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ABSTRACT
Cross Laminated Timber (CLT) panels are wooden structural products consisting of finger jointed
boards glued together and arranged in orthogonal layers. The lamination process reduces the scatter of
the board properties so that minor strength reducing features such as knots and other defects are
dispersed in the product. CLT panels have very high axial load-carrying capacity and bending
strength, due to their large resisting areas, and high shear strength. However, the structural
performance of CLT panels depends on the proper application of the glue between the layers. The
bond set up at the interface between longitudinal and orthogonal layers can be seriously compromised
by the lack of gluing occurring during the production process. For this reason, quality control is an
essential tool for verifying the correct gluing process of CLT panels. This paper illustrates the
preliminary results of an experimental programme aimed to test the effectiveness of Ultrasonic
Testing (UT) in detecting adhesion anomalies and defects in CLT panels. UT was carried out on
several CLT panels having different configurations (length, thickness of the layers, number of layers,
timber species). For each panel, the velocity of longitudinal stress wave V' was measured along
several paths perpendicular to the plane of the CLT panels. V' data was numerically processed and
then for each panel the distribution of /' on a horizontal plane was graphically represented
implementing the iso-velocity curves. The match between the low-velocity areas resulting from data
processing and the unglued areas visually assessed was evaluated and critically discussed.
Keywords: CLT, timber, gluing, NDT, Ultrasonic Testing.

1 INTRODUCTION
Cross Laminated Timber (CLT) panels are wooden structural products consisting of at least
three layers of finger jointed boards glued together and arranged in orthogonal layers.
International codes require that only wood previously graded according to the current
regulations can be used as structural material [1].

CLT panels are used in construction due to their outstanding mechanical properties such
as lightness, high strength-to-weight ratio and prefabrication that leads to the possibility to
realize lightweight structures having excellent earthquake resistance. Furthermore, timber is
a renewable resource, environmentally friendly and aesthetically pleasing when used in
new buildings. For all these reasons CLT systems are becoming widespread in Europe and
overseas.

The CLT lamination process reduces the scatter of the board properties so that minor
strength reducing features such as knots and other defects are dispersed within the product
volume [2]-[5]. However, the structural performance of CLT panels depends on the proper
application of the glue between the layers. The bond set up at the interface between
longitudinal and orthogonal layers can be seriously compromised by the lack of glue
occurring during the production process. For this reason, quality control is an essential tool
for verifying the correct gluing process of CLT panels. Non-Destructive Testing (NDT)
plays an important role in the quality control and integrity assessment of industrial
products, because NDT techniques do not compromise the mechanical properties of
the product. Among NDT techniques, Ultrasonic Testing (UT), based on measurements
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of the characteristics of acoustic waves propagating through the material, is generally used
in quality control of wooden elements. Aicher et al. [6] showed the feasibility of the
ultrasound pulse transmission method in order to detect and characterize the presence of
longitudinal cracks in Glued Laminated Timber (GLT) beams. Hasenstab and Osterloh [7]
used a combination of low frequency ultrasonic echo and X-rays techniques on damaged
wooden structural elements and stated that damages can be detected by the use of
ultrasound echo from the undamaged side of the specimen, while the extent of the damages
can be obtained by mobile X-ray inspection. Moreover, the results showed that ultrasonic
methods were the most sensitive in detecting early stages of decay and cracks developed
parallel to the surface, while X-rays yielded a direct picture of the position of the knots.

Several researchers applied UT to the gluing quality control of GLT. Sanabria et al. [8],
[9] carried out air-coupled ultrasound slanted lateral method in order to assess delamination
in GLT elements and demonstrated that the method was suitable to identify lack of
adhesive in glued timber objects. Dill-Langer et al. [10] showed the feasibility of detection
of glue-line defects of GLT elements by means of ultrasonic methods.

2 BASICS OF ULTRASONIC TESTING

UT is based on the study of phenomena connected with the spread of acoustic waves
propagating through the material. The acoustic waves are artificially generated by a
piezoelectric transducer (emitter) and acquired after passing through the material by means
of a similar transducer acting as a receiver [11]. A coupling agent is generally applied to the
faces of the transducers in order to reduce signal energy dissipation due to acoustic
impedance difference between the materials in contact. Lots of information can be drawn
from analysis of the parameters connected with the propagation of the acoustic waves
inside the specimens. The information deal with the level of homogeneity, the quality and
the presence of deterioration of the materials or elements under test, the identification of
possible defects inside of the material, etc. [12], [13].

