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The assessment of the mechanical properties of wood using non-destructive evaluation (NDE)
tools has been widely developed and refined. These NDE tools mainly rely on vibrational,
ultrasonic or stress-wave approaches. Vibrational techniques generally show higher
correlations between the estimated modulus of elasticity (MOE), or modulus of rupture (MOR),
and the measured MOE, or MOR, than stress-wave techniques. They are, however, relatively
difficult to apply in the field due to boundary conditions common in many timber structures.
Thus, improved tools for assessing timber structures are still needed. Recently, near infrared
(NIR) spectroscopy (500-2400 nm) has shown promise for predicting the MOE and MOR of
wood. This work focuses on extending the use of NIR for measuring the load applied to small
wood beams. The reflectance NIR spectrum was measured as the applied load was increased.
Good correlations (r > 0.96) between the measured load and the predicted load were obtained
using spectra taken from both the tension and compression surfaces of the small wood beams.
© 2006 Springer Science + Business Media, Inc.

1. Introduction

Non Destructive Estimation has gained popular interest in
the last decades. Through many different technical prin-
ciples and experimental tools, NDE allows one to assess
and monitor over time physical or mechanical properties
of various materials, mainly steel (welding), concrete and
solid wood. Moreover, recent materials such as wood-
based composites, wood-plastic composites [1] rely or
will rely on NDE to monitor their production (statisti-
cal process control, quality control, defects and foreign
objects detection).

Tools that can be used for the nondestructive evaluation
of simple beams or complex structures are common [2].
These methods can be used to evaluate the properties of a
wood sample longitudinally (MOE and MOR) and trans-
versely by correlating NDE and static measurements. Free
vibrations [3] represent one means of estimating the mod-
ulus of elasticity (MOE) of a wood sample or a timber
beam. The Fourier transform of the time signal recorded
by an accelerometer is converted into a frequency signal
that gives a vibratory modulus based on Bernoulli or Tim-
oshenko formula [4]. Wang et al. [5] found a correlation
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coefficient (r) of 0.76 between stress-wave based dynamic
MOE of piles and static MOE of small, clear wood sam-
ples (1 by 1 by 16 in.) extracted from these piles. In the
same study, a correlation coefficient of 0.69 was found be-
tween the stress-wave based dynamic MOE of piles and
static MOR of the small, clear wood samples. Values of
the estimated mechanical properties and the correspond-
ing correlation coefficients can vary greatly depending on
the tool used (e.g., stress-wave, axial vibration, or bend-
ing vibration), the wood species, and the specimen size.
As an illustration, Perstorper [3] found a correlation co-
efficient of 0.88 between the bending MOE and the static
MOR for spruce beams (70 x 290 x 5,800 mm?) using
vibration techniques. For the same set of spruce beams,
a correlation coefficient of 0.77 between the stress-wave
based MOE and the static MOR was reported. Ceccotti
et al. [6] found a correlation coefficient of 0.69 between
axial vibration-based MOE and the static MOR for spruce
beams (80 x 150 mm?). Larsson et al. [7] found a much
stronger correlation (r = 0.91) between static MOE and
bending vibration MOE for several spruce sets with dif-
ferent dimensions. Working with small-diameter logs (12
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feet in length), Wang et al. [8] found correlations be-
tween the static MOE and transverse vibration MOE of
approximately 0.77 and 0.92 for jack pine and red pine,
respectively.

Correlations decrease with the quality of the tested
wood sample. A study carried out by Galimard [9] showed
weaker correlations between the static MOE and the NDE
tools estimated MOE for a set of several hundred years old
beams. Vibration based NDE tools gave the best correla-
tions (0.69 < r < 0.75) between the estimated MOE and
the static MOE compared to the stress-wave based tools
(0.49 < r < 0.58). This study showed the tools’ limita-
tions when dealing with beams showing advanced decay
and deep checks. In general, for simply supported beams,
the bending vibration techniques provide a stronger cor-
relation with static MOE than the stress-wave technique.
However, as noted earlier, vibration techniques are fairly
difficult to apply in situ to complex structures because of
the boundary conditions.

