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The necessity for inspection and assessment of glued laminated timber structures in service has raised
interest in the evaluation of the glue lines. Glue line spectra were analysed and are discussed in detail
with respect to spectral contributions from the adhesive, the hardener, the wood lamella below the
adhesive, the curing temperature as well as ageing-related spectral changes. The combination of near
infrared (NIR) spectroscopy and principal component analysis (PCA) allowed distinguishing between
aged and non-aged samples and different copper azole preservative treatment levels of phenol-resor-
cinol-formaldehyde (PRF) glue lines. NIR-based partial least squares (PLS) regression modelling was
performed for the glue line shear strength and for the curing temperature. These findings show that NIR
spectroscopy is a fast and useful technique to evaluate the degradation on the PRF glue lines of untreated
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1. Introduction

Glued laminated timber structures used worldwide in buildings
and bridges have been significantly applied during the last decade
in Portugal. However, little is known about the durability of this
type of structure, especially concerning glue line robustness.
Glue line performance depends on the proper combination of
preservative treatment and adhesive [1,2]; when done with
phenolic adhesives they are said to be more durable than wood [3].
Nevertheless during weathering some degradation can occur [4].
Deterioration of glued joints may result from excessive loading
imposed on the structural member [5], internal stresses due to
shrinking and swelling of the wood [6] or chemical reaction of the
adhesive with water [7] and/or other products [8]. Water, temper-
ature, and ultraviolet light may induce degradation of the adhesives
[9] and wood [10]. For wood adhesives, the most important causes
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of degradation are due to changes in temperature and moisture [6].
The bond properties can be altered and plasticisation, hydrolysis,
cracking, or crazing may occur [4] that in the worst cases leads to
delamination.

Structures in service with signs of degradation address the need
to evaluate the structural integrity. Degradation and failures mainly
due to errors in the design and/or construction increased the
worries and the interest for this issue [11]. Moreover, glue lines
made with deep treated wood have lower durability than untreated
wood [2,12,13], which depends on the preservative product and
treatment level used.

Besides visual inspection, no other method is so far commonly
used. Non-destructive methods such as ultrasonics [14-16] have
shown limitations due to the influence of wood properties and its
variability on the attenuation of ultrasonic waves and on ultrasonic
parameters [17]. Semi-destructive methods can be useful to have
a good estimation of the strength and of the integrity without
significant damage of the structure. Taking a few cores and subse-
quent measurement of the wood and glue line shear strength, is
a reliable method [18].
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Near infrared (NIR) spectroscopy, together with multivariate
analysis, has been used extensively in the field of wood science, as
reviewed by Workman [19] and Tsuchikawa [20]. NIR spectroscopy
was used to distinguish preservative types and retentions, on Hem-
fir, Douglas Fir and Eastern Hemlock, treated with CCA (chromated
copper arsenate), ACZA (copper zinc arsenate) and ACQ (alkaline
copper quaternary) preservatives [21] and changes due to weath-
ering [22,23].

In this study, phenol-resorcinol-formaldehyde (PRF) glue lines
of untreated and copper azole (CA) treated laminated timber
samples of Maritime pine (Pinus pinaster Ait.) were analysed by NIR
spectroscopy. The objective was to identify spectral changes of the
adhesive related to ageing, preservative treatment of the wood or
curing temperature that could be further used to evaluate glue
lines.

2. Materials and methods

Twelve glued laminated timber beams (0.08 m x 0.12 m
x 1.00 m) were prepared by gluing four lamellae for each beam.
Eight beams were made from preservative-treated lamellae (32)
and the remaining four were from non-treated lamellae (16). All
lamellae were knife-planed less than 6 h before bonding according
to EN 386 [24].

2.1. Preservative treatment

Prior to bonding, 32 out of 48 Maritime pine wood lamellae
were treated with a copper azole preservative product (20.5%
copper carbonate, 4.5% boric acid, and 0.45% triazole fungicides)
using the empty cell process with two target retentions (16
lamellae per retention treatment) according to use classes 3
(weather exposure without ground contact) and 4 (ground contact)
(EN 335-2 [25]). The treatment retention level was determined by
atomic absorption spectroscopy following the standard A11 [26].
The retentions obtained were 7.6 kg/m> and 19.1 kg/m> for the
lower (L) and higher (H) retention levels, respectively. The
remaining 16 lamellae (Z) were not treated.

2.2. Gluing procedures

Four beams of each untreated (Z), lightly treated (L), and highly
treated (H) Maritime pine lamellae were prepared with a phenol-
resorcinol-formaldehyde (PRF) adhesive obtained by mixing 5:1
the liquid resin with the powder hardener. According to the man-
ufacturer’s information, the resin is composed of phenol-resor-
cinol-formaldehyde polymer, phenol, ethanediol, ethanol and
water, whereas the hardener is composed of paraformaldehyde,
wood flour, organic filler and inorganic filler. The adhesive was
applied according to the manufacturer instructions using a spread
rate of 500 g/m?. During the curing time the beams were placed in
a curing chamber where four alternative curing temperatures
(20 °C, 30 °C, 40 °C, and 45 °C) were used (one curing temperature
per beam per treatment level). The clamping pressure applied was
about 0.6 N/mm?. After 24 h, clamping was released and the beams
were placed in standard conditions (20 + 2 °C; 65 + 5% relative
humidity).

