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Abstract Reliable non-destructive methods for

grain angle determination are essential for the evalu-

ation of mechanical properties of timber. In the present

study, the detection of grain angle by means of laser

light scattering patterns is investigated on small-scale

specimens and timber boards of silver birch, along

with the relationship to fracture angle and tensile

strength. Results on small-scale specimens indicate

applicability of laser scattering method, as the

detected grain angles and the fracture angles show a

strong correlation, r ¼ 0:94. Three-dimensional grain

angles, derived from surface grain angles, show a well

defined relationship to strength, which can be

described with wood-based failure criteria from liter-

ature. Furthermore, the paper presents new findings

regarding the detection of flame wood through laser

scattering. It was shown that small-scale specimens

with flame wood tend to have higher grain angles,

higher density, and lower strength, relative to speci-

mens without. Nevertheless, for timber boards, the

influence of flame wood on the strength was

insignificant.

Keywords Laser scanning � Fibre direction �
Fracture angle � Tension strength � Flame wood feature

1 Introduction

Timber is a natural grown material and as such it can

be characterized by a large variability of its material

properties [1, 2]. Accordingly, viable non-destructive

methods for quality evaluation are required for its

efficient use as a structural material. Typically, timber

boards are graded using either visual or machine

grading procedures [3]. For hardwoods, strength

grading is less established compared to softwoods;

nevertheless, in the European standards, a set of

strength classes (D-classes) are defined for hardwoods

[4]. However, the range of hardwood species and

property profiles is wide and certain species may not

be efficiently sorted according to the standard classes

and procedures. With the aim of diversifying the

resource base for timber construction, knowledge on

non-destructive quality evaluation methods and grad-

ing procedures for different hardwood species, such as

birch, is of interest, and thus, multiple studies have

been conducted in this direction, e.g. [5–16].

Silver birch (Betula pendula Roth.) is a deciduous

tree species widespread across Europe and an abun-

dant broadleaved species of Finland and northern

Europe. It is valued for its favourable mechanical

properties and as such, the inclusion of birch in timber

construction could provide value-added solutions.

However, it is not currently well established in the

building sector, in part due to the underdeveloped state

of grading methods for evaluating the mechanical
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quality of sawn timber [17]. Strength grading of birch

timber was, nevertheless, investigated in some previ-

ous studies; e.g. [5, 8, 10, 16].

For birch, like other hardwood, grain angle is one of

the most important factors influencing the mechanical

properties of timber elements, in particular the tensile

strength [16, 18, 19, 20]. The grain angle can be

separated into (1) global slope of grain, caused by

spiral growth or curved and tapered tree stems, and (2)

localized slope of grain, caused by knots or other

detects.

Determination of the global slope of grain is

traditionally done by scratching the surface with a

scribe tool and manually measuring the slope relative

to the longitudinal direction of the timber element

[21]. Modern methods employ non-destructive, auto-

mated techniques, that indirectly determine the grain

angle by means of surface scanning or by taking

advantage of the anisotropic properties of wood [22].

Grain angle determination by means of laser light

scattering (for softwood denoted as the tracheid effect)

is a surface scanning method that takes advantage of

the behaviour of light within the fibres of wood. As

light propagates more easily along the fibres compared

to across them, the overall result produces scattered

light with an elliptical shape. The major axis of the

ellipse is indicative of the direction of the fibres. Laser

scanning is common in machine grading devises for

softwoods. For some hardwoods, including birch, it is

still under development. Literature investigating laser

scattering on various hardwood species show that the

grain direction of hardwoods can be effectively

measured, e.g. [23–28], albeit, the laser scattering

behaviour can be rather different between species

[22, 24, 28], requiring species level optimization.

The laser light scattering technique has been shown

applicable for birch [29], in which, grain angles on the

wood surface and the out-of-plane dive angles were

determined on clear wood and knotted samples. In a

more recent study [22], three non-destructive methods

for grain angle determination were investigated:

electric field strength measurement, microwave scan-

ning, and laser light scattering. For birch, laser light

scattering was found to be most effective of the three

methods. However, the reference grain angle, obtained

from manual splitting, contained sources of error and

the implemented ellipse detection algorithm was not

optimized for birch. Therefore, the authors suggested

that a more reliable reference system and a species

dedicated algorithm would provide more informative

results on the efficacy of the method.

