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ABSTRACT 

This master’s thesis studies the effect of weathering on thermally modified Norway spruce 

(Picea abies) and Scots pine (Pinus sylvestris) with different surface treatments. Most 

importantly colour changes were analysed, especially, the greying. However, other aspects of 

appearance changes, like cracks, mould and chemical changes on the surface were included. 

Special emphasis was on analysing the influence of tree species, type of thermal modification and 

surface treatment on these properties. Furthermore, it was tested if near infra-red (NIR) 

spectroscopy allows to estimate the colour, in addition, to measuring chemical changes. 

The whole study was set up as a decking of a gangway in Northern Sweden and evaluated after 

the first year of exposure. With the help of colorimetry, changes in colour based on the 

CIE L*C*hab colour space were measured. Test results showed that within one year all surfaces 

turned greyer significantly due to changes in content of lignin and cellulose measured with NIR 

spectroscopy. Differences could neither be observed between the uses of the two tree species nor 

between the uses of the thermal modifications, pressurised saturated steam at a temperature of 

180 °C and superheated steam at a temperature of 212 °C. However, the surface treatment affects 

the colour change. Timber treated with a silicon based treatment had from the beginning a greyer 

colour and turned greyest after one year, while oil and pigmented oil stain slowed down the 

greying compared to untreated and iron vitriol treated timber. After one year of exposure for none 

of the treatments the colour had stabilised.  

Qualitative analysis of cracks and mould growth on the surface indicated some dependence on 

thermal modification and surface treatment. The PLS model for the prediction was not good, so 

no universally valid conclusions could be drawn of them. Timber with silicon based treatment 

showed a tendency for mould growth and timber thermally modified with pressurised saturated 

steam at a temperature of 180 °C tends to have cracks more often.  

It was possible to estimate the colour from NIR spectroscopy. Best estimations were achieved for 

the Chroma, followed by lightness and hue. Even better prediction of the Chroma could be 

achieved by fitting different models based on the surface treatments.  Hence, NIR spectroscopy 

allows a good estimation of the greying without needing a further measurement instrument, like a 

colorimeter. 
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1 INTRODUCTION 

Weathering occurs when timber is exposed to outdoor conditions. Changes, caused by exposure 

to sunlight, precipitation, changing temperature and air humidity, contact with biological agents, 

etc. can be observed. It mostly affects the surface of timber, if there is no decay present. This has 

little impact on the mechanical performance of the structure. However, it alternates strongly the 

appearance of the surface and chemical composition. The colour, roughness, glossiness of the 

exposed surface changes over time. The change of colour is due to degradation of lignin and 

wood extractives by sunlight, especially UV light. The degradation products are then washed out 

by water leading to a greyish surface. Furthermore, checks can form on the surface due to 

moisture induced stresses (Feist and Hon 1984; Williams 2005). Studies have shown that 

thermally modified timber is more resistant to weathering. During the thermal modification 

hemicelluloses is degraded and leads to a more dimensional stable product with a lower 

equilibrium moisture content (Nuopponen et al. 2004; Sehlstedt-Persson 2008; Esteves and 

Pereira 2009; Sandberg and Kutnar 2016). This makes it a good material for cladding and 

facades. Though, the appearance is still altered during weathering for thermally modified timber 

(Ayadi et al. 2003; Welzbacher et al. 2009). 

However, changes in appearance over time are not always wished in a construction. So after 

setting up a construction the changes due to weathering should be completed rather sooner than 

later or not change at all. Therefore, even models predicting colour changes based on 

experimental data from natural weathering have been fitted to make better predictions for 

architects (Schnabel and Petutschnigg 2011). One way of reducing colour changes or reaching 

early a stable colour is the use of different treatments and coatings of the surface. On the one 

hand, coatings that block UV light and, hence, maintain the original colour of the timber can be 

used. On the other hand, other coatings can accelerate the colour change due to weathering and 

allow that a stable colour is reached earlier. 

The main focus in this study is to analyse the colour change of thermally modified softwoods due 

to weathering and if the choice of tree species, thermal modification and surface treatment 

influences this. The aim was to obtain a stable grey surface after a short exposure time in 

Northern Sweden. In addition, it is studied if other properties of the surface, like cracks and 

mould growth, are affected.  Another focus was to measure qualitative chemical changes due to 

weathering and estimate the colour of the surface with near infra-red (NIR) spectroscopy. This 

allows in the future using only one measurement method to observe colour and chemical changes, 

instead of measuring colour separately. 
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2 THEORY 

2.1 Chemical composition 
Wood is mainly built of cellulose, hemicellulose, lignin and extractives. Depending on tree 

species and climate the proportion of these components can vary. The following description will 

be restricted to Norway spruce and Scots pine, since these species were used for this study. The 

chemical composition of these species is very similar. 

Cellulose 

Cellulose is the main component of wood with a proportion of 43 % of the dry mass of 

softwoods.  It is a linear unbranched polymer of β-D glucose units connected through β-

glycosidic bonds. The degree of polymerisation is high can be up to 15,000 units. The glucose 

units are at 180° angle to each other. The primary structure, as described, can be seen in Figure 1. 

 

Figure 1 Primary structure of cellulose consisting of β-D glucose units linked through β-glycosidic bonds. 