The influence of preservative treatment and curing temperature
on the performance of freshly glued laminated beams was assessed
by delamination tests (EN 391 [27]) and shear tests (EN 392 [28]).
The procedures of these two methods are described in detail in the
next two sections.

2.3. Delamination test

Principle: A gradient is introduced in the moisture content of the
wood to build up internal stresses. This will result in tensile stresses
perpendicular to the glue lines so that inadequate bonding quality
will result in delamination of the glue lines (EN 391 [27]).

The delamination test specimens used were rectangular
cuboids, according to (EN 391 [27]) taken from the beams as
illustrated in Fig. 1, having the same dimensions of the cross-section
of the beams (0.08 m x 0.12 m) and 0.075 m along the grain. These
tests were done according to both methods A (37 specimens) and B
(27 specimens), 5 or 6 specimens being used for each combination
of preservative treatment and curing temperature.

The delamination test induces the degradation of the speci-
mens, submitting them to cycles of impregnation with water using
pressure inside of a cylindrical vessel followed by a fast drying
period in a kiln. In method A three cycles were applied whereas for
method B only two were done. The delamination was evaluated,
immediately after the drying period, measuring the sum of the
lengths where separation of glue lines occurred on both end-grain
surfaces of each test specimen and calculating its percentage rela-
tively to the total glue lines length. The objective of this test is to
evaluate the performance of the glue lines.

For this work the importance of this test is not related with the
delamination results (lengths of glue line separation) but with the
chemical degradation that occurred during the delamination test.
Despite being an artificial method the water intake and the drying
process are also present in the natural ageing processes. The
pressure and the higher temperatures used in this test simulate an
accelerated ageing (weathering) compared to the natural one.
Therefore similar chemical changes can occur and are expected.

The delamination test samples are hereafter called aged samples
and the remaining ones non-aged.

2.4. Shear test

Shear strength (wood strength - WS and glue line strength - GS)
was evaluated on 61 specimens (4-6 for each combination of
preservative treatment and curing temperature) taken from the
beams (Fig. 1), according to standard EN 392 [28]. After the
delamination test, the specimens were cut to the standard shear
specimen dimensions and also shear tested. Before the shear test all
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Fig. 1. Sampling plan for the beams.
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specimens were conditioned to the equilibrium moisture content at
approximately 65% relative humidity and 20 °C. Both the glue lines
and the adjacent wood lamellae were assessed for shear strength,
placing the shear plane on the glue lines or in the wood, respec-
tively (Fig. 2).

2.5. Adhesive film

An adhesive film specimen was prepared by pressing the
adhesive between glass lamellae and then cured at about 30 °C,
during 24 h.

As in this study only the cured adhesive was investigated - it
will only be called adhesive hereafter.

2.6. Near infrared spectroscopy

The NIR spectra of glue lines were collected, after the shear test
on the exposed adhesive surface, including all combinations of
treatment levels (Z, L and H), curing temperatures (20 °C, 30 °C,
40 °C, and 45 °C) and ageing. Since high wood failure percentage
(WFP) was obtained during shear testing it was necessary for most
of the samples to remove carefully the wood covering the glue line
by using a sharp tool to obtain a flat and wood-free surface for the
collection of the NIR spectra (Fig. 3). NIR spectra were collected in
the wavenumber range from 10 000 cm~!'-5100 cm~' with
a Bruker Vector 22 N/I FT-NIR spectrometer (Bruker Optik GmbH,
Ettlingen, Germany) in diffuse reflectance mode using a fibre optic
probe. Each spectrum was obtained with 100 scans with a spectral
resolution of 8 cm™ . Three spectra were taken at different points of
each glue line surface and averaged. The average spectra were used
for the analyses. Spectra of the hardener and of the adhesive films
were also obtained as described above. The penetration depth was
investigated by acquiring the spectra in diffuse reflectance/trans-
flection using a metal (steel) surface as reflector and a fibre optic
probe. Spectra were processed with a Savitzky-Golay filter using
a 25-point filter width and a second order polynomial [29]. The
second derivative was obtained from the filtered spectra.

2.7. Mid infrared spectroscopy (MIR)

Spectra (32 scans per spectrum) of wood non-aged and aged, as
well as from adhesive and the hardener were collected in the mid
infrared wavenumber range from 375 to 4000 cm ™! at a resolution
of 4 cm~. The FT-IR spectrometer Alpha-P (Bruker Optik GmbH,
Ettlingen, Germany) with a diamond ATR (attenuated total reflec-
tion) accessory was used.
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Fig. 2. A shear specimen with the shear planes for glue line and wood shear tests.

Fig. 3. Pictures of two shear tested glue lines prepared for the collection of NIR spectra.

2.8. Multivariate data analysis

Principal component analysis (PCA) and partial least squares
(PLS) regression were done using Matlab version 6.5 (Mathworks,
Natick, M.A.) and the PLS toolbox (Eigenvector Research, Inc. West
Eaglerock Drive Wenatchee, WA).

PLS regression model validation was done using cross-validation
by the “leave one out” strategy, i.e. where each sample is left out of
the model formulation and predicted once, as described, e.g. by
Brereton [30]. The number of principal components was selected
according to the minimum root-mean-square error of cross-vali-
dation (RMSECV). Multiplicative scatter correction (MSC) was
applied to minimize the undesired effect of light scattering [31].

