
Proceedings of the Institution of Civil Engineers

Structures and Buildings 167 June 2014 Issue SB6

Pages 380–386 http://dx.doi.org/10.1680/stbu.12.00052

Paper 1200052

Received 23/07/2012 Accepted 04/06/2013

Published online 12/09/2013

Keywords: statistical analysis/strength & testing of materials/timber

structures

ICE Publishing: All rights reserved

Structures and Buildings
Volume 167 Issue SB6

Material characterisation of fast-grown
plantation spruce
Raftery and Harte

Material characterisation of
fast-grown plantation spruce
j1 Gary M. Raftery PhD, MIEI

Lecturer, Department of Civil and Environmental Engineering, Faculty
of Engineering, The University of Auckland, New Zealand

j2 Annette M. Harte MEngSc, PhD, CEng, FIEI, MIWSc
Senior Lecturer, Civil Engineering, College of Engineering and
Informatics, National University of Ireland, Galway, Ireland

j1 j2

This paper describes a programme of mechanical tests undertaken to assess the relationship between mechanical

properties and physical characteristics in the longitudinal direction of fast-grown plantation spruce grown in Ireland.

Little published work exists in the literature in relation to characterisation of such fast-grown material. The

parameters studied include density, knot area ratio, modulus of elasticity and ultimate strength. Modulus of elasticity

is the most highly correlated parameter to the tensile strength for both clear and in-grade specimens. The knot area

ratio has a considerable influence on the strength of the timber both in compression and tension. Density is more

highly correlated to ultimate compressive strength than ultimate tensile strength in clear wood specimens. The

modulus of elasticity in tension has a poor correlation to the density of clear wood and is also poorly correlated to

the knot area ratio and the density of in-grade specimens. The information produced is essential in the future

development, design and optimisation of engineered wood products using such fast-grown plantation wood.

1. Introduction
In recent years, increased emphasis has been placed on the

promotion and development of products manufactured from

sustainable materials for use in the construction industry (Harri-

son, 2006; Harte, 2009; Khatib, 2009). One structural material

that is a natural renewable resource with a secure supply,

recyclable, has low carbon dioxide emissions and requires low

energy in its production in comparison to steel and concrete is

timber (Buchanan and Levine, 1999; Sathre and Gustavsson,

2009). Timber is also cost competitive, strong and aesthetically

pleasing. As one of the oldest building materials, timber has

many applications in the construction industry (Thelandersson

and Larsen, 2003). Sitka spruce (Picea sitchensis) is the most

widely planted tree species in Ireland, where the species

accounted for 60% of the forest estate at the start of the century

(Treacy et al., 2000). Due to the moist climatic conditions

prevalent in Ireland and the UK, this wood is fast grown and is

characterised by its low density, large ring widths and high

juvenile wood content. Picardo (2000) employed mechanical

stress grading on 5000 pieces of Sitka spruce grown in Ireland

and observed that 95% of boards sampled, yielded C14 and C16

grade timber. The wood harvested from this species has demon-

strated a high susceptibility to distortion when dried to low

moisture contents (Bourke et al., 2001). Joyce and O’Carroll

(2002) identified that for the foreseeable future, the most lucrative

market for the species was to be good-quality structural timber,

while applications in the fencing market and production of

transmission poles should be secondary to this. Robinson (2007)

stated that if Irish timber was to be used as a substitute for

imported timber then re-engineering of the material such as

defect cutting, finger-jointing and timber lamination to improve

the material properties was advisable. Despite the fast-grown

nature of this timber with a 35/40-year rotation clear fell stage

(Moloney and Bourke, 2004), good-quality bonds were achieved

in experimental bond test programmes when using conventional

wood laminating adhesives and epoxy adhesives (Raftery et al.,

2008, 2009a, 2009b). However, little published work exists in

relation to the mechanical testing of this timber. Winandy (2002)

previously stated that a better understanding of how to use lower-

quality and fast-grown timber was necessary. Winandy further

highlighted that an increased volume of smaller diameter wood

with higher proportions of juvenile wood would enter the timber

market in the USA. An increased focus would, as a result, be

directed towards engineered wood products and engineering

systems from such timber. In order to develop engineered wood

products using such fast-grown material, an assessment of the

interaction between the physical properties and material proper-

ties in the longitudinal direction is essential.