Important for the properties of cellulose is also the secondary structure. Single cellulose chains 

are linked to each other hydrogen bonds and form cellulose sheets, which leads to a stiffer 

structure. These sheets form a 3 dimensional structure when stacked over each other, but are only 

liked through weak interactions. Fibrils are such stacks of cellulose sheets and hence, can be 

considered crystals of cellulose. Most of cellulose in wood is crystalline, but there are also 

amorphous regions. These regions are more reactive. In general, cellulose is resistant to chemical 

derivatization and characterised by high strength (Lennholm and Henriksson 2016). 

Hemicellulose 

25 % of the dry mass of softwood is hemicellulose. In combination with lignin, it acts as a matrix 

for cellulose fibrils. Hemicellulose is a polysaccharide consisting of hexose and/or pentose units. 

The degree of polymerisation is lower than for cellulose and is branched. The main type of 

hemicellulose found in softwoods is (galacto)glucomannan. The backbone is formed of mannose 

and glucose. The side chains are formed by galactose and acetyl groups. Due to the amorphous 

structure and hydroxyl groups, hemicellulose is more reactive and bonds water. It plays a major 

role in the swelling behaviour of the cell wall and wood in general. Hemicellulose is most 

sensitive to heat (Teleman 2016). 
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Lignin 

Lignin form 23 % of the dry mass of softwoods. It is complex polymer consisting of different 

monomers which are linked to each other through different bond and form a web-like structure. 

In softwoods the most common monomer is guiacylpropane. Lignin is hydrophobic and prevents 

water penetration into the wood. It is part of the matrix surrounding the cellulose fibrils. Lignin 

can start softening at temperature above 80 °C. In contrast to hemicellulose, it is only sensitive to 

heat when oxygen is present (Henriksson 2016). 

Extractives 

Extractives form only a few per cent of the wooden dry mass, but in heartwood it can be up to 

20 % to 30 %. Extractives are easy to extract from the wood with solvents. They can be 

distinguished between fats and fatty acids, steryl esters and sterols, terpenoids, and waxes. They 

play a role in protecting the tree from attacks like fungi and insects, and the metabolism of the 

living cells in the tree (Björklund-Jansson and Nilvebrant 2016). 

2.2 Thermal modification 
During thermal modification the timber is heated up to temperatures above 100 °C depending on 

wood species, aim and procedure. In general, it can be said that thermal modification increases 

the dimensional stability, resistance to decay and weathering, as well as the thermal insulating 

capacity. Whereas, mechanical properties, like strength, reduces and for spruce inner cracking 

could be observed. These changes in properties are caused by chemical changes in the timber due 

to the thermal modification.  It leads mostly to the degradation of hemicellulose, since it is one of 

the most sensitive components in wood to heat. However, extractives are also released and lignin 

is degraded. Hence, the proportion of cellulose is higher in thermally modified timber than in 

unmodified timber (Nuopponen et al. 2004; Sehlstedt-Persson 2008; Esteves and Pereira 2009; 

Sandberg and Kutnar 2016). 

Several technologies to thermally modify timber have been established over the past decades. 

The main difference between them is the medium used to avoid the presence of 

oxygen/combustion at these high temperatures. This can be e.g. steam, water, nitrogen, oil or 

even vacuum. Furthermore, process times and temperatures vary between the different 

technologies (Dagbro 2016; Jebrane et al. 2017). 

ThermoWood 

This technology is based on treating the timber with superheated steam at temperatures between 

185 °C and 212 °C. In 2017 nearly 194,000 m
3
 ThermoWood was produced (Anonymous 2018) 

and is the most commonly used technology for thermal modification in Europe.  

ThermoWood can be classified into Thermo-S and Thermo-D, which stands for stability and 

durability, respectively. Thermo-S of softwoods is characterised by only reaching a maximum 

temperature of 190 °C during the treatment, while Thermo-D reaches temperatures up to 212 °C. 
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In this study Thermo-D was chosen, since it is preferred over Thermo-S, when used for cladding 

and flooring exposed to the outdoors. It is characterised by a higher weather resistance and 

dimensional stability, but also by a reduced bending strength and darker colour). The open 

process allows acetic acids to steam off during the treatment (Anonymous 2003). 

WTT 

This technology is based on treating the timber with pressurised saturated steam in an autoclave 

at temperatures between 160 °C and 180 °C. The duration is only between ½ and 1½ hours. After 

the treatment more water soluble carbohydrates and phenols remain in the timber (Esteves and 

Pereira 2009; Dagbro 2016). 

Plato 

Thermovuoto 

 

2.3 Surface treatments 
Different coating can be applied on the surface of the timber to protect it from moisture, decay 

and UV light or simply just to change the appearance. For ThermoWood it is known, that coating 

can be applied as for untreated timber and has a good adhesion. However, for water-based 

treatments it should be taken into account that the water-absorption capacity is lower 

(Anonymous 2003). 

The different treatments used in this study are described below. The focus was on surface 

treatments which produce a greyish surface and not on protecting the original colour of the 

timber. 

Oil 

Treating the surface of timber with oil increases the dimensional stability of timber due to its 

water repellent properties, which reduces the moisture uptake. It can have effects on the decay 

and colour, if fungicides and UV agents are used. Pigments can be added to the oil to achieve a 

certain colouring (Pousette et al. 2009). In this study an oil-water emulsion without and with grey 

pigments was used. 

Iron vitriol 

It is mostly used for giving the timber a similar greyish colour as after natural weathering. Apart 

from this, it has no other effects on the timber and does not protect in any way against moisture 

and UV light (Pousette et al. 2009). The metal reacts with the tannin in the wood and leads to 

discoloration on the surface (Koch and Skarvelis 2017). 
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Silicon based 

According to the producers, a silver-greyish colour should be achieved by applying this treatment 

on the surface. Furthermore, it should be water and dirt repellent, protect against UV light, reduce 

attack of mould, algae and light rot, as well as less cracking (BIOkleen Miljökemi AB 2018; 

OrganoWood AB 2018; Sioo Wood Protection AB 2018). 