The following features are connected with the acoustic waves propagation through the
material:

e transit time: time taken by the signal to cover the distance from the emitter
transducer to the receiver transducer inside the material under examination;

e signal propagation velocity: ratio of the distance between emitter and receiver
transducers to the transit time;

e signal attenuation characteristics.

In general, the signal propagation velocity is a less sensitive feature to the conditions of
the test (e.g. propagation distance, coupling conditions, transducer type) compared to the
signal attenuation characteristics (amplitude or frequency content) [14]-[16], but it
is the easiest and quickest feature to measure.

UT is generally carried out applying three different transmission techniques depending
on the arrangement of the transducers on the specimen surface as shown in Fig. 1:

1. Direct Transmission Technique (DTT): the wave is transmitted by an emitter
through the item and received by a receiver placed on the opposite side.

2. Semi-direct Transmission Technique (STT): the emitter and the receiver
transducers are placed on consecutive sides of the item.

3. Indirect Transmission Technique (ITT): both the emitter and the receiver
transducers are placed on the same side of the item.
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Figure 1: UT. From left to right: Direct, Semi-direct, Indirect Transmission Techniques.

ITT and STT are less effective than DTT due to a great decrease in amplitude of the
received signal, and the pulse propagating in the item just beneath the surface. Conversely
in DTT the direction of wave propagation is perpendicular to the source surface and the
signal travels through the entire thickness of the item [14].

Traditional applications of UT are based on measurements of the velocity of longitudinal
stress waves according to the following relationship:

L
V== (M
where V is the velocity of longitudinal stress waves and T is the time waves need to travel
along the path of length L.

From the wave’s propagation theory, V depends upon dynamic elastic modulus Eg,

Poisson’s ratio v and density p. For a homogeneous isotropic material, eqn (2) applies:

i o

P (1+v)~(1—v)

Thus, the velocity of longitudinal stress waves is related to the elastic properties and
mass of the material, so that if mass and V are known, the elastic properties can be assessed
[14]-[17]. Moreover, the analysis of V provides crucial information about the inner
conditions of the object, since it is empirically acknowledged that the better the physical
and mechanical quality of the object, the higher the velocity.

3 EXPERIMENTAL PROGRAMME
The efficacy of UT in detecting adhesion anomalies and defects in CLT panels was
explored during the experimental programme.

UT was carried out on 15 CLT panels having different length, thickness and number of
layers, and different timber species. The specimens were sorted into 4 groups labelled from
A to D. Groups A, C and D were composed of 4 CLT panels, while group B consisted of 3
panels (see Table 1). One CLT panel of each group was perfectly manufactured and used as
a reference specimen while other panels had some artificial bonding defects included at the
interface between the layers of the timber boards.

Ultrasonic measurements were carried out by means of the DTT technique using the
ultrasonic test equipment Pundit Lab+, developed by Proceq.

The quantity V was measured through the panel thickness along three lines of UT
measurement points, called measurement lines, each one composed of 11 measurement
points spaced 60mm apart (Fig. 2).
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Table 1: Description of the CLT groups.

Group | Length Thickness Width Number of | Timber species
[mm] [mm] [mm] layer of layers
A 1280 60 240 3 S*-MP**-S*
B 740 60 240 3 S*-MP**-S*
C 1320 120 240 3 MP**
D 1100 100 240 5 MP**

*S = Spruce; **MP = Maritime Pine

60 mm

Figure 2: CLT panels surface: UT measurement points and measurement lines.

The testing equipment includes:

e  apair of 54 kHz transducers for emitting and receiving signals;
e aunit for signals generation, acquisition and preliminary analysis;
e a PC for data storage and further signal processing;
e a dedicated software Pundit Link, developed by Proceq, which unlocks the full
capabilities of the ultrasonic testing system.
A dry coupling agent was used in order to reduce signal energy dissipation due to
acoustic impedance difference between the materials in contact.

4 DATA PROCESSING
Table 2 gives a summary of the UT measurements on the CLT panels.

It can be inferred from table 2 that the most scattered property is Vmin, which has a
standard deviation about 5 times higher than Vmax and 2 times higher than Vmean. This
finding is consistent with the fact that gluing defects cause a sort of delamination of the
panel layers determining the formation of voids. These voids slow down the velocity of the
waves running through them, whereas highest values of V are reached in areas without
defects regardless of the presence or not of gluing defect in other zones of the panel. Table
2 also points out a negligible effect of the panel configuration (length, thickness and
number of the layers, timber species) on the V values.

