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Abstract

Understanding mechanisms of materials deterioradimng service life is fundamental for their
confident use in the building sector. This workgamts analysis of time series of data related to
wood weathering acquired at three scales (molecot@roscopic, macroscopic) with different
sensors. By using several complementary technidines,material description is precise and
complete; however, the data provided by multipleigeent are often not directly comparable
due to different resolution, sensitivity and/or aldormat. This paper presents an alternative
approach for multi-sensor data fusion and modelbhghe deterioration processes by means of
PARAFAC model. Time series data generated withis thsearch were arranged in a data cube of
dimensions samples x sensors x measuring timeofigmal protocol for data fusion as well as
novel meta parameters, such as cumulative negbéat,bivas proposed and tested. It was possible
to successfully differentiate weathering trendsligerse materials on the basis of the NIR spectra

and selected surface appearance indicators. A erdglvantage for such visualization of the



PARAFAC model output is the possibility of straifgyitvard comparison of the degradation
kinetics and deterioration trends simultaneoustafbtested materials.
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1. Introduction

Weathering is a natural process occurring to allenmls exposed to environmental conditions.
Depending on the local climate, material type arstauction details, the progress of deterioration,
related to functional and aesthetical aspects, difésr significantly [1]. Weathering deterioration

is especially relevant for wood and other materigigh biological origin that are commonly
perceived as not resistant to natural weatherirggved¥er, this is not exactly true, and for that
reason, it is extremely important to properly uistiand their weathering mechanisms and predict
the extent of material deterioration in order tesuwae satisfactory performance of bio-based
products [2].

Recent advancements in diverse scientific fieldslad to development of several instruments and
methodologies for assessment and monitoring of maatg@roperties. The latest trend in
monitoring material status and performance cong$tasing multiple sensors simultaneously,
which proved to be more effective with respect &irgyle sensor approach, due to more accurate
representation of reality [3]. Selection of optirsahsors, measurement strategy, signal processing
and interpretation of results is challenging andnaeding, especially when considering the
complex and heterogenous surface of wood [4]. Timdoh of complementary information
available from different sensors will yield incredsknowledge of the investigated phenomena,
which is not attainable separately by any of thelsi sources. Moreover, it is expected that
combining data from complementary analyses willnove the performance of statistical models.
However, such multi-sensor monitoring introducew mesues and challenges in the data analysis
phase, where the strategy for merging different@esiof information is fundamental [5-7].

Data acquired by diverse sensors usually rely om iieasurement of different physical
phenomena that, in the majority of cases, are metttly correlated to each other or respond with
different kinetics to material alterations. Thusihbdata integration as well as interpretation of
obtained results are challenging. Some sensorsheayore suitable for particular applications
than others, due to higher sensitivity in certairasurement conditions, better resolution or
optimized scanning time. Finally, the collectedadiating shared (correlated) as well as distinctive
information, which makes it necessary to interpiem altogether [8-9].

In general, multi-sensors measurement generatesd data collected by different platforms and
available for the entire set of samples, with esehusually referred to as a data block. Multi-
block analysis, and more generally data fusionnegkes, allows joint extraction of information
from different blocks, conveying it in a single nebdhat is more efficient than creating individual
models. Data fusion approaches can be distinguiabearding to the level at which data are fused

in low- (fusion of raw data), mid- (fusion of fea#s extracted by each single data block) and



high-level (fusion of results/decisions derived &gch data block) [10]. Multi-block methods
usually operate at low-level [5, 11].

This paper presents the results regarding in sepécformance of modified wood during natural
weathering test. Investigated bio-based materiaiewharacterized in a preceding research [12],
during and after degradation by biotic and abiatients in order to provide experimental data to
be used for better understanding of their perfoceategradation as a function of time and/or
weather dose. A multi-sensors measurement chaowedl the acquisition of properties at
different scales (molecular, microscopic, macroggoplime series data generated within this
research refers to multi-sensor measurements anthahe form of a three-way array. In that
case, samples are characterized by several setsiables acquired at different time, thus can be
arranged in a data cube of dimensions samples soserx measuring time. A data analysis
pipeline consisting of low-level data fusion andltmay data decomposition was applied in order
to deal with a three-way multi-block. Moreover, effective post-processing of the obtained fused
model in order to better depict the weatheringdseaffecting wood samples that were subjected

to diverse bulk modification procedures was progose

2. Materialsand Methods

2.1 Experimental samples

Radiata pineRinus radiataD. Don) samples representing six different commadlycavailable
modification processes were selected for the detratitn. Weathering performance of these
materials was compared with untreated wood of Spwots Pinus sylvestrid..), being usually
considered in standards as a reference materig[18]L Each material was represented by three
replicated samples. The wood modification processesided: thermal treatment (#2), thermal
treatment with penetrating oil (#3), thermal treani with silicate treatment (#4), thermal
treatment with coating (#5), furfurylation (#6) amadetylation (#7). All investigated modified
materials are commercially available on the madad were investigated for their service life

performance and aesthetical deterioration [12].

