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The popularity of cross-laminated timber (CLT) in construction has increased globally. In Indonesia, 
effort has been made to utilise local wood such as Acacia mangium in CLT production. The 
characteristics and properties of acacia CLT have not been studied in depth. Our study determined 
the shear capacity of short-span acacia CLT panels subjected to out-of-plane three-point bending tests 
and evaluated selected models (shear analogy method, gamma method, simplified composite beam 
method, and simple beam theory) in their ability to accurately estimate shear capacity. The simple 
beam theory (CSA086-14) gave predicted shear capacity values closest to the experimental results for 
three-layer acacia CLT samples (14.05 kN and 18.45 kN vs 13.7 kN and 18.06 kN for the 51 and 67 
mm-thick panel samples respectively). 
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Introduction

Cross-laminated timber (CLT) is an innovative, 
engineered composite wood comprising three 
or more layers of sawn timber boards each 
arranged perpendicular to the adjacent layer 
and bound orthogonally with glue. As CLT can 
bear substantial in- and out-of-plane loads, it 
has gained popularity particularly in mid- and 
high-rise structures (Schickhofer et al. 2016) 
for building floors, walls and roofs, which are 
subjected to out-of-plane loads (Ayanleye et al. 
2022).

In CLT structures, out-of-plane loading 
configurations are common, resulting in shear 
stress on the longitudinal layers and rolling 
shear stress on the transverse layers. Rolling 
shear strength depends on timber species, 
sawing pattern (annual ring orientation) and 
width-to-thickness ratio (wl/tl) of a single lamina 
(Brandner et al. 2016). The rolling shear 
strength of the transverse layer and predicted 
shear capacity are important considerations 
in the design process of CLT members used in 
mass timber construction (Huang et al. 2023b). 
The shear failure mechanisms of the cross layers 
of CLT members subject to bending include 
rolling off between fibers, cracking intersecting 

annual rings, and debonding along the gluing 
interface (Huang et al. 2023a). Each of these 
mechanisms exhibit different shear properties 
thus whole-structure measurement of rolling 
shear properties should include all possible 
failure mechanisms. 

Many models have been developed to predict 
shear capacity e.g., the shear analogy method, 
gamma method, composite beam theory and 
simple beam theory, but the many possible, 
complicated failure mechanisms make it difficult 
to accurately predict shear capacity. There is as 
yet no universally accepted model (Huang et al. 
2023b)

In the past few decades, many studies have 
evaluated the shear properties of temperate, 
soft-wood timber species such as Norway spruce 
(Picea abies) (Das et al. 2023),  Irish sitka spruce 
(Picea sitchensis) (Sikora et al. 2016a & 2016b), 
European beech (Fagus sylvatica, (Aicher et al. 
2016)  and spruce-pine-fir (Wu et al. 2021). In 
Indonesia, Acacia mangium, a widely-planted fast-
growing tropical hardwood species has become 
increasingly utilised for CLT production (Srivaro 
et al. 2022, Purba et al. 2022). The focus on 
acacia as a raw material for CLT products is due 
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to its economic viability, impressive strength and 
mechanical qualities of acacia CLT that exceed 
the minimal requirements for CLT raw material 
(Mohd Yusof et al. 2019). 

The body of literature on acacia CLT and 
its properties is scarce, and no information on 
acacia CLT shear capacity was found. Therefore, 
the objectives of our research were to determine 
the shear capacity of acacia CLT subjected to out-
of-plane bending loads using experimental tests 
and evaluate different models in their ability to 
predict shear capacity. Short-span CLT panels 
were subjected to the three-point bending test 
specified by ASTM D2718 (2018). This test was 
selected because it can be used to determine the 
shear performance of beams due to bending 
(Yusouf 2015). Analytical models used in this 
study were the shear analogy method, gamma 
method, simplified composite beam method 
and simple beam theory (CSA 086). Model 
parameters used to estimate the shear capacity 
of the CLT panels were rolling shear properties 
that were obtained using a modified planar 
shear test and mechanical properties of acacia 
measured in preliminary tensile and bending 
tests specified by ASTM D-143 (2014) for small 
clear specimens of timber. 

