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Assessment of Termite Damage in Cross-laminated
Timber Sections Using Micro-computed Tomography
and Vibration Analysis

Maryam Shirmohammadi,* Adam Faircloth, Chan Keng-Yew Paul, and
Chris Fitzgerald

The durability of engineered wood products (EWPSs) is a parameter yet to
be fully investigated and understood. This is specifically important for
mass timber structures and cross-laminated timber (CLT) panels. The
effect of termites and scale of damage on radiata pine sawn boards have
been previously investigated. However, the effects of glue line and the
layered structure of CLT exposed to termite feeding in the field in Australia
have not been studied. A total of 420 CLT specimens with different
exposed faces and layer arrangements were exposed to termite attack in
the field. Microcomputer tomography and vibration analysis were used to
assess sample conditions before and after 20 weeks exposure. The
observed changes showed damage patterns within samples where a glue
line and different growth ring patterns were present. The termites created
continuous damage along the longitudinal cells through the length and
width of the samples. The 3D data showed that the edge gap on the face
of panels could potentially act as a pathway for termites entering the core
or mid-layers of the panel. The vibration frequency values were lower for
samples after the termite exposure. The vibration analysis results showed
significant effects of sample direction exposed to termite attack, and
percentage of mass loss had significant effects on internal friction and
damping values determined.
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INTRODUCTION

Timber is one of the most used building materials globally. Its current use is
transitioning into mass timber construction methods, with such examples displayed at 25
King St, and the Monterey apartment buildings in Kangaroo Point, Brisbane, Australia
(Walsh 2018, 2021). CLT is an innovative EWP consisting of an odd number of sawn
timber board layers, stacked and glued perpendicular to the adjacent layer to form structural
panels; it will be the focus material of this study. These panels can be bonded by the faces
only or both their faces and edge bonded,; this study considered CLT with no edge bonding
due to local market products. Because of the laminar structure of CLT panel, it is extremely
compatible for use in construction. Its dimensions allow for its use in large wall and floor
segments as well as large load-bearing structural components (Brandner 2013; Parajuli and
Laleicke 2018). The CLT panels are currently manufactured and installed in the building
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without treatment for potential termite attack (Ayanleye et al. 2022). The panel size, scale,
and location in the building further limits the potential monitoring and evaluation methods
of their durability after installation and during their service life.

Termites are responsible for most of the wood degradation in the natural
environment (Caulfield 2002; Peralta et al. 2003; Ahmed and French 2008; Broadbent
2011). In Australia, it was reported that in 2007 the estimated cost of termite damage in
structural timber products was $910 million (Caulfield 2002; Ahmed and French 2008;
Broadbent 2011). Termites have caused damage to 20% of homes in Australia, according
to reports by Kalleshwaraswamy et al. (2022). In 2010, the estimated loss due to termite
damage in the buildings was $32 billion globally. Many timber species are susceptible to
termite attack, and the materials used within mass timber products are no exception
(Cappellazzi et al. 2020; Ayanleye et al. 2022). Termite and other wood digesting insects
use wood as a food source during their life cycle and can cause serious damage to the
structure if they are not found and treated in time (Wang et al. 2018). To protect the house
from termite damage, a common barrier is to have some method of separating the timber
structure from soil. In termite-infested houses, chemical treatment is currently the most
common method used to eliminate termites and stop the damage progress
(Kalleshwaraswamy et al. 2022).

The physics of termite damage in timber has been previously investigated with the
major focus on product mass loss during a period of exposure to termites (Ayanleye et al.
2022). Currently, the visual rating system used to assess termite damage relies on an
external examination and does not provide an accurate assessment of any internal damage.
Only a few studies have considered internal damage using various imaging methods.
Currently published results indicate that the complexity of termite damage in CLT’s
composite structure requires more advanced methods of investigation such as 2D and 3D
imaging and analysis (Franca et al. 2018, 2019). Additionally, CLT was originally
designed and used in northern Europe, where the risk of termite attack is minimal. With
the increasing trend of using CLT in Australia, it is crucial to investigate the extent of
termite damage and their potential gallery pattern in the composite structure of CLT and
the effects of glue line (for face bonding) and edge gap (Wang et al. 2018).