2.4 Weathering 
Weathering occurs when timber is exposed to the weather outdoors and leads to a degradation of 

the timber. Important roles in weathering play solar radiation and moisture. In addition, 

temperature, abrasion and pollution can influence the weathering of wood. Contrary to decay, the 

weathering only affects the surface of the timber. 

The solar radiation leads to colour changes on the surface, as well as loosening of fibrils and 

tracheids from the surface. Visible light can degrade extractives, which can be colour giving 

components. However, this does not affect the structure of wood. In contrast, lignin, which is a 

structural part component of wood, is degraded by UV light. The absorbed UV lights leads to the 

formation of free radicals and hydroperoxide. Both initiate the degradation of polymeric 

components of wood. The proportion of lignin and methoxyl decreases, while the acidity and 

carboxyl concentration increases. Different degradation products are formed, like organic acids, 

vanillin, syringaldehyde and higher molecular weight compounds. Futhermore carbonyl groups 

remained as a result of the degradation. All these compounds are leachable. The water leaches out 

these products and on the surface of the wood remains mainly pure cellulose. This makes the 

surface appear white or grey and since the matrix for the fibrils and the middle lamella between 

adjacent cells is missing, fibrils and tracheids start to loosen from the surface. Water can have 

further effects. Moisture can be absorbed due to rainfall, dew or increased relative humidity. The 

wood starts to swell on the surface, inducing a moisture gradient. This creates stresses and can 

lead to warping and checking (Feist and Hon 1984; Williams 2005). 

Nuopponen et al. 2004 studied differences in weathering for unmodified and thermally modified 

softwood. It was shown that in both cases lignin was degraded, but that the thermally modified 

samples were more enriched with aromatic and conjugated carbonyl compounds. Hence, 

thermally modified wood is not as affected by leaching as unmodified wood is, due to a more 

cross-linked structure and lower equilibrium moisture content. 
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2.5 Colour 
Colour is the visible part of the spectrum of electromagnetic radiation. The electromagnetic 

radiation is characterised through the wavelength in nanometres (nm). Wavelengths change 

depending on the medium and its refraction index. In this study, all wavelengths are based on 

measurements in air. 

Isaac Newton already divided the colours up into a spectrum in the 17
th

 century. His assignment 

of colours was used as a foundation for the current assignment of the spectrum. In Figure 2, the 

spectra of visible light, as well as wavelengths of ultra-violet (UV) and infra-red (IR) are shown. 

The visible spectrum ranges between 290 nm and 700 nm for the human eyes, but some species 

are capable of seeing UV light and sense infrared. 

 

Figure 2 Spectra of visible light from 290 nm to 700 nm and close UV and Infrared regions with assigned 

wavelengths and colour. 

The 3 types of cones in human eyes are sensitive to different parts of the spectrum and are 

designated ρ-cones to the yellow-orange, γ-cones to green and β-cones to blue-violet part of the 

spectrum. Sometimes they are also referred to as R (red), G (green) and B (blue).  So the colour 

system with the tristimulus values R, G and B represents well the human vision of colours. This 

means though that it is not possible to have any feedback on colours outside the human vision. 

Therefore, the International Commission on Illumination (CIE) created another system with the 

tristimulus values X, Y and Z. These tristimulus values represent the colours linearly and lead to 

a non-uniformcdistribution of colours, meaning that the calculated differences do not always 

correspond to the perceptual difference. That was the reason for the CIE to suggest colour 

systems that only show proportions of the tristimulus values and not the actual magnitude. One of 

these suggestions is the CIE1967 L*a*b* colour space (CIELAB). 

L* (Lightness) is the brightness from black to white with L*=0 and L*=100 respectively,  

a* is the chromatic axis extending from green to red with –a* and +a* respectively, and, 

b* is the chromatic axis extending from blue and yellow with –b* and +b*,respectively. 
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The chromatic axis can also be expressed as C and H in the CIE L*C*hab (CIELCh) colour space. 

In Figure 3 both CIELAB and CIELCH colour space and their correspondence is shown.  

L* remains the same as described above 

C* (Chroma) is the colourfulness from pure to grey with C*=100 and C*=0, respectively, and, 

hab (Hue) is the attribute of a visual perception according to which an area appears to be similar to 

one, or to proportions of two, of the perceived colours red, yellow, green, and blue and is 

expressed as an angle in degree (Jha 2010; Hunt and Pointer 2011). 

 

Figure 3 CIELAB and CIELCh colour space. 
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3 MATERIAL & METHODS 

This comparative study was carried out as a long term experiment. Thermally modified Scots 

pine (Pinus sylvestris) and Norway spruce (Picea abies) were compared. The comparison also 

includes different thermal modification: pressurised saturated steam at a temperature of 180 °C 

and superheated steam at a temperature of 212 °C. Furthermore, these four combinations were 

undertaken different surface treatments: untreated, oil, pigmented oil stain, iron vitriol and a 

silcon based treatment. In total, there were 20 different samples. The sample size is 5 boards for 

each combination as shown in Table 1. Before the boards were exposed to the weather, all 

treatments were applied according to instructions by the manufacturer. The boards had a 

dimension of 3550 mm x 95mm x 28 mm. In total 100 boards were installed with horizontal 

exposition as a decking. 

