour at the very slow rates of the fatigue simulations is in effect extrapolated from the available mechanical test data and corresponds to the equilibrium response of the viscoelastic model [6]. Meanwhile, relative humidity also affects the mechanical behaviour of the paint. As shown in Foster et al.’s work [27], at 25 °C, an increase in RH does not affect the modulus of the paint, but changes the failure mechanism of the paint from brittle to ductile. To simplify the simulation, the effect of RH on failure behaviour is not taken into consideration in this study; this is something that will need to be investigated in the future such that the properties of the paint can be defined as a function of humidity.
4.2. Linear elastic canvas substrate
The primed canvas material properties are taken from Young’s work [28], where the canvas had been primed with titanium white, calcium carbonate and lithopone. The material response is assumed as linear elastic with a Young’s modulus  and a Poisson’s ratio . 
4.3. Material hygroscopic response
The hygroscopic expansion coefficient  of both the alkyd paint and primed canvas has also been previously obtained [6] from the absorption of moisture by soaking the material in water and measuring the swelling strain , then dividing this by the change in relative humidity , i.e. 
		(4)
The results show that the expansion coefficient of the alkyd paint is  %/RH, while the dimension of the primed canvas does not change with RH because the priming prevents the canvas from absorbing water. 
4.4. Relative humidity cycles
To predict the crack initiation time in bi-layer paintings under low-cycle fatigue, it is possible to implement relative humidity cycles as boundary conditions in the finite element models. 
The relationship between temperature and relative humidity is given by the Psychrometric Chart [24]. In a closed system, the relative humidity cycle is inversely proportional to temperature. For the data from Knole House, Kent, there is a maximum of 90% RH at 06:00 hours in the morning (minimum temperature) and a minimum of 35% RH at 15:00 hours in the afternoon (maximum temperature) with an approximately sinusoidal variation [22], as shown in Figure 2.
The approximately sinusoidal form of the relative humidity cycle will be used with different minimum and maximum values to determine their effect on the time to crack initiation, and the crack growth rate. To select other minimum and maximum values for the relative humidity cycle, it is possible to review museum environmental policies and assume that the minimum and maximum allowable values occur once a day. For example, the RH cycles considered in this study are: (1) a calm day of minimum RH = 35% and maximum RH = 90% [29], (2) the environmental policies of the Victoria and Albert (V&A) Museum of minimum RH = 40% and maximum RH = 65%, [22, 30] and (3) a tightly controlled environment of minimum RH = 45% and maximum RH = 55% [31].
[image: ]
[bookmark: _Ref61892276]Figure 2. Relative humidity cycle for a 24-hour period [22].
4.5. The irreversible cohesive zone model (ICZM)
The cohesive zone approach can be implemented in finite element models to study the initiation and propagation of cracks in a material by placing cohesive elements where the crack is expected to grow. The response of the cohesive elements under a given load is dictated by the traction-separation law. Figure 3 shows the bi-linear irreversible traction-separation law used in this study to account for fatigue loading. The area under the traction-separation curve corresponds to the fracture toughness . When the structure is loaded, the cohesive elements begin to deform; the displacement  increases until the displacement  is reached, at which point damage  begins to accumulate. After damage initiation, a reduction in the initial stiffness of the elements  occurs, where  and  is the maximum stress at damage initiation. As the load is further increased, the damage continues to accumulate until the failure separation displacement  is reached, at which point the current stiffness  reaches zero and the element is deleted, propagating the crack by a distance equal to the length of the element. If the loading is cycled below the cohesive element failure displacement , the cohesive zone would predict an infinite fatigue life. Therefore, to account for fatigue damage, the irreversible cohesive zone model modifies the traction-separation law to include a fatigue damage parameter  that is coupled to the element stiffness, which will degrade the element stiffness under cyclic loading [10-13]. When the fatigue damage variable , the irreversible traction-separation law is reduced to the standard definition of the traction-separation law.
[image: ]
[bookmark: _Ref61892302]Figure 3 A bi-linear irreversible traction-separation law.
Therefore, the stress  in the irreversible traction-separation law is calculated using: 
		(5)
The damage variable  when the element displacement is larger than  is obtained from 
		(6)
and the fatigue damage variable for the current time increment  can be calculated from 
		(7)
where 
		(8)
		(9)
		(10)
		(11)
		(12)
with the subscripts ,  and  corresponding to the normal, shear and tearing components, respectively. When the models are 2D, the tearing components in the previous equations,   and , are not included. For mode I loading, fatigue damage only accumulates when the stress is tensile and this is incorporated into Equation 12 through the Heaviside step function , whereas shearing and tearing accumulate damage in both positive and negative directions. Furthermore, as the value of  in Equation (8) is always positive, this results in damage occurring during both the absorption and desorption phases of the humidity cycle. 
[bookmark: _Hlk64920377]Tantideeravit et al [6] have identified the parameters of the bi-linear traction separation law used to model the interfacial properties between an alkyd layer on a primed (acrylic “GESSO”) canvas substrate using T- peel tests. The derived parameters are shown in Table 2. These values will be assumed throughout this work. It is worth noting here that the parameters in Table 2 corresponded to a single value of strain rate at 0.167 min-1 [6]. Although studies have shown that the failure behaviour of a viscous interface should be rate-dependant [32, 33], to simplify the simulations, the parameters of the cohesive zone were not modelled as a function of strain rate here. This simplification is reasonable due to the extremely low strain rate used in this study. Tantideeravit et al. [6] performed simulations of interfacial cracks in the alkyd-canvas painting with a reduced value of  N/mm (which is equal 0.6 times the 0.25 N/mm value assumed in this study), hypothesising that the low strain rates encountered in environmental fatigue could potentially lead to such a decrease in the fracture toughness. They found that the crack initiation times reduced by a ratio of approximately 0.5. Therefore, this possible effect should be considered when evaluating the results for the crack initiation times and this is worth exploring in future research.