2.2 Weathering test

Natural weathering tests were performed in San Mehitaly (46°11°'15”N, 11°08’00”E), with
the objective of providing reference data for siatiain of the bio-based materials’ performance as
a function of exposure time. Samples were exposedhe vertical stand oriented South. The
weathering experiment was carried out for 12 moatit started in March 2017. Twelve samples

for each type of modified wood were exposed athtbginning of the test. Three replicas wood



samples from each set were dismounted from thel safter three, six, nine and 12 months. In
addition, three intact samples were included incléection that correspond to no-weathering, i.e.
reference samples. All samples after collectiomftbe stand were stored in a dark and climatized
room (20°C, 60% relative humidity) to terminate grggress of deterioration. The alteration of
wood surface appearance is presented in Figurené@renall investigated materials are shown at

the different time of exposure.

duration of exposure

0 months 3 months 6 months 9 months 12 months

#1 no-treated reference

- thermally treated wood

thermally treated wood
+ oil impregnation

thermally treated wood
+ silicate treatment

thermally treated wood
+ surface coating

furfurylated wood

#7 acetylated wood

Figure 1. Change of modified wood appearance along one-yguuseire to natural weathering.

2.3Multi-sensor characterization of weathered matsrial

All the weathered wood samples were assessed &r twdhighlight the appearance changes as
well as to quantify the deterioration progress.esssnent was performed after conclusion of the
natural weathering experiment and conditioning le# tvood samples. The whole batch of all

samples at diverse stages of deterioration wasurezhst once after conclusion of the weathering
campaign in a random sequence to avoid any tinaeetlor methodological bias variance in the

data. Materials characterization included measun¢mithe NIR and colour spectra and derived

parameters, wood surface imaging as well as gloss.

2.3.1 CIE Lab colour
Changes in colour were assessed by a spectror#tavifig the CIE La'b system, where colour
is expressed with three parametersylightness), a(red-green tone) and ifyellow-blue tone).



CIE L'ab’ colours were measured using a MicroFlash 200Dteggwtometer (DataColor Int,
Lawrenceville, USA). The selected illuminant was5Déhd viewer angle was 10°. All specimens

were measured on ten different spots randomly tezlexver the weathered surface.

2.3.2 Colour RGB and HSL

Experimental samples were scanned with an offieerser, i.e. HP Scanjet G2710, and colour
texture was represented as RGB and HSI images.tAfsdescriptors linked to early- and
latewood components were derived from each RGB/i&dge [14, 15]. The frequency
histograms of the intensity values correspondingach colour channel (R, G and B) as well as to
H, S and | were analysed to identify values comasing to the tails of the colour distribution.
These tails correspond to extreme wood tissuesfoinad the ring structure of the standing tree,
with the bright and low density wood originating the beginning of the vegetation season
(earlywood), which is contrasted to dark and highsgity latewood originating in autumn. As a
result, twelve descriptors were obtained correspmntd Reary, Gearlys Bearlys Hearly, Searlys lery, Rates
Giate, Biate,, Hiates Sater liate, respectively. A custom software for image analygas implemented in

LabView 2018 (National Instruments, Austin, USAjta@re package.

2.3.3 Gloss

The mode of light reflection from the surfaces wasasured using a REFO60 (Dr. Lange,

Dusseldorf, Germany) gloss meter with an incideredlectance angle of 60°. Ten measurements
were taken in five randomly selected locations ce@ch specimen surface, following two light

irradiance directions corresponding to along andsxcthe fibres.

2.3.4 FT-NIR spectroscopy

Near infrared (NIR) spectra were collected with a&ckr N-22 Fourier-transform NIR
spectrometer produced by Bruker Optics GmbH (Edm Germany). The system was equipped
with a fibre optic probe, and the measurement ravagbetween 12000 ¢hio 4000 crit (833 to
2500 nm). The spectral wavenumber interval was 888 with zero-filling equal to 2. The
spectral resolution was 8 &mand 32 internal scans were averaged at each specifhe
background was measured once per hour on refef@peetralon resin. Three FT-NIR spectra
were collected at random locations on the weathsvefdce of each experimental sample. These
three spectra were averaged, while the three samgflewood corresponding to replicated
experimental conditions, i.e. same material andesaeatment, were kept distinct in the data set

assembly.