Micro-computed tomography, Micro-CT (u-CT), is a non-invasive 3D imaging
method using X-rays to scan an object generating multiple 2D slice-by-slice images as
small as 100 nm up to 200 mm. The images are then digitally reconstructed into a 3D model
to visualise the internal structure of the material. The scan data can be further processed to
object volume, cross-sectional area, density, and porosity (Brock et al. 2022). p-CT has
been used to study potential termite activities in wooden art frames and wood-boring
beetles in maritime pine boards (Arbat et al. 2021; Parracha et al. 2021). The studies
showed p-CT's capabilities as a non-invasive method of identifying damage and providing
a timeframe for planned maintenance of items (Franga et al. 2019).

Non-destructive evaluation (NDE) systems using approaches such as vibration and
acoustic analysis have been used for assessing the elastic modulus of timber in production
lines as well as during research-based activities centered around timber products. The use
of these NDE methods in detecting timber degradation, including termite damage, has been
investigated on timber bridges (Samali et al. 2014) and decay progression in CLT panels
(Zhang et al. 2021). The vibration assessment is considered a cost-effective and rapid
method to perform. The NDE methods have also been used in detecting decay and termite
attack on Southern pine (Pinus caribaea/ Pinus elliotti) sapwood stakes using a spring-
loaded impactor and recording the impulse response signal (De Groot et al. 1998). The
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study showed the potential differences between damaged and non-damaged sections with
echo patterns and number of pulses observed. The data collected from NDE methods was
compared with the data collected from the visual assessment of decay in samples. The
study showed a reduced number of waves as the damage progressed in the samples. Future
work is recommended to study different types of wood products using the same NDE
method to develop the correlation between the visual assessment and the NDE pulse echo
analysis. Another study by Huan-Jose et al. (De La Rosa et al. 2008) used piezoelectric
probe signals to detect termite damage. The study showed that the system tested could
record even low-level emissions that could be used in detecting termite activities.

Little attention has been paid to investigate the effects of the exposed orientation,
moisture variation, EWP composite structure, and potential patterns of termite attack on
these EWPs and their relationship with mass (Franca et al. 2019; Stokes et al. 2019;
Bagheri et al. 2022). Further research is needed to identify types of termite attack, scale,
and pattern of damage on different parts of the composite CLT panels to provide future
recommendations for treatment and protection of panels from termite damage. This study
used U-CT to visualise termite damage in CLT samples made from Radiata pine (Pinus
radiata). The study focused on the pattern of damage, potential preferred directions of
attack, and volume loss versus mass loss. The study also investigated the use of NDE
methods as a possible solution to termite damage progression. The work presented here
shows the capabilities that imaging and visualisation technologies, such as p-CT, can
provide in investigating timber decay and degradation in the future as well as the efficacy
of a vibration based NDE technique.

EXPERIMENTAL

Materials

All specimens were extracted from CLT samples made from three layers of radiata
pine (Pinus radiata) with polyurethane adhesives. The CLT boards were cut into small
blocks with a nominal cross-section of 40 x 40 mm? and a nominal length of 125 mm. As
shown in Fig. 1, samples were prepared from the face (including Face 1P and Face 2P-
with an edge gap), edge and end orientations (with 1P, 2P-with a glue line, and 3P with a
glue line and an edge gap). Edge gaps and glue lines (as shown in Figs. 1 and 2) were
monitored throughout the experiment and assessment for their role in termite damage
initiation and progress.