	
	0.25

	
	0.125

	
	0.5

	
	1.0

	
	8.0


[bookmark: _Ref61895267]Table 2. Bi-linear traction-separation law parameters for interfacial failure between an alkyd paint layer and a primed canvas substrate [6].
[bookmark: _Hlk62391364][bookmark: _Hlk61899910][bookmark: _Hlk62391258][bookmark: _Hlk61899895]It is important to note that it was not possible to obtain the mode II and III fracture energies GIIc and GIIIc of the interface experimentally due to difficulties in achieving true mode II or III crack propagation along the interface of these very thin layers [6]. T Therefore, both values are assumed to be equal to the mode I fracture toughness GIc. As mentioned above, the latter was obtained independently through T- peel tests whose peel arms consisted of the alkyd and gesso layers, i.e. that same energy interface as in the alkyd/primed canvas case considered here [6]. Since mode II toughness is generally greater or equal to mode I toughness [34], assuming they are of the same value makes the numerical prediction conservative. Similarly, the values for 0 and K0 were also assumed to be the same in all fracture modes and equal to the values shown in Table 5. Finally, since it is expected that the humidity cycles used in all models (2D and 3D) of the interfacial and through-thickness cracks will cause mixed mode loading, a linear mixed-mode failure locus is assumed:
		(13)
As the through-thickness fracture toughness was not available for the alkyd film, the same traction-separation law was used for both an interfacial crack and through-thickness (channelling) crack, using the parameters in Table 5. A parametric study was therefore performed for the 2D through-thickness (channelling) crack model to investigate the effect of the cohesive law parameters on the time to crack initiation. Obtaining through thickness fracture toughness is not an easy task for thin films such as these paints, owing to significant remote energy dissipation taking place away from the crack tip, non-essential for fracture; this invalidates the usual experimental techniques based on the Essential Work of Fracture and double edge notched samples [35].
4.6. Two-dimensional models
A 2D finite element model has been created for each of the crack types, channelling and interfacial, using the commercially available finite element software Abaqus [36]. The models use 4-node linear 2D plane strain elements for the linear elastic primed canvas substrate (CPE4) and the hybrid formulation for the visco-hyperelastic alkyd film (CPE4H). Furthermore, 2D cohesive elements (COH2D4) are positioned either along the interface between film and substrate (interfacial crack) or through the film thickness (channelling crack). The ‘visco’ step in Abaqus Standard was selected to allow for the film’s time-dependent material properties [36]. 
4.6.1. Interfacial crack
Figure 4 shows the FE model geometry for an interfacial crack propagating between an alkyd film and primed canvas substrate [6]. The thickness of the alkyd film is 0.25 mm and the primed canvas substrate is 0.4 mm [22]. The substrate is modelled with two rows of 120 elements whereas the film has three rows of 75 elements; these values have been shown to give mesh independent results [6]. A pre-crack is included in the model by attaching the film and substrate with default-thickness cohesive elements for a length of 12.5 mm. The latter was chosen to eliminate any edge-effects at the crack tip and in the model predictions, i.e. the crack tip is sufficiently far away from the boundaries [19]. Finally, the bottom of the substrate was restricted from moving in the y-direction whilst the left-hand edge of the model was restricted in the x-direction.  
[image: ]
[bookmark: _Ref61892324]Figure 4. 2D finite element model for an interfacial crack between an alkyd film and a primed canvas substrate showing the boundary conditions. Inset shows the mesh design.
4.6.2. Through-thickness (channelling) crack
[bookmark: _Hlk61210598]Figure 5 shows the model for a through-thickness (channelling) crack propagating through the alkyd film and arresting at the interface between film and substrate. The film and substrate thicknesses are the same as those for the interfacial crack in Section 4.6.1. The substrate and film were modelled with 16 and 10 elements through the thickness respectively, corresponding to an element size in the y-direction of 0.025 mm. To reduce the simulation time, a double-biased mesh was used in the x-direction with a minimum element size of 0.025 mm at the centre of the model and maximum element size of 1 mm at both edges, providing mesh-independent results [6]. The length of the whole model is 25 mm and this was found to be long enough to eliminate and edge-effects on the model results. Finally, the bottom of the substrate was restricted from moving in the y-direction and the left edge was prevented from moving in the x-direction. It is worth noting here that the 2D model focuses on crack initiation and it cannot predict the crack growth rate of channelling cracks.  This is unlike the 2D interfacial crack model which can give both initiation as well as crack growth data.