1.1 Material characterisation studies involving timber

The definition of accurate and reliable material properties is

fundamental to all engineering design and analyses. The findings
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of several material characterisation studies which have examined

the relationships between a number of physical and mechanical

properties in different timber species is reported in the literature.

Steffen et al. (1997) reported that density and modulus of

elasticity varied considerably over the cross-section of Norway

spruce boards. Larsson et al. (1998) found a coefficient of

determination of 0.26 between bending strength and density.

Johansson et al. (1998) reported strong coefficients of determina-

tion from 0.51 to 0.73 between density and modulus of elasticity

in a comprehensive study on Norway spruce. It is stated by

Dinwoodie (2000) that several studies have found high correla-

tions between density and various strength properties in timber. A

study was undertaken on spruce and pine, which was sourced in

Finland, where coefficients of determination of 0.37 and 0.58

were found to exist between the density of the timbers at 12%

moisture content and the bending strength of the timbers

(Hanhijärvi et al., 2005). Coefficients of determination of 0.65

and 0.72 for the spruce and 0.50 and 0.58 for the pine were

established between the density and local and global moduli of

elasticity, respectively.

Several studies report on the significant reduction in mechanical

properties of timber when knots are present. Orosz (1969)

demonstrated the influence that knots have on the tension proper-

ties of 50 mm 3 100 mm Southern Pine sections when a coeffi-

cient of determination of 0.76 was obtained when modulus of

elasticity measured flat-wise was plotted against knot measure-

ments. The coefficient of determination measures the proportion

in the dependent variable that is shared with or explained by the

independent variable in the regression model. Schniewind and

Lyon (1971) reported that the prediction of tensile strength

parallel to grain could be considerably improved if information

on knots was included with the modulus of elasticity. Kunesh and

Johnson (1972) reported that edge knots in timber were asso-

ciated with lower tensile strengths than those containing centre

knots. Knots located near the fingers in finger-jointed connections

in timber had a significant negative influence on the tensile

strength of the joint (Pellicane et al., 1987). The knot area ratio

(KAR) and margin knot area ratio (MKAR) are common meas-

ures to quantify the presence of knots and knot clusters in timber.

KAR is the ratio of the sum of projected cross-sectional areas of

the knots to the cross-sectional area of the piece of timber at a

specific location; IS 127 refers (NSAI, 2002). MKAR is the ratio

of the sum of the projected cross-sectional areas of all knots or

portions of knots in a margin intersected at any cross-section, to

the cross-sectional area of the margin. A margin is the area

adjacent to the edge of the timber section that occupies one

quarter of the total cross-sectional area. Coefficients of determi-

nation of 0.32 and 0.32 were determined between KAR and the

tensile strength and edgewise bending strength of Norway spruce,

respectively, in comparison to 0.20 and 0.34, respectively, for the

MKAR, as reported by Johansson et al. (1998) and Hoffmeyer et

al. (1999). Higher correlations were obtained between edgewise

bending strength and measurements of KAR and MKAR in

another study where coefficients of determination of 0.58 and

0.45, respectively, were found (Johansson and Kliger, 2000). The

presence of knots was shown to influence the local longitudinal

stiffness of Radiata Pine structural timber in a study undertaken

by Xu (2002).

1.2 Objectives of the present study

The objective of this research is to improve the understanding of

relationships that may exist between physical characteristics and

mechanical properties in fast-grown plantation spruce for both in-

grade and clear wood specimens. Studies were undertaken to

examine the compressive and tensile behaviour parallel to the

grain (Raftery, 2010). Such information will assist in the develop-

ment and optimisation of engineered wood products manufac-

tured using such timber.

2. Material and methods
All the timber used in the experimental characterisation studies

was Irish-grown Sitka spruce, which was sourced from the same

stand in the west of Ireland. Consequently, variability in the wood

resulting from contrasting environmental conditions during

growth was significantly reduced. In the sawmills, the timber was

kiln dried to approximately 18% moisture content and machine

stress graded to C16 EN 338 (CEN, 2003a), the mostly

commonly produced grade in Ireland, before being delivered to

the laboratory. The timber stock used in the test programme had

an average annular ring thickness of 7.2 mm with a standard

deviation of 2.1 mm. All the timber stock and all specimens were

initially conditioned in an environment of 65 � 5% relative

humidity and a temperature of 20 � 28C prior to testing. Such an

environment gave an approximate equilibrium moisture content

of 12%. The moisture content of all specimens was determined

using the oven-drying method.