MaterialS and Methods

Test specimens

The CLT panels panels were manufactured from 
seven-year-old Acacia mangium. The average 
density of the panels was 662 kg m-3 with a 
coefficient of variation (COV) of 0.07 while mean 
moisture content was 12% (COV = 0.03). The 
diameter of the acacia lumber used in this study 
was small i.e. 30 cm. For the three-point bending 
test, three-layer CLT panels were fabricated 
from planks that were 2000 mm long, 100 mm 
wide, and 17 mm or 25 mm thick. Fabrication 
with 17/17/17 mm layups produced panels 
with a 51 mm total thickness while 25/17/25 
layups produced panels that were 67 mm thick 

(Table 1). The planks were glued together with 
polyurethane sprayed at 160 g m-2 then cold-
pressed for an hour in a hydraulic press at 1.60 
N mm-2. Panels were conditioned for four weeks 
at 65% relative humidity. For the planar shear 
test, blocks were cut from the 51 mm thick CLT 
panels to dimensions of 206 mm × 100 mm × 51 
mm (length × width × thickness, or l × w × t). 

Test methods

The three-point bending test was conducted 
to determine shear capacity of the short-span 
three-layer acacia CLT test specimens while the 
planar shear test and preliminary tensile and 
bending tests obtained parameter values used 
in the models estimating the shear capacity of 
the test specimens. The preliminary tensile 
and bending tests specified by ASTM D-143 
(2014) for small clear specimens of timber had 
previously determined the modulus of elasticity 
for the tensile test as E0 = 14832.16 (COV = 0.14, 
n = 15) and for the bending test as E90 = 7622.23 
(COV = 0.13, n = 15).

Bending test

The three-point bending test was applied as 
specified by ASTM D2718 (2018) to the three-
layer short-span CLT panel samples (span to 
depth ratio of 6) to determine shear capacity. 
The test setup on a 500 kN UTM is illustrated 
in Figure 1. The load was applied to the sample 
at mid-span at a rate of 2 mm min-1 to reach the 
maximum load in 5 min.  The UTM recorded 
the load and deflection that occurred during 
loading. The data was used to determine the 
amount of load resisted and the capacity curve 
of the CLT panel under lateral loading.

Planar shear block test

The planar shear test method specified by prEN 
16351 (CEN 2018) was conducted on the three-
layer CLT test specimens to measure rolling 

Table 1	 Dimensions of the three-layer CLT samples used in the three-point short-span bending test

Sample ID
Lamination 

layups
(mm)

Total thickness 
(mm)

Width 
(mm)

Span 
(mm)

Ratio of span 
to depth

N

CLT3/51A 17/17/17 51 140 306 6 3

CLT3/67A 25/17/25 67 140 402 6 3
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shear strength and modulus that were used in 
the models to predict shear capacity of those 
samples. A loading configuration of 14º (Figure 
2) was used to apply opposing pressures on the 
longitudinal layers. Following (Huang  et al. 
2023b), a bracket was affixed on the longitudinal 
layer of the sample block to apply the test 
load, with sufficient space to accommodate 
deformation. The sample was then loaded using 
a 500 kN universal testing machine (UTM) with 
a controlled displacement rate of 0.5 mm min-1 
to the point of failure or maximum load. Data 
on loads and corresponding displacement was 
measured and recorded throughout the test. 

Rolling shear stress (τr) and modulus (Gr)were 
calculated as follows (CEN 2004): 

Rolling shear stress,	
	

Rolling shear modulus,	
	

where Fu = maximum load, F1 and F2 = loads 
associated with 0.1Fu and 0.4Fu respectively, 
u1and u2 = displacements that correlate to F1 and 
F2 respectively. 

Evaluation of models for estimating shear 
capacity

Referring to Huang et al. (2023b), the gamma 
method, shear analogy method, simplified 
composite beam method and simple beam 
theory are summarised below along with their 
formulas for calculating shear capacity.  

Gamma method

The gamma method imagines the longitudinal 
layers as a beam and the cross layers as a 
continuously distributed connection. It is 
assumed that stiffness is only loaded on the 
transversal layer, which is identical to the rolling 

Figure 1	 The three-point bending test setup for the three-layer short-span CLT samples

Figure 2 	 The planar shear test setup for three-panel CLT samples
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shear modulus (Huang et al. 2023b). Figure 3 
illustrates the geometric parameters of a typical 
three-layer CLT. 