[image: ]
[bookmark: _Ref61892347]Figure 5. 2D finite element model for a through-thickness (channelling) crack in an alkyd film on a primed canvas substrate showing the boundary conditions. Inset shows the mesh design at the central area where crack initiation and propagation take place.
4.7 Three-dimensional models
A 3D finite element model was also created for each of the two crack types to enable the calculation of crack growth rates, as well as initiation times to compare with the 2D model data. The models use 8-node linear 3D brick elements for the linear elastic primed canvas substrate (C3D8) and the hybrid formulation for the visco-hyperelastic alkyd paint film (C3D8H). Furthermore, 3D cohesive elements (COH3D8) are positioned either along the interface between film and substrate (interfacial crack) or through the film thickness (channelling crack). As the analysis parameters are the same for both the 2D and 3D models, the reader is directed to Section 4.3 for further details. 
For both 3D models, focused meshing techniques were used to decrease the simulation time but also obtain mesh independent results. The alkyd film and primed canvas substrate were modelled with three and five elements through the thickness, respectively for both the 3D models. Uniform brick elements with maximum dimension of 0.075 mm were used in the region around the crack tip for a distance 2 mm (as shown in the inset images in Figure 6a and Figure 7a). This allowed the crack growth rate to be considered over a propagation distance of 2 mm, after which the element size increase to a maximum dimension in the x-y plane of 1 mm. 
4.7.1. Interfacial crack
Figure 6 shows the 3D model for an interfacial crack propagating between an alkyd film and primed canvas substrate. Figure 6a shows the top view and Figure 6b shows the side view. The film thickness is 0.25 mm and the primed canvas substrate is 0.4 mm as before. A pre-crack of 2.5 mm (see Figure 6a) was shown to eliminate edge effects local to the crack region. Cohesive elements were used to model the entire interface except for the region marked pre-crack in Figure 6a.  Symmetric boundary conditions were used on the right and top edges as shown in Figure 6a and the bottom surface was fixed (Figure 6b).
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[bookmark: _Ref55213052]Figure 6. 3D finite element model for an interfacial crack between an alkyd film and a primed canvas substrate showing boundary conditions: (a) Top view and (b) Side view. Inset shows detailed mesh design at the pre-crack boundary.
4.7.2. Through-thickness (channelling) crack
[bookmark: _Hlk61898725]Figure 7a and Figure 7b show the top and side views of the 3D model for a through thickness (channelling) crack propagating within the alkyd film, with crack growth in the z-direction terminating on the interface between film and substrate. However, the crack growth rate of interest is the one occurring in the y-direction as it corresponds to cracks running along the painting’s surface which would damage the aesthetics of the artwork. This 3D model allows its estimation, unlike the respective 2D model of this problem shown in Figure 5 where only small cracks running across the thickness of the paint layer are modelled. The left edge and the bottom edge in Figure 7(a) were fixed in the x- and y-directions, respectively. The bottom surface in Figure 7b was fixed in the z-direction. 
  [image: ]
[bookmark: _Ref61892449]Figure 7. 3D finite element model for a through-thickness (channelling) crack in an alkyd film on a primed canvas substrate showing boundary conditions: (a) Top view and (b) Side view. Inset shows detailed mesh design at the pre-crack boundary.
5. Results and Discussion
Using the models described in section 4.5, the crack initiation times of both interfacial and through-thickness cracks can be predicted using both 2D and 3D models. The 3D models also provide predictions of the crack growth rates.
5.1. Crack initiation time 
5.1.1. Case of equal interfacial and through-thickness fracture properties
The crack initiation time of the interfacial and through-thickness crack models is determined when the stiffness of the element at the crack tip is degraded to zero. Table 6 compares the crack initiation times for the 2D and 3D models for both interfacial and through-thickness crack types for the three cases of daily cycles in relative humidity.
	