2.1 Compression testing of clear specimens

One hundred and twenty five clear compression specimens of

Irish-grown Sitka spruce were tested parallel to grain using a

500 kN Denison testing machine according to BS 373 (BSI, 1957).

Specimens had an approximate length of 60 mm with a cross-

section size of 20 mm 3 20 mm. This programme involved testing

a minimum of five specimens from 22 boards randomly selected

from the delivery, so that a range of specimens with varying

density would be tested. The loading faces of the test pieces were

sanded smooth and square so that the test piece was parallel to the

axis and no eccentricity existed. A loading rate of 0.635 mm/min

was used. The specimen dimensions were measured to a precision

of 0.01 mm prior to testing using a vernier caliper. The mass of

each piece was measured using an electronic balance correct to

0.01 g after the test was complete. The load at failure and the

corresponding density of each piece was determined.

2.2 Compression testing of in-grade specimens

One hundred and sixty two in-grade specimens of Irish-grown

Sitka spruce were tested parallel to grain using the Denison

testing machine in accordance with EN 408 (CEN, 2003b). Test

specimens were selected from the delivery of boards such that the
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most critical strength-reducing KAR was located in the centre of

the test specimen. The most critical KAR was selected, as this

location would be a weak point in the board. Each test specimen

had a thickness of 38 mm and width of 96 mm. The correspond-

ing lengths of the test specimens were 226 mm in accordance

with EN 408. Before the test, the dimensions of each specimen

were measured using a vernier caliper. The loading faces of the

test pieces were sanded smooth and square. Each test piece was

positioned parallel to the axis of the loading machine and a

preload of 1.5 kN was applied. Load was applied at a constant

loading-head movement rate so that the maximum load was

obtained within 300 � 120 s. In general, a displacement rate of

0.8 mm/min was applied to each specimen. The ultimate com-

pressive strength of each specimen was determined by dividing

the maximum load by the cross-sectional area. The corresponding

density of each piece was determined by cutting a specimen

40 mm long from the section, which was free of knots or other

features such as resin pockets that were non-representative of the

timber.

2.3 Tension testing of clear specimens

Tension testing of clear Irish-grown Sitka spruce specimens was

executed with reference to ASTM D143 (ASTM, 2000). Each

specimen had an approximate section size of 9.5 mm 3 4.8 mm.

The specimen was clamped in the Denison testing machine after

it had been ensured that it was perfectly aligned to the vertical.

Load was continuously applied during the test at a rate of

displacement of 1 mm/min. Over 140 specimens were tested.

Each specimen was cut from a different board. The deformation

of each specimen was measured using an extensometer over a

gauge length of 50 mm in order to determine the modulus of

elasticity. The strength of each specimen was determined from

the load at failure divided by the cross-sectional dimensions of

the fracture area. Pieces of an approximate length of 40 mm and

the cross-section of the specimen were cut from locations

adjacent to the fracture location so that an estimate of the density

could be obtained. The length and cross-sections of these pieces

were also measured with an electronic vernier caliper to a

precision of 0.01 mm.