A factor in the variation of silver birch properties is

the so-called flame wood or flamy-grained wood. It is

concerned with discrete or continuous wave-like

variations in the grain direction. Often associated with

curly-grained or masur birch due to their non-linear

growth patterns [17, 30], the strength properties of this

type of wood may be lower than clear wood [16, 31].

However, studies on the mechanical properties and

behaviour of these wood varieties are generally

lacking [32].

The present paper aims to investigate laser scatter-

ing and imaging technique for the measurement of

grain angle on defect-free wood of small-scale and

timber board specimens of silver birch. To evaluate

the efficacy of the method, a comparison between laser

measurements and the tensile fracture angles of small-

scale specimens is examined. To evaluate the potential

for strength predictions, the relationship between

three-dimensional grain angles, derived from surface

laser measurements, and tension strength is examined.

The paper also investigates the ability of laser

scattering to detect flame wood related grain devia-

tions and the influence of flame wood on strength

properties. Furthermore, laser imaging of the timber

boards is conducted for primary analysis at the scale of

structural timber and serves as an indication for further

development directions.

2 Materials and method

2.1 Specimens

Silver birch from southern Finland was used in this

study. Birch logs were through-and-through sawn into

60 planks, originating from 30 different trees. From

the 60 planks, 70 timber boards were obtained (one or

two per plank). The location of each timber board

within the stem of the tree was identified, for details

see previous studies, [33, 34].

All test specimens of this study were cut out of the

70 timber boards with initial dimensions of l � w �
t ¼ 4000 � 120 � 35 mm3. Two groups of speci-

mens were investigated: small-scale specimens and

large-scale specimens. From the initial timber boards,

a 500 mm long piece was cut away from the end with
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fewer knots. The 500 mm piece was thereafter used

for the small-scale tests (see paragraph below) and the

longer piece (in the following denoted as timber

boards) was used for the large-scale tests.

On the 500 mm pieces, areas free of knots and other

growth irregularities were identified in order to cut out

the small-scale specimens. If the defect free area was

large enough, two small-scale specimens (denoted as

pairs) were cut, otherwise, one small-scale specimen

was cut. In total, the sample consisted of 115 small-

scale specimens with 45 pairs.

Dimensions of the small-scale specimens are

shown in Fig. 1a. Since the radial and tangential

directions were inconsistently oriented in the speci-

mens, a square gauge cross section (15 � 15 mm2)

was chosen. A gauge length of 200 mm was chosen in

order to guaranty that specimens with a smaller grain

angle can fail in shear, here the limit is about four

degrees.

2.2 Laser imaging

The laser imaging setup was selected to obtain high

quality images with sufficiently bright scattering

patterns. Low powered (5 mW) red light laser diodes

with a wavelength of 650 nm were used. A digital

camera (CMOS sensor 8688 � 5792 pixels) and a

standard 35 mm (focal length) lens was used. Camera

setting were set to: shutter speed, 1/400 s; aperture,

f/3.2; and ISO 4000.

Five laser points, set along the centre of the

measurement area (distance between laser points:

35 mm), were imaged on all four sides of the small-

scale specimens (Fig. 1). The average length of the

ellipse was 5.8 mm (or 260 pixels). Imaging of the

small-scale specimens was conducted prior to tension

testing (Sect. 2.5).

For the timber boards, imaging was conducted after

tension testing since it was not initially planned to

laser image the specimens. However, due to the

success of the laser imaging on the small-scale

specimens, it was decided to further the investigations

and also include the previously tested boards. The

fractures of the timber boards suggested that the grain

angle over the narrow faces were (predominately)

more critical for global grain angle related failures.

The particular importance of edgewise slope of grain

for visual grading of birch was also mentioned in [8].