	Initiation time (years)

	Relative humidity
	Interfacial crack 
	Through-thickness crack 

	Cycle
	Min (%)
	Max (%)
	2D
	3D
	2D
	3D

	1
	35
	90
	2.8
	2.6
	2.9
	2.2

	2
	40
	65
	14.5
	
	13.9
	

	3
	45
	55
	90
	
	86
	


Table 3. Comparison of crack initiation times for interfacial and through-thickness cracks.
It is seen that except for the two-dimensional simulation under the first cycle (min RH = 35%; max = 90%), the channelling (through-thickness) crack initiates slightly before the interfacial crack. Under the second cycle (RH: 40%-65%), the channelling crack initiates 0.6 years earlier than the interfacial crack, while under the third cycle (RH: 45%-55%), it was four years earlier.
As expected, a more stable environment would postpone the initiation of a crack. In ambient environment (Cycle 1), the first crack initiated after only 2.8 years, but the crack initiation time can be delayed to 86 years when the painting is in a tightly controlled environment (Cycle 3). The prediction agrees with the review by Bratasz [37], where it was argued that a tightly controlled environment helps maintain high standards of preventive conservation and collection care.
 The cracks in the 3D models initiate earlier (0.2 years for the interfacial crack and 0.6 years for the channelling crack) than the cracks in the 2D models with the difference being larger for the channelling crack case. This is expected as the 2D and 3D models for the channelling cracks simulate crack propagations in different directions (through the paint thickness for 2D and along the painting surface for 3D). In addition, in the 3D models the stress concentration caused by the crack tip is taken into consideration, which also more accurately reflects reality. Therefore, it can be concluded that the channelling crack is more likely to initiate first under cyclic environmental stress. 
[bookmark: _Hlk64921831]Another difference between the 2D and 3D models is that the effect of compression on the initiation of interfacial cracks and possibly ‘cupping’ of the cracked area can be simulated, as explained below. As shown in Figure 6a, when RH increases and the paint layer expands, the paint layer will be subjected to compression due to the constraint of the canvas substrate at the interface between them. The compression may cause ‘cupping’ of the interfacial cracked area shown in Figure 6a and provide extra shear force at the crack tip. This is also why interfacial crack initiates earlier in the 3D model than in the 2D one. In addition, with the ability to simulate both the tension and compression states, the 3D models can be used for the study on the balance between the channelling and interfacial cracks, i.e. if the painting is mainly subjected to compression, the interfacial crack might become the dominant failure mechanism.
Despite the higher accuracy of the 3D models, the enormous computational time cannot be underestimated. To simulate a three-year period, it takes approximately twenty-two days at 3.5 GHz CPU using a 3D model, whereas a 2D model only takes approximately seven days. As the results from the 2D models were close to the ones from the 3D model for Cycle 1 in Table 6, the 2D models are deemed to be accurate enough for the purposes of this study. Therefore, in order to reduce the required computational power and cost, only 2D models were run for Cycles 2 and 3 in Table 6.
5.1.2. Parametric study for the through-thickness (channelling) crack case 
In Section 5.1.1 the same traction-separation law was assumed for both the interfacial and channelling cracks. As fracture tests have not been performed on the alkyd film to determine the through-thickness fracture toughness, the parameters for the traction-separation law cannot be calibrated. Therefore, a parametric study on the 2D channelling crack model was performed, varying the traction-separation law parameters to investigate the effects that they have on the time to crack initiation. The effect of changing three parameters was considered, these being ,  and . Tables 4 - 6 show the values used for the three parameters of the traction-separation law.
	Case
	1
	2
	3
	4
	5

