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ABSTRACT 

The rolling shear modulus is very low, leading to rolling shear failure in the cross layer of 

cross-laminated timber (CLT). The overall objective of this thesis work was to develop 

an appropriate methodology for measuring the rolling shear properties of CL T. This 

research consists of three article format chapters, which were aimed at: 1) obtaining a 

better understanding of advantages and disadvantages of using the bending test and two

plate shear test for determining the rolling shear properties of 3-layer CLT, 2) 

investigating the influence of growth ring orientation and laminates thickness of cross 

layer on the rolling shear properties, and 3) verifying the feasibility of two-plate shear 

test method for measuring the rolling shear properties of 3-layer CL T beam. 

It is recommended that the two-plate shear test be used as a testing method for measuring 

the rolling shear modulus of a cross layer, which can be used to calculate the deflection 

of a 3-layer CLT beam using the shear analogy method at a given span-to-depth ratio 

ranging from 6 to 50. An adjustment factor (a) was proposed to predict the deflection 

under the centre-point bending test at various span-to-depth ratios. The two-plate shear 

test method can also be used to measure the rolling shear strength, and can provide a 

reasonable estimate of the load-carrying capacity of 3-layer CLT beam at a relatively 

large span-to-depth ratio, but a conservative estimate at a small span-to-depth ratio. 

In summary, it shall be feasible to adopt the two-plate shear test for determining the 

rolling shear modulus and strength of cross layer in CLT. 
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1.1 A BRIEF HISTORY OF CROSS-LAMINATED TIMBER 

Cross-Laminated Timber (CLT) originated from Europe, which was first developed in 

Switzerland in the 1970' s. It is an innovative engineered timber product made of at least 

three orthogonally alternating orientation bonded layers of solid-sawn lumber that are 

laminated by gluing (Figure 1-1 ), wood dowels or nails of longitudinal and transverse 

layers. In special configurations, each layer can be doubled in the same direction to 

obtain specific structural capacities (Figure 1-2). 

In 1993, the first CLT residential building was built in Austria. In 1995, the first five

storey building was built using CLT. In 1998, the 1st multi-storey building was 

constructed using CLT which was approved by Austria's National Building Code 

(Gagnon and Pirvu 2011). Murray Grove (Figure 1-3), the nine-storey high rise, was 

entirely constructed in timber. It is the pioneer of timber residential buildings in the world. 

Most recently, a 10-storey CL T apartment building was built in Melborune, Australia 

(Fedele, 2013). Compared to concrete, CLT is up to 6 times lighter and saves 1/3 space 

(Structurlam 2013). In actual applications, CLT does not require additional finishing and 

strong foundation, reducing the construction costs and improving resource efficiency. In 

addition, CL T overcomes many weaknesses of other lumber-based products. In 

particular, the effects of shrinkage and swelling are reduced to a large degree, and load 

may be transferred in more than one direction. Another attraction of CL T is its low 

carbon footprint. It is estimated that CLT design saved the equivalent of about 300 metric 

tons of carbon compared to the concrete design. CL T also makes use of small diameter 

timber harvested from sustainably managed forests, contributing to efficient use of wood 
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resource. However, it has been reported during the design and application of CL T that 

rolling shear has become a concern in some circumstances, such as short-span, 

concentrated loads, etc.( Li 2012). 

CLT has been used for different applications in Europe, especially in German-speaking 

countries such as Austria and Germany. It is majorly used as panels (wall assemblies), 

load bearing plates (floor elements) and decking of bridges and multi-storey buildings 

such as schools, residential houses, industrial and office buildings. 
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Figure 1-1 Commonly-adopted CLT configuration 
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Figure 1-2 Specifically designed CLT configuration 
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a. Exterior view 

b. Interior view 

Figure 1-3 Exterior and interior images of Murray Grove (KLH 2009) 
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1.2 ROLLING SHEAR 

There are three types of shear stresses in solid wood (Figure 1-4): sliding shear stresses, 

kinking shear stresses and rolling shear stresses (Booth and Reece 1967). Sliding shear 

stresses lead to shear strain parallel to the grain direction (along the horizontal direction), 

kinking shear stresses lead to shear strain in the vertical direction, and rolling shear 

stresses lead to shear strain perpendicular to the grain direction. 