Commercial products including Sylvatest [10], Pun-
dit [10], CCT-4 [12], James V meter [13], Fakopp [14]
and Metriguard 239A [15] have been developed based on
these NDE techniques. Different commercial systems can
be used for laboratory, manufacturing or field evaluations.

A second series of experiments point to the potential
for measuring applied load with vibrational spectroscopy.
Raman spectroscopy has been used to measure the applied
load in synthetic and cellulose-based polymers and fibers.
In particular, a series of papers by Eichhorn and coworkers
[16—18], and others [19, 20] have highlighted the use of
measuring shifts in the Raman spectral peaks as a function
of applied load. These works demonstrated that Raman
could be used to measure the load applied to natural and
regenerated cellulose fibers. The magnitude of the Raman
shift was highly dependent on the source of the cellulose,
but generally a 2% strain (in tension) produced a 1-2 cm™!
shift to lower frequencies. There was also a trend for a
larger Raman shift for fibers with higher MOE. These
results were explained by considering the deformation of
bonds in the cellulose chain, as well as the reorientation
of cellulose crystallites.

While Raman is very sensitive to these molecular scale
changes, other spectroscopic tools are also of interest.
Fourier Transform Infra Red (FT-IR), coupled with dy-
namic mechanical analysis (DMA) were used to stretch
cellulose samples and record the infrared absorption of
the OH-groups in the 3700-3000 cm™" region [21]. This
broad overlapped band was divided into several distinct
bands, demonstrating that FT-IR can detect the effect of an
external mechanical perturbation on the molecular struc-
ture of the cellulose. Another study [22] carried by Hinter-
stoisser and coworkers used the same experimental setup
in the 3950-700 cm™! range with celluloses from differ-
ent origins to investigate the deformation behavior and its
relation to molecular straining.

Near Infrared (NIR) spectroscopy is another non-
destructive technique that has been successfully applied to
predict mechanical properties of wood. Kelley et al. [23]
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Figure 1 Schematic of the four-point bending system used to measure the
applied load and the NIR spectra.

used NIR spectroscopy to measure the chemical and
mechanical properties of solid loblolly pine. Correlation
coefficients of 0.88 were found for the MOE with the
full spectral range (500-2400 nm) and with a reduced
spectral range (650—1150 nm). Similar results have been
obtained by Schimleck and coworkers [24], Meder and
coworkers[25, 26], and others [27-29]. A related report
by Kelley et al. [30] developed models of similar quality
for predicting the mechanical properties of six different
softwood species from NIR spectral data. This work also
showed that the mechanical properties of the different
species could be predicted from a single calibration
model, as long as the model was developed with samples
from all six of the species. Similar results were obtained
for a model developed with spectra acquired from a
softwood (pine) and a hardwood (aspen) [31].

With these background results, this work focused on
demonstrating the use of NIR for measuring load applied
to wood beams. NIR was selected since it has potential
for being an inexpensive, portable, relatively durable tool
that could be applied to wood beams in the field.

2. Materials and methods

Mechanical testing was carried out with a four-point bend-
ing geometry (Fig. 1) using three yellow poplar (Poplas
spp.) specimens extracted from a dried board obtained
in a local sawmill. This test configuration was selected
because constant compression stresses are located on the
upper face of the load span and constant tensile stresses are
located on the bottom face of the load span. The applied
load was well within the elastic domain of the beams as
determined in preliminary tests on separate beams. The
dimensions of the samples were 2” by 2” cross-section
and 40" length. A maximum load of 1,500 pounds was
applied on each tested sample. The load was applied to
the radial face of the sample at a rate of 0.3 in./min and
monitored by a SOK 1bs load cell.