	
	0.25
	0.25
	0.25
	0.25
	0.25

	
	0.125
	0.125
	0.125
	0.125
	0.125

	
	1.0
	0.5
	0.33
	0.25
	0.2

	
	0.5
	1.0
	1.5
	2.0
	2.5

	
	4.0
	8.0
	12.0
	16.0
	20.0


[bookmark: _Ref61218628][bookmark: _Ref61218610]Table 4. Parameters used to study the effect of maximum stress at damage initiation, . In all cases  is kept constant at 0.25 N/mm and   at 0.125 mm (see Table 2). In order to keep  the same in all five cases, the value of  had to be adjusted as shown. Similarly, by changing the value of  ,  has to be also modified.
	Case
	1
	2
	3

	
	0.25
	0.25
	0.25

	
	0.0625
	0.125
	0.1875

	
	0.5
	0.5
	0.5

	
	1.0
	1.0
	1.0

	
	16.0
	8.0
	5.3


Table 5. Parameters used to study the effect of displacement at damage initiation, . In all cases  is kept constant at 0.25 N/mm and   at 0.5 mm (see Table 2). By changing the value of ,  has to be also modified.
	Case
	1
	2
	3
	4

	
	0.125
	0.25
	0.375
	0.5

	
	0.125
	0.125
	0.125
	0.125

	
	0.25
	0.5
	0.75
	1.0

	
	1.0
	1.0
	1.0
	1.0

	
	8.0
	8.0
	8.0
	8.0


Table 6. Parameters used to study the effect of displacement at failure, . In all cases  and   are kept constant at 0.125 mm and 1.0 MPa (see Table 2). By changing the value of ,  has to be also modified.

[bookmark: _Hlk61219146]The results of the parametric study are shown in Figure 8a, Figure 8b and Figure 8c which shows the effect of ,  and  respectively. As introduced in section 4.5, the degradation of the interface is due to the accumulation of the damage variable, , and the fatigue damage variable, . The increase in  and , lead to decrease in the value of interfacial stiffness,  through equation (5) When the value of  reaches zero,  reaches , the element is deleted, and the crack is initiated. According to Table 4, the increase in  causes an increase in  and a decrease in  and hence, a higher  which leads to earlier crack initiation (Figure 8a). Meanwhile, from Equation (8), a higher  accelerates the accumulation of  and leads to early crack initiation (Figure 8b).
While maintaining the same values of  and , increasing the failure displacement,, increases the interfacial fracture toughness. According to Shet et al. [38], interfacial fracture toughness encompasses the work of fracture and other energy consuming mechanisms within the fracture process zone, which means higher  leads to more ductile interface and postpones crack initiation. 
[image: ]
[bookmark: _Ref36501692]Figure 8. Effect of (a) maximum stress at damage initiation, , (b) displacement at damage initiation,  and (c) displacement at failure,  on the channelling crack initiation time at RH cycle 35-90%. All plots show opening traction as a function of time, the intercept with the time (horizontal) axis shows the time to crack initiation for each case.