Table 1 Combination of species and treatments that are being tested. 

Species Thermal modification Surface treatment 

Scots pine  

(Pinus sylvestris) (P) 

Norway spruce  

(Picea abies) (S) 

Pressurised saturated steam at 180 °C (180) 

Superheated steam at 212 °C (212) 

Untreated (Unt) 

Oil (Oil) 

Pigmented oil stain (Poi) 

Iron vitriol (Ivi) 

Silicon based (Sil) 

The experiment was set up at research facility Solvågen in Piteå, Northern Sweden. It is a 

research facility for double-sided solar panels. In addition, it investigates about architectural, 

social and design aspects. In Figure 4 the research facility is shown. Part of the wooden decking 

was assigned for the comparison of the species treatments described above, as can be seen in 

Figure 5. For the remaining decking, which not included in this study, thermally modified timber 

treated with pressurised saturated steam at a temperature of 180 °C is used. 
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Figure 4 Research facility “Solvåg” in Piteå, Northern Sweden. 

 

Figure 5 Part of the wooden decking of “Solvåg” used as experimental site for this study. 

The samples are tested in a long term setup of at least 3 years on a gangway with solar panels. To 

observe how the timber changes over the exposure time different measurements were carried out: 

 Colour measurement  

 NIR Spectroscopy  

 Visual inspection 

The positions of the measurements along the board can be seen in Figure 6. Before setting the 

boards up on the gangway these colour measurements and NIR spectroscopy were already carried 

out in the laboratory. 
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Figure 6 Position of different measurements. 

Furthermore, moisture content and the climate are recorded at the experimental site for selected 

boards, which were also CT scanned in September 2017 and June 2018. However, this data was 

not analysed in this study. 

After the snowmelt in spring all measurements were carried out on site in regular intervals. In 

Table 2, an overview over all measurements, their timing and place are shown. 

Table 2 Time and place of different measurements. 

  

Date day Place Colorimetery NIR spectroscopy 
Visual 

inspection 

25/09/2017 0 Laboratory x 
x 

(only 20 specimens) 
- 

08/05/2018 223 On site x x - 

25/05/2018 240 On site x 
x 

(faulty measurements) 
- 

11/06/2018 257 On site x x - 

27/06/2018 273 On site x - x 

20/07/2018 296 On site x x - 

14/08/2018 322 On site x - - 

06/09/2018 345 On site x x x 
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3.1 Colour measurement 
The colour was measured with the colorimeter Konica Minolta CR-410 (Chiyoda, Japan). It was 

chosen an illuminant type C, simulating daylight, and a 2 ° standard observer. 

The first time colour was measured in the laboratory in the Hunter Lab colour space, all further 

measurements were done in the CIELAB colour space. Hence, the data obtained during the first 

measurement was converted from the Hunter Lab colour space to the CIELAB colour space by 

using following equations. 

Hunter Lab to XYZ  

With the reference white XYZ for 2 ° observer and illuminant C being XR = 98.074, 

YR = 100.000 and ZR = 118.232. 
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Based on this the colour difference ΔE according to CIE 1976 to analyse colour stability over 

time could be calculated for all measurements related to the first measurements in the laboratory 

(L1, a1 and b1). 
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However, the CIELCh colour space is more intuitive in reading grey values of the colour, since 

the Chroma value needs to be 0 for pure grey. So the data was also converted from The CIELAB 

colour space to the CIELCh colour space. 

CIELAB to CIELCh 
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) 
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Due to the conversion between the colour spaces errors can be introduced. Therefore, the 

measured colour in CIELCh for 11 different colours was compared with the calculated colour in 

CIELCh from Hunter Lab and CIELAB. When the conversion was only from the CIELab colour 

space to CIELCh no error occurred. However, when it was converted from the Hunte rLab colour 

space to the CIELCh colour space an error was introduced. In Figure 7 is shown the measured 

value over the calculated value of the different colour components Lightness, Chroma and Hue. It 

can be noticed that for the lightness the calculated value is slightly lower than the measured 

value, while for the Chroma and Hue it is inverse, the calculated value is slightly higher than the 

measured value. However, these errors are so minor in relation to the differences in colour 

observed over time in this study that it does not affect the results. In Figure 7, the fit of measured 
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and calculated values for each colour component can be seen. The coefficient of determination R
2
 

is 1 for all colour components and means that the model to transform the colour from Hunter Lab 

to CIELAB is a very good fit. 

The data obtained from the measurements were analysed through multivariate data analysis to see 

if tree species, thermal treatment and/or surface treatment influenced the colour, especially the 

greying, of the timber surface. Therefore, different PCA and PLS models were checked for 

correlations. One PCA model was fitted with all colour measurements after exposure and PLS 

model was fitted including all measurement before and after the exposure. 

 

 

 

Figure 7 Measured over calculated Lightness, Chroma and Hue of 11 different colours. 
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3.2 Visual inspection 
Visual inspections were carried out to obtain information about cracks and mould on the surface. 

Hereby, it was only noted if there was mould and/or cracks present, but no classification was 

carried out. 

The data was analysed through multivariate data analysis to see if tree species, type of thermal 

treatment and/or surface treatment have an influence on mould growth and formation of cracks 

on the surface over time. Therefore, a PLS model was fitted, which estimates the responses 

cracks and mould from the variables species, thermal treatment, surface treatment and exposure 

time. 

3.3 NIR spectroscopy 
Near infrared spectroscopy was carried out with the spectrometer MicroNIR Pro 1700 ES (Viavi, 

San Jose, California, USA) using linear variable filter (LVF) technology. The wavelength range 

is 908.1 nm to 1676.2 nm and a pixel-to-pixel interval of 6.2 nm. 