4.1 Analysis of the measurement lines

In order to provide better evidence of the UT measurements results, for each panel V data
of each measurement line were plotted as shown in Figs 3-6.
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It can be noted that all V data of the reference panels (Figs 3—6 on the left) are very
close to the Vmean of the panel. Only few values deviate from the mean, as those measured
at point 27 (line 3) of the A1l panel, or points 3 and 6 (line 1) of the C1 panel. The visual
inspection highlighted that these measurements points are affected in their immediate
surroundings by the presence of some intrinsic wood defects such as knots and resin
pockets (Fig. 7).

Table 2: Summary of the UT measurements.

Group | Panels | Specimens Vmin Vmax | Vmean S.D.* CoV*

[m/s] [m/s] [m/s] [m/s] [%]

1 Reference 1639 2113 1865 117.77 6.31
A 2 Unglued 938 2239 1829 229.65 12.55
3 Unglued 642 2372 1675 459.75 27.45
4 Unglued 800 1929 1567 347.09 22.14

1 Reference 1824 2239 2014 95.21 473
B 2 Unglued 777 2281 1719 378.86 | 22.04
3 Unglued 618 2076 1506 43533 2891

1 Reference 1899 2410 2096 120.95 5.77
C 2 Unglued 822 2419 1837 457.12 24.88
3 Unglued 631 2273 1387 491.95 35.47
4 Unglued 538 2273 1632 574.65 35.22

1 Reference 2056 2334 2183 76.13 3.49
D 2 Unglued 645 2381 1937 449.28 23.19
3 Unglued 982 2364 1979 324.33 16.39
4 Unglued 1118 2410 2069 240.54 11.62

S.D.* [m/s] 524 141 234

*S.D. = Standard Deviation; CoV = Coefficient of Variation.
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Figure 3:  Group A: V distribution along the measurement lines. Al (left) is the perfectly
manufactured reference panel; A4 (right) is a partially unglued panel.
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Group B: V distribution along the measurement lines. B1 (left) is the perfectly
manufactured reference panel; B2 (right) is a partially unglued panel.
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Group C: V distribution along the measurement lines. C1 (left) is the perfectly
manufactured reference panel; C4 (right) is a partially unglued panel.
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Group D: V distribution along the measurement lines. D1 (left) is the perfectly
manufactured reference panel; D4 (right) is a partially unglued panel.

WIT Transactions on Ecology and The Environment, Vol 226, © 2017 WIT Press
www.witpress.com, ISSN 1746-448X (on-line)



Sustainable Development and Planning 1X 565

Figure 7: A knot in the immediate surroundings of a measurement point.

These defects are characterized by physical properties, e.g. density, different from those
of non-defective wood. Such different properties might influence the velocity of the
ultrasonic wave associated to the path starting from or arriving to the point affected by
the defect causing V to deviate from the mean value.

On the contrary, V data of the partially unglued panels (Figs 3—6 on the right) are highly
scattered with respect to the Vmean. The values under the Vmean line suggest the presence
of some anomalies such as gluing defects and identify defective areas in very good
agreement with visual inspection. Furthermore, the comparative analysis of measurement
lines plots and visual inspection outcomes (position of knots and resin pockets, location and
size of unglued areas) highlighted that the V values measured on points affected by
intrinsic defects of wood (for example point 25, line 3, panel A2 or point 1, line 1, panel
C4) are much closer to the Vmean line than values corresponding to unglued areas. This
result suggests that unglued areas induce a drop of V significantly greater than that caused
by knots and resin pockets.

4.2 Kriging method results

In order to produce a more user-friendly representation of the results, for each panel the
distribution of the V data was graphically represented implementing the iso-velocity curves
on a horizontal plane by means of the Kriging method [18], [19]. The Kriging method is an
advanced geostatistical procedure where an estimated surface is generated from a scattered
set of points. In general, the Kriging method weights the surrounding measured values for
deriving a prediction for any unmeasured points. Each data point is weighted by its distance
from the neighbouring ones by using the following formula:

n
Zy=Y W7, (3)
i=1

where Zy is the predicted value at the point X, n is the number of neighbouring data values
used in the prediction, Z; is the value at the point i having a weight ;. The weight W,
depends on several factors: fitted model to the measured points, distance of the point i to
the prediction point and spatial relationships among the measured values around the
prediction point.
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As an example, Figs 8—11 show V distributions of some panels belonging to Groups A,
B, C and D res pectively. Each figure shows the iso-velocity curves for both perfectly
manufactured and partially unglued panels.