3. Results and discussion
3.1. Near infrared spectroscopy

The NIR spectra taken from the adhesive film, untreated and
preservative-treated woods, the hardener, and the glue lines (Fig. 4)
as well as their second derivatives will be described in the following
paragraphs, to further evaluate the contribution of each component
to the glue line spectra.

3.1.1. Adhesive film

Obvious bands of the adhesive film can be seen (Fig. 4A) at about
5200 cm~! corresponding to water, 5660 cm~! and 5970 cm™!
corresponding to the first overtone of the C-H stretching and
between 6090 cm~! and 7200 cm~! corresponding to the first
overtone of N-H, O-H stretching and the C-H combination bands,
the presence of water [32,33], and also contribution from the
inorganic filler of the hardener at 7065 cm™' [34,35].

3.1.2. Untreated wood

The NIR spectrum of the untreated wood (treatment level Z)
does not show many distinct bands beside the water band
(5200 cm™!), the second overtone of O-H stretching and the C-H
combination band range (6100-7000 cm™1) and the second over-
tone of C-H stretching vibrations (8000-8500 cm™!) (Fig. 4A). The
second derivative of the NIR spectrum shows negative amplitudes
at 5590, 5805 and 5887 cm~! first overtone of aliphatic C-H
stretching vibrations, and at 5986 cm™! the first overtone of C-H
stretching vibrations of the aromatic ring [36] (Fig. 4C). Bands at
6288 (from intramolecular hydrogen-bonds), 6468, 6785, and
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Fig. 4. A) Typical spectra from glue line, wood, adhesive and the hardener. a) Glue line
on wood treatment level H; b) Wood treatment level H; c¢) Glue line on wood treat-
ment level Z; d) Wood treatment level Z; e) Adhesive; f) Hardener. The spectra were
shifted along the y-axis. Second derivatives of the spectra of the hardener, wood
treatment level Z, glue line on wood treatment level Z non-aged, and adhesive. B)
wavenumber range from 7200 to 6100 cm~!, C) wavenumber range from 6100 to
5400 cm ™. The second derivative of the hardener was divided by three.

7008 cm™! in the O-H stretching vibrations range were assigned to
amorphous and crystalline regions of cellulose in softwood [37]. In
detail, the bands were assigned to the first overtone absorptions of
OH groups in the amorphous (at about 7000 cm™!), semi-crystal-
line (at about 6720 cm™') and to the intramolecularly hydrogen-
bonded crystalline regions (at about 6290 and 6450 cm™!),

respectively [37]. Besides the above-mentioned OH groups from
amorphous regions of cellulose, the first overtone absorptions of
OH groups from hemicelluloses and lignin (aromatic and aliphatic
OH groups) are also expected in this wavenumber range. The
aliphatic OH groups of lignin are expected in the same range as
the one from carbohydrates between 6970 and 7020 cm~! and the
aromatic OH groups should be found at about 6900 cm ™~ (Fig. 4A, B).
Further bands at 7309 and 7418 cm™! are combinations of the first
overtone of C-H stretching vibrations, and at 8304, 8560, 8640, and
8815 cm~! derive from the second overtone of C-H stretching
vibrations that includes the lignin aromatic and aliphatic C-H
stretching vibrations between 8000 cm~! and 9300 cm~! [32,33].
The bands deriving from wood are of interest to evaluate the
spectral contribution of wood from (i) the solid wood lamella below
the adhesive and (ii) the wood flour that is part of the hardener.

3.1.3. Preservative-treated wood

The preservative treatment of wood leads to a relative decrease
of the band at about 8270 cm™! accompanied by shift to 8360 cm ™!
and an increase of the slope above 7500 cm~!, which was also
observed by others using other preservatives [21]. Differences
between the two treatment levels (Z and H) shown in Fig. 4A may
also be due to preservative product composition (copper carbonate,
boric acid, and triazole fungicides) that influences the spectra.

3.1.4. Hardener

The hardener shows bands near 5200 cm™! (the water band),
5750, 5808, 5845, 5970 and 7065 cm ™! (Fig. 4A). The most intensive
ones appear in the second derivative of the spectrum at 5745, 5839,
5970, 7065 and 7174 cm™ ! (Fig. 4B,C).

The hardener bands that appear at similar wavenumbers as
wood bands can be seen at 5970 cm™!, corresponding to the wood
band at 5986 cm~! (the first overtone of the aromatic C-H
stretching vibration of lignin), and at 6288 cm™! (a cellulose-
derived band) (Fig. 4B). The band at 5970 cm™ should be mainly of
aliphatic nature as, beside a small aromatic band due to a small
amount of wood, no aromatic band could be seen in the MIR
spectrum (not shown) of the hardener.

The presence of wood flour in the hardener should also have
influence on the bands observed within the range from 6100 cm™'-
7200 cm™ !, since these can include the first overtone of the cellu-
lose hydroxyls overlapped with the first overtone of the lignin
hydroxyl vibrations [21,38]. However, in the second derivative only
a few weak bands can be observed, although a broad band at about
6860 cm~! can be seen in the spectrum (Fig. 4A).