Wood can be considered as an orthotropic material. Figure 1-5 illustrates three principle 

axes of solid-sawn wood: the longitudinal direction (L) - parallel to the grain direction, 

the radial direction (R) - perpendicular to the growth rings (i.e. along the wood ray), and 

the tangential direction (1)-the tangent to the growth rings. Rolling shear in CLT is 

defined as shear stresses leading to shear strain in the RT plane (Fellmoser and BlaB 

2004). Rolling shear modulus is the global shear stiffness of macroscopic cross-sections 

of boards subjected to shear forces existing in the RT plane (Aicher and Dill-Langer 

2000). When the force applied perpendicular to the longitudinal direction (L) of CLT, a 

friction surface is created along the transition from earlywood to latewood within an 

annual ring since the different resistance to shear stresses between the early wood and 

late wood (Fellmoser and BlaB 2004). This results in rolling of wood fiber in a single 

layer, finally leading to the shear deformation in adjacent layers. Besides, the shear forces 

between two adjacent layers are transmitted by local torsion moment in each glue surface. 

Figure 1-6 illustrates rolling shear in CLT. 
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a. horizontal ( sliding) 

b. vertical (kinking) 

c. rolling 

Figure 1-4 Three types of shear stresses in solid wood (Booth and Reece 1967) 

8 



Rolling shear properties are particularly important in design of CLT. CLT used as panel 

or diaphragms in floor and wall structure are made from several layers of single small 

dimension planks connected by adhesives. If a CL T panel is loaded perpendicular to its 

plane, rolling shear stresses occur. Due to the weakness of RT plane in wood in 

comparison to LR and LT planes, the rolling shear modulus is very low, leading 

potentially to rolling shear failure in the cross layer (Figure 1-7). Shear strain 

significantly affects the overall modulus of a CL T panel as well as the normal stress 

distribution on each layer. Basically, all these are dependent on the magnitude of the 

rolling shear modulus of the perpendicular layers. The rolling shear capacities govern the 

design at low span-to-depth ratios encountered in floors subjected to high concentrated 

loads. Therefore, the design and application of CL T products require knowledge of 

rolling shear modulus and strength. 
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Figure 1-5 Three principal axes of wood with respect to grain direction and growth rings 
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T 

Figure 1-6 Rolling shear in CLT 
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Figure 1-7 Rolling shear failure in 3-layer CLT beam 
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1.3 PREVIOUS RESEARCH ON ROLLING SHEAR 

In the last 20 years after the development of CLT, a number of studies have been 

conducted to explore its mechanical behavior. Findings showed that rolling shear 

properties of wood-based product were mainly dependent on species, meso-scale 

properties (density and growth ring orientation), and manufacturing parameters (type of 

connections, lay-up, span-to-depth ratio and glued surface area). 

Fellmoser and B1a8 (2004) investigated rolling shear modulus of solid Norway spruce 

(Picea abies) board using a bending vibration test and the effect of span-to-depth ratio on 

rolling shear properties of a 3-layer CLT panel via shear analogy method. They found 

that rolling shear modulus of 3-layer panels ranged from 40 MPa to 80 MPa, and shear 

strength was strongly influenced by span-to-depth ratio below 20. They suggested that 

shear deformation in the cross layer had to be taken into account when a small span-to

depth ratio is used in design. 

Mestek et al (2008) conducted a 3-point bending test on 5-layer CLT specimens with the 

dimensions of 150x 1000 x4000 mm. They found strong influence of the cross layer on 

shear behaviour, especially near the concentrated load. Pirvu (2011) conducted two-plate 

shear tests on lodgepole pine (Pinus contorta) specimens composed of edge-glued or 2-

mm gaps wood laminates of cross sections of 38 mm by 38 mm, 38 mm by 89 mm and 

38 mm by 140 mm. He discovered that mean rolling shear modulus increased with the 

increasing cross-section dimensions for those specimens with 2 mm gaps between wood 

laminates, while it slightly decreased with the increasing cross sectional size for the edge-
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glued specimens. The maximum mean rolling shear modulus was 210 MPa for edge

glued specimens made of the 38 mm by 38 mm lumber, and it remained almost the same 

for those made of 3 8 mm by 89 mm and 3 8 mm by 140 mm at about 170 MP a. This 

suggests that specimen width almost has no effect on rolling shear modulus when the 

width exceeds a certain value. 

