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ABSTRACT: The design and application of cross laminated timber (CLT) is strongly influenced by rolling shear properties
of cross layers. Hence, predicting the mechanical behaviour of CLT requires accurate information about its rolling shear
properties. In this study, black spruce wood laminates with three different growth ring orientations (flat sawn, in-between,
quarter sawn) were edge glued to produce wooden cross layer (WCL). Two-plate shear tests were carried out on WCL to
investigate the influence of growth ring orientation on the rolling shear properties. The experimental results showed that the
growth ring orientation had a significant effect on rolling shear modulus of WCL, however, almost no effect on the rolling
shear strength. The WCL of in-between end grain had the maximum rolling shear modulus of 89MPa and rolling shear
strength of 2.12 MPa. The specimens with different growth ring orientation failed in a typical rolling shear failure duo to the
low rolling shear resistance in the radial-tangential (rt) plane of wood.
KEYWORDS: Rolling shear modulus, Rolling shear strength, Two-plate shear test, Growth ring orientation, Failure
mode, Cross laminated timber

1 INTRODUCTION 123
Cross-laminated timber (CLT) is a multi-laminate system
with each layer oriented perpendicular to the adjacent
layer. Rolling shear is defined as the shear stress leading to
shear strains in the radial-tangential (rt) plane [1]. In real
situation of CLT in its application, such as short-span,
concentrated load, etc., shear strain in the cross layer is
significant due to the fairly low rolling shear strength.
Therefore, successful design and application of CLT
require an in-depth understanding and appreciation of the
nature of rolling shear properties of the cross layer.
It was reported that the rolling shear properties were
dependent on many factors, including wood species,
density, growth ring orientation and manufacturing
parameters (e.g. type of connection, lay-up, size and
geometry of the laminate’s cross section)[2-5]. Munthe and
Ethington studied the rolling shear properties of Sitka
spruce board (Picea sitchensis) under two-plate shear tests
[2]. They found that rolling shear strength in the rt plane
was 1.77 MPa, which was only 19.5% of that in
longitudinal-tangential (lt) plane. The shear failure of test
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specimens almost entirely took place within the wood.
Aicher and Dill-Langer quantitatively analyzed the rolling
shear modulus (Grt) of 3-layer spruce boards using Finite
Element Method [3]. They found Grt value was between
50MPa and 200MPa depending on the growth ring
orientation. Joebstl et al. examined, using torsion tests, the
shear resistance in the perpendicular to the plane between
two orthogonally glued boards made of flat grained boards
and quarter grained boards [4]. He found that isotropic
shear strength of glued boards with flat grained board and
quarter sawn grained board were 3.3 MPa and 3.8 MPa,
respectively. The difference in shear stresses between flat
grained and quarter sawn grained elements with smaller
glued surfaces tended to be big. Yawalata and Lam found
that the panels made of spruce-pine-fir (SPF) group had
mean rolling shear strength 1.89 MPa, which is 13%
higher than those made of hemlock-fir group under the
same pressure [5]. This indicated that the species had an
impact on the rolling shear strength.
Baldassino et al. examined the two-plate shear test system
for determining the rolling shear properties of poplar
(Liriodendron tulipifera) plywood with a cross sectional
dimensions of 225 mm by 100 mm at a given thickness [6].
They found that rolling shear properties of Poplar plywood
were fairly constant at whatever the orientation. The mean
rolling shear strength was 1.8 MPa and mean rolling shear
modulus was 27 MPa. Thomas utilized the two-plate shear

test stipulated in European Standard EN 789 to determine
the rolling shear modulus ( i.e. planar shear modulus) of
oriented strand board (OSB) [7]. He found the mean value
of rolling shear modulus in the major axis was 72 MPa
with a coefficient of variation (COV) of 28.4%, while the
value in the minor axis was 60 MPa with a COV of 22.8%.
Zhou et al. conducted the variable span bending tests and
two-plate shear tests using downscaled 3-layer specimens
including WCL, steel-wood-steel (SWS) and wood-woodwood (WWW) [8]. They found that the shear modulus
measured by the two-plate shear method could be used as
input to reasonably and accurately predict the deflection of
downscaled CLT specimens.
In this study, two-plate shear tests were conducted on
WCL to evaluate the effect of growth ring orientation on
the rolling shear modulus and strength of WCL in
downscaled CLT specimens.

2 MATERIALS AND METHOD
2.1 MATERIALS AND SPECIMEN PREPARATION
Black spruce (Picea mariana) lumber was obtained from a
local sawmill in New Brunswick. All materials were stored
in a conditioning chamber of a temperature of 20°C and
relative humidity of 65%, with a target moisture content of
12%. After conditioning, lumber was cut into clear wood
strips with sectional dimension of 9 × 36 mm. Then the
density of each strip was measured, which ranged from
0.420 to 0.445 g/cm3. All wood strips were divided into a
group according to growth ring orientations (flat, inbetween, and quarter) and their respective density values
targeting to a large extent. Therefore, the cross layers of all
specimens had similar anatomical structure and properties.
Wood stripes were glued side by side using a onecomponent polyurethane (ISOSET SX-1050) adhesive to
build up a downscaled panel, which was then vertically cut
into 36mm-wide strips to form WCL for two-plate shear
tests. Nine replicates were made for each growth ring
orientation.
2.2 METHODS
The two-plate shear tests were performed in accordance
with ASTM D2718 [9]. The test set-up is shown in Figure
1. Two steel plates were bonded to each face of a specimen
using a commercial fast-curing epoxy adhesive (Speed Set:
Epoxy). The whole configuration was then pressed under a
pressure of 0.6 MPa for 24 hours until full curing was
achieved. As shown in Figure 1, the V blocks on both sides
were lined up to make sure that the load passes through the
centre of the specimen. The speed of cross head movement
was 0.508 mm/min. The displacement between one steel
plate and the other was measured using a 10 mm stroke
linear variable differential transformer (LVDT).