In contrast, intensive bands from the inorganic part (kaolin) are
visible in the MIR spectrum (not shown). The two bands at 7065
and 7174 cm™! from the inorganic filler of the hardener were also
found in the literature [34,35,39] and have a high absorption
coefficient [39]. Due to the latter, care has to be taken not to
overestimate the inorganic filler content and not to underestimate
other substances in the hardener.

3.1.5. Contributions from the components to the glue line spectra

The second derivative of the spectrum of the glue line (adhesive
film in brackets) shows bands at 5500 (5550), 5715 (5716), 5815,
5974 (5955), 6286 (6287), 6471, 6790 (6775), 6993 (6992), 7062
(7062), and 7172 (7175) cm™~! (Fig. 4B, C), and the bands not shown
at 8326 and 8755 (8761) cm ™. The bands related with OH groups
(between 6100 and 7200 cm™!) are not exclusively due to wood as
also the adhesive has free OH groups [6].

Besides the preservative treatment that leads to an increase of
the slope of the spectra above 7500 cm™~' (as mentioned earlier),
also the spectra of the hardener and the adhesive film show higher
slopes in this range compared to wood thus contributing to an
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increase of the slope of the glue line (Fig. 4A). Furthermore, the
average spectra of each treatment level show an increase of
the slope above 7500 cm™! with increasing curing temperature for
the non-aged and aged samples except the aged samples of treat-
ment level L (not shown). Moreover, increasing slopes were found
between average spectra of the non-aged and aged samples for
each treatment level with increasing temperature, which means
that ageing increased the slope. Although clear influences of the
treatment level, curing temperature, and ageing were observed
that allowed to distinguish between or within them using the
average spectra, the variation between the individual glue lines
within each treatment level is high.

Due to the facts that (i) the measured materials and (ii) the
wavenumber-dependent penetration depth of the infrared radia-
tion influence a spectrum, a non-aged H sample was investigated as
described under 2.5. Depending on where the glue line was broken
the thickness of the remaining adhesive from which the spectra
were taken varied and therefore also the spectral contribution from
it as well as of the wood below. Besides a decrease of the total
absorbance from a thickness of about 0.6 mm-0.2 mm, the slope
above 7500 cm~! decreased with the biggest decrease between
0.25 and 0.2 mm, because at a thickness of 0.2 mm almost all the
wood was removed and only the adhesive that also contains a small
amount of wood from the hardener remained (not shown). This is
accompanied by an increase of the band at 8755 cm~! and
adecrease of the band at about 8390 cm™~ . It has to be kept in mind
that an H sample was used, which means a sample with a high
treatment level that shows a bigger slope than the glue line. Using
an untreated sample Z the opposite is expected, meaning an
increase of the slope of the spectrum in this range (cp. Fig. 4A). The
OH bands decreased continuously, and the bands at 5500, 5715,
5815, 5974 and 6286 cm™! started to decrease at a thickness of
about 0.3 mm. Additionally the bands at 5500, 5715, 5815 and
5974 cm™! shifted.

3.2. Principal component analysis (PCA)

Principal component analysis was performed with 145 average
glue line spectra (47 from wood treatment level H, 49 from wood
treatment level L, and 49 from untreated wood Z). The PC 1 versus
PC 2 scores plot (Fig. 5) shows a separation between the three
treatment levels (Z, L, and H) along PC 1, and between aged and
non-aged samples in the direction of PC 2. It was possible to get
satisfactory separation between wood treatment levels and
between aged and non-aged samples after applying multiplicative
scatter correction (MSC) that minimises the effect of light scattering
as described for example by Martens and Nees [31].

Fig. 6 shows the loadings for the first and second principal
component. Variables for higher wavenumbers are the most
representative on the PC 1 loadings, agreeing with the evident
differences in the spectra between wood treatment levels as
mentioned above. On the other hand, variables corresponding to
lower wavenumbers are more representative on PC 2 loadings
where distinction between aged and non-aged samples occurred.
The separation between the two regions can be done at 7200 cm ™',
including the representative band observed on PC 2 loadings at
about 7065 cm~! in the lower wavenumber range.

It is well known that the moisture content of a sample has
a major influence on the shape of the NIR spectra [32,40]. Besides
the two main hydroxyl absorbance bands in the NIR wood spec-
trum at about 7000 cm™', derived from the first overtone of the
O-H stretching vibration, and 5200 cm~!, due to a combination of
O-H bending and O-H stretching, water affects almost the whole
NIR range [20,41]. The water band (=5200 cm™!) had an important
influence on the separation of aged and non-aged samples as can
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Fig. 5. Scores plot for first and second principal components using the whole spectral
range with MSC scaling. H - non-aged specimens of wood treatment level H, Ha - aged
specimens of wood treatment level H, L - non-aged specimens of wood treatment level
L, La - aged specimens of wood treatment level L, Z - non-aged specimens of wood
treatment level Z, Za - aged specimens of wood treatment level Z.

be seen in the PC 2 loadings (Fig. 6). Therefore the range below
5350 cm~! was excluded from further analyses. Moreover, no
influence on the separation of aged and non-aged samples was
observed (not shown) after removing the range between
7000 cm~! and 6850 cm~! to which also water (first overtone of
O-H stretching vibration at about 7000 cm™!) contributes.