Yawalata and Lam (2011) investigated the impact of manufacturing process variables and 

rolling shear strength of 3-layer CLT panels using bending test. They discovered that the 

rolling shear strength of 3-layer spruce-pine-fir (SPF) CLT panels made under a pressure 

of 0.4 MPa was 2.22 MPa, which was higher than 1.85 MPa at 0.1 MPa pressure. Based 

on this finding, they suggested that a pressure higher than 0.4 MPa might produce 

stronger panels, which subsequently led to a higher shear capacity. They also found that 

wood species had an impact on the rolling shear capacity. Panels made of SPF group had 

a higher shear strength value than those made of hemlock-fir group under the same 

pressure. 

In order to properly asses the rolling shear properties of CLT, test methods used in 

determining their values must be examined. In the past, many different test methods for 

evaluating rolling shear properties of solid-sawn wood and engineered wood products 

have been explored, such as EN408 (CEN 2010) for structure timber and glued laminated 

timber, EN 789 (CEN 2004) for wood-based panel product, ASTM D2718 for structural 

panels include plywood, oriented strand board (ASTM 2011), ASTM D1037 for wood

base fiber and particle panel materials (ASTM 2006), ASTM D 198 (ASTM 2009) for 
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structural beams made of solid or laminated wood, or of composite constructions. 

Recently in North America, the CLT product standard ANSI/APA PRG 320 (APA 2012) 

specifies a flatwise centre-point loading method, in accordance with ASTM D 198, for 

evaluating the shear properties of CL T products. 

Munthe and Ethington (1968) applied two-plate shear test to access the rolling shear of 

Sitka spruce (Picea sitchensis). They found that rolling shear strength and proportional 

limit for the two perpendicular-to-grain orientations (TL and RL) is 10 to 20 percent of 

these properties measured in the parallel-to-grain direction, while shear modulus in the 

radial plane perpendicular to the grain averaged 10 percent greater than that from shear 

force in the tangential plane perpendicular to the grain. Shear failure of almost all test 

specimens took place entirely within the wood. 

Aicher and Dill-Langer (2000) quantitatively analyzed the rolling shear modulus (Gr,) of 

3-layer spruce boards using Finite Element Method. They found Gr, value was between 

50MPa and 200MPa depending on the growth ring orientation. 

Jobstl et al. (2006) carried out four-point bending tests on 5-layered CLT elements in 

accordance to a European test method (CEN 2003). He discovered that the equipment 

was easy to realize but it could not reach failure due to shear fracture in orthogonally 

oriented boards, and bending failures were observed in almost all tests. 
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Ayrilmis and Winandy (2007) evaluated rolling shear properties of structural hardwood 

plywood using two ASTM D2718 test methodologies. They found that mean shear 

strength of the specimens using shear plates was lower than that of five-point bending, 

and also noted that variability of the planar shear data in the former one was three-times 

greater than that for the later one. 

Overall, each method has its own advantages and drawbacks. For example, the failure 

mode of a specimen under bending test is closer to real situation of CL T in its 

application, but, secondary stresses exist. Two-plate shear test can get almost 'pure' shear 

stresses, however, the mechanical behavior of CL T is different from the practical 

application. In most practical cases a superposition of different loading modes occurs. 

Therefore, reliable data on rolling shear modulus for CL T are critical for design as well 

as application. Proper evaluation of rolling shear properties still poses a challenge and 

needs further investigations. 

To accurately measure rolling shear properties of cross layer is a key to CLT design. To 

our knowledge, testing method for determining rolling shear properties of CL T has not 

been systematically investigated and standardized before and therefore, this study is 

designed to investigate and develop an appropriate test methodology for evaluating 

rolling shear properties in CLT. 
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1.4 GOAL AND SCOPE OF RESEARCH 

The goal of this thesis project was to develop an appropriate methodology for measuring 

rolling shear properties of CLT. To achieve this, the following approach has been 

adopted: 

1) Assessing the applicability of bending and two-plate shear tests for measuring 

rolling shear modulus and strength of downscaled CL T specimens and cross layer 

specimens; 

2) Investigating the effect of growth ring orientation and laminate thickness on the 

rolling shear properties using downscaled CLT specimens; and 

3) Verifying the identified testing method for determining rolling shear modulus and 

strength of full size CL T specimens. 

1.5 OUTLINE OF THE THESIS 

This thesis contains five chapters. Chapter 1 gives a general introduction to cross 

laminated timber (CLT), reviews literature on the research about rolling shear, addresses 

the issues to be resolved in this thesis, sets out the objectives and scopes of work, and 

outlines the organization of the thesis. 

Chapter 2 compares variable span bending test using downscaled steel-wood-steel (SWS) 

specimens and two-plate shear test on wooden cross layer (WCL) specimen. The 

deflection of a wood-wood-wood (WWW) specimen is predicted using shear analogy 

method based on rolling shear modulus (Grr) of cross layer in SWS obtained from the 
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variable span bending test and that of WCL from two-plate shear test methods. Predicted 

deflection values were then compare~ with the deflection directly measured on the 

WWW specimen. In the end, a suitable methodology for measuring rolling shear 

properties is proposed. 

Chapter 3 describes a supplemental study of Chapter 2, which evaluates the influence of 

growth ring orientation and laminate thickness on the rolling shear properties of wood 

cross layer (WCL) using the two-plate shear test method. 

Chapter 4 presents a study that used the full size specimens to verify the suitability of 

two-plate shear test method identified from Chapter 2 for determining rolling shear 

properties. Gr, can be determined using the two-plate shear test on WCL composed of2 

by 4 lumbers. Based on this value, the deflection of a 3-layer CLT specimen under a 

given span-to-depth ratio is calculated using the shear analogy method. The centre point 

bending tests are therefore performed on the full size 3-layer CLT beam for verification. 

In addition, the effect of specimen width on the rolling shear modulus is evaluated. 

Furthermore, an adjustment factor (a) is developed for accurately predicting the 

deflection of a CLT beam at a span-to-depth ratio ranging from 6 to 50. 

Chapter 5 gives the general conclusions of research, and the recommendation for future 

research. 
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CHAPTER 2 MEASUREMENT OF ROLLING SHEAR MODULUS 

AND STRENGTH OF DOWNSCALED CROSS LAMINATED 

TIMBER SPECIMENS USING BENDING AND TWO-PLATE 

SHEAR TESTS 

21 



ABSTRACT. 

Rolling shear properties of cross laminated timber (CLT) are very low due to the 

configuration of the cross layer. In some applications they are the key properties that 

govern the design and application of CL T. In order to explore an appropriate method for 

assessing the rolling shear properties of CLT, variable span bending test and two-plate 

shear test were conducted. Three types of downscaled black spruce (Picea mariana) 

specimens including wooden cross layer (WCL), steel-wood-steel (SWS) and 3-layer 

downscaled CLT (WWW), were fabricated using one-component polyurethane (for edge 

gluing) and epoxy adhesive (for steel and wood bonding). Deflection of a WWW 

specimen was predicted using shear analogy method based on rolling shear modulus (Grt) 

of cross layer obtained from the variable span bending test and two-plate shear test 

methods and then compared with the deflection directly measured on WWW specimens. 

The test results showed that rolling shear modulus ofWCL from two-plate shear test was 

72.6 lMPa, which was more than twice higher than that of cross layer of SWS from the 

variable span bending test. Rolling shear strength (r) of WWW measured using centre 

point bending method was 2.74 MPa at a span-to-depth ratio of 6. 

Keywords: Cross laminated timber, Rolling shear modulus, Rolling shear strength, Shear 

analogy method, Two-plate shear test, Variable span bending test 
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2.1 INTRODUCTION 

Cross laminated timber (CLT) is manufactured by gluing laminated cross layered solid 

timber planks to form panels. This structure mechanism gives this engineered wood panel 

strength and stiffness, and also dimensional stability. CLT originated from Europe, which 

was first conceived in Switzerland in the 1970s and further developed in Austria. CLT 

became popular as a structural product in the early 2000s, mainly in Austria, Germany, 

Norway, Sweden, Switzerland and the United Kingdom (Crespell and Gagnon 2010). 

CL T has been successfully used in mid-rise and commercial buildings for wall, floor and 

roof constructions. The product has recently attracted the attention of the construction 

industry, building designers and the wood industry in North America. 

Wood can be deemed as an orthotropic material, and there are three principal material 

directions as illustrated in Figure 2-1. Rolling shear is defined as the shear stresses 

leading to shear strains in the radial-tangential (RT) plane (Fellmoser and BlaB 2004). 

Figure 2-2 gives a schematic showing rolling shear strain under rolling shear stresses. 

Due to the structural mechanism of CLT, rolling shear properties of the cross layer in RT 

plane are very low. Therefore, to accurately measure rolling shear properties of the cross 

layer is a key to design and apply CL T products. 

Norlin and Lam (1999) evaluated the shear behavior of 15-ply Douglas fir (Pseudotsuga 

menziesii) laminated veneer lumber (LVL) with two different sizes: 102 or 25 mm in 

width, 38 mm in thickness and 406 mm in length, which was determined by a "flatwise" 

3-point bending test. They found that majority of both specimens resulted in rolling shear 
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Figure 2-1 Three principal axes of wood with respect to grain direction and growth ring 
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failure in the cross-plies and there was no significant difference in failure mode between 

these two types of specimen. Fellmoser and BlaB (2004) studied the rolling shear 

modulus of solid Norway spruce (Picea abies) board using a bending vibration test and 

the effect of span-to-depth ratio on rolling shear properties of a 3-layer CLT panel via 

shear analogy method. They found that the rolling shear modulus of 3-layer panels 

ranged from 40 to 80 MPa, and shear strength was strongly influenced by span-to-depth 

ratio below 20. They suggested that shear deformation in the cross layer had to be taken 

into account when a small span-to-depth ratio appeared in use of CLT. Mestek et al. 

(2008) conducted a 3-point bending test on 5-layer CLT specimens with the dimensions 

of 150x 1000 x4000 mm. They found the strong influence of the cross layer on shear 

behaviour, especially near the concentrated load. The stress peak was 0.083 MPa located 

in the mid-point of the thickness under the loading point. Ayrilmis and Winandy (2007) 

evaluated the rolling shear properties of structural Akaba (Tetraberlinia bifoliolata) 

plywood using two test methods (namely two-plate shear test and 5-point bending test) 

stipulated in ASTM D2718 (2011). They found that the mean rolling shear strength of the 

specimens with the dimensions of 10 x 100 x 290 mm measured by two-plate shear tests 

was 3.8 MPa, which was lower than the 4.8 MPa determined by 5-point bending 

conducted on the specimens with the dimensions of 10 x 100 x 240 mm. They also noted 

that variability of the rolling shear strength in two-plate shear test was three times greater 

than that from 5-point bending test. Yawalata and Lam (2011) investigated the impact of 

manufacturing process variables on rolling shear strength of 3-layer spruce-pine-fir (SPF) 

and hemlock-fir CLT panels with the dimensions of 50 xl02x 686 mm. They discovered 

that the rolling shear strength of 3-layer SPF panels made under a pressure of 0.4 MPa 
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was 2.22 MPa, which was higher than 1.85 MPa underO.l MPa pressure. This result 

suggests that higher manufacturing pressure produces stronger panels, which 

subsequently leads to a higher shear capacity. They also found that species had an impact 

on the rolling shear capacity. The panels made of SPF lumber had a higher value than 

those made of hem-fir lumber under the same pressure. 

Overall, each test method has its own advantages and drawbacks. For example, the failure 

mode of a specimen under bending test is closer to commonly encountered situation of 

CL T under bending action, but secondary stresses exist. Two-plate shear test is relatively 

free of secondary stresses, but the mechanical behaviour of the test specimen is different 

from that experienced under bending action. In most practical cases a superposition of 

different loading modes occurs. The determination of rolling shear properties still poses a 

challenge and needs further investigations. 

It has been reported that the shear analogy method developed by Kreuzinger (1995) is a 

suitable approach to calculate the effective bending stiffness and shear rigidity of a 

laminated beam with semi-rigid connection (Fellmoser and BlaB 2004). In this method, a 

multi-layer laminated beam can be modelled using a series of laminates connected by 

rigid web members. Mathematical expressions can be derived to calculate the effective 

bending stiffness and shear rigidity of the cross section based on the modulus of elasticity 

and shear modulus of each layer. The rigid web members between the two layers can be 

used to model the connection property between the two layers. In the case of a beam 

made of CL T lay-up, the shear modulus of the longitudinal layers can be assumed to be 
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very large, such that the shear deformation can be ignored. For the cross layer, 

'equivalent' shear and bending modulus are required. It has been a challenge for CL T 

manufacturers to provide these equivalent properties because of a lack of proper test 

methods. 

The objective of this study was to compare two methods of measuring the rolling shear 

modulus and strength of CL T with a view to recommend a test method for use by the 

CL T industry. These two methods are the variable span bending and two-plate shear 

tests. 

2.2 MATERIALS AND METHODS 

2.2.1 Materials and Specimen Preparation 

Black spruce (Picea mariana) lumber was obtained from a local sawmill in New 

Brunswick, Canada. A commercial fast-curing epoxy and one-component polyurethane, 

which meet the requirements of structural adhesive in Canada, were chosen for gluing. 

All materials were stored in a conditioning chamber set at a temperature of 20°C and a 

relative humidity of 65%, with a target equilibrium moisture content of 12%. After 

conditioning, the lumber was cut into clear wood strips with cross sectional dimensions 

of 9 x 27 mm and 9 x 36 mm. Then, the density of each strip was measured, which 

ranged from 420 to 445 kg/m3
• All wood strips were divided into six (6) groups which 

were matched based on wood density. Moreover, the strips were further grouped based 

on growth ring orientation: flat-sawn, quarter-sawn and in-between (neither flat- nor 

quarter-sawn). Totally, there were 36 pieces of wooden outer layers. Material properties 
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of outer layer of downscaled 3-layer CLT were measured by the free-free vibration 

method proposed by Chui (1991). Mean modulus of elasticity was 12028 MPa with a 

standard deviation of 1144 MPa, and mean shear modulus was 726 MPa with a standard 

deviation of 141 MPa. Afterwards, material properties were used as input to calculate the 

material properties of the test specimens. 

Two types of downscaled 3-layer specimens were designed and fabricated for variable 

span bending test: steel-wood-steel (SWS) and wood-wood-wood (WWW), as shown in 

Figure 2-3 and Figure 2-4 respectively. The SWS specimen was adopted in this study to 

ensure that the measured deformation was largely due to deformation in the cross layer 

where shear failure occurred. The thickness of steel used in fabrication of a SWS 

specimen was 1.5 mm. 

The shear modulus of cold rolled steel is about 80 GPa, which is 1600 times larger than 

that of European spruce (Picea abies) which has a value of 50 MPa measured by BlaB 

and Gorlacher (2000). When such a SWS specimen is subjected to bending, the shear 

component of the beam deflection can be assumed to be caused primarily by the shear 

strain in wooden cross layer (WCL). Thus, it could be feasible to use this specimen to 

measure the rolling shear modulus ofWCL. The properties ofWCL used in both WWW 

and SWS specimens were matched in terms of wood density and growth ring orientation. 

Therefore, the rolling shear properties of SWS can be used as input to predict the 

deflection of a WWW specimen under the bending test as part of the evaluation of the 

variable bending test method to measure rolling shear properties. 
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Figure 2-3 Side view of SWS specimen 
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Figure 2-4 Side view of WWW specimen 
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The wood strips were edge glued using a one-component polyurethane (PUR) adhesive to 

make two downscaled panels. One panel comprised of laminates with cross sectional 

dimension of 9 x 27 mm was vertically cut into 27 mm-wide strips for the cross layer of 

bending specimens (SWS and WWW). In fabrication of a SWS specimen, two pieces of 

16 gauge cold rolled steel plates were bonded onto the top and bottom of wooden cross 

layer using an epoxy adhesive and pressed under a pressure of 0.6 MPa for 24 hours. For 

the WWW specimen, two wooden outer layers were bonded using the same epoxy 

adhesive on both sides of wooden cross layer to fabricate a WWW specimen, and then 

pressed under the same pressure as the SWS specimen. 

The other panel made by strips with cross sectional dimensions of 9 x 36 mm was then 

vertically cut into 36 mm-wide strips, which was used to fabricate WCL for two-plate 

shear tests. The dimensions of the two-plate shear specimen were proportionally scaled 

down to maintain the same thickness to width ratio specified in ASTM D 2718 (2011 ). 

Steel plates were bonded to both sides of a specimen using an epoxy adhesive. The whole 

assembly was pressed under a pressure of 0.6 MPa for 24 hours to achieve the full 

adhesive bond strength. 

The dimensions of three types of specimens are given in Table 2-1. All specimens were 

kept in a conditioning room of a temperature of 20°C and a relative humidity of 65% for 

at least two weeks before testing. There were six ( 6) replicates for each type of specimen, 

generating a total of 54 specimens. 
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2.2.2 Methods 

2.2.2.1 Variable-span bending test 

Centre point bending test was, with reference to ASTM D 198 (2009), conducted at four 

(4) span-to-depth ratios (L/h): 5.5, 6.5, 8.5, and 14. The test setup is shown in Figure 2-5. 

A specimen was loaded using a universal testing machine with a cross head movement of 

0.254 mm/min. The mid-span deflection (~) was measured using a 25 mm linear variable 

differential transformer (LVDT) up to a load of0.5 kN. The sequence of the testing was 

tested from the longest to the shortest span, with the length of the specimens trimmed 

after each test. Em and Gapp were calculated using equation ( 1 ), which is illustrated in 

Figure 2-6, where Em,app is apparent modulus of elasticity that incorporates the influence 

of shear deformation, Em is the true modulus of elasticity, Gapp is shear modulus, his the 

depth of cross section and L is the span of specimen. 

_1_ = 2-+-1-(~)2 
Em,app Em KGapp L 

(1) 

WWW specimens were loaded to failure under the span-to-depth ratio of 6.5 via centre 

point bending test conducted by following ASTM D 198 (2009) to determine the rolling 

shear strength. The failure mode of each specimen was observed and recorded. 
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Figure 2-5 Schematic for centre point bending setup 
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Figure 2-6 Determination of Em and Grt by means of the variable span bending test 
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Table 2- 1 Dimensions of test specimens 

Method 
Specimen Growth ring L x w x h (mm) Number of 

type orientation seecimens 

Steel-
Flat sawn 6 

Wood-
In-between 200 X 27x 12 6 

Steel 
(SWS) 

Quarter sawn 6 
Bending 

test 
Wood-

Flat sawn 6 

Wood- In-between 432 X 27 X 27 
Wood 6 

(WWW) 
Quarter sawn 6 

Wooden 
Flat sawn 6 

Two-
Cross 

plate 
Layer 

In-between 108 X 36 X9 6 
shear test 

(WCL) 
Quarter sawn 6 

2.2.2.2 Two-plate shear test 

Two-plate shear test was conducted according to ASTM D2718 (2011). The test setup is 

shown in Figure 2-7. A load was applied to the steel plate at a rate of 0.508 mm/min. 

Displacement of one plate relative to the other due to shear deformation was measured 

using a LVDT. The inclination angle (0) was 3.4°. 

2.2.3 Verification Analysis by the Shear Analogy Method 

To compare two methods of measuring the shear modulus of the cross layer, the 

deflection of WWW specimen was estimated by the shear analogy method proposed by 
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Kreuzinger (1995) based on Em and the Gr1ofthe cross layer measured by either variable 

span bending tests or two-plate shear tests. Equation (2) was used to calculate the 

deflection of a WWW specimen, 

d 1 PL3 [l 12X(El)effXK] 
C =-X--X +--......... -

48 (El)eff (GA)effXL2 

where, Pis load applied (N), (El)effis effective bending stiffness (Nmm2), (GA)eff is 

effective shear stiffness (Nmm2), and K is shear coefficient form factor. 

The shear stress along the thickness is expressed by equation (3), 

V z,d X f A E(Z).Z.d.A 
r( Z) d = --K-cL_To __ x_b_(Z-) -

Bending stiffness of a 3-layer cross section can be determined by equation ( 4), 
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Figure 2-7 Experimental set up for two-plate shear tests 
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(4) 

where Vz,d is the shear force, E(Z) is the modulus of elasticity of a layer, Z is the distance 

between the centroid of a layer and the neutral axis of the whole cross section, b is the 

width of a layer, n is the number of layers (n=3 for this study), i represents an individual 

layer and Ji is the second moment of inertia of a layer. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Rolling Shear Modulus and Strength Measured using Two Methods 

Rolling shear modulus ( Grr) obtained from the two methods is summarized in Table 2-2. 

It can be noted that the shear modulus measured from the in-between specimens was 

higher than either flat-sawn or quarter-sawn boards for both SWS bending and two-plate 

shear tests. However within one specimen type the average modulus values of the three 

growth ring orientation groups are similar, with the exception of the flat-sawn WCL 

group which has modulus value considerably lower than the other two WCL groups. 

Similar anomaly is not detected in the shear strength results shown in Table 2-3, and the 

reason for this is unknown. Nevertheless, in subsequent discussion all growth ring 

orientation results are combined since this reflects the nature of the CL T products in 

commercial production. 
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In comparing the test results shown in Table 2-2, it is noted that the average Gr1ofWCL 

from two-plate shear test is 2.14 times that of SWS from bending test. However, the 

results clearly show that there exists a larger variation of Grt from two-plate shear test 

than that from bending tests. This is not surprising because the large variability reflects 

variation between steel and wood, as well as variation within wood, which suggests that 

two-plate shear test is more sensitive to material heterogeneity. The proposed value of 

rolling shear modulus for structural sized boards was 50 MPa by BlaB and Gorlacher 

(2000). Grt of the cross layer obtained from SWS specimens under bending test is 68% 

(33.9 MPa) of the proposed value. On the other side, Gr1ofthe cross layer from two-plate 

shear test was 72.6 MPa, which is 45% higher than the proposed value. It is not 

surprising that the bending test produces lower shear modulus than the conventional two

plate shear test because the test set-up leads to measurement of deformation not caused 

by shear stress. The key question here is whether apparent shear modulus would lead to a 

more accurate prediction of CL T beam deflection. This issue will be examined later in 

this paper. 

The results from Table 2-3 reveal that average rolling shear strength (t) of WWW 

specimen from bending test is 2. 7 4 MPa, which is 31 % higher than that of WCL from 

two-plate shear test. This could be explained by the differences in the specimen 

configuration and its influence on the state of shear stress in the two types of specimens. 

The difference can also be explained by the deviation of the actual shear stress 

distribution from that assumed by the theory on which the calculation equations ( e.g. 

equation (3)) are based. 
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Table 2- 2 Means and COVs of rolling shear modulus 

Method Specimen type 
Growth ring Gn COY 
orientation (MPa) (%) 

Flat sawn 32.02 4.2 

Variable span 
In-between sawn 38.12 2.3 

sws 
bending test 

Quarter sawn 31.55 3.4 

Average 33.90 3.3 

Flat sawn 46.27 18.07 

Two-plate shear 
In-between sawn 88.53 18.09 

WCL 
test 

Quarter sawn 83.03 15.55 

Average 72.61 17.23 

Table 2- 3 Means and COV s of rolling shear strength 

Method Specimen type 
Growth ring 

t (MPa) COY(%) 
orientation 

Flat sawn 2.81 6.84 

Variable span 
In-between sawn 2.84 10.74 

WWW 
bending test 

Quarter sawn 2.57 8.73 

Average 2.74 8.77 

Flat sawn 2.13 14.84 

Two-plate 
In-between sawn 2.12 11.58 

shear test 
WCL 

Quarter sawn 2.02 6.56 

Average 2.09 10.99 
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Two-way ANOV A with replicates was conducted using IBM SPSS Statistics 20 (SPSS 

2011) at the 5 percent significance level to examine the effect of specimen type and 

growth ring orientation on Grt and r. The results in Table 2-4 show that both specimen 

type and growth ring orientation had a statistically significant effect on Grt· And there 

was a significant difference in Grt between SWS and WCL specimens. The results in 

Table 2-5 indicate that specimen type had a significant effect on r, while, the growth ring 

orientation did not have a significant effect on r. Moreover, there was no significant 

difference in r between SWS and WCL specimens. 

Typical load - deformation curves of bending test and two-plate shear test are displayed 

in Figure 2-8. It can be found that the specimen under bending failed in a brittle manner 

but the failure mode of the two-plate shear test specimen was ductile, which is in line 

with the findings ofNorlin and Lam (1999). 

2.3.2 Verification Analysis using the Shear Analogy Method 

Using the Gr1of SWS measured from the variable span bending and the GrtOf WCL from 

two-plate shear test methods, the calculated deflections ( de) of the WWW beam were 

then compared to measured deflections (dm) to assess the applicability of the two test 

methods. Comparison results are shown as Figure 2-9 and Figure 2-10. As expected, 

span-to-depth ratio, L/h, has a significant effect on the deflection of WWW specimen. 

Overall, dm and de are obviously increasing with increasing L/h for both specimens. 
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For de based on Em and Grt value obtained from SWS under the variable span bending 

test, it was observed from Figure 2-9 that dm is higher than de at Llh = 5.5, agrees well for 

L/h = 6.5, and is lower than de for Llh greater than 6.5. This