It was measured in the diffuse reflection mode and data was later on converted into an 

absorbance spectra by using following equation according to (Schwanninger et al. 2011; Sandak 

et al. 2016) 

              
 

           
 

Furthermore different filters, like 1
st
 and 2

nd
 derivatives and SNV were applied and chosen 

according to which gave the best fit for the models. Only qualitative analyses were carried out. 

Bands were assigned according to Schwanninger et al. 2011. 

The data was analysed through multivariate data analysis focusing on two different topics. 

Firstly, to observe chemical changes due to weathering on the timber surface and secondly, to see 

if the colour can be estimated from NIR spectroscopy.  

A PCA model was fitted to analyse chemical changes. Several PLS models were fitted to obtain a 

precise estimation of the colour from the NIR spectra. In the results the best fitting models 

depending on the filter are presented.   



Master’s Thesis  Effects of Weathering on Thermally Modified Softwoods with different Surface Treatments 

15 

 

4 RESULTS & DISCUSSION 

4.1 Colour and greying 
The evaluation of the colour showed that during the first year of exposure clear changes in colour 

occurred. When looking at the different colour components in Figure 8 to Figure 10, it can be 

seen that the Chroma is strongest affected by the exposure. The lightness changes noticeably for 

some treatments during exposure. 

In general, for nearly all samples the lightness increases over 345 days. However, some samples 

show only minor increases or even decreases. Timber treated at 212 °C and iron vitriol has in the 

beginning a light colour which seems to darken during the winter and then turns lighter again 

during the exposure in summer. The behaviour is less pronounced for timber treated at 180 °C 

and iron vitriol, which seems to have a quite stable lightness over the whole exposure time. Board 

treated with silicon based treatment or oil showed a steady increase in lightness. The lightness of 

pine treated with oil increased slightly stronger than the lightness of spruce. When treated with 

silicon based treatment no clear pattern could be seen, except for samples of spruce treated at 

180 °C, which showed a strong lightening after winter. Pigmented and boards treated with oil all 

show some lightening during the exposure in summer. However, the changes are only minor and 

the lightness appears to be quite stable. Overall, boards treated with pigmented oil and iron vitriol 

were darker than boards treated with other treatments. 

The Chroma decreases for all samples, meaning that the boards get a more greyish colour. This 

agrees with findings so far on natural weathering. Due to the sun light, especially the UV 

component of it, colour giving extractives and lignin gets degraded and washed out by water. 

This leads to a higher proportion of cellulose on the surface, which appears white or grey 

(Schnabel and Petutschnigg 2011). From the beginning samples treated with silicon based 

treatment had a greyer colour than other surface treatments, except for pine treated at 180 °C. 

After one year it was also the treatment with the lowest Chroma values independent from species 

and thermal treatment. Pigmented oil had in the beginning also low Chroma values but the 

decrease after exposure was not as strong as for silicon based treatment and iron vitriol. Iron 

vitriol turned greyer quite fast after exposure and comparatively faster for timber treated at 

180 °C than at 212 °C. Untreated samples also become grey at a fast rate but had quite high 

Chroma values at the beginning. Chroma values of oil stained samples had similar high Chroma 

values, but were not as strong affected by exposure as untreated samples. Within one year no 

stable Chroma value has been reached for any kind of treatment and species. However, so far 

silicon based treatment lead to the greyest surface, followed by untreated and iron vitriol. 
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Figure 8 Average Lightness of 20 different samples over time. 

 

Figure 9 Average Chroma of 20 different samples over time. 
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Figure 10 Average hue of 20 different samples over exposure time. 

 

Figure 11 Average colour difference ΔE of 20 different samples over exposure time relative to original state before exposure. 
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The hue values ranged for all samples between slightly beneath 60 ° to slightly above 70 °. These 

values correspond more or less to an orange colour at 60 ° and turning more yellow and red when 

the hue increases and decreases, respectively. There could not be observed a general development 

in hue for all samples. Though, depending on the surface treatment certain patterns reoccurred. 

Untreated samples showed no change in hue, while samples treated with oil shifted their colour to 

a more yellowish colour and samples treated with silicon based treatment and pigmented oil 

turned slightly more reddish in colour after exposure. For iron vitriol no unique pattern could be 

observed. The Hue values of samples treated with iron vitriol and untreated samples were higher 

from the beginning and still quite high after one year of exposure, whereas samples treated with 

silicon based treatment also have high values in the beginning but after one year of exposure has 

decreased strongly. The reverse effect can be observed for oil and pigmented oil. Overall, for 

some treatments like untreated and iron vitriol the hue values seem to be quite stable. 

The colour difference ΔE increases compared to the colour at the beginning for all samples over 

exposure time. This means the colour continues changing and the difference between the colour 

at the beginning and during the exposure becomes more distinct. It is shown in Figure 11. Since 

the lightness increased and the Chroma decreased over the exposure time, an overall change in 

colour was to be expected. Lowest colour difference could be observed for pine treated at 212 °C 

and pigmented oil. In general, when treated with pigmented oil, the colour difference is 

comparatively low. This can be explained by the fact, that the pigments in the colour are not 

degraded by the UV light and as long as they remain on the surface will block UV light and 

hence reduce the degradation of the timber underneath (Feist and Hon 1984). 
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A PCA model was used to obtain overview over all observations made over time depending on 

their colour using the values in the CIELCh colour space. Colour values from the two sides of the 

boards were included separately instead of using an average to also check if there exist any huge 

differences in colour between them. Only observation made after 223 days of exposure are 

included. The model with 3 principal components explains 93 % of the variation and has good 

prediction ability with a Q
2
 value of 78 %. 