2.4 Tension testing of in-grade specimens

The in-grade Irish-grown Sitka spruce tension test programme

involved testing parallel-to-grain specimens initially to deter-

mine the modulus of elasticity and subsequently to determine

the failure strength in accordance with the procedures specified

in EN 408 (CEN, 2003b). Eighty-three specimens were tested

with each specimen cut from a different board. An approximate

section size of 25 mm thick and 96 mm wide was used. The

test pieces were carefully selected from 4200 mm long boards

so that the most critical knot area ratio was included. The knot

area ratio was measured with reference to IS 127 – the

specification for stress grading of softwood timber (NSAI,

2002). The specimens tested were a minimum of 1600 mm

long, which ensured a free length of 1000 mm from the end

grips. EN 408 states that the tension test specimens should

have a clear length of the test machine grips of at least nine

times the larger cross-sectional dimension. The ends of the

specimens were initially clamped in the testing machine with a

pressure of 5000 kPa and vertical alignment was checked using

a spirit level. An extensometer was positioned centrally on each

narrow face of the test piece so that the effects of distortion,

arising from the inhomogeneity of the specimen, were mini-

mised when determining the modulus of elasticity. Deformation

was measured over a central gauge length of 480 mm (five

times the width of the piece) and this gauge length was at least

200 mm clear of the grips. Testing was executed using a

constant loading rate of 0.024 mm/s, but at no stage was the

specimen damaged or the proportional limit exceeded. After

unloading of the test specimen in question and upon removal

of the two extensometers, a constant rate of crosshead move-

ment was applied so that failure in the specimens occurred in

300 � 120 s. The ultimate strength was determined by dividing

the failure load by the cross-sectional dimensions, which were

measured using a vernier caliper that had a precision of

0.01 mm. Density specimens of approximate length 30 mm and

cross-sectional area of the specimen were taken from beside

the location of the fracture.

2.5 Density variability study of in-grade timber

An examination of the variability in the density of samples taken

along a number of randomly sampled boards was also undertaken

in order to maintain a practical approach to determine the density

of the wood. The boards were of a cross-section 96 mm 3 44 mm

and were 4200 mm long. Specimens 50mm in thickness and of

the cross-sectional area of the board were cut at regular intervals

such that only clear wood that was free of knots and defects was

selected. The wood samples were weighed using a mass balance

with precision to 0.01 g. The dimensions of the specimens were

measured using a vernier caliper with precision to 0.01 mm. The

density of each piece was determined from the recorded measure-

ments.

3. Experimental results
The test results from the material characterisation studies are

presented in the following sections. Tabulated data of the results

are available in Raftery (2010).

3.1 Compression testing results of clear wood

specimens

The results from the testing of the clear compression samples of

wood are shown in Figure 1, where the compressive strength is

plotted against the density of the specimens in question. The

linear regression line together with the value for the coefficient of

determination, R2, is also shown. The coefficient of determination

is used to measure how well the regression line fits the data, and

its value lies between 0 and 1, with high values indicating a good

fit. In this case, a strong correlation is obtained in the relationship

between the compressive strength and the density, with a coeffi-

cient of determination of 0.6968. The compressive strength values

varied between 25 N/mm2 and 49 N/mm2 over the density range
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319–487 kg/m3: Compression wrinkling was visible in all failed

specimens. The specimens had an average moisture content of

11.71% with standard deviation of 0.46%.

3.2 Compression testing results of in-grade timber

specimens

The results from the compression testing of the in-grade samples

of timber are shown in Figure 2, where the compressive strength

at failure is plotted against the KAR and in Figure 3, where the

compressive strength at failure is plotted against density measure-

ments from the samples. A coefficient of determination of 0.4151

was determined between KAR and compressive strength, while a

value of 0.1614 was determined between the ultimate compres-

sive strength and the density. As expected, the compressive

strength values associated with the in-grade testing are signifi-

cantly lower than the values associated with the clear wood

testing and vary between 13 N/mm2 and 34 N/mm2 over the

density range 332–554 kg/m3: Typical patterns of failure for

specimens comprised compression wrinkling accompanied by

longitudinal splitting emanating from a knot. The specimens had

an average moisture content of 12.02% with standard deviation of

1.11%.

3.3 Tension testing results of clear wood specimens

The tensile strength of the clear wood specimens varied between

23 N/mm2 and 104 N/mm2 over the density range 312–550 kg/m3:

The relationship between strength and density obtained from the

testing of small clear wood specimens of timber in tension is

shown in Figure 4. A value of 0.2576 was determined for the

coefficient of determination for this relationship. It should be

noted that density measurements were taken as close to the

fracture as possible but were not on the fracture. As can be seen

from Figure 5, the coefficient of determination between clear

tensile strength and modulus of elasticity was 0.3844. Figure 6

shows a plot of clear wood modulus of elasticity against density.

Only data from specimens which fractured within the 50 mm

gauge length are used in this plot. The specimens had an average

moisture content of 11.67% with standard deviation of 0.86%.