As shown in the previous Figs 8—11, the reference panels (Figs 811 on the left)
exhibit a limited scattering in the distribution of V. On the contrary, the iso-velocity curves
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Figure 8: Group A: iso-velocity curves on CLT panels. Al (left) is the perfectly
manufactured reference panel; A4 (right) is a partially unglued panel. V is in

m/s.
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Figure 9: Group B: iso-velocity curves on CLT panels. Bl (left) is the perfectly
manufactured reference panel; B2 (right) is a partially unglued panel. V is in
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Figure 10: Group C: iso-velocity curves on CLT panels. C1 (left) is the perfectly
manufactured reference panel; C4 (right) is a partially unglued panel. V is in
m/s.
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Figure 11: Group D: iso-velocity curves on CLT panels. D1 (left) is the perfectly
manufactured reference panel; D4 (right) is a partially unglued panel. V is in
m/s.

of the defective panels (Figs 8—11 on the right) identify areas where V decreases from 2 to
3 times. The visual inspection of these panels confirmed that low-V areas match the
unglued areas with a good level of accuracy and are in good agreement with the results of
measurements lines analysis. It can be noted also that V distribution of healthy areas is
quite similar to that of the reference panels.

The outcomes of the Kriging method provide iso-velocity maps that allow the areas
where anomalies are located to be quickly displayed. V maps might therefore provide a
powerful tool in the diagnosis of gluing defects in CLT panels. It is, however, worth noting
that this representation of the results, albeit very intuitive, is not as accurate as that of the
measurement lines. In fact, as previously mentioned the presence of some intrinsic wood
defect (knots, resin pockets) in the immediate surroundings of a measurements point might
significantly change the velocity of the wave that starts from or arrives to this point. The
successive application of the Kriging method, which predicts the values of V from a
weighted interpolation of measured data, would amplify the errors originating from wrong
V values. On the contrary, as explained in section 3.1, the measurements lines analysis
shows the punctual V values allowing the user to distinguish the points affected by intrinsic
wood defects from those affected by gluing defects.

5 CONCLUSIONS
The paper illustrates the preliminary results of an experimental programme carried out on
CLT panels in order to evaluate the effectiveness of UT in detecting gluing anomalies and
defects. For this purpose, 15 CLT panels, having different length, number and thickness of
the layers and made of different timber species, were tested by means of UT. The
specimens were sorted into 4 groups according to the above-mentioned features. Each
group included a perfectly manufactured panel, regarded as the reference panel, and other
panels on which some artificial gluing defects were introduced at the interface between the
lay-up of the timber boards.
The analysis of the ultrasonic velocity values leads to the following outcomes:

e The most scattered property is Vmin, which has a standard deviation significantly
higher than Vmax and Vmean. This is consistent with the fact that gluing defects
cause the onset of delamination areas between panels layers which slows down the
velocity of the waves that run through these areas. Highest values of V are attained in
healthy areas regardless of the presence or not of gluing defect in other zones of the
panel.
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The configuration of the panels (length, thickness and number of the layers, timber
species) seems to have a negligible effect on V values.

Intrinsic wood defects, such as knots end resin pockets, located in the immediate
surroundings of a measurements point affect the velocity of the wave travelling from
or to this point, because their physical properties, e.g. density, are different from those
of non-defective wood. The effect of these defects on V distribution might be
confused with that of gluing defect causing a wrong data interpretation.

The analysis of ultrasonic measurements lines highlights that unglued areas induce a
drop of V significantly greater than that caused by knots and resin pockets. This
analysis also allows the unglued areas to be located within the specimen with a high
degree of accuracy.

The Kriging method leads to the determination of iso-velocity maps, which allow the
user to quickly and easily identify defective areas. These maps can be an effective
tool for detecting gluing defects, as long as possible errors due to the presence of
intrinsic wood defects that may alter the velocity values are carefully taken into
account.
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