Figure 1: Experimental set-up for 2-plate shear test
Assuming that the strains in the loading plates and in the
bond lines between the plates and the specimen can be
negligible, the rolling shear strength and modulus can be
therefore calculated using equations (1) and (2) [10]:
(1)

where, b is the specimen width (mm), h is the specimen
thickness (mm), L is the specimen length (mm), Pmax is the
maximum load (N), is the inclination of the experimental
set-up, and
is the slope of the straight line portion of the
load-deformation curve (N/mm). The measured Pmax is
corrected for the inclination of the specimen by
multiplication with the cosine of inclination .

3 RESULTS AND DISCUSSION
3.1 EFFECT OF GROWTH RING ORIENTATION
Representative load - shear deformation curves from
specimens with different growth ring orientation are shown
in Figure 2. The load increases linearly, independent of
growth ring orientation, with shear deformation until shear
deformation reaches 0.2 to 0.3 mm. After the load reaches
its first peak load, it leaves off in a kind of zigzag pattern
for a while until the specimen fails. This suggests a ductile
failure mode.
Rolling shear modulus (Grt) of cross layer with different
growth ring orientation under two-plate shear test in terms
of growth ring orientation is shown in Figure 3. As can be
seen, Grt firstly increased and then decreased with the
increasing growth ring orientation from flat-sawn
orientation. The highest Grt value was 89 MPa for
laminates with in-between growth grain orientation, and
the lowest one for laminates with flat sawn grain
orientation. This could be explained from the anatomical

features of the wood. The cell walls in earlywood are
thinner than those in latewood, therefore, earlywood fails
to resist higher shear stresses and creates a path of lower
resistance to shear stresses in the rt plane [11]. For flat
sawn growth ring orientation, the shear forces delivered
along weak earlywood zone which was almost a straight
line parallel to the steel plate. Nevertheless, for in-between
growth ring orientation, the shear forces transfer in a trusslike system via the relatively stiffness diagonals in the onaxis direction of the rt plane [3], which results in the
largest area to resist the shear stresses.
Figure 4 shows that rolling shear strength ( ) under
different growth ring orientations are almost the same, and
the average value is 2.02MPa. It seems that the growth ring
orientation had little effect on the rolling shear strength.

Figure 3: Effect of growth ring orientation on rolling shear
modulus

One-way analysis of variance (ANOVA) on Grt and with
replicates was carried out at the 5 percent significance
level. Results in Tables 1 and 2 indicates that the growth
ring orientation of the laminates had a statistically
significant effect on the rolling shear modulus of wooden
cross layer (p-values =0.0013 < 0.05), but does not have a
significant effect on the rolling shear strength (p-values =
0.4976 0.05).
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Figure 4: Effect of growth ring orientation on rolling shear
strength
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Table 1: ANOVA on the effect of growth ring orientation on
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Figure 2: Representative load-shear deformation curves of
specimens with different growth ring orientation

In production and application of CLT, wood laminates are
randomly selected and cut, so that wood laminates with
different growth ring orientations will be tested
simultaneously. Higher rolling shear modulus can be
obtained if more attention is paid to the cutting patterns of
the lumber to get the wood laminates with higher portion
of the in-between (45º) growth ring orientation. This might
be critical for certain applications.

Source of
Variation

SS

df

MS

F

p-value

Between
Groups

4747.6

2

2373.7764

9.9109

0.0013

Within
Groups

4311.2

18

239.5103

Total

9058.7

20

Table 2: ANOVA on the effect of growth ring orientation on
rolling shear strength
Source of
Variation

SS

df

MS

F

p-value

Between
Groups

0.0917

2

0.0459

0.7256

0.4976

Within
Groups

1.1379

18

0.0632

Total

1.2296

20

3.2 FAILURE MODES
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Types of failure modes for specimens with different
growth ring orientation are shown in Figure 5. As for the
specimens with the same thickness but different growth
ring, it was observed during tests that a crack(s) always
initiated in the earlywood within an annual ring(s)
regardless of the growth ring orientation, and then
propagated in different paths, i.e. in the earlywood zones
for a specimen of flat sawn growth ring orientation, in a
zigzag pattern for a specimen of in-between growth ring
orientation (which was described as a truss-like system via
the relative stiffness diagonals by Aicher and Dill-Langer
[3]), and along wood rays for a specimen of quarter sawn
growth ring orientation. Eventually, cracks reached the
bonding surface leading fracture of a specimen. To sum up,
specimens with different growth ring orientation failed in a
typical rolling shear failure duo to the low rolling shear
resistance in rt plane of wood. However, the development
of failure in a specimen differed to some degree, which
was dependent on the growth ring orientation.
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Figure 5: Fracture morphology of specimens with various
growth ring orientations

4 CONCLUSIONS
Major conclusions that could be drawn from this study are:
1) The growth ring orientation of the cross layer laminate
had a statistically significant effect on the rolling shear
modulus of wooden cross layer, and did not have a
statistically significant effect on rolling shear strength
at a significance level of 0.05;
2) Maximum rolling shear modulus and strength was
exhibited in the cross layer laminates with in-between
growth ring orientation. The measured average value is
89 MPa and 2.12 MPa, respectively; and
3) Specimens with different growth ring orientation and
thickness all failed in a typical rolling shear failure due
to the low rolling shear resistance in the rt plane of
wood. However, cracks of specimens with different
growth ring orientations initiated and propagated in
different ways to some degree. The quarter sawn
specimens of a larger thickness appeared to fail in a
more ductile mode.
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