To manage the imaging process, each timber board

was cut into 350 mm long sections, ten sections per

timber board. Five laser points, set along the centre of

the measurement area (distance between the laser

points: 70 mm) were imaged on both narrow faces.

Each section was imaged in sequence. The average

length of the imaged ellipses was 7.4 mm (or 210

pixels).

(a)

(b)

α

Fig. 1 Laser setup:

a Schematic illustration of

small-scale specimens and

laser point measurement

locations, dimensions in

mm; b example of scattered

laser points on the surface of

a specimen and a magnified

view of the detected ellipse,

its major axis (dashed line)

and the laser angle a
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Imaging the timber boards was done primarily to

investigate the potential of the laser imaging method

on birch timber boards. Adaptation of the method to an

automated full-board scanning system is certainly

possible.

2.3 Laser angle determination

Digital images of the elliptical scattering patterns are

input into a computer algorithm to determine the laser

angle. Afterwards, an ellipse is fit to the isolated

region. From the ellipse, the length (major and minor

axis) and the orientation of the major axis relative to

the longitudinal axis of the test piece (denoted as a)
was determined, Fig. 1b. These features can be

extracted according to the second central moments

of the ellipse regions and a principal component

analysis (e.g. [35]). To reduce error associated with ill-

defined ellipses (i.e. more circular scattering patters)

only ellipses with a minor-to-major axis length ratio

� 0:6 were accepted for laser angle determination. In

this study, this was the vast majority of the laser points,

with 2262/2300 and 6593/7000 for the small-scale

specimens and timber boards, respectively.

2.4 Laser angle characterisation

Depending on the specific purpose, different laser

angles are required. For comparisons with the surface-

wise fracture path or scribing angle, a laser angle

representing the surface, a, is needed. In contrast, for

comparisons with the tensile strength a three-dimen-

sional laser angle, denoted a3D, is more appropriate.

Parameter a3D is determined according to [25, 36]

using Eq. 1, where ai are the laser angles measured on

surface i. Surfaces 1 and 3 and surfaces 2 and 4 denote

opposite (parallel) sides of the specimen. It is deter-

mined only for small-scale specimens.

a3D ¼ cos�1 cos
a1 þ a3

2

� �
� cos

a2 þ a4
2

� �� �
ð1Þ

From the laser angles, different characteristics (mean

and median) are calculated as the average or global

grain angle, either over the entire specimen or over the

entire fracture zone (denoted with superscript: f). It is

mentioned that for strength predictions, often the local

(maximum) grain deviations are more relevant,

however, due to the low laser point density in this

study, some local deviations may not have been

measured and are thus not considered.

2.5 Tension tests and density

Tension tests were conducted to reveal the fracture

pattern and determine the ultimate tensile strength ft.

All specimens were conditioned in a climate chamber

at 65% relative humidity and 20�C prior to testing.

The small-scale specimen testing was conducted

according to the international standard ISO 13061-6

[37]. The specimen dimensions, however, deviate

from the standard (see Sect. 2.1). Density q was

determined, according to the mass and volume, from

the gauge portion, directly after testing. Specimen

experiencing a loss of material from the gauge region

during testing (n ¼ 11) were excluded from q
analysis.

Testing of the 3500 mm long timber boards was

performed according to the European standard EN 408

[38]. The testing machine grip length was 370 mm and

the test length (distance between the grips) was

2760 mm. The mean q of the timber boards was

determined prior to testing.

2.6 Visual inspection and scribe angle

measurement

Prior to the tensile tests, all specimens were inspected

for visual growth characteristics. On both the timber

boards and small-scale specimens, the presence and

location of flame wood was recorded. An example of

flame wood on a timber board is shown in Fig. 2.

On the timber boards, the position and size of all

knots (;� 10 mm) were measured by hand. Addition-

ally, the presence of pith and other visual character-

istics, such as bark inclusions and discolourations,

were recorded.