3.4 Tension testing results of in-grade timber

specimens

The results of the in-grade timber tension testing programme are

shown by means of a series of plots in Figures 7–11. The

relationship between tensile strength and modulus of elasticity is

strong, as seen in Figure 7, where a coefficient of determination

of 0.5945 is obtained. The data included in this plot correspond

to 32 specimens in the test programme where failure occurred in

the range of the transducers only. Figure 8 illustrates a plot of

0

10

20

30

40

50

60

0 100 200 300 400 500 600

C
om

pr
es

si
ve

 s
tr

en
gt

h:
 N

/m
m

2

Density: kg/m3

y x
R
0·1134 9·935

0·6968
� �

�2

Figure 1. Clear wood compressive strength plotted against

density

0

5

10

15

20

25

30

35

40

0 0·1 0·2 0·3 0·4 0·5 0·6 0·7

C
om

pr
es

si
ve

 s
tr

en
gt

h:
 N

/m
m

2

Knot area ratio

y x
R
21·173 27·185

0·4151
� � �

�2

Figure 2. In-grade compressive strength plotted against knot area

ratio

0

5

10

15

20

25

30

35

40

0 100 200 300 400 500 600

C
om

pr
es

si
ve

 s
tr

en
gt

h:
 N

/m
m

2

Density: kg/m3

y x
R

0·0412 5·6865
0·1614

� �

�2

Figure 3. In-grade compressive strength plotted against density

0

20

40

60

80

100

120

0 100 200 300 400 500 600

Te
ns

ile
 s

tr
en

gt
h:

 N
/m

m
2

Density: kg/m3

y x
R

0·1928 13·137
0·2576

� �

�2

Figure 4. Clear wood tensile strength plotted against density

383

Structures and Buildings
Volume 167 Issue SB6

Material characterisation of fast-grown
plantation spruce
Raftery and Harte



tensile strength against KAR and a coefficient of determination

of 0.3867 was achieved for the 63 specimens in the sample size.

Only failures which occurred at knots away from the grips are

included. A number of failures occurred at the grips and are

excluded. Density was found to have a poor correlation with the

ultimate tensile strength of the in-grade timber, as shown in

Figure 9. In-grade modulus of elasticity has a weak correlation

with knot area ratio and density as shown in Figure 10 and Figure

11, respectively. Fractures in the specimens initiated at knot

locations. The maximum tensile strength achieved was 45 N/mm2

compared to 104 N/mm2 for the clear wood specimens. The

specimens had an average moisture content of 12% with standard

deviation of 0.3%.
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Figure 11. In-grade modulus of elasticity plotted against density
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3.5 Density variability study of in-grade timber

The mean and standard deviation of the density variability results

as well as the number of samples taken along the 4200 mm board

length can be seen in Table 1.

4. Conclusion
A number of conclusions can be drawn from the test results in

this study.

j The effect of knots on the strength of fast-grown spruce is

significant. Stronger correlations were established in this

study between knot area ratio and strength for both

compression and tension specimens in comparison to the

density of the specimens. These results are in agreement with

studies undertaken for other species which are reported in the

literature. However, the relationship between strength and

knot area ratio is stronger than that reported for uniaxial tests

undertaken with other species as stated in Section 1.1.

j Modulus of elasticity is the most highly correlated parameter

to the tensile strength of the fast-grown spruce for both clear

and in-grade specimens. A stronger correlation was

established when testing in-grade specimens in comparison to

testing clear specimens.

j Density is a much more accurate predictor of the compressive

strength of clear wood specimens of fast-grown spruce than

the tensile strength of the clear wood specimens, but still not

strong and further investigation is recommended.

j A very weak correlation was found between the tensile

modulus of elasticity and the density of clear wood. Weak

correlations also exist between the modulus of elasticity of

the in-grade specimens and the knot area ratio as well as the

density samples cut from the specimens.

j The deviations between the density readings for the boards

studied are not deemed to be significant. It is considered

appropriate that a good approximation of the density of clear

wood in each board can be determined by cutting a specimen

from the board under examination.

j The test results will be useful for the further development of

engineered wood products manufactured from fast-grown

spruce such as reinforced laminated timber (Raftery and

Harte, 2011, 2013). The relationships and data can act as

useful input for numerical models which can be used to

optimise such products.
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