NIR spectra were first collected without any load and
then collected after each 50 pounds load increment. The
NIR measurements were made with an Analytical Spec-
tral Devices (ASD) Field Spectrometer at wavelengths
between 500-2400 nm. A reflectance contact probe hous-
ing a high-intensity light source oriented at a right angle to
the sample surface and a fiber optic oriented at 60 degrees
to the sample surface was used to collect the reflectance



spectra. A piece of Spectralon® was used as a white ref-
erence material. For each NIR spot (0.75” diameter), 10
scans were collected and averaged into a single spectrum.
Four NIR spectra were collected at each 50 pounds incre-
ment, two on the compression zone (top fiber) and two in
the tension zone (bottom fiber).

The reflectance spectra were transferred from the
ASD to the Unscrambler® software (CAMO, Corval-
lis, OR). The reflectance spectra were converted to ab-
sorbance spectra and then normalized using routines in
the Unscrambler®. Absorbance is related to reflectance
by the following equation, where A is the wavelength in
nm: A(A) = log(ﬁ). Normalized spectra were submit-
ted to multiplicative scatter correction (MSC) in order to
remove scatter effects, which may be caused by surface
roughness or subtle slope of grain, rather than true chem-
ical or macromolecular differences. The data set was fur-
ther reduced by averaging the spectra that were collected
every 1 nm intervals, to a spectral data set at 5 nm in-
tervals. The two spectra collected on the tension face for
each load increment were averaged to one spectrum for
each load increment, and the same process was used for
the spectra collected in the compression face. Averaging
the spectral data reduces the size of the spectra matrix and
significantly reduces the time required to compute the Par-
tial Least Squares (PLS) models without decreasing the
quality of the models.

3. Results and discussion

Fig. 2 shows four typical NIR spectra: a compression
spectrum at 50 and 1500 pounds load, and the tension
spectrum at 50 and 1,500 pounds load. Subtle differences
can be observed between the tension and compression
states and between a low and a high load.

Fig. 3a and b highlight the NIR spectra (1850-2020 nm)
collected on the tension face and the compression face at
150 pound increments, respectively. Increasing the load
decreases the absorbance at the longer wavelength pro-
viding a direct indication for the potential for measuring
the load with NIR spectroscopy.
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Figure 2 Typical NIR spectra collected on the compression and tension
faces (50 and 1,500 pounds) in the 1000-2400 nm region.
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Figure 3 Effect of the increasing load on the NIR spectra (1850-2020 nm)
taken from the (a) tension face and (b) compression face.

The vibration at 1924 nm has been assigned to interac-
tions between cellulose hydroxyls and bound water [32,
33]. These changes in the NIR spectra are more subtle
than those seen with Raman spectroscopy studies of cel-
lulose fibers [16—18]. But this is not unexpected since the
Raman vibrations are primary bond vibrations and these
NIR vibrations are overtones. Also, the cellulose chains in
these wood samples are supported by the hemicellulose-
lignin matrix, which will also carry some of the applied
load.

Principal component analysis (PCA) [34] was used to
compare the tension/compression spectra. Not surpris-
ingly there are two distinct clusters (Fig. 4), correspond-
ing to the spectra collected on the compression face and
those collected on the tension face.

These two clusters are identified by the first two prin-
cipal components (e.g. PC1 and PC2). 77% of the total
variance in the spectra is explained by the first principal
component (PC1) and 17% is explained by the second
principal component (PC2). This first principal compo-
nent explains all the spectral differences due to tension or
compression, while the second principal component can
be attributed to spectral differences as a function of the
applied load.

The chemical features (loadings) that differentiate the
compression and tension faces are shown in Fig. 5. Fig. 5
also shows the original NIR spectra taken from the tension
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Figure 4 Results from Principal Component Analysis (PCA) of the NIR

spectra (1000-2400 nm) taken from both the compression and tension faces
of the yellow poplar sample 3.
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Figure 5 Loadings from the PCA of the NIR spectra collected from the
compression and tensions faces of yellow poplar 3. The original NIR spec-

tra collected from the compression and tension faces of yellow poplar 3
subjected to an applied load of 1,500 pounds are also shown.

and compression faces of the sample loaded to 1,500
pounds.