After testing, visual inspection of the fractured

surfaces was made in order to classify the various

failure types. In line with other studies [19, 22], the

true fibre direction may be revealed from a fractured

specimen. Accordingly, a mean fracture angle b of the

small-scale specimens was manually determined from

the failed specimens. Each surface of a specimen,

observed to have a fracture representative of the actual

fibre direction (i.e. a fracture path that follows the
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grain direction), was identified. For all identified

surfaces, the representative fracture path was deter-

mined using close-up images of the fracture and

visually fitting a line to the average fibre direction. b
was calculated as the angle between the representative

fracture path and the longitudinal direction of the

specimen. The fracture angle serves as a reference for

evaluation of the detected laser angles.

For the timber boards, the global grain angle is

considered. For the purpose of investigating the effect

of global grain angle on strength, a classification

system is used to separate grain angle related failures

from other failures. Grain angle related failures are

those dominated by obvious global slope of grain, free

from local grain deviations or with apparently

insignificant local grain deviations. In addition, knot

classified failures are characterised by dominant local

grain deviations around knots or from apparent nearby

knots outside the timber board; grip failures involve

the tensile testing device grips; and failures with other

unclear or less common strength reducing features are

classified as other.

No fracture angle was measured on the timber

boards due to the diverse nature of the fractures.

Instead, a scribe angle cwas determined on the narrow

faces at the fracture region using a scribing tool. The

slope of grain was resolved in accordance with the

European standard EN 1310 [21]. The mean value of c

is calculated from the mean slope of grain, i.e the

average direction of the scratched lines.

3 Results and discussion for small-scale specimens

On 115 small-scale specimens non-destructive inves-

tigations and afterwards tensile tests were performed.

The results are summarized in Table 1.

3.1 Laser angle evaluation

The determined laser angles were compared with the

fracture pattern of the small-scale specimens in order

to evaluate the relationship between fracture angle and

surface measured laser angle. A large portion of small-

scale specimens fractured in shearing planes along the

grain direction, providing a clear, representative

measurement for b. In total, b was determined on

143 sides, from 87 different specimens. The results are

illustrated in Fig. 3. It is shown that the determined

laser angles are well matched with the tensile fracture

angles.

A slight bias is also observed between the mea-

surements. On average, the fracture angle is about one

degree larger than the laser angle. The bias may be

explained by two factors. First, the fractures are often

not pure shear failures along the grain direction but

also include some minor (tensile) fracturing across the

grain, whereby making the fracture angle larger than

the laser angle. Second, as the distance between laser

points is relatively large, if the fracture is curved, the

location of the laser point within the fracture region

may be positioned only at shallower grain angles. This

Fig. 2 Examples of flame wood on the tangential surface of

timber boards

Table 1 Summary of the test results on small-scale specimens

Property n Mean COV

value

Laser angles ð�Þ a3D,mean 115 6.3 0.57

af3D,mean
115 6.9 0.58

afmean
143 5.4 0.77

Fracture angle ð�Þ b 143 6.4 0.71

Tensile strength (MPa) ft 115 78.0 0.38

Density (kg/m3) q 104 630 0.07

COV: coefficient of variation
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is a form of instrumental error that could be reduced

with an increase in laser point density.

In a recent study [22], the grain angle estimated

from laser imaging was compared to a splitting angle

determined from an automatic splitting device. The

correlation obtained for silver birch knot-free speci-

mens, in that study, was lower than the one obtained in

the present study. However, it was reported that the

splitting method applied for the reference angle

contained sources of error and the elliptical recogni-

tion algorithms were not specifically optimized for

birch [22].

3.2 The influence of laser angle on tensile strength

The relationship between af3D;mean and ft is shown in

Fig. 4. A non-linear dependency is apparent. Failure

criteria curves according to Hankinson’s formula [40]

and a multi-surface failure criteria (MSFC) defined in

[39] underlie the data in Fig. 4. The general fit

between the observed data and the failure criteria

curves indicates suitable approaches for describing the

relationship between strength and laser angle mea-

surements. The material properties applied in the

failure criteria are obtained from [41, 42]; where

tensions strength parallel to the grain, perpendicular to

grain, and shear strength are ft;0 ¼ 119 MPa, ft;90 ¼
7:16MPa, and fv ¼ 9:8 MPa, respectively. Transverse

isotropy of the material is assumed.