The blocks were cut from different sections of the CLT board, resulting in 7
different configurations each with a different degree of edge, end, and face exposure (Fig.
1 (a) and (b)). A total of 420 samples were split into 20 boxes, with each box containing
all 7 configurations of 3 samples per configuration (21 samples per box). An additional 24
samples were cut as control samples from each configuration. This was done purely for
easy identification to be u-CT scanned after the field trial. The control samples were then
split randomly into 12 boxes after scanning to then be placed in moisture conditioning
chambers. To examine the effects of initial moisture content (MC) on termite damage, the
first 10 boxes were placed in an 8% moisture conditioning chamber (23 °C and 55% RH)
and the remaining 10 conditioned in a 12% moisture conditioning chamber (22 °C and 60%
RH). Once the samples were conditioned to the desired MC, the individual dimensions and
weight were recorded.
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Fig. 1. (a) Section with no edge gap or glue line (1P- one piece), (b) section with glue line (in end
or edge directions) or edge gap (in face direction) (2P- 2 piece) and section with glue line and
edge gap (3P- 3 piece)
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Fig. 2. Sample types used for the termite exposure trial with details of edge gap and glue lines,
(a) edge and end directions (E- Edge and Ed- End) and (b) face direction

Field Sample Preparation

Samples were exposed to termites in Esk, Queensland, Australia during February
to May 2021. The recorded weather conditions from the closest weather station to the site
are presented in the Appendix. Prior to field installation, the samples were packed and
taped together with cardboard in between each other to form a block (Fig. 3 (b)). Taping
the samples together into a compact block allows the cardboard to act as a runway to
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facilitate the movement of the termites throughout the box. Following the Australian Wood
Preservation Committee (AWPC) protocols (Greaves 2015) the blocks were laid on bricks
in a trench, the area wetted and then the boxes were placed on individual blocks (Fig. 3).
The entire trench was then covered with a layer of shade cloth and then black plastic to
provide a dark, humid environment conducive to termite activity (Fig. 3). The samples
were left out in the field and two boxes (one of each MC level) were recovered in batches
over a period of 20 weeks on a fortnightly basis.
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Fig. 3. (A) Trench used for exposing samples to termite foraging, (B) sample boxes placed in the
trench for the period of exposure to termite foraging, (C) samples packed in cardboard sections
and placed in boxes to be exposed to termite attack, and (D) harvested sample box after termite
exposure

The harvested samples (Fig. 2) were then placed in the freezer to halt termite
activity. The termite debris and residue were then cleaned off the samples, collected in
bags, and samples were placed in the respective conditioning chambers (Fig. 3). The
samples were then measured and weighed after re-conditioning.

Fig. 4. Harvested and cleaned samples placed in the conditioning chamber at 12% and 8% MC
before any further measurement and analysis
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Fig. 5. Vibration test setup including the sample holder and impactor used
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Fig. 6. Time (a) and frequency (b) response of the data process in MATLAB
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Assessment

The samples were then placed on a cradle (Fig. 5) developed to produce a freely
supported setup (weightless) and tap tested and measured with an accelerometer
(Piezoelectric single axis) to obtain the impulse response to impact and the consequential
frequency responses (Fig. 6).

The importance of the supports or boundary conditions (BCs) has been stressed by
many when the material properties are of interest (Shirmohammadi et al. 2021). After
obtaining all the frequency data using a data acquisition tool (DAQ, sound & vibration
module; National Instruments Corporation, Austin, TX, USA), the signal processing was
conducted in both LabVIEW (ver. 2018, National Instruments Corporation, Austin, TX,
USA) and MATLAB (R2020a MathWorks, Santa Clara, CA, USA) to reconstruct the
frequency response.

From the response noted in Fig. 6, the frequency spectrum of each tested sample
was evaluated for the number of amplitudes of the natural frequencies as well as the
bandwidth of said frequencies to enable the determination of the quality factor (Eq. 1).
Using a similar approach as presented by (Shirmohammadi et al. 2020, 2021).

The quality factor (Q factor) is determined as the ratio of peak frequency over the
bandwidth of the half power point both sides of the peak (Shirmohammadi et al. 2020,
2021; Hansen 2006; Brémaud et al. 2012; Spromann et al. 2017). From vibration data
collected, the quality factor was determined using (Ono et al. 1983; Brancheriau et al.
2006; Aramaki et al. 2007; Sprofmann et al. 2017),

Qn = % = —aofzfr%, tand ~ Q7' = fzf_Rflrsz = iAgx (1)
where Q, f,a,tand,and A are quality factor, frequency, temporal damping, internal
friction, and amplitude respectively.