The interpretation of the spectra and derived logslifor the PARAFAC model, reported in
Section 3 Results and Discussion, relies on liteeateferences [12, 16] and is summarized in
Table 1.

Table 1. NIR band assignment for modified wood spectra.

Band Wavenumber Wood component Functional group

number (cm™)

1 4198 holocellulose CH

2 4235 cellulose OH, CH, CH

3 4280 cellulose CH, CH,

4 4339 holocellulose CH

5 4392 cellulose OH, C-C, CH

6 4435 cellulose, hemicellulose, lignin OH, CO

7 4620 cellulose, hemicellulose OH, CH

8 4686 acetyl groups in hemicellulose CH,, C=C, C=0

9 4890 cellulose semi-crystalline and crystalline OH, CH

10 5240 water OH

11 5464 cellulose semi-crystalline and crystalline C=0

12 5587 cellulose semi-crystalline and crystalline CH

13 5658 unassigned CH,

14 5814 cellulose, hemicellulose, lignin CH, CH;

15 5900 unassigned CH, CH;

16 5951 hemicellulose CHs

17 5980 lignin CH

18 6009 hemicellulose CH

19 6121 cellulose OH

20 6287 cellulose crystalline OH

21 6450 cellulose crystalline OH

22 6722 cellulose semi-crystalline OH

23 6820 hemicellulose OH

24 7003 amorphous cellulose/water OH

25 7300 hemicellulose CH;

26 7418 hemicellulose CH;

2.4 Data fusion and pre-processing
The analysed data set includes all the registeatm @t each time point, namely: the twelve colour
descriptors derived from digital images; the Clblcalour parameters; the NIR spectrum and the
gloss parameters. Each data block was arranged distimct three-way array whose modes
(dimensions) were (Figure 2):

* Mode 1: wood material type (7 wood types x 3 reglidhis is common to all data blocks.

* Mode 2: descriptorsXreemsi 12 pixels’ quantifiersXcie Las 6 colour coordinates{gioss

2 gloss indicesXnir: 2540 spectral points).
* Mode 3: weathering time (reference + 5 exposuréo@s). This is common to all data

blocks.

The three arrays, nameKreems, Xcie Lab andXgoss Were concatenated at low-level data fusion

and scaled to unit variance within th¥ Rlode to formXg, [17].



The NIR spectraXnir, were pre-processed by second derivative, inctudmoothing (Savitzky
Golay second order polynomial filter, 21 smoothgajnts) and formed arrag; (Figure 2).

Both data blocksXg; and Xg2) were then fused at low-level. Scaling to equalcklvariance
across the ® Mode was applied in order to have a balanced ibwtion in terms of variance.

Finally, the array was centred across tfié/bde prior to exploratory analysis.

21 Xnir 6 21 XRGB/H§| 21 Xcie Lab 21 Xgloss

25“! Nt/

2nd derivative low-level fusion + scaling to unit variance

21 Xs1 6 21 Xg2 6

2540 \ }

low-level fusion

21 Xg1 Xg2 6

2560’

block scaling to unit block variance (2nd mode) + centering (1st mode)

PARAFAC

Figure 2. Data analysis flow and applied pre-processing.

2.4.1 PARAFAC decomposition

PARAIllel FACtor (PARAFAC) analysis is a decompositimethod for multiway arrays, based on
the idea of parallel proportional profiles [18]aksumes that a set of common factors can be used
to describe simultaneously the variation occurrimgseveral matrices with different weighting
coefficients for each matrix. In this research, AMAC is used to highlight the weathering trends
and kinetics (8 Mode) that are characteristic of the various stiddnaterials ¢t Mode), as well

as those which are the descriptor¥ (@ode) that are better capable of capturing théatian in

the surface aspects and the chemical modificattmatsoccurred.

In the case of a three-way array, the PARAFAC dgmusition can be expressed by eq. 1:

Xijk = Xf=10rffGirbjsCir + €ijk (1)



where: X are elements of the arr@y (IxJxK) and gy are elements of the residuals artay

containing the un-modelled part of the data array.