The exponential parameter for Hankinson’s for-

mula is fit to the data by method of least squares,

resulting in a value of n ¼ 1:56. This exponent is

within the range (1.5 to 2.0) regarded suitable for

predicting the (off-axis) tensile strength of wood [18].

In the MSFC, two criteria are applied: a maximum

stress criterion for tensile stress parallel to the grain r0,
according to Eq. 2, and a quadratic criterion which

considers the interaction of tension stress perpendic-

ular to the grain r90 and (longitudinal) shear stress s,
according to Eq. 3. The MSFC curve shown in Fig. 4

is the governing case of the two criteria.

r0
ft;0

� 1 ð2Þ

r90
ft;90

� �2

þ s
fv

� �2

� 1 ð3Þ

The specimens were classified according to the

fracture pattern. Failure classifications, their descrip-

tions, and a summary of the results are given in

Table 2. The failure classification is also indicated for

each specimen in Fig. 4.

The individual failure modes are partially described

by the MSFC. Specimens classified as sloping shear

type failures are described by the criterion of Eq. 3, in

particular at higher angles. At lower angles, where the

longitudinal tensile strength is assumed to govern

(Eq. 2), mainly tension, splintering, and longitudinal

shear failures are found.

It is important to note that the gauge length of the

specimens (200 mm) allowed sloping shear failures

greater than 4� to freely occur. Failure predominately

took place in the gauged region. However, in 14

specimens, the fracture extends outside the gauge

length and these specimens are for the most part,

assigned to splintering/longitudinal shear type fail-

ures. They are included in the results as their influence

on overall sample statistics are assumed to be

insignificant, but it is mentioned that the ft of these

specimens may have been affected. This feature of the

test setup may explain why sloping shear failures are

not observed at af3D;mean\4� and splintering/longitu-

dinal shear failures are largely at af3D;mean\4�.

In this analysis, the paired specimens, i.e. two

adjacent specimens derived from the same timber

board, are considered as two independent data.

However, if the mean grain angle and mean tension

strength of the pairs is considered instead, the results

would be similar.

Fig. 3 Comparison between the fracture angle b and the laser

angle afmean for small-scale specimens
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3.3 Flame wood

In general, the fracture of flame wood specimens

follow, to a certain extent, the wavy grain direction.

The wavy nature of the flame wood regions are

identified in the laser angles and appear as large local

fluctuations. Although a higher density of laser points

may provide a better reading of the wave-like

properties, as the wavy grains were sometimes local-

ized to a few centimetres or less, the location and

intensity of the flame wood is reflected in the laser

angle data.

Specimen with flame wood are also concerned with

larger grain angles a3D;mean, compared to non-flame

wood specimens, Fig. 5(left). Flame wood also has an

Fig. 4 Dependency between tension strength ft and laser angle

af3D;mean for small-scale specimens. Failure classification is

detailed for each specimen. Failure criteria: generalized

Hankinson’s equation and a multi-surface failure criterion

(MSFC) according to [39] is underlain

Table 2 Failure classification of small-scale specimens

Type of failure Characteristics Number of specimens Mean value

af3D;mean ½�� ft (MPa)

Splintering/longitudinal shear Fractures along the grain 20 2.9 106.6

Tension Fractures across the grain 14 5.1 97.7

Combined Mixed fractures (usually tension & shear) 24 6.5 84.1

Sloping shear Fractures along the sloped grain 51 8.4 63.4

Local grain deviation Fractures along (curved) localized grain deviation 6 13.9 37.0
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apparent influence on strength as the distribution of ft
of specimens with flame wood is clearly shifted

towards lower strength values, Fig. 5(right). For both

a3D;mean and ft, independent samples t-tests indicate

statistically significant (p values \0:001) differences

between the flame wood and non-flame wood samples.

These result are further expressed in the correlation

between ft and a3D;mean for flame wood specimens with

r ¼ �0:79.

The q of specimens with flame wood is, in general,

higher than specimens without (Fig. 6). The mean

value of q for flame wood and non-flame wood

specimens is 675 kg/m3 and 624 kg/m3, respectively.