Mass Loss Assessment

A selection of samples were exposed to tomographic scanning to quantify the mass
loss amount and movement of the termites through the various specimen orientations using
a Molecubes x-Cube scanner (LabLogic, Sheffield, UK). The specimens were individually
bagged, and any loose plastic was wrapped around the sample and taped in place to keep
the sample intact during storage and moving. Once scanning was completed sample
tomography was reconstructed and 3D modelled using various SkyScan programs (1272
CMOS edition; (Bruker, Billerica, MA, USA). The 3D reconstruction allows the
visualisation of different aspects of the sample, such as early (EW) and latewood (LW),
edge gaps, glue line, and termite damage.

Statistical Analysis

The data collected were statistically analysed using analysis of variance (ANOVA)
(p =0.01) to investigate the effects of different variables on moisture properties of samples
tested. The differences between the means of experimental data were assessed using
Tukey’s HSD (p = 0.01). The parameters that had significant effect on output values (mass
loss) were reported. The Genstat (64-bit Release 22.1; General Statistics, UK) program was
used for statistical analysis.
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RESULTS AND DISCUSSION

Mass Loss Comparison

Figure 7 shows the result of mass loss determined for samples with 8 and 12%
initial MC after harvest. The overall summary of samples’ mass loss showed a higher mass
loss percentage in samples with 12% initial MC than samples with 8% initial MC.
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Fig. 7. Mass loss determined for samples at (a) 8% and (b) 12% MC after harvest. Graphs E, Ed,
and F refer to Edge, End, and Face sections, respectively, and 1, 2, and 3 refer to 1-, 2-, and 3-
piece sections. Bars show maximum and minimum values; the middle line shows the median and
circles how the outliners.
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The volume loss determined from p-CT imaging before and after the termite trial
showed a similar pattern to mass loss determined by weighing the sample. The comparison
between samples’ exposed faces during the termite field trial (including face, end, and edge
as shown in Fig. 8 (b)) showed higher mass loss values for samples with end grain exposed
to the field conditions. Overall, face samples had a lower percentage of damage than the
end and edge directions, showing the role of exposed end grain in termite damage.
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Fig. 8. Mass loss (ML) values determined from experiment and volume loss determined from 3D
imaging scans where (a) shows the total distribution of mass and volume losses for samples
tested, and (b) shows the breakdown of loss %across the three faces of samples that were
exposed to termite damage

The statistical analysis showed that the exposed sample direction (end, edge, face)
had a significant effect on both mass (at p < 0.001) and volume loss (at p = 0.009) where
the edge samples presented the largest percentages of both mass and volume loss.

Table 1. Mean Square Showing Effects of Sample Direction (Face, Edge, and
End) on Mass and Volume Loss at p < 0.01 Levels

. . % Mass Loss % Volume Loss
Sample Direction Reps
Mean Mean
Edge 32 12.82 10.2d
End 32 8.7° 5.2¢
Face 17 4.4¢ 2.7f

Termite Burrowing Pattern

The 3D images taken showed that there were patterns of preference from the end
grain section of sample blocks rather than the face sections (Figs. 9 to 11). This observation
correlates well with the mass and volume loss data for each exposed direction (Fig. 9). The
burrowing pattern observed when looking at the cross-section width- and length-wise
showed that there was more obvious termite damage in the longitudinal cells (boards
parallel to the lengthwise orientation).
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Glue line