5.2. Crack growth rates 
[bookmark: _Hlk61898766]By using the 3D models, the crack growth rate in both interfacial and channelling cracks can be predicted, whereas the 2D models can only predict the rate for the interfacial crack as explained in section 4.7.2. Figure 9 compares the crack growth rates from the 2D and 3D interfacial crack model to that predicted from the 3D channelling crack model. Due to the different mesh sizes of the 2D and 3D models, a mesh density sensitivity study was performed on the 2D model. The results indicated a low dependency of predicted crack growth rate on mesh density, giving further confidence regarding the model’s output. The results predict that the channelling crack grows at an accelerating rate while the growth rate of the interfacial crack is constant with time. 

 [image: ]
[bookmark: _Ref36502956]Figure 9. Crack length versus time for interfacial and channelling cracks obtained from 2D and 3D simulations (RH cycle 35%-90%). The effect of mesh density (0.075mm vs. 0.3mm) is shown on the 2D model output 
As shown in Figure 9, the channelling crack initiates earlier and grows faster than the interfacial crack. This implies that channelling crack is the dominant mode of paint fracture under cyclic environmental stress for this combination of layers. This was also observed in Young’s tensile experiments on Acrylic ”GESSO”-Alkyd paint samples [28]. Therefore, a possible process of paint damage can be predicted: channelling cracks are initiated from natural defects (i.e. air bubbles, inclusions or uneven paint surface steps), this then weakens the paint/primed canvas interface by providing potential initiation sites for delamination of the paint layer. There is little experimental data on the effect of environmental changes on the crack initiation and growth in canvas painting. Berger et al. [39] performed experimental work that showed the response and subsequent cracking of paint on canvas due to environmental changes. However, because both temperature and relative humidity fluctuating at the same time, the results were not comparable with the prediction of the proposed FE model. The methodology for this experimental work is being refined at present for paint on a wooden substrate as the relative rigidity of the wood is a slightly easier experimental challenge [40].
6. Conclusions
Managing the indoor environment with low carbon emission while maintaining a high standard of collections care is a key objective for institutions charged with their care. The ability to predict the response of paintings under different environments is of great importance in achieving this objective. However, paintings are objects of a complex multi-layer structure; their constituent materials are hygroscopic, i.e. they absorb/desorb moisture depending on changes in relative humidity. As each material displays a different dimensional response to the exchange of moisture with the air, stress differentials are induced within the paintings. This cyclic absorption/desorption moisture exchange is mitigated by semi or fully controlled air conditioning systems. However, if the allowable RH has an increased range, it is possible that low-cycle fatigue can occur in paintings and this can lead to the formation of cracks. The two main types of cracks seen in paintings are interfacial cracks growing between the constituents and through-thickness (channelling) cracks within the materials that terminate at the substrate layer interface. The finite element method has been used to investigate the effects of low-cycle environmental fatigue in a bi-layer painting consisting of a visco-hyperelastic alkyd film and a linear elastic acrylic primed canvas substrate. Four models have been considered, a 2D and 3D model for each of the previously mentioned crack types for three different RH cycles, 35%-90%, 40%-65% and 45%-55%. 
[bookmark: _Hlk60581173]For the channelling crack case, the 2D models enable the time to crack initiation to be calculated, but for the interfacial crack case, the 2D models can provide both crack initiation time and crack growth rate. On the other hand, crack growth rates as well as crack initiation times may be derived from the 3D models. The results show that the channelling crack initiates earlier and grows faster than the interfacial crack. This suggests that the channelling crack is the dominant mode of paint fracture under environmental stress. As expected, both the results of 2D and 3D models show that a stable environment can help preserve the painting by delaying crack initiation. However, to the authors’ knowledge this is the first time that this effect has been quantified.
[bookmark: _Hlk61203193]The findings and methods presented here shows great potential for preventive conservation: the finite element models determine the effects of changing relative humidity on different crack types observed in paintings, allowing for the prediction of time to critical damage. In addition to painting conservation, the results of this study can be used to help inform decisions aimed at reducing our carbon footprint by identifying how environmental controls for painted and coated cultural heritage can be optimised for energy efficiency within institutions.
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