Independent samples t-test further suggest statistical

significance in the difference (p value \0:001).

While information on the physical and mechanical

properties of flamy-grained birch is lacking in the

literature, curly-grained birch, another variation of

silver birch with abnormal growth patterns, has

received some attention. Like the results observed in

the present study, curly-grained birch has also exhib-

ited higher density and lower tensile strengths com-

pared with normal silver birch wood [31].

3.4 Density

Density does not have an unambiguous influence

on strength (rðft; qÞ 	 0) for this sample (Fig. 6). This

is partially due to the dominant influence of grain

angle. When specimens with low grain angles are

exclusively considered, a slight correlation can be

observed, e.g. for a3D;mean\6� the correlation is

r ¼ 0:23. This still minor relationship suggest that q
has only a slight influence on the tension strength of

birch. A similar result is reported for yellow birch [16].

As noted by [43] the ultra-structure (characteristics at

the cellular level) may be more influential than density

for tension strength parallel to the grain.

4 Results and discussion for timber boards

On 70 timber boards, non-destructive investigations

and tensile tests were performed. Global grain angle

was a major influencing factor leading to a significant

number of failures (n = 24). Laser angles were

measured on the two narrow faces and a median value

of the laser angles (from the more severe side of the

Fig. 5 Cumulative distribution of tension strength ft and laser angle a3D;mean for small-scale specimens with and without flame wood.

The empirical data is fit with a log-normal distribution (solid lines)

Fig. 6 Comparison between tension strength ft and density q for
small-scale specimens
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board) in the fracture region, afmedian, is considered for

analysis. The median value is selected as it is less

sensitive to local disturbances and outlier measure-

ments. The measurement results are summarized in

Table 3. Laser and scribe angles are reported only for

boards with global grain angle related failures.

4.1 Laser angle and timber board strength

Timber board failure modes were classified according

to visual inspections of the fracture and the apparent

strength determining characteristic. Timber boards

with grain angle related failure are mainly of interest

for comparisons with afmedian. In Fig. 7, failures related

to grain angle are shown along with failures related to

knots and knot clusters, grips and other defects. When

only timber boards with grain angle related failures are

considered, the correlation between afmedian and ft is

r ¼ �0:58 This relationship indicates that the laser

determined global grain angle is relevant for the

tensile strength of timber boards. It is noted that for the

prediction of strength, it is essential to consider the

effect of knots. The measurement of local grain

deviations through full board scanning could allow

also knot related grain deviations to be measured, and

strength predictions for all timber boards, e.g. [25, 44].

The observed relationships also show that narrow

face scanning may be an applicable method to non-

destructively evaluate existing structures in which

only the narrow faces of timber lamella are visible,

e.g. in glued laminated timber elements.

Because laser imaging of the timber boards was

conducted after tension testing, in two cases, boards

with grain angle related failures had material loss (on

the narrow faces, at fracture) that resulted in non-

acceptance of laser points. In these cases, the neigh-

bouring areas were considered representative.

4.2 Scribing method

The results from the laser measurement were com-

pared with those from the scribing tool. The scribe

angles provide a measure of the grain angle (on the

surface) within the fracture region. In comparing the

methods, the relationship between cfmean and afmean,

r ¼ 0:71, indicates a good agreement. While this

result further indicates that the laser angles appropri-

ately estimate the actual fibre direction, it is noted that

the scribing method, as a semi-destructive contact

method, can be involved with user error.

4.3 Flame wood

The appearance of flame wood was observed during

the visual inspection. As mentioned, in this study, the

position of each individual timber board within the

tree stem was known [33]. Therefore, the presence of

flame wood within the tree can be described. For the

most part, flame wood was found on the lower ends of

the timber boards, i.e the lower portion of the tree, and

more concentrated at regions furthest from the pith.

Although the laser resolution on the timber boards

was rather sparse, the wave like variations could be

detected in most cases where the flame wood was

visually observed on the narrow faces.