Fig. 9. Images of samples with glue line after exposure to termite trial

The cell wall thickness, growth rings, and chemical composition of the timber affect
the termite borrowing pattern where damaged channels along the grain direction of the
samples have been observed (Himmi et al. 2016; Fauziyyah et al. 2019). The selectivity
and continuous search for food sources within less dense and more desirable food types,
including within growth rings, has been reported for subterranean and dry wood termites
(Lee and Su 2009; Himmi, Yoshimura et al. 2016). A higher damage rate was also observed
in EW sections than in the LW sections, as shown in Fig. 13. To study the effects of cell
wall thickness, future scanning with higher resolution on sections with earlywood and
latewood is recommended. Around the glue lines in multiple samples, the damage was
observed on both sides of the line (Figs. 10, 12, and 13). The glue line seemed to act as a
barrier to termite damage. Further investigation is recommended to investigate the effects
of species, glue line type, and thickness on delaying damage (Himmi et al. 2016; Bagheri
et al. 2022). Some samples showed signs of the termites burrowing out of the glue lines,
where the adhesive layer was followed in parallel direction as they burrow but then show
signs of stopping a few microns after burrowing into the glue line (Fig. 9).

Fig. 10. Comparison of damage patterns in samples with edge and no edge gaps
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The potential effects of glue line on preventing or reducing termite damage have
been discussed previously in a study on CLT made from Douglas fir (Bagheri et al. 2022),
indicating that termite damage was minimal or none around the glue line. The observed
damage patterns near the two types of glued sections using emulsion polymer isocyanate
(EPI) and polyurethane (PUR) showed termites avoiding the adhesive line (Bagheri et al.
2022).

Figure 10 shows samples of face sections with and without edge gaps. The edge
gap created a pathway for termites to enter the sample block and develop damage patterns
on both sides of the sample face, while the sample without an edge gap showed damage
mainly on the exposed face to termites. Figure 11 shows damage following the growth
rings with a higher tendency of damage created in earlywood bands. The damage on the
side of the sample stops near the glue line, and more damage was observed on the other
side of the glue line. From this observation, the glue line is acting as a barrier to further
termite penetration with damaged pathways not going through it. This could be due to the
adhesive type and the resistance it provides against termite (Bagheri et al. 2022)

Glue line

Growth Ring

Fig. 11. Sample damage in the growth ring and damage patterns around the glue line

Figure 12 shows a sample with a resin knot; there were damaged sections around
the resin knot without any damage going into the knot. The samples also exhibited damage
near the glue line but not through the glue line, as presented in Fig. 10. A similar
observation was reported by Himmi et al. (2016) where dry wood termites avoided the
sections with knot in timber logs in their borrowing patterns.

Figure 13 represents the 3D images from reconstructed u-CT scans with damage
shown in different parts of the sample, including the longitudinal direction, as well as areas
containing a higher proportion of EW to LW. Figures 13 (A) and (B) show the damage
pattern continuing in the longitudinal cell direction. The damage continued through the
cells along the entire length (Fig. 13 (A)) and width (Fig. 13(B)). Study of termite
(Coptotermes curvignathus) attack patterns and penetration depth in untreated light Red
Meranti (Shorea spp.) by Fauziyyah et al. (Fauziyyah et al. 2019) reported that observed
termite galleries were similar to long flat tunnels that followed the grain direction of the
wood.
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Resin knot

Fig. 12. Images of sample with resin knot and evidence of damage around the knot and the
damages around the glue line

q =
Scanned block
Early wood I

Scanned block I

Damage channels Block cutaway

N A f<
S
R
AN
] ,’ ‘
Early wood Late wood Damage cutaway

Fig. 13. 3D images of damaged sections with end grain exposed to termite (A) sample with end
grain along the length and (B) sample with end grain along its width
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Additionally, when the sample’s exposed face had a portion of end grain (Fig. 13
(B)), there were more obvious damage patterns. The patterns showed that once the termites
accessed the end grain face, the damage occurred through the entire width as a continuous
channel, similar to what was observed by Fauziyyah et al. (2019) in samples with the end
grain face exposed. The study showed the effects of cell wall thickness and the anatomical
structure of samples in relation to termite gallery development (Fauziyyah et al. 2019).

