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ABSTRACT

The aim of the study was to investigate the possibility of predicting the strength of centerboards
from Norway spruce (Picea abies (L.) Karst.) saw logs, based on simulated X-ray LogScanner mea-
surements. The study was based on eight logs. The logs were scanned using computed tomography
(CT), four centerboards were sawn from each log, and the bending stiffness (MOE) and strength
(MOR) of the boards were measured. The CT-images were used for simulations of the industrial X-
ray LogScanner, resulting in simulated measurements of knot volume and the green density of heart-
wood. Finally, multivariate models were calibrated using Partial Least Squares (PLS) regression. These
models predict bending strength and stiffness based on the variables measured by the simulated X-
ray LogScanner. Both bending strength and modulus of elasticity were defined as the mean value of
the four boards from each log.

The results were very promising, with strong models for prediction of both MOR (R? = 0.73) and
MOE (R? = 0.94) mean values for all four boards from each log. The results indicate that the X-ray
LogScanner can be used for the sorting of saw logs according to strength and stiffness. The next step

should be to repeat the study on a larger sample of material.
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INTRODUCTION

The successful running of a sawmill is de-
pendent on its ability to achieve the highest
possible value recovery from the saw logs. To-
day many sawmills are increasing the amount
of customer-adapted products. One such trend
is that strength-graded lumber is becoming
more common. The reason for this is, of
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course, that when using wood for construction
purposes, it is important to know the strength
(modulus of rupture, MOR) and stiffness
(modulus of elasticity, MOE) of the material.
When a sawmill wants to produce strength-
graded lumber with special dimensions, it is
very important to have chosen the right raw
material; i.e., the sawmill must be able to pre-
dict the strength of the sawn products before
the actual sawing operation. Thus there is a
need for a nondestructive method that mea-
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Fig. 1. Schematic description of the X-ray Log-

Scanner described by Grundberg and Gronlund (1995).

sures properties of the log that correlate to the
strength and stiffness of the sawn products.
Aratake et al. (1992) and Ross et al. (1997)
show that it is possible to measure the MOE
of a log using longitudinal stress wave tech-
niques and that the MOE of the log correlates
with the average MOE of the lumber from that
log. Similar results are also obtained using ul-
trasonic measurements (Sandoz 1996). An al-
ternative method would be to measure density
and knottiness of the log and use these mea-
sures for predictions of the strength and stiff-
ness of the lumber. It is well known that the
density of wood and the size of the knots af-
fect strength and stiffness (Kollman and Coté
1968). Kliger et al. (1995) show that the den-
sity together with knot area ratio can be used
to explain variations in strength and stiffness
of Norway spruce (Picea abies (L.) Karst.)
beams. Grundberg (1994) found that, for in-
dustrial applications, the use of X-ray is a very
suitable method of measuring internal prop-
erties of saw logs (e.g., knottiness and densi-
ty). Grundberg and Gronlund (1998) show that
knot volume of logs can be measured with an
industrial X-ray LogScanner (Fig. 1), while
Wang (1998) shows that there is a strong cor-
relation between the green density of heart-
wood measured in CT-images and the dry den-
sity. Wang (1998) also shows that the corre-
lation between dry and green density of sap-
wood is low due to the high moisture content
of green sapwood. These facts make the green
heartwood density an interesting variable,
while green sapwood density is less interesting
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to measure. Consequently, it seems possible to
measure density and knot volume of saw logs
and use these measurements for predictions of
the strength and stiffness of the sawn products.

Hence the aim of this study was to inves-
tigate the possibility of predicting the strength
and stiffness of centerboards from Norway
spruce saw logs on the basis of simulated X-
ray LogScanner measurements of knot volume
and green density of the heartwood.