As highlighted in Fig. 2, these original spectra are quite
similar, but the PCA loadings show three sharp negative
peaks at 1410, 1900, 2220 nm. All these peaks in the
PCA loadings appear to be due to shifts in the cellulose
hydroxyl vibrations at 1448, 1924, and 2270 nm, respec-
tively [23]. The loadings for PC2 (not shown) appear to
be due to relatively subtle spectral differences that can be
attributed to the increased load on the samples.

Differences between the three individual samples can
also be measured with PCA (Fig. 6). The results of PCA of
the different samples (spectra from the tension face) show
two clusters: sample 4 and samples 2 and 3. The PCA
results for samples 2 and 3 are interspersed, which means
that these two samples are similar in terms of their chem-
ical composition and anatomical features, while sample 4
is somewhat different.

Nevertheless, the differences between the three sam-
ples are similar in magnitude to the differences caused
by the application of the load. Based on the relatively
large differences between the spectra taken from the com-
pression face and tension face, and the relatively small
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Figure 6 Results from Principal Component Analysis (PCA) of the NIR

spectra (10002400 nm) taken from the tension face of the yellow poplar
samples 2, 3 and 4.

differences between the three different samples, the spec-
tra taken from the compression and tension faces were
used to predict the applied load and build the models for
each individual sample and for all the samples together.

The NIR spectra taken from the tension face of YP2
were used to construct a PL.S model [34] to predict the
applied load (Fig. 7a). The PLS model shows the corre-
lation between the measured load and the load predicted
using the NIR spectra (1000-2400 nm). The CALB model
constructed and this PLS model was then used to predict
the applied load from the NIR spectra that were not in-
cluded in the original model (VALD). There are very good
correlations for both the CALB and VALD models (r >
0.98). The strong correlation for the VALD set is signifi-
cant since these samples were not included in the original
CALB model. The same approach was then used to con-
struct a PLS model using the NIR spectra collected from
the compression face (Fig. 7b).

As seen for the model from the spectra taken on the
tension side of the sample, there is a very strong corre-
lation between the measured load and the predicted load
(r > 0.97). Again, the VALD set contained spectra that
were not included in the original CALB model.

Based on the similarity between NIR spectra of all
three samples (Fig. 6), PLS models were constructed us-
ing spectra from all three poplar samples. The PLS mod-
els constructed with the NIR spectra (1000—2400 nm)
taken from the compression and tension faces are shown
in Fig. 8a and b.

As seen with the models constructed with spectra from
a single sample, there is a very strong correlation between
the measured load and the predicted load using the NIR
spectra. The correlations between the measured and pre-
dicted load are slightly lower for the models constructed
from all three samples than those constructed from a sin-
gle sample.

The overall trends and the effects of using different
NIR spectral ranges are shown in Table 1. All of these
results are for the VALD set that was not included in the
original PLS model. Reducing the spectral range from
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Figure 7 Measured load and load predicted using NIR spectra (1000-2400
nm) taken from the (a) tension face and (b) compression face of yellow
poplar 2.

5002400 nm, to 1000—2400 nm to 1850—2050 nm does
not have significant negative impact on the quality of
the models. The normalized root mean square error for
prediction (RMSEP/average load) varies from 10 to 18%
for the models for the single samples, and from 14 to 21%
for the models for the all three combined samples.

Fig. 9a and b show the regression coefficients obtained
from the PLS models computed on the NIR spectra from
the tension and compression faces. The regression coef-
ficients are the spectral features that are responsible for
the correlation between the applied load and the load pre-
dicted from the NIR spectra [34].