The matricesA, B and C, whose elements atgy, bjr and cxf, respectively, hold the loadings
for each of the three modes. The number of extractegbonents (factordy is the same in each
dimension.In analogy to Tucker3 model [18} are the elements of the core ar@ywhich is
super-diagonal in PARAFAC. Core consistency andamed variance analysis were considered
to determine the optimal number of factérs

2.4.2 Post processing

It is possible to depict the weathering mechanismiarities and/or differences among the studied
materials by inspecting the loadings scatter plotlM3, one factor vs. another, while exploration
of Mode 2 loadings allows identifying the most eati descriptors. However, to have a clearer
characterization of the weathering trend for edaldied material the nested biplot representation
has been used here [19]. In particular, the ndsif@dt representation allows recovering for each
material its own weathering trend by combining isirggle plot the loadings of Model (samples)
and Mode 3 (time) as detailed below.

The nested biplot consists of an alternative repriegion of the loadings for the different modes
that is based on the particular rearrangementeoP#WRAFAC decomposition as expressed in eq.
2:

Rijk = Lf=1 Grrrcrpaip)bjr = XFo1 Saryrbis (2)

where:s, with elementssgy, is a vector in which the rows consist of theyultossed levels of

two of the modes j or k for a given factof.

The new approach allowed examination of the behavifor samples (Mode 1) at different
weathering conditions (Mode 3) with respect to theasured variables (Mode 2). As Mode 3
corresponds to the time series, trajectories ofnsted-mode biplot in the variable space are in
fact a representation of how the aesthetical/foneti aspects of assessed surfaces altered over
time. The nested biplots were further elaborateddoalize the weathering trajectories and related
deterioration kinetics. This was achieved by taking sum of the loadings’ values within the
nested biplot over all the factors in the PARAFAGdal. Subsequently, the value corresponding

to no-weathered sample at the exposure time zesor@maoved from each trajectory. Finally, the



plot of the absolute values versus time shows thathering trajectories (as shown in the Results
and Discussion section on Figure 6).

The congruence loadings were computed to asseseelineance of the different surface state
descriptors forming Mode 2 of the PARAFAC modele$a congruence (or correlation) loadings
reveal the relationship between the original vdesland the components/factors resulting from
the PARAFAC model [20], i.e. they represent the siledl variance by each variable. Congruence
loadings were computed b§ONLOAD function [21]. Congruence loadings are an easy and
effective way for identification of the differergdted sensors’ role, and, thus, establish which are
less relevant. This allows decision to exclude ¢hgsnsors from the measurement portfolio to

simplify monitoring in future routine analysis.

3. Resultsand Discussion

The fused data that describe natural weatherimganfified woods were analysed by a three factor
PARAFAC model. Figure 3 presents the resultingdtmrode loadings plot that expresses time-
related kinetics of degradation. For clarity, tleadings values of the three replicas have been
averaged in Figure 3. The first factor shows a gaadecrease of its value from month three to
month 12.

A <factor 1 «factor2 =factor3

0,6 -

o
%)

Mode 3 loading

(S
S

0,3 T T T |
0 3 6 9 12
exposure duration (months)

Figure 3. Mode 3 loadings of PARAFAC model representing efffect of the exposure time on
the biomaterial’'s deterioration kinetics.

The analysis of Mode 1 loadings shown in Figureed@als that factor 1 distinguishes material #7
(high negative values) from all the others, laymetatively close to the origin of factor 1 on its
positive side. In fact, weathering trajectory okgtated wood (material #7) follows the trend

captured by factor 1. This is due to the fact thatappearance of that wood surprisingly lightens



in time, as visible in Figure 1. That behaviouretated to chemical reactions of acetylated wood
polymers induced by photodecomposition by sunlagid hydrolysis [22]. The trend of factors 2
and 3 with exposure time (Figure 3, Mode 3 loadimysvides a highlight on the initial phase of
the weathering changes; in particular, it indicaewplified effect of the changes in the six- and
three-month periods, respectively. Such a trendoeamoticed (Figure 4b) for materials #4 and #7,
which lightened sharply at month three (high negatoadings values on factor 2), and material
#5, whose aspect changed till month six and themamed almost stable. On the contrary,
material #2 seems to be the most stable as loadaigses for all factors (Figure 4a and 4b) are
close to zero. Material #3, #6 and #1 changed mbstonth three, showing significant loadings

on factor 3.
20 4% #1 20 |°
o
RS #7 ]
#2
) #5&‘ o H2 #4@’ . 98 “#5
s 40 30 20 10 i;:‘fmrl 20 10 . 10 20 factor2
-10 1 10 { o H#6
0 4 @
#7 #4
-20 A -20 4 ‘l
#3
-30 A -30 A

Figure 4. Mode 1 loadings plots of PARAFAC model (factor 1. ¥ and factor 2 vs. 3)
representing effect of the material type on theirziweathering extent.