Vibration Analysis

Figure 15 summarises the density variation in the samples after exposure to termite
damage and the mass loss percentage determined for the samples. The results show a
reduction in density and an increase in mass loss values. A similar trend was observed
when vibration analysis was used to study the decayed CLT samples as the decay
progressed and the percentage of damage increased. The variation in density was defined
as a factor that the vibration NDE system can detect as the strength loss in the samples
(Zhang et al. 2021).
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Fig. 14. Density of samples before and after termite trial, and the percentage of mass loss in
samples due to termite damage

Figure 16 summarizes the natural frequency peak values for samples tested before
and after exposure to termite damage. As the termite damage progressed in the sample
blocks, the frequency values were reduced compared to those determined on undamaged
samples. The frequency values of all five peaks decreased after samples were exposed to
termite damage. The decreased values can be used as the detection indicator for termite
damage in the structure. A similar study on non-destructive assessment of decayed CLT
sections using vibration analysis by Zhang et al. (2021) showed that the frequency values
decrease as the damage progresses in the samples.
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Fig. 15. Overall frequency peak values for samples tested before and after termite damage

The internal friction and quality factor values versus mass loss percentage are
presented in Fig. 17. Sample orientations (edge, end, and face) exposed to termite damage
had a significant difference effect (Table 2) on quality factor and internal friction values

0.01 level (p = 0.031).

Table 2. Statistical Analysis of Sample Direction Effects on Internal Friction and
Quality Factors Determined from Vibration Testing, Showing Significant Effects at

p<0.01

Sample Direction

Reps

Internal Friction

Quality Factor

Mean Mean
Edge 32 1.03a 1.19d
End 32 0.86b 1.44e
Face 17 0.72c 2.01f
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Fig. 16. Quality factor values versus the mass loss percentage at different levels of 0 to 5%, 5 to
10%, and 10 to 46% mass loss

The relationship between mass loss percentage (0 to 5, 5 to 10, and 10 to 46%) and
vibration values (damping and internal friction) showed significant differences between
mean values. The higher percentage of mass loss showed closer relationship with internal
friction determined from vibration test results. Similarly, a study of modal analysis on
detecting damages in timber beams showed higher damage percentages in both single and
multiple damage cases (Choi et al. 2008).
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Table 3. Statistical Analysis on Effects of Mass Loss on Damping and Internal
Friction Determined Through Vibration Testing

Mass Loss Reps Damping Internal Friction
Mean Mean
0to 5% 26 0.39a 0.77d
5to 10% 31 0.40b 0.81le
10 to 45% 24 0.58¢ 1.16f

There were significant effects at p < 0.01 levels.

CONCLUSIONS

The results presented in this study focused on determining termite damage patterns
in cross-laminated timber (CLT) sections that had been exposed to termites in the field for
a period of 20 weeks. The study used physical measurement, u-CT imaging, and vibration
analysis to determine the damage in the samples. The collected data showed that there was
a good correlation between the mass loss data from physical measurement and the volume
loss data determined by processing u-CT scans.

1. The overall loss percentage was higher at 12% initial MC than 8%.

2. The 3D imaging showed potential higher termite damage ratios around the end grain
faces exposed to the field conditions. The sections with end grain had continuous
damage along the longitudinal cell in the samples' length and width.

3. There was evidence of the glue line acting as a barrier to the potential termite damage,
which needs further investigation.

4. When the exposed face contained an edge gap, the termites used this as a pathway to
penetrate deeper inside the samples in comparison with faces having no edge gap.

5. Inasample with a resin knot, patterns of termite avoidance were noted around the knot
and damages only followed around the shape of the resin knot.

6. There were potential preference differences in patterns of damaging early wood (EW)
than late wood (LW), which needs to be further investigated.

7. The comparison between vibration frequency values before and after termite damage
showed that the frequency values were reduced as the damage occurred in the sample.
The data on vibration analysis showed the potential capacity of non-destructive
evaluation (NDE) methods in detecting termite damage in cross-laminated timber
(CLT) sections, which needs to be further developed in the future.
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APPENDIX

Table Al. Weather Data for Esk, Queensland, Australia During the Termite

Exposure Trial (February to May 2021)

bioresources.com

Month Mean Temperature (°C) Mean Rainfall (mm)
February 30.8 130.2
March 29.6 103.7
April 27.2 62.5
May 23.8 54.9
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