MATERIAL AND METHODS

The study was based on eight logs of Nor-
way spruce (Picea abies Karst). Two fast-
grown and two slow-grown logs were taken
from each of two sawmills, one in northern
and one in southern Sweden. The logs were
transported to Luled University of Technology,
Skellefted Campus, where the logs were
scanned in a medical computed tomography
(CT) scanner (Siemens SOMATOM AR.T).
Each log was scanned every 10 mm with a 5-
mm-wide X-ray beam. The CT-images (8-bit,
256 X 256 pixels) were then used for simu-
lations of the X-ray LogScanner (Fig. 1) as
described by Grundberg and Grénlund (1995).
These simulations resulted in measurements of
knot volume and the green density of the
heartwood of the logs. After CT-scanning, four
centerboards were sawn from each log using
normal sawing patterns (cant sawing). The di-
mensions of the planed boards were, after dry-
ing to 12% moisture content, 45 X 145 mm.
The boards were proof-loaded (Bostrém
1997), and after that, the bending strength and
stiffness of the individual boards (MOR,,4 and
MOE, ) were tested according to SS-EN 408
(Anon. 1995). Both proof-loading and testing
of strength and stiffness were performed at SP
Swedish National Testing and Research Insti-
tute in Boras. Nine boards were broken during
the proof-loading and for these nine boards the
MOR and MOE from the proof-loading were
used as measures of bending strength and stiff-
ness. For each log, the average and standard
deviation of the strength (MOR,...., MOR,)
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FiG. 2. Predicted and observed values of bending

strength (MOR) for eight logs, a total number of 32
boards.
¢ MOReun, Observed mean values for all boards from
one log (R? = 0.73)
O MOR;,4. observed values for individual boards (R?
= 0.41).

and stiffness (MOE,__,,, MOE,,,) were calcu-
lated using the values from all boards.

Finally, multivariate models were calibrated
using Partial Least Squares (PLS) regression
(Geladi and Kowalski 1986) and the software
program SIMCA 7.0 from Umetri AB (Anon.
1998). Partial least squares regression was
chosen due to its ability to handle noisy and
collinear data. These models use the knot vol-
ume (V,,.) and the green density of the heart-
wood (Dens,.,,), measured by the simulated
X-ray LogScanner to predict the average
bending strength and stiffness of the boards
from the same log. The predicted average
strength and stiffness were also compared to
the strength and stiffness of the individual
boards, and the relationships between strength,
stiffness, V., and Dens,_,, were studied.

The X-ray LogScanner also makes it pos-
sible to measure the knot volume in four dif-
ferent halves of the log (Oja et al. 1998a). This
makes it possible to calculate mean value
(Vinoymean) and standard deviation (V. «q) Of
the knot volume in each log. An uneven dis-
tribution of knots in a log would be expected
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FiG. 3. Predicted and observed values of bending stiff-
ness (MOE) for the boards from eight logs, a total number
of 32 boards.

¢ MOE,,,, observed mean values for all boards from

one log (R? = 0.94)
O MOE;,q, observed values for individual boards (R2
= 0.68).

to cause variation in strength and stiffness of
the boards from that log. Because of this, the
relative standard deviation of the knot volume
(Vrel.std = anot,std/vknot,mean) was Compared to the
variation in strength (MOR,,) and stiffness
(MOE_,)).

RESULTS

Models based on the simulated X-ray
LogScanner measurements of knot volume
and heartwood green density were calibrated
for both MOR,.., (R? = 0.73) and MOE .,
(R*> = 0.94) (Figs. 2 and 3). The R%-value of
the model for prediction of MOR,,,, is only
slightly lower compared to the relation be-
tween MOE_ .. and MOR,_ ... (R? = 0.76) (Ta-
ble 1). This means that, in terms of R2-values,
the difference is very little between the accuracy
of predictions of MOR,,.,, based on the sim-
ulated X-ray LogScanner measurements and
the accuracy of predictions of MOR,,,, based
on actual measurements of MOE of the boards.
It is also clear that both V,,, and Dens,,,, are
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TasLe 1. Correlation between predicted MOE and
MOR, measured MOE and MOR, and measured knot vol-
ume (Vi) and heartwood green density (Densp,q,).
MOR;,; and MOE,,; are the measured bending strength
and stiffness of individual boards. MOR ;o and MOE,, ..,
are mean values for the bending strength and stiffness of
all four boards from one log.