To see the distinction between these two regions, a PCA was
done using the MSC pre-processed spectra between the two
wavenumber ranges from 7200 cm~'-10 000 cm™! and from
5350 cm~'-7200 cm ™. An expected separation between the three
treatment levels for higher wavenumbers but no separation
according to ageing (not shown) was obtained. It may be concluded
that distinction between wood treatment levels is mainly due to
the absorption between 7200 cm~! and 10 000 cm™!, which,
according to Fig. 6, is mainly due to the different slopes (cp. Fig. 4).
The degree of separation decreased from H over L to Z (Fig. 5).

The separation between aged and non-aged samples was
possible using the lower wavenumber range but no separation
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Fig. 6. Loadings for the first and second principal component using the whole spectral
range with MSC scaling.
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according to treatment levels was obtained. Therefore PCAs were
performed using the samples of each wood treatment level sepa-
rately after MSC pre-processing of the spectra. As expected a clearer
separation was obtained between aged and non-aged samples
using the spectral range between 5350 cm~! and 7200 cm™!
(Fig. 7A-C). In this figure the scores have been rotated to separate
along PC 1. Loadings of PC 1 for each treatment level (Fig. 8) show
that the variables that separate aged and non-aged samples for the
three wood treatment levels are similar. These loadings show that
the aged samples have a higher-than-average number of chemical
groups that are represented by the variables between 7000 cm™!
and 7200 cm ™! with an obvious band at 7065 cm ™! in the untreated
samples Z that comes from kaolin in the hardener as seen above,
being less evident for the treatment level L and not relevant for
level H. Changes in this band, which derives from kaolin present in
the hardener, might be due to penetration of kaolin from the
adhesive into wood before curing. Depending on the treatment
level the amount that penetrates into wood varies, whereas most
penetrates into the untreated wood Z. During ageing the inorganic
moved from the wood to the cured adhesive, which results in an
increase of this band. In contrast the non-aged samples have
a higher-than-average number of chemical groups that contribute
to the spectra at about 5550, 5950 and 6360 cm ™.

Separation between aged and non-aged samples was even
possible using only the range from 7000 cm~! to 7200 cm~! (not
shown). By using only the range from 5350 cm~! to 6500 cm ™! to
further reduce a possible influence of water, the separation
decreased as expected, because not only the small difference in
moisture content was removed (see 3.3) but also other information
(not shown). As a rule, the distance between aged and non-aged
samples was always higher for treatment level H than for L and Z
for any of the wavenumber ranges used (cp. Fig. 5). Moreover, the
variance explained by PC 1 (Fig. 7) follows also this order
decreasing from H (85%) over L (71%) to Z (68%).
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Despite the small influences found due to curing temperature
(see 3.1.5 and 3.3) no separation in simple 2D scores plots from PCA
could be obtained (the clusters are highly overlapping - not
shown).

3.3. Spectral and chemical changes due to ageing

Assuming that the differences between non-aged and aged
samples that led to the separation along PC 1 (Fig. 7) should also be
visible in the NIR spectra, the difference spectra of the un-pro-
cessed average spectra of each treatment level of non-aged and
aged samples were calculated. The second derivatives of the
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Fig. 7. First principal scores plot for each treatment level using the spectral range between 7200 and 5350 cm~! with MSC scaling. A) wood treatment level H. B) wood treatment
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difference spectra (Fig. 9) show amplitudes similar to those in the
loadings of PC 1 (Fig. 8). The main difference between them is the
amplitude at about 5710 cm~! and that no “overshoots” at 5600,
6050, and 6475 cm~! due to the calculation of the second deriva-
tives appear in the loadings. Moreover, the difference spectra
contain the full information of the chemical (and partly physical)
differences between non-aged and aged samples that are not
reduced to the part that focuses on their separation which is
expressed by the explained variances of PC 1 (below 85%, Fig. 7).

The range between 5420 cm~! and 5620 cm™! including the
band at 5555 cm™~! presented in Fig. 9B (5545 cm~! in the loadings
Fig. 8) indicates small differences in the moisture content. Shenk
et al. [32] have assigned bands in this region to the first overtone of
C-H stretching vibrations and a C-H stretching/H-O-H deforma-
tion combination in cellulose (5618 cm™!), to O-H combination
vibration in water (5587 cm~!) and to the second overtone of O-H
stretching/C-O stretching combination vibration in cellulose
(5495 cm™1). In fact, hydroxyl groups of the carbohydrates and
lignin are the main contributors to the adsorption of water [42]. In
addition, the band at 6375 cm™! shown in (Fig. 9A) and at
(6360 cm™! in the loadings, Fig. 8) can also indicate small differ-
ences in the moisture content due to alterations of OH groups and/
or their environment, which was also found by Schwanninger et al.
[36] in fungi treated wood, where similar changes in the second
derivatives of the NIR spectra and the PCA loadings in the range
from 6250 to 6500 cm~! were observed. As neither a band appears
at 6360 cm ™! nor at 5545 cm ™! in the spectra of the adhesive film it
can be concluded that the changes are due to changes in wood.
Thygesen and Lundquist [43] found a moisture-dependent shift of
the water band to higher wavenumbers with increasing moisture
content. However no shift could be observed in our glue line
spectra confirming that the differences found were small. Although
a detailed investigation of the water band(s) as done by others
[37,44] could help to reveal chemical alterations of the OH groups it
is on the one hand out of the scope of this work and on the other
hand very difficult to perform due to the different spectral contri-
butions of the adhesive and the wood below.