The effective bending stiffness of the 
laminated beam was calculated following 
Ehrhart & Brandner (2018) as:

where Ei = modulus of elasticity (MOE) for i-th 
longitudinal layer, Ii = moment of inertia of the 
i-th layer cross-section, Ai = area of the cross-
section of the i-th layer, zi = distance between the 
center of each layer and the entire cross-section, 
and γi = efficiency of layer-to-layer interactions 
given by: 

where Leff is the effective length of the beam 
which equals to the length between two zero 
moment points; bi and hi are the width and 
depth of the ith longitudinal layer, respectively; 
Grj is the modulus of rolling shear for the jth 
cross layer that connecting ith longitudinal 
layer; bj and hj are the width and depth of jth 
longitudinal layer, respectively. 

Shear stress was then calculated as:

where EQ = effective moment of area was 
calculated as:

where E0 = MOE parallel to the grain (or 
transverse MOE), E90 = MOE of grain h and t, 

which are the thicknesses of longitudinal and 
transversal layers respectively, with E0 and E90 
being MOE values previously determined by the 
preliminary tensile and bending tests.

Shear analogy method

This method imagines the panel as made up of 
beams A and B (Christovasilis et al. 2016). The 
total inherent flexural stiffness of the layers is 
applied to beam A along its neutral axis while 
beam B receives the joint flexural stiffness of all 
layers and connections along its neutral axis plus 
the total shear stiffness of all layers. The effective 
bending stiffness of the samples were calculated 
following (Ehrhart & Brandner 2018) as:

where Ei = MOE parallel to the longitudinal 
grain,  Ii = moment of inertia of the i-th layer 
cross-section, Ai = area of cross-section of the i-th 
layer, zi = distance between the neutral axis of 
global bending and the i-th layer center. 

The shear capacity of the CLT beam was 
calculated as:

where VB = shear force carried by beam B and 
calculated as:

Figure 3      Geometric parameters of typical three-layer CLT
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Simplified composite beam method

This method provides the most straightforward 
formula for determining shear capacity 
because the layered cross-section is considered 
homogeneous 

The stresses in the transverse layer do not 
contribute significantly to overall bending 
because the transverse MOE of the cross-layer is 
only around 1/30 of the MOE parallel with the 
grain of the longitudinal layer. The shear stress, 
static moment of area and moment of inertia for 
three-layer CLT samples were calculated as:

Maximum shear capacity for the three-layer 
CLT was then calculated as:

Simple beam theory

Under this theory, specified by Canadian design 
code CSA086-14 (Barrett et al. 2014) the factored 
shear resistance (Vr) of the CLT samples assumes 
the shear strength of the material and rolling 
shear strengths are equal, and is calculated as:

where φ = 0.9, Fs = rolling shear stress, Ag = 
gross cross-sectional area of the panel for the 
major stress axis. 

Results and Discussion

Bending test

The Vmax of CLT3/67 at 18.06 kN (COV = 0.11) 
was 24.16% higher than that of CLT3/51 (Table 
2). This result was in line with a report from Li et 
al. (2021) on radiata pine CLT  that shear capacity 
was positively correlated with thickness of the 
CLT. Lamina thickness significantly influenced 
maximum shear capacity in three-point bending 
experiments conducted by previous researchers 
(e.g. Li 2017, Li et al. 2021, Glasner et al. 2023, 
Huang et al. 2023b) who reported that thicker 
lamina layers in CLT panels increased maximum 
shear capacity. 

For both the 51 mm- and 67 mm-thick CLT 
samples (CLT3/51 and CLT3/67 respectively) 
the dominant failure mode was rolling shear 
failure (Table 2, Figure 3). Cracks started in the 
transverse layer and spread along the annual 
ring then at failure would disperse suddenly in z- 
or multiple z-shaped pattern(s). Similar rolling 
shear failure modes were reported by Li (2017) 
and Li et al. (2021) for CLT made of radiata 
pine. Mohd Yusof et al. (2019) also reported 
failure resulting from rolling shear starting close 
to the bond line in acacia CLT. This failure was 
manifested as transverse shear stress against the 
grain typical of the rolling shear behaviour in 
CLT. The span to depth ratio (L= 6h) specified 
by ASTM D 2718 for the rolling shear test was 
confirmed valid for acacia CLT panels in our 
study. 