These trends are even more evident on the negtéd i Mode 1/3 (material type/exposure time)

as presented in Figure 5. The weathering trajexgtodorresponding to each modified wood
material are presented regarding three scenarm#incious deterioration (factor 1), moderate
kinetic changes reaching stability at month sixtda 2) and rapid changes at the initial period of
exposure (factor 3). The horizontal axis corresgotm exposure time, where vertical axis

indicates relative change of the material statdu&&arecorded for three replica samples were
averaged to better highlight the trend. In accocdawith above observations, acetylated wood
(#7) behaves differently than others, especiallgoeting to the trend revealed by factor 1. An

additional kinetics component of the moderate vigfathanges induced in the initial six months

exposure of sample #7 is also recorded in fact@v@n if it is not much pronounced. Nearly no

trace of the fast changes to acetylated wood (#/haticed in factor 3.



The extreme trends of the moderate kinetic cha(fgesor 2) are noticed for samples #4 and #5,
even if both are in opposite directions. The fdsinges due to weathering embodied in factor 3
are noticed for samples #1 and #3 and to minoméxee #6, again considering opposite signs for

both cases as previously observed in Figure 4b.

factor 1 factor 2 factor 3 - #1

0,2 0,5 0,6 1 - #2

0,1 0,4 < =-#3
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Figure 5. Nestedloadings Mode 1/3 biplot for the three factors ZRAFAC model for the
natural weathering of modified wood.
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All the above observations of weathering trajeet®igan be summarized in the cumulative nested
biplot. To obtain this plot, no further transfornoat or modelling was carried out. Anyhow for
ease of visualization and interpretation, the valo¢ loadings from the nested biplot were
summed over the three factors and, the loadingsevarresponding to no-weathering stage (time
0) was removed by each trajectory. Consequentlgh etudied material presented in the plot
possessed a value of zero at time 0. The reswdtisglute values of cumulative nested biplot are
presented in Figure 6. A unique advantage for siginalization of the PARAFAC model output
is the possibility of straightforward comparison thie degradation kinetics and deterioration

trends simultaneously for all tested materials.
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Figure 6. Cumulative nested biplot for Mode 1/3 loadings AARAFAC model for seven
modified wood samples exposed to natural weathering

The highest extent of changes is evident in samBland #1 that corresponds to the reference
wood (without any modification nor protection) atadthe thermally modified wood impregnated
with oil. Materials #4 and #5 present a similantteof deterioration kinetics, even if both were
finished with different techniques (silane and pobive coating, respectively). The deterioration
for a majority of samples seems to cease afteet(##@) or six months (#4, #5). Some samples (#1
and #3) continued to deteriorate after initial nei@e rise, even if the kinetics seem to be highly
reduced after three months of weathering. The dvieend noticed for sample #7 (acetylated
wood) is unique as its trend in the cumulative eedtiplot is approaching the original stage after
initial intensive rise. In contrast, thermally mibeld wood (#2) changed slowly but steadily along
the whole 12 months of exposure.

It is important to notice that the multisensory g@eh used here disables direct link of the
PARAFAC model loadings with the impressions of slieface aesthetical changes as presented in
Figure 1. It is due to the fact that not only aotwlgloss variation affects the model output, but
also non-visible results of the chemical/physicabrges as recorded in the near infrared
spectrum. The role of different data blocks in thedel and salience of each descriptor can be
assessed by looking at th& Mode loadings plots. In particular, for ease deipretation, the
loadings corresponding to the NIR spectrufa.j are presented in a separate plot (Figure 7). The
loadings corresponding to the other descriptdtg;) are shown in Figure 8. All the modelled
variables that have congruence loadings higher@uare highlighted as a thick black line.