Bands close to the band at about 5710 cm~' found in the PCA
loadings using all samples (Fig. 6) and in the second derivative of
the difference spectra (Fig. 9B) appear only in the second derivative
of the spectrum of the glue line (adhesive film) at 5715 cm™!
(5716 cm™!) and in the second derivative of the spectrum of the
hardener at 5740 cm™~! (Fig. 4C). This band, in the region of the first
overtone of C-H stretching vibrations, possibly derives from
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(para-)formaldehyde that is removed during ageing in a varying
degree, decreasing with the treatment level (Fig. 9B) and for all
curing temperatures (not shown).

The influence of the treatment level and curing temperature can
also be observed in the band that shifts from 5955 cm~' (H) to
5970 cm~! (Z) in the loadings plot (Fig. 8) and in the second
derivative of the spectra (Fig. 9B), shifting from 5976 cm~! to
5972 cm~! for 20 °C and 45 °C, respectively. Bands in the range
between 5900 cm~! and 6100 cm~! can be assigned to the first
overtones of C-H stretching vibrations from methyl groups and
from aryl-CH groups with the latter starting at about 5950 cm ™.
The lignin band appears at 5986 cm~! although the second deriv-
ative of the spectrum of the glue line (adhesive film) shows a band
at 5974 cm~! (5955 cm™!) (cp. Fig. 4B, C) and the hardener shows
a band at 5970 cm™ L. Due to the large amount of unknown organic
filler in the hardener an assignment of this band is hardly possible.

Both, the loadings (Fig. 8) and the second derivatives of the
difference spectra (Fig. 9B) show a shift from 5950 cm~! (H) over
5960 cm~! with a shoulder at about 5985 cm~! (L) to a double-
band at 5966 cm™~! and 5988 cm~! (Z). The heights of the amplitude
are also different, which could explain the better separation of the
non-aged and aged samples in the scores plots (Figs. 2 and 4) with
the increase of the treatment level. Possible causes for this
behaviour may be removal of wood-aromatics (lignin and possibly
extractives) or the removal and/or chemical changes of the
aromatics from the resin during ageing.

Copper and preservatives such as copper azole may have
chemical interference with the adhesive cure. Copper may inhibit
the curing reactions of resorcinol-formaldehyde resins [45].
Preservatives such as copper azole can decrease the curing
temperature [2], accelerate the cure of phenol-resorcinol-formal-
dehyde resins and cause a change of the surface such as collapse
[46]. The referred inhibition of the curing reaction could partly
explain the hypothesis drawn about alteration/removal of the
amount of resin-aromatics during ageing increasing with
increasing treatment level.

As shown above (Fig. 8) the band at 7065 cm™! from kaolin is
highest in the loadings of the Z samples, very small in the L, and
missing in the H samples. Some hypothesis can assist the inter-
pretation of these results. A first suggestion may be the penetration
of kaolin from the adhesive into wood before curing, which is
higher for untreated wood because of its good penetration depth
[47] and/or that the adhesive tends to react more quickly with the
treated wood than with the untreated ones [2,46] and then during

2" derivative / 10°®

6100 6000 5900 5800 5700 5600 5500 5400
Wavenumber (cm’1)

Fig. 9. Second derivatives of the difference spectra non-aged minus aged of the average spectra of all samples of each treatment level. A) wavenumber range from 7200 to

6100 cm~', B) wavenumber range from 6100 to 5400 cm ™.
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ageing kaolin moved from the wood to the glue line, which resulted
in an increase of this band. A second one may be the chemical
modification of the kaolin during ageing due to water pressure.

As a conclusion there is a significant influence of the adhesive
and of the preservative treatment on the separation between aged
and non-aged samples. This fact indicates that besides wood
degradation, there is also a chemical modification of the adhesive
behind the glue line loss of strength due to ageing (Table 1). A small
increase of the glue line shear strength with increasing treatment
level was observed, which was identical for all treatment levels
after ageing (Table 1). Although not statistically significant, a small
increase in the wood failure percentage (WFP) in the highest
treatment level was observed confirming the results of Lorenz and
Frihart [2]. Moreover, the enhanced performance of the glue line
found by Gaspar et al. [13], namely for durability, resulting from the
increase of curing temperatures could be probably a result to which
a chemical change in the gluing process contributes.

3.4. Model of shear strength and curing temperature

3.4.1. Model of the shear strength

Partial least squares (PLS) [48] regression modelling for the glue
line shear strength was performed for each wood treatment level
(47 specimens H, and 49 specimens for each L and Z) as well as for
all treatment levels together (H + L + Z) using aged and non-aged
samples. Table 2 shows the cross-validation results using the MSC
pre-processed spectra in the range from 10 000 cm™! to 5350 cm ™.
The highest correlation coefficient of cross-validation (rcy) was
obtained for treatment level L followed by H and Z, the decrease of
the root-mean-square error of cross-validation (RMSECV) and the
percentage relatively to the mean shear strength (¥RMSECV) shows
an opposite order. The range-error-ratio (RER), suggested by Starr
et al. [49], is similar for all, although H shows the highest and Z the
lowest value (Table 2). The values using all samples together lay
within the range of the individual treatment levels. The lower
correlation coefficient obtained for the untreated wood (Z) is
mainly due to the smaller range of the glue line shear strength.
Nevertheless, the preservative treatment that can be seen in the
spectra especially at higher wavenumbers has a significant influ-
ence on the adhesive, which agrees with the results of shear
strength obtained by Gaspar et al. [18] with different specimen
dimensions and preservative treatment levels.