The loading plot in Figure 12 shows that the lightness measured on the different sides of the 

boards are closely positively related to each other. This is also valid for the colour Chroma and 

hue with the respective Chroma and hue on the other side of the boards. This means that the 

measured colour on two sides of the boards did not differ much from each other. Furthermore, the 

hue and lightness are negatively correlated to the Chroma, meaning that more grey boards are 

lighter and more yellowish in colour.  

In the score plot different patterns could be seen, as shown in Figure 13. There is a quite 

differentiated grouping due to the surface treatment applied. For samples treated with oil a wide 

spread could be observed ranging from observation with low Chroma values to samples with very 

low Chroma values and the opposite behaviour for the brightness. The Hue is overall a little 

higher than for other treatments. Pigmented oil is less spread out and has mostly a high Chroma 

value with an average hue and a high lightness. Samples treated with iron vitriol both have 

average Chroma and lightness values. They only differ in hue, whereby iron vitriol has a low hue 

and untreated samples a high hue. The lightest and most grey group in colour are the samples 

treated with silicon based treatment.  

In addition, another pattern could be observed in the data, as shown in Figure 14. The colour 

varies according to the exposure time. Over time the samples become more grey (lower Chroma) 

and lighter (higher lightness) while the hue remains quite constant. This indicates that when the 

groups due to different surface treatment are wider spread in the horizontal direction, it is as a 

result of a stronger colour change during the exposure to the weather. It can be strongest observed 

for samples treated with oil. 

There could be no pattern observed in the score plot due to thermal treatment and species. In 

conclusion the colour is independent of these. 
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Figure 12 Loading plot of the PCA model. 

 

Figure 13 Score plot of the PCA model coloured after surface treatment. 

 

Figure 14 Score plot of the PCA model coloured after exposure time. 
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Since clear patterns could be observed in the PCA, a PLS model was used to predict the colour 

based on the variables species, thermal treatment, surface treatment and exposure time. All 

observations are included in this model. 

The PLS model has 3 latent variables. It uses 38 % of the variation in the variables to describe 

63 % of the variation in the responses. The model has a good predictive ability with across 

validated Q
2
 of 67 %. 

The weight plot in Figure 15 shows that the Chroma is negatively correlated with the other 

responses hue and lightness, as well as with the variables exposure time and the silicon based 

surface treatment. Whereas, oil with and without pigments seems to be positively correlated with 

the Chroma. Accordingly samples treated with these treatments are less grey than the average and 

are darker and more reddish in colour than the average. Samples treated with iron vitriol and 

untreated samples have an average Chroma and lightness. Apparently the thermal treatment and 

species have are not making any difference in colour.  

 

Figure 15 Weight plot of the PLS model. 
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In Figure 16 it is shown which variables are most important for this model to predict the colour. 

The time of exposure is the main predictor, followed by the different surface treatment. Even the 

type of surface treatment is important, while the species is rather unimportant for the prediction. 

 

Figure 16 VIP plot of the PLS model. 

When taking a closer look at the Chroma, since the greying is the main interest of this study, it 

can be observed the Chroma is negatively correlated to the exposure time (Figure 17). Hence, the 

time of exposure is the factor which affects strongest the greying. Out of the surface treatments 

the silicon based treatment and iron vitriol have a positive impact on the greying, while oil seems 

to slow down the greying. The thermal treatment at 212 °C is slightly negatively correlated to the 

Chroma, but due to large confidence intervals it is not significant. 

 

Figure 17 Coefficient plot for Chroma of PLS model. 
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4.2 Cracks and mould 
According to the presence of cracks and mould a PLS model was used to see which variables 

facilitate them the most. The model with 2 latent variables explains 35 % of the variation and has 

a weak predictive ability with a Q
2
 value of 27 %. Observations were made after 257 days and 

345 days of exposure and are all included in this PLS model. 

Even though the model is not the strongest due to a low sample size, some tendencies can be read 

from it. Figure 18 shows the weight plot of the PLS model. Cracks and mould are positively 

correlated to the time of exposure, meaning that more samples crack or have mould due to the 

exposure. Timber which is thermally treated at 180 °C is more prone to have cracks on the 

surface, since they are positively correlated. Timber treated with silicon based treatment is 

positively correlated to mould. Hence, mould growth tended to occur more on this kind of 

surface. Untreated surfaces and treated with oil, pigmented oil and iron vitriol are negatively 

correlated to mould and, therefore, have a lower tendency to be affected by mould growth. 

 

Figure 18 Weight plot of PLS model predicting cracks and mould. 
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The VIP plot in Figure 19 shows that the variable silicon based treatment is the strongest variable 

in predicting cracks and mould, followed by thermal treatment and then species. Exposure time 

and other surface treatments than silicon based are less important for the model. 

 

Figure 19 VIP plot showing which variables are most important for the model. 

When looking at the cracks and mould separately through the coefficient plot in Figure 20 and 

Figure 21, it can be observed that they are affected differently by the variables.  

For mould the strongest indicator is the silicon based surface treatment and weaker indicators are 

the other surface treatments. For all other variables the coefficient is quite low with relatively 

large confidence intervals that they cannot be considered significant in predicting the mould 

growth. 