It is clear that the regression coefficients for the tension
and compression models are not the same. This is con-
sistent with the PCA results (see Fig. 4) that show spec-
tral differences for the tension and compression face of
the samples. The multiple drawn rectangles, representing
the most significant wavelengths as indicated by the Jack-
Knifing function in Unscrambler®, emphasize differences
between tension and compression. The Jack-Knifing func-
tion [35] relies on uncertainty tests performed on the PLS
model parameters. Useless or unreliable parameters may
be eliminated. Student’s t-tests are performed for each
regression coefficient and its estimated variance found
during the cross-validation process (subsets within all the
spectral data are created to calibrate models that are then
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Figure 8 Measured load and the load predicted using NIR spectra (1000—
2400 nm) taken from the (a) tension face and (b) compression face of all
three yellow poplar samples.

validated on the remaining data) at a given significance
level (usually at a 95% confidence interval).

There are three major sets of vibrations that drive the
correlation between the measured and predicted applied
load for spectra collected from both, the tension face
(1180-1280 nm, 1780-1846 nm and 2170-2290 nm) and
the compression face (1390-1508 nm, 1632-1710 nm,
and 1892-1982 nm). This analysis suggests that the chem-
ical groups that are changing with the applied load are
different for tension and compression, which is consistent
with the PCA results in Fig. 4. The origin of these differ-
ences could be found in the wood structure itself. Wood
is a very complex composite material consisting of fibers
composed of cellulose embedded in a matrix of lignin
and hemicellulose. The nanostructure of a fiber cell wall
shows an arrangement of multiple layers (Primary, S1,
S2 and S3) of different thicknesses that have fractions of
the main chemical compounds [36]. Cellulose is found in
the microfibrils which reinforce the hemicellulose-lignin
matrix. The S2 layer, which is the thickest (about 40 times
thicker than the others), is reinforced by microfibrils that
lie from 5 to 30 degrees to the longitudinal axis. This layer
plays a major role in supporting the weight of the tree and
the tension and compression forces generated by the wind.
Its microfibril angle (MFA) has a direct impact on the axial
modulus of elasticity (low MFA values mean high MOE
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Figure 9 Regression coefficients from the PLS regression of the NIR
spectra collected from the (a) tension face and (b) compression face of all
three yellow poplar samples.

values). Wood cell walls have been compared with rein-
forced concrete: cellulose microfibrils (CMF) would be
the steel rods, the hemicellulose-lignin matrix would be
the concrete [37]. This analogy could explain for some of
the differences seen in the regression coefficients of the
PLS models for the tension and the compression faces.
Microfibrils (cellulose) could be more solicited when ten-

TABLE I The correlation coefficient and normalized root mean squared
error of prediction (Norm. RMSEP) for PLS models constructed using
different samples and wavelength ranges

500-2400 nm 1000-2400 nm 18502050 nm
Norm. Norm. Norm.
Dataset r RMSEP r RMSEP r RMSEP
YP2 Comp. 0.98 0.12 098 0.14 097 0.16
YP2 Ten. 0.97 0.13 0.97 0.12 0.99 0.10
YP3 Comp. 0.99 0.09 097 0.14 098 0.12
YP3 Ten. 0.99 0.10 098 0.12 098 0.10
YP4 Comp. 096 0.17 097 0.14 098 0.11
YP4 Ten. 0.95 0.18 097 0.14 097 0.13
Al YP Comp. 097 0.14 095 0.18 092 0.21
All YP Ten. 0.96 0.16 095 0.18 094 0.19