The load-displacement curves for all the 
samples showed a similar linear response up 

Table 2	 Shear properties of three-layer short-span acacia CLT samples under three-point bending tests

Sample ID 
Load at first crack 

Fu(kN)
Shear capacity 

Vmax (kN)
Mean Vmax  

(kN) COV Failure mode

CLT3/51-1 25.10 12.55 13.70 0.09 Rolling shear

CLT3/51-2 26.89 13.44 Rolling shear

CLT3/51-3 30.21 15.10 Rolling shear

CLT3/67-1 40.25 20.12 18.06 0.11 Rolling shear

CLT3/67-2 36.00 18.00 Rolling shear

CLT3/67-3 32.14 16.07 Rolling shear

Vmax
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until the maximum load then an abrupt drop 
upon fracture (Figure 5). Samples exhibited 
elastic behavior until the first crack appeared. 
The greater bending stiffness of the CLT3/67 
panel than the CLT 3/51 panel is reflected in 
the slope of their load-displacement curves. The 
increase in thickness of 16 mm resulted in a 
54% increase in stiffness and a 4% decrease in 
deformation at maximum load.

Planar shear block test 

The CLT block samples in this test exhibited 
rolling shear failure (Figure 6) similar to the 
short-span panels in the bending test. Some 
shears cracked in a z-shaped pattern along the 
annual ring in the middle layer and spread 
outwards along both sides of the glue line. The 
samples showed no failure in adhesion although 
there was a crack close to the glue line. The 

measured mean ultimate load (Fu) of 64.79 kN 
(COV = 0.13) gave a calculated rolling shear 
stress (τr) of 3.28 MPa (COV = 0.13, n = 10) and 
shear modulus (Gr) of 68.24 MPa (COV = 0.14, 
n = 10). 

Evaluation of models predicting shear 
capacity 

Predicted Vmax using the simplified composite 
beam and shear analogy methods was the same 
(Table 3), supporting the use of the simplified 
composite beam method in place of the shear 
analogy method. It implies a negligible effect of 
the transversal layer on shear capacity. However, 
the difference between the test and predicted 
results using this method was relatively big i.e. 
23% for CLT3/51 and 19% for CLT3/67.

Table 3 Shear capacity (Vmax) of short-span 

Figure 4    Failure modes of three-layer short-span acacia CLT samples under three-point bending tests 
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acacia CLT as predicted by models and measured 
in the bending test

The maximum shear capacity calculated 
using simple beam theory was closest to the 
test results, differing by only about 2% while 
shear capacity predicted by the gamma method 
was between 5% to 9% higher than that of the 
experimental results. Conversely, Huang et 
al. (2023a) reported that the gamma method 
was better than the  simple beam theory in 
predicting shear capacity of three-layer CLT 
made from Canadian spruce, pine and fir (SPF) 
and European spruce (EUS). Karacabeyli & 
Gagnon (2019) recommended the gamma 
method to analyse (asymmetrical) CLT panels 
made up of assorted timber species layers. The 

better results predicted by the simple beam 
theory as compared with the gamma method 
may be explained by the more homogenous 
three-layer CLT made from acacia alone, where 
the direction of constituent fibers  in predicting 
shear capacity was not considered. 

Currently, the use of acacia raw materials 
in CLT fabrication in Indonesia is still in the 
research and development phase. The planar 
test based on prEN 16351:2018 could be used 
to determine the rolling shear stress of CLT 
made from local timber and compare several 
timber species’ CLT rolling shear stress and 
rolling shear stress determined by Eurocode 5.  
Three-layer acacia CLT showed a rolling shear 
capacity exceeding the CLT24 rolling shear 

Figure 5	 Load–displacement response for the short-span acacia CLT samples under three-point bending

Figure 6	 Failure mode of acacia CLT blocks under the planar shear test
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stress  required by Eurocode 5. At 662 kg/m3, 
the density of acacia timber used in our study 
was close to that of European birch (Betula 
pendula, 612 kg/m3).  Ehrhart & Brandner 
(2018) explained that European birch CLT 3 
layer  with dimensions of 190 mm × 100 mm 
× 105 mm (length × width × thickness) tested 
using the planar shear test method has a rolling 
shear stress of 2.91 Mpa, which is lower than 
the rolling shear stress of acacia CLT. Another 
European hardwood species, CLT made from 
European beech (Fagus sylvatica L.) with a 
density of 720 kg/m3 tested in the same way had 
a rolling shear stress of 4.67 Mpa, indicating that 
timber density has an important role in rolling 
shear performance.

Further research could investigate acacia CLT 
with more layers, e.g., 5, 7, 9, under loading. A 
comprehensive test program determining the 
mechanical properties of acacia CLT is needed 
to ensure that it can be safely applied to mass 
timber construction.
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