 

Figure 20 Coefficient plot of the PLS model for the response mould. 
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The best indicator for the presence of cracks on the surface is the thermal treatment at a 

temperature 180 °C. Species, surface treatment and time of exposure were not significant due to 

low coefficient values and large confidence intervals. Feist and Hon 1984 described that surface 

checking can occur during weathering. Moisture gradients and swelling are induced due to 

changing relative humidity. This leads to inner stresses, highest close to the surface, and 

depending on the steepness of the moisture gradient. They result in warping or checking, as could 

be observed in this study. 

 

Figure 21 Coefficient plot of the PLS model for the response cracks on the surface. 

Overall, some tendencies for certain treatments can be shown, but further verification is needed. 

In case of the formation on cracks it could be seen, that boards not included in the experiment and 

treated at 180 °C showed less cracking.  
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4.3 NIR spectroscopy 

4.3.1 Chemical changes due to exposure 

A PCA model was used to analyse, if the NIR spectra differed for species, thermal treatment, 

surface treatment and/or exposure time. Observations of 0 days after exposure and 240 days of 

exposure were excluded due to low number of specimens and faulty measurement. 11 principal 

components were used in the model, but 5 components already explained 97 % of the variation 

and have a high validity with a Q
2
 of 97 %.  

It could be visually noticed in the score plot (Figure 22) that the NIR spectra is not affected 

strongly by species, thermal treatment and/or surface treatment, but a clear grouping could be 

seen when coloured after time of exposure. In this case, observations made after 345 days of 

exposure clearly differ from all the other observations of less time of exposure. Even among the 

observations with less time of exposure there can be seen a difference, but it less pronounced. 

 

Figure 22 Score plot of PCA model coloured after time of exposure. Observations made after 345 days of 

exposure clearly differ from all other observations.  

The grouping after times of exposure can be explained by the difference in lignin and cellulose, 

shown in the loading plot of the 5
th

 principal component in Figure 23. The peak at the wavelength 

of 1207 nm corresponds to 2
nd

 overtone of C-H stretching in cellulose, 1366 nm corresponds to 

1
st
 overtone of C-H stretching and C-H def. in cellulose, and 1448 nm corresponds to 1

st
 overtone 

of O-H stretching in lignin. 
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Figure 23 Loading plot of the 5
th

 component of the PCA model. 
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4.3.2 Estimation of the colour of the surface 

It was studied, if the colour can be predicted from the NIR spectra of a range between 908 nm 

and 1676 nm. Even though colour is easily measured with a colorimeter, it would allow drawing 

conclusions about more properties from NIR spectroscopy for this long-term experiment. Various 

models were tested to obtain the best prediction, e.g. by splitting up the observation according to 

species, thermal treatment and/or surface treatment. In Table 3 the best models for predicting the 

surface colour components lightness, Chroma and hue. 

The models for lightness and Chroma were good with coefficients of determination (R
2
) of 65 % 

and 81 % respectively. The prediction of hue is weak though with a R
2
 of only 26 %. The 

estimate of the predictive ability only differs within a few per cent from the R
2
. This means

 
that 

all models are good, but depending on the colour component the data might have contained too 

much noise to make correct predictions. The Root Mean Square Error of Cross Validation was 

sufficiently low for all models, ranging between 2.0 and 3.6.  

Table 3 Selected models for colour parameters.  

 

The observed and predicted values of the colour components can be seen in Figure 24. The model 

overestimated and under estimated the values of the colour components, in particular the hue 

value were wrongly estimated. The Chroma was quite well estimated though.  

The coloration after surface treatment shows, that the lightness was underestimated for silicon 

based treated boards and overestimated for boards treated with iron vitriol or pigmented oil. The 

Chroma underestimated for silicon based treatment and overestimated for oil. The hue was 

overestimated and underestimated for all surface treatments. No patterns could be observed when 

coloured after species and/or thermal treatment. 

Esteves and Pereira 2008 used NIR spectroscopy for predicting the colour of thermally modified 

pine and eucalypt. They were able to fit models with a very good predictive ability for the colour 

components of the CIELAB colour space. However, in their study no weathering was integrated, 

as well as surface coatings. These factors might influence strongly the quality of the model. This 

could not separately be tested for all colour components, since the number of samples was low 

and the variation was high. For predicting the Chroma, models for different surface treatments 

could be fitted. 

Colour 

component 

Number of 

observations 

Number of 

principal 

components 

R
2
 

(%) 

Q
2
 

(%) 
RMSECV 

Pre-

processing 

L* 396 7 65.0 60.8 3.6220 None 

C* 396 7 81.0 77.5 2.2769 
2

nd
 

Derivative 

hab 396 5 26.0 22.7 2.0046 None 
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Figure 24 Observed and predicted values for the surface colour parameters (L*, C* and hab), coloured after 

surface treatment. 
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For predicting the Chroma separate models were fitted. The R
2
 and RMSECV were improved for 

all treatments, except for the R
2
 of iron vitriol treated boards. The prediction was best for 

untreated samples, followed by oil, silicon based and pigmented oil. For estimating the Chroma 

and greying of the surface without doing colour measurements separately, it is possible to use 

NIR spectroscopy and obtain quite precise results, especially when models are fitted separately 

for different surface treatments, while species and the type of thermal treatment can be neglected. 

Table 4 Selected models for surface treatments. 