NIR spectroscopy combined with PCR (principal component
regression) or PLS regression has been used to predict mechanical
wood properties such as modulus of elasticity [38,50-53], modulus
of rupture [38,51], bending strength and compressive strength
[52,54]. The percentage of the RMSEP (root-mean-square error of

Table 1
Results of the wood and the glue lines shear strength and the wood failure
percentage (WFP) of each wood treatment level.

Treatment Non-aged samples Aged samples

o No. of Strength WEFP No. of Strength WEFP
samples®  (N/mm?) (%) samples®  (N/mm?) (%)
Glue line

H 48 121 (1.3) 79 47 10.2 (1.6) 82

L 53 12.0 (1.7) 80 41 10.3 (2.1) 79

z 54 11.6 (1.4) 81 54 10.3 (1.6) 80
Wood

H 54 13.7 (0.8) - 47 10.6 (1.7) -

L 53 13.2(0.7) - 48 109 (2.1) -

z 57 11.6 (0.8) - 51 10.0 (1.7) -

() - Standard deviation.
2 The number of samples refers to the number of wood or glue line shear planes
tested.

prediction) relatively to the means of modulus of elasticity and
bending strength reported by Kelley et al. [38] is roughly of the
same magnitude then the RMSECV found in this study that ranges
from 9% to 15%.

Although the results are promising they are still not satisfying
and sources of “error” should be discussed. Besides the already
mentioned varying contribution of the wood below the adhesive
due to different thickness of the adhesive after shear testing, the
influence of the reflection properties of the more or less rough
surfaces that result after shear testing, which were tried to correct
using MSC, the test [28] itself and especially the high variability of
the material is a not easy to handle problem. As an example the
shear strength of a glue line of an untreated wood sample Z cured at
20 °C and non-aged from which five specimen were tested gave an
average shear strength of 11.2 N/mm? and a standard deviation of
141 N/mm?, and for the same beam after ageing an average of
9.9 N/mm? and a standard deviation of 1.8 N/mm? were obtained.
In addition a question arises about how representative is the value
of shear strength and how representative is the area from which the
spectra have been collected.

Another fact stressing these questions is that, although the
spectra were collected from areas were a glue line failure appears,
as a rule the shear failure does not occur only on the glue line, but
on both glue line and wood. In addition the WFP was always very
high (about 80%) and roughly not decreasing after the ageing
process (Table 1). In fact, the final strength of a glue-bond results
form the strength of the parts to be joined [55], being highly
dependent on the wood shear strength [18] which also decreased
during ageing (Table 1). The high wood failure percentage observed
on the shear plane (Table 1) support this statement. These facts can
be an explanation for the low correlation coefficients obtained
(Table 2). Although the glue line spectra have been influenced by
wood and adhesive composition it seem not to represent appro-
priately the intervenients on the glue line strength referred by
Scheikl et al. [55].

3.4.2. Model of the curing temperature

Even though no clear separation from PCA could be obtained
(see 3.2), PLS regression modelling was performed for the curing
temperature, because an influence of the curing temperature on the
MIR spectra of PRF resins was reported [56]. Although the biggest
spectral changes were observed above 70 °C, some alterations were
already seen between room temperature and 40 °C [56].

Several pre-processing methods and spectral ranges were
investigated. The ones that gave the most uniform results are
presented (Table 3), although some gave better correlation coeffi-
cients up to 0.9 for the treatment level L (not shown). The treatment
level specific models are little bit more precise than the two models

Table 2
PLS - R cross-validation results for the glue line shear strength using the MSC pre-
processed NIR spectra in the range from 10,000 cm~'-5350 cm™".

Treatment No.of No.of r,, RMSECV RER., %RMSECV Range Mean
level samples PCs (N/mm?) (N/mm?) (N/mm?)
H 47 7 0.59 1.36 53 12 72 11.8

L 49 5 0.62 1.70 49 15 8.3 11.7

Z 49 4 0.41 0.98 4.5 9 44 11.0
H+L+Z 145 4 0.55 149 5.2 13 7.8 11.5

No. of PCs — number of PLS components.

Ty — correlation coefficient of cross-validation.

RMSECV - root-mean-square error of cross-validation.

RER., - range-error-ratio (range/RMSECV).

%RMSECV - RMSECV percentage relatively to the mean strength (RMSECV/
mean*100%).

Range - maximum shear strength minus minimum shear strength.
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Table 3
PLS - R cross-validation results for the curing temperature (20, 30, 40, and 45 °C,
range 25 °C) using the NIR spectra in the range from 6100 cm~'-5350 cm ™.

Treatment No. of Pre-processing Tev RMSECV No. of

level samples routine (°C) PCs

H 47 No 0.71 7.0 9
MSC 0.69 71 7

L 49 No 0.72 6.4 3
MSC 0.72 6.5 3

z 49 No 0.69 71 9
MSC 0.63 7.6 5

H+L+7Z 145 No 0.63 73 7
MSC 0.58 7.7 5

MSC - multiplicative scatter correction.