Figure 8 shows the cumulative distributions of ft for

specimens with and without flame wood. Contrary to

results observed on the small-scale specimen, flame

wood does not have an apparent influence on ft of

timber boards. In terms of an independent samples t-

Table 3 Summary of the test results on timber boards

Property n Mean COV

value

Laser angles ð�Þ af
median

24 6.9 0.51

Scribe angle ð�Þ cfmean
24 6.5 0.31

Tension strength (MPa) ft 70 43.5 0.29

Density (kg/m3) q 70 653 0.07

COV: coefficient of variation

Fig. 7 Comparison between tension strength ft and the laser

angle afmedian for timber boards
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test, the difference between the tension strength of

timber boards with and without flame wood was not

statistically significant (p value ¼ 0:46). The reason

for this may be due to the localized presence on the

boards as it may occur only within some annual rings

and not over the full cross section. Furthermore, other

features such as spiral grain, diagonal grain, and knots

may be associated with more severe strength reduc-

tions. Visual inspection of the fracture of timber

boards failing in regions with flame wood reveals that

the fracture does tend to follow the wavy grain

direction, although, larger less-localized deviations

are also commonly present.

In terms of density, it is found that timber boards

with flame wood have a similar (mean) q as boards

without flame wood.

4.4 Relationships between timber boards

and small-scale specimens

The relationship between ft of small-scale specimen

and timber boards is shown in Fig. 9. No unambiguous

correlation is observed when all specimens are con-

sidered. This is not surprising as the knots and other

localized defects have a major influence on the ft of

timber boards. When timber boards with grain angle

related failures are exclusively considered, the corre-

lation is r ¼ 0:51. This dependency may be related to

global grain angle characteristics, e.g. spiral grain,

identified at both scales.

In this analysis, the paired specimens, i.e. two

adjacent specimens derived from the same timber

board, are considered as two independent data.

However, if the mean ft of the pairs is considered

instead, the results would be similar.

In further analysis of the paired specimens, the

difference in a3D;mean and ft between the pairs is

investigated. It is observed that the mean and maxi-

mum difference in ft was 21 MPa and 72 MPa,

respectively; and the mean and maximum difference

in a3D;mean was 2.1� and 11.4�, respectively. Consid-

ering that the pairs are cut from adjacent positions

these difference are rather high. This reflects the

highly localized material properties.

5 Conclusion and outlook

The present paper investigates a laser light scattering

technique for the non-destructive measurement of

grain angle on silver birch. The method was evaluated

on small-scale and large-scale (timber board) speci-

mens, which are destructively tested under tension

loading.

The laser determined grain angles compared well

with observed tensile fracture angles of the small-scale

specimens (correlation coefficient r ¼ 0:94). Three-

dimensional laser angles, derived from surface mea-

surements on all four sides of the small-scale speci-

mens, show a clear relationship with tension strength,

and can be described with failure criteria from the

literature. Laser angles, determined on the narrow

faces of the timber boards, indicate that the method is

suitable for the measurement of global grain angles.

The global grain angles are found relevant for tension

strength, however, higher measurement resolution was

Fig. 8 Distribution of tension strength ft for timber boards with

and without flame wood
Fig. 9 Comparison of tension strengths ft for small-scale

specimens and timber boards, along with the corresponding

failure mode of the timber boards
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needed for the quantification of more severe localized

grain deviations around strength reducing defects.

Laser scattering in regions with flame wood, a

genetic modification of silver birch associated with

wave-like grain deviations, showed that grain angle

related characteristics of this wood type can be

identified. It was found that small-scale specimens

with flame wood tend to have higher grain angles and

lower strength, relative to specimens without. For

timber boards, fluctuations in grain angles were

observed in flame wood regions, however, no unam-

biguous influence of flame wood on the strength was

identified.

The results presented in this paper indicate laser

scattering to be an applicable method for grain angle

determination on silver birch, and therefore, indicate

the potential for strength predictions. Future research

should extend the method for the purpose of strength

predictions of birch timber boards, whereby, full-

board laser scanning is proposed for the measurement

of both global and local grain deviations.
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