 
Number of 

observations 

Number of 

principal 

components 

R
2
 

(%) 

Q
2
 

(%) 
RMSECV 

Pre-

processing 

Untreated 80 5 87.6 83.2 1.9204 None 

Oil 80 7 85.3 80.4 1.9381 None 

Pigmented 

oil 
80 4 80.9 77.4 1.3950 2

nd
 Derivative 

Iron vitriol 80 4 74.8 69.7 1.5901 2
nd

 Derivative 

Silicon 

based 
76 4 84.7 80.7 1.6034 None 

 

 

For further analysis, a closer look was taken on the PLS model predicting the Chroma from all 

observations. The model had the best prediction out of the three colour components and is in this 

work also the most important colour component to be studied. The loading plot in Figure 25 

shows differences in the NIR spectra. According to Schwanninger et al. 2011 peaks at 

wavelength of 1217 nm and 1477 corresponds to cellulose, 1174 nm to lignin, 1372  nm to 

hemicellulose, and 1434 nm to water. Hence, differences in cellulose, water, lignin and 

hemicellulose affected the most the change in Chroma. Nuopponen et al. 2004 showed that in 

thermally modified pine guaiacyl lignin was degraded during weathering. At the same time the 

surface becomes richer in hemicellulose and cellulose and confirm the observations made in this 

study. However, the change of lignin content was found to be mosly based on forming the 

degradation products like aromatic and conjugated carbonyl compounds, which were not 

necessarily leached out as in untreated timber (Nuopponen et al. 2004). On the one hand the 

increase of cellulose content on the surface and on the other hand the decreasing content of lignin 

on the surface leads to a more grey and/or white colour on the surface, since pure cellulose is of 

white or grey colour, while lignin is a colour giving component in wood (Feist and Hon 1984). 
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Figure 25 Weight plot of PLS model predicting the Chroma from NIR spectroscopy. 
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5 CONCLUSION 

The primary focus of this study was to analyse the greying due to the weathering for differently 

thermally modified softwoods. Since the demand of customers and hence also an important factor 

for the architects is visual appearance of the construction, different surface treatments were used 

to achieve a certain aesthetic without affecting the performance. The aim was to obtain a stable 

silver-grey surface of the timber after a short time of exposure. The study showed that within a 

year all surfaces of different softwood species, thermal modification and surface treatment turned 

greyer, but none achieved a stable colour. Strongest greying within a year occurred for surfaces 

treated with silicon based treatment. In contrast, oil and pigmented oil stains reduce the greying 

compared to untreated and iron vitriol treated timber. It was also shown that the greying is not as 

dependent on the species and the type of thermal modification as on the surface treatment.  

Nevertheless, other properties like cracks and mould growth should be included in the choice of 

species, thermal modification and surface treatment. In this study though only tendencies could 

be seen, since only qualitative analysis with low sample sizes were carried out. Timber treated 

with pressurised saturated steam at a temperature of 180 °C tended to have cracks more often, 

while timber with silicon based surface treatment was more often with mould. This results need 

to be verified in more detail though. 

A secondary aim of this was to use NIR spectroscopy to analyse chemical changes due to 

weathering and even check if it is possible to estimate the colour changes due to weathering with 

the help of it. The study confirmed results from former studies using different techniques to 

analyse chemical changes of thermally modified and unmodified timber due to the exposure to an 

outdoor environment. Changes in content of lignin, cellulose and hemicellulose were observed 

and were caused by the degradation of lignin through UV light (Feist and Hon 1984; Nuopponen 

et al. 2004; Williams 2005). Estimating the colour from NIR spectroscopy was most successful 

for the Chroma of CIELCh colour space. The best results could be achieved when creating 

separate model for the different surface treatments. Hence, in case that only the greying is of 

interest and no other discolorations, then NIR spectroscopy gives good results. This allows the 

exclusive use of NIR spectroscopy for chemical and colour analyses during weathering without 

using any further measurement instruments. 

Further measurements, like logging of moisture content and climate are set on place at the 

experimental site and help in the future to give better recommendations for treatments and 

species, which perform well in a climate as in northern Sweden. The evaluation from CT scans 

can also help to understand better the effects of the weathering on dimensional stability of the 

timber. Overall, the aim is to observe over several years how properties change and based on it 

make a proper selection of material in future constructions of decking and facade. 
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APPENDIX 

I. Colorimetry 

 

Figure 1 Score plot of the PCA model coloured after thermal modification. 

 

Figure 2 Score plot of the PCA model coloured after species. 
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Figure 3 Coefficient plot for Lightness (solar panels) of PLS model predicting colour from exposure time, 

species, heat and surface treatment.  

 

Figure 4 Coefficient plot for Chroma (solar panels) of PLS model predicting colour from exposure time, 

species, heat and surface treatment. 
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Figure 5 Coefficient plot for hue (solar panels) of PLS model predicting colour from exposure time, species, 

heat and surface treatment.  

 

Figure 6 Coefficient plot for Lightness (gangway) of PLS model predicting colour from exposure time, species, 

heat and surface treatment. 
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Figure 7 Coefficient plot for hue (gangway) of PLS model predicting colour from exposure time, species, heat 

and surface treatment.  
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II. NIR spectroscopy  

 

Figure 8 NIR spectra of all observation analysed in this study. 

 

Figure 9 Observed and predicted values for the Chroma of samples without surface treatment. 
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Figure 10 Observed and predicted values for the Chroma of samples with oil as surface treatment. 

 

 

Figure 11 Observed and predicted values for the Chroma of samples with pigmented oil as surface treatment. 
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Figure 12 Observed and predicted values for the Chroma of samples with iron vitriol as surface treatment. 

 

 

Figure 13 Observed and predicted values for the Chroma of samples with silicon based surface treatment. 

 