All these models are constructed with an independent set of samples that
were not used in the original model. All of the PLS models for the single
samples used 2 or 3 latent variables (loadings) and those for the combined
samples used 4 or 5
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sion forces occur while the hemicellulose-lignin matrix
could play a more important role when compression forces
occur. Assignments of NIR vibrations to specific wood
components have been provided by a number of authors
including work by Fourty and coworkers [32], Ali and
coworkers [33], Tsuchikawa and coworkers [38], among
others. Using these assignments, the vibrations that are
significant contributors to the PLS models for tension
and compression can be made. The vibrations that are
significant for the compression model include overtones
for crystalline and amorphous OH in cellulose (between
1390-1508 nm), CH first overtones (1632—1710 nm) in
lignin, and cellulose OH and water (between 1892—1982
nm). The first set of vibrations is represented by negative
regression coefficients (negative peak), the second set by
a positive peak and the third set by a strong negative peak
(Fig. 9b). By associating the assigned peaks with their
corresponding signs, we could state that, when the load
increases, cellulose is less solicited (1st and 3rd sets with
negative peaks) and lignin is more solicited (2nd set with a
positive peak). This would be in accordance with the the-
ory of the reinforced concrete. In the case of the model for
the tension face, significant vibrations include CH second
and first overtones (between 1180-1280 nm, and 1780—
1846 nm, respectively) for both cellulose and lignin, and
a combination of CH and CC double bonds vibrations in
lignin (between 2170-2290 nm). The first set of vibrations
is represented by negative regression coefficients (strong
negative peak), the second set by a negative peak and the
third set by a positive peak (Fig. 9a). It not possible to
draw any conclusion for the tension face because two out
of the three main peaks are assigned to both cellulose and
lignin. As these two peaks are negative, it would be conve-
nient to state that they are in fact related to lignin and not
cellulose.

Tsuchikawa et al. [38] monitored the diffusion of deu-
terium oxide (D,0) in Sitka spruce by FT-NIR spec-
troscopy. They observed significant intensity reduction
at 1380-1630 nm and 2000-2220 nm and assigned these
bands to the first overtone of the fundamental OH stretch-
ing vibration of cellulose and to a combination band of the
OH and CH deformation modes, respectively. By working
with the second derivative of the NIR spectra in the 1380-
1630 nm region, they assigned more specifically some
overlapped bands to the amorphous (1420 nm), “semi-
crystalline” (1490 nm) and crystalline (1550 and 1590
nm) regions of the cellulose. PLS models constructed us-
ing vibrations between 1380—1630 nm and 2000-2220 nm
for both the tension and compression faces had correla-
tion coefficients above 0.9, only slightly less than models
that used the entire spectral region of 1000—2400 nm or
the vibrations highlighted by Jack-Knifing. This clearly
shows that the high modulus cellulose is very sensitive to
load variations in both tension and compression.

Prior work has shown that high quality PLS models for
stiffness and ultimate strength can be constructed with
a variety of different wood species and there are sev-
eral examples of high quality models that can predict the



properties of several different species [30, 31]. These same
trends could be seen for NIR models for applied load. This
could allow the development of NIR hardware and soft-
ware that would be used to predict the applied load for a
variety of wood species in different service environments.
NIR has already been used to predict the mechanical prop-
erties of wood with varying moisture contents [39], de-
cayed wood [40] and creosote treated wood [41]. Thus,
the use of NIR tools to make measurements in a variety
of environments has great potential.

4. Conclusion

Until now, NIR spectroscopy has been used to predict me-
chanical properties (MOE and MOR) of solid wood from
spectra collected from either solid or grounded wood. In
this study, three yellow poplar samples were tested in
bending while collecting NIR reflectance spectra on their
compression and tension faces. It has been demonstrated
that NIR spectroscopy coupled to PLS analyses can be
used to predict tension or compression loads within these
wood samples. Strong correlations (r > 0.95) were found
for each individual sample tested and also for all the sam-
ples together. These strong correlations provide experts
with a new tool to monitor and diagnose timber struc-
tures. The regression coefficients obtained from the PLS
model for the tension face (all samples together) were dif-
ferent than the ones obtained from the PLS model for the
compression face. A parallel was drawn for the compres-
sion face between the main compounds identified from
the regression coefficients and those involved in the rein-
forced concrete theory. Yet, it was not possible to draw the
same parallel for the tension face due to the presence of
chemical groups belonging to both cellulose and lignin.
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