Detailed analysis of the Mode 2 loadings shouldlimned with the PARAFAC Mode 1 loadings
plot presented in Figure 4. The process of woodytt®n results in decreased number of
hydroxyls, followed by an increase of acetyl funofal groups. This is recorded in Mode 2 loading



(factor 1) as a series of peaks (8, 14, 15, 16,a88 26; see Table 1 for corresponding
wavenumbers) assigned to € acetyl ester groups of hemicelluloses [23].elikse, typical
OH groups noticed for unmodified (chemically andfoermally) woods are not present in either
factor 1 or factor 2 loadings. The highest peakd@yesponds to hydroxyl groups for all wood
polymers that are alternated due to weathering. [Bhis is especially related to the continuous
decrease of lignin presence along the exposurdidnridnat is depolymerized and leached out of
the sample surface. According to Evans et al.,elsd acetyl groups during weathering are a
result of loss of acetylated lignin degradationdurats [25].

Factor 1 covering the NIR spectra seems to expldéiarences between chemical composition of
samples, particularly of acetylated wood #7 as aslprogress of chemical changes induced by
natural weathering. In contrast, factor 2 loadimgdude several spectral features that are not
directly interpretable by the band assignmentsetahilt on the basis of state-of-the-art know-how
in wood NIR spectroscopy (Table 1). It covers, ¢iere, an effect of diverse modifications and/or
coatings implemented to study samples, particuldnigrmally modified and wood silicate
impregnated (#4) or surface coated (#5) as weHlcatylated woods (#7). Factor 3 discriminates
samples #1, #2 from #3, #6 that correspond to reiffiedegree of wood modification extent. This
is consistent with the high contribution of peak &signed to holocellulose, which is known to
be most affected by the thermal modification prec®R spectra features of furfurylated wood
are also most pronounced in factor 3 where, digt@dor this treatment, peak (19) shows high
loadings.

Unfortunately, it is not a simple task to identifiyetics of the wood deterioration on the basis of
Mode 2 loadings. However, several commonly recagphzatterns of wood chemical changes due
to natural weathering are present. These includetsa bands assigned to hygroscopic properties
and hydroxyl groups in general (peak 10, 24), hg(l4, 17), cellulose (5, 14, 20, 24) and

hemicellulose (14). All were identified as relevanthe preceding research of the authors [26].
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Figure 7. Mode 2 loadings revealing a contribution of the rnedrared spectrum on the
PARAFAC model describing biomaterials deterioratiometics. Note: Spectral range reduced to
4000 — 7500c, the highlighted points correspond to variablest thave congruence loadings
>0.6.
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Figure 8. Mode 2 loadings revealing a contribution of thefasce appearance (colour and gloss)
on the PARAFAC model describing biomaterials deration kinetics. The highlighted variables
have congruence loadings >0.6.

Complementary information regarding the natural ttveang of diverse woods is interpretable
from Mode 2 loadings related to aesthetical propemf studied samples. Each aspect is recorded
in the model to a certain degree, even if not paldrly relevant properties are identified in facto

1 loadings as no variable possessed congruencedrged.6. On the contrary, diverse colour or
gloss aspects are important according to factom@ & loadings. Surface gloss, especially,
contributes to factor 2, while diverse colour iradars are highlighted in both factor 2 and 3
loadings. Again, it is rather difficult to directlink these to the specific aspects of sample®or t
the kinetics of the deterioration. However, itvsdent that additional (to NIR spectra) information
greatly contributes to the model reliability anchsmlerably increases the multi-sensor method’s

reliability.

4. Conclusions



Understanding the mechanism of changes to bioratgedue to natural weathering is an
important aspect necessary for increasing the denée of using such materials in construction.
Multi-sensor evaluation is highly recommended tsuas better reliability and generality of
characterization. A challenge, however, is the erojptegration of diverse data collected by
different sensors. This paper presents an alteeapproach for multi-sensor data fusion and
modelling of the deterioration processes by medsARAFAC model. The original protocol for
data fusion is proposed as well as novel meta peteas) such as cumulative nested biplot. The
pilot research reported here confirms suitabilify tbis approach for modelling the natural
weathering processes for seven types of wood santipdeé were treated and coated according to
state-of-the-art industrial procedures. The dataewwesented in the three dimensioned block
form and, consequently, analysed with an innovath@mometric approach.

It was possible to successfully differentiate dbeesample types on the basis of NIR spectra and
selected surface appearance indictors. The chasdictdrends for each material deterioration
were identified. It may serve as an important degjgidance for architects as well as a useful tool
for engineers to predict aesthetical or functioctsnges of diverse materials during the service

life of wooden objects exposed to natural weatlgerin
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Multi-sensor data fusion facilitates understanding the weathering processes for
diverse woods

Multiway analysis allows capturing at best time trend

Nested biplots are useful for combination of model loading in different modes

A single model explains effect of wood modification, time and deterioration
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