No. of PCs — number of PLS components.

v — correlation coefficient of cross-validation.
RMSECV - root-mean-square error of cross-validation.

using all samples which gave correlation coefficients of about 0.6,
RMSECVs near to 7.5 °C, and needing 6 PLS components in average.

Similar to the shear strength model the results are promising
but not satisfying and possible reasons have already been
mentioned and discussed above. Since the average spectra of each
treatment level and curing temperature (not shown) show curing
temperature-dependent differences for the non-aged as well as for
the aged samples, better models with lower errors (RMSECV of
about 5.5 °C) were obtained using only non-aged or aged samples.
However, the spectral variation of the samples within each curing
temperature is so big that several spectra are similar to those from
other curing temperatures. Therefore the models are not precise
enough for prediction and further work is needed to be able to
handle the problems discussed, whereas the use of ATR-FTIR could
solve the problems related to the penetration depth of the infrared
radiation which should allow to focus on the adhesive of glue line.

3.5. Practical importance of the results and perspectives

When assessing the safety of glued laminated timber structures
in service, it is necessary to detect and quantify physical damage
and/or chemical degradation of the glue lines and its influence on
strength. Visual assessment is limited because only visual degra-
dation such as delamination on the surface can be detected. Testing
cores allows assessing the glue line strength but it is a destructive
test and it can only be done a few times during service life without
significantly damaging the structural element. Therefore non-
destructive techniques for in-situ assessment of glue lines are
required.

The presented results indicate that glue line NIR spectra are
sensitive to the preservative treatment retention level and to the
curing temperature. Both influence the chemical changes that
occurred during the ageing process, what could be the reason for
the better glue lines performance with increasing curing temper-
atures and with decreasing preservative treatment level found in
previous studies [1,2,45,46,57]. In addition, the different chemical
compositions of the three preservative treatment levels detected in
the NIR spectra of the glue lines mean that the treatment level can
possibly be predicted through the NIR spectra of the wood, what
can be useful information when evaluating the performance of
structures in service. Moreover, it was also shown that delamina-
tion often seen in glued laminated timber structures not only
results from mechanical stresses applied to the glue line, but it may
also be due to chemical degradation of the adhesive or the wood/
adhesive bond, even in the case of adhesives regarded to be highly
durable.

This means that when assessing chemical degradation of glued
lines, as all other methods, NIR results have to be “calibrated” by

comparison with non-aged specimens of the same production run
(same materials and curing conditions), collected elsewhere from
less exposed parts of the same structure. The practical use of NIR
results also implies the existence of sound correlations between
assessed chemical deterioration and strength and stiffness loss of
the glue line. This has been the aim of on-going experimental work.
Promising results were obtained regarding the glue line shear
strength prediction.

Using infrared spectroscopy the cores taken from the glued
laminated timber structural elements can be much smaller having
diameters of a few millimetres compared to the ones used for shear
tests (of 35 mm). Schimleck et al. [58] demonstrated that
mechanical properties of wood could be predicted by NIR from
increment cores. This means that the additional collection of NIR
spectra from wood would allow determining wood shear strength
and to follow chemical degradation of wood due to UV-irradiation
[10], biodegradation by fungi [36], to determine the chemical
composition of wood [59] as well as changes due to thermal
treatment [60] or chemical modification [61]. Measuring infrared
spectra (preferably NIR) along the core would allow determining
the chemical changes and the shear strength and therefore the
penetration depth and degree of weathering and/or ageing as well
as deterioration kinetic.

Further developments of NIR fibre probes that will allow
measuring directly the small glue line with a thickness of about
100-200 pm will alleviate (i) to collect the spectra without any
contribution from wood, (ii) to interpret the spectra drawing better
conclusions on chemical changes of the glue line, and (iii) to be
absolute non-destructive. Moreover, additionally using MIR ATR
(attenuated total reflectance) fibre probes to collect MIR spectra
will also assist the interpretation of NIR spectra and therefore
chemical changes (as partly shown in this work).

Further work will focus on samples from glued laminated
timbers in service and artificially aged material to follow the
chemical degradation and the penetration depth of it over longer
times compared to the short delamination test to be closer to the
real situation. The numbers of cycles used in artificial weathering
studies, well known for wood [62,63], is much higher than the ones
applied in the short delamination test. The degradation of both
wood and glue line can thereby be followed by infrared spectros-
copy [64-67] more realistic and precisely and the current shear
strength can be predicted.

This type of analysis may become a useful tool to complement
current inspection/evaluation methods, towards the safety assess-
ment of glued laminated timber structures in service. Extension to
other timber species and other adhesives, as well as to other
exposure/ageing conditions should therefore be considered.

4. Conclusions

The NIR spectra of glue lines taken to evaluate the glued joints of
laminated timber allowed us, in combination with PCA, to distin-
guish between aged and non-aged samples and different copper
azole preservative treatment levels of phenol-resorcinol-formal-
dehyde (PRF) glue lines. Separation between aged and non-aged
specimens was a result of alterations in both adhesive and wood,
being influenced by the level of preservative treatment. PLS
regression modelling of the NIR glue line spectra performed for the
glue line shear strength and the curing temperature gave promising
but not satisfying results. These findings show that NIR spectra can
be used to evaluate the degradation on the glue lines of untreated
and copper azole treated laminated timber. Further investigations
are needed to find a way to handle the problems discussed and to
develop more accurate PLS regression models for the prediction of
the glue line shear strength.
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