Predicted variable

Measured variables

R2

MOEmc;\n vknol’ Densheun 0.94
MOE, can Denspean 0.74
MOEmeun anot 0.70
MOEind anoh Denshcun 0.68
MORmcun Vinot DenSpeun 0.73
MOR pean Denspear 0.59
MORmcun anot 0.53
MORind an0t~ Densheurl 0.41
MOR ;can MOE,can 0.76
MOR;,4 MOE, 4 0.62
MOEsld VreLstd 0.62
MORsld Vrcl.sld 0.42

needed for the predictions of MOE,,, and
MOR,,...- When V., or Dens,,, . is used alone,
the R*-values when predicting MOE, . and
MOR,,... become much lower (R> = 0.53-74)
(Table 1).

When individual boards are studied, the
correlation between predictions and measured
values is weaker (Figs. 2 and 3). R? = 0.68
for MOE,,, and R* = 0.41 for MOR,,, (Table
1). The variation between boards from the
same log can be explained partly by uneven
distribution of knots. When the variation in
knot distribution between different parts of a
log is measured with the simulated X-ray
LogScanner, there is a correlation between
V.aa @and MOE_, (R*> = 0.62) and MOR_, (R?
= 0.42) respectively (Fig. 4, Table 1).

DISCUSSION

The results are promising and indicate that
the X-ray LogScanner can be used for sorting
saw logs according to the expected strength
and stiffness of the sawn products. The results
also show that it may be possible to choose
logs with little variation in stiffness between
different boards from the same log.

The accuracy of the prediction of MOR, ..,
and MOE,_,, in this study is high compared
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FiG. 4. The relation between the variation in bending
stiffness (MOE) for boards from one log and the variation
in knot volume between different parts of the log. For
each log the standard deviation of the stiffness (MOE)
was calculated using the values from all four boards. The
relative standard deviation of the knot volume (Vi q)
was measured with the simulated X-ray LogScanner.

to earlier results based on dynamic methods
(Aratake et al. 1992; Ross et al. 1997) or ul-
trasonic measurements (Sandoz 1996). This
makes the results of the study very promising,
even though the results should be treated only
as indications because of the limited material
(only eight logs). The possibility of using the
X-ray LogScanner for strength sorting of saw
logs is interesting since the X-ray LogScanner
has the advantage of being able to measure a
number of different properties of saw logs
(Grundberg and Gronlund 1997, 1998; Oja et
al. 1998a, b). This means that the sawmill can
use the same equipment for a number of dif-
ferent purposes.

As already mentioned, the study is based on
a very limited amount of material with a num-
ber of special properties. The fact that the logs
are of approximately the same dimension and
that all the logs have relatively large amounts
of heartwood probably makes the predictions
better than they would be for a larger and less
homogeneous material. On the other hand, the
large logs have other properties, e.g. large pith
shakes and four boards from each log, that
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make it more difficult to predict the strength
of the boards. The correlation between
strength and stiffness of individual boards (R*
= 0.62) is in accordance with Kliger et al.
(1995), which indicates that the individual var-
iations are approximately the same.

In this study, the X-ray LogScanner pre-
dicted the expected average strength of center
boards from one log. The strength of an in-
dividual board is partly a result of the sawing
position, i.e. from which part of the log the
board is sawn (cf. Fig. 4). Therefore, one pos-
sible way of improving the predictions would
be to use information about the sawing posi-
tion to predict the strength and stiffness of in-
dividual boards. It is also possible to add in-
formation about the knot distribution, but in
order to be meaningful such a study requires
a larger sample of material.

The study was based on eight logs that were
chosen in such a way (fast-grown vs. slow-
grown) that there were two groups of logs,
high and low MOE (Fig. 3). Compared to a
normally distributed material, these two
groups made the models stronger in terms of
R?-values. Therefore, a follow-up study should
be based on a sample of material whose prop-
erties cover a broad continuum.

The study indicated that X-ray scanning of
green saw logs makes it possible to sort the
logs with respect to the expected average
strength of the center boards. As the results
were promising but based on a very limited
material, the conclusion was that the study
should be repeated on a larger sample of ma-
terial.

CONCLUSIONS

® The results were very promising with strong
models for prediction of both MOR (R? =
0.73) and MOE (R? = 0.94).

® The results indicate that an X-ray Log-
Scanner can be used for sorting of saw logs
according to strength and stiffness.

® The next step should be to repeat the study
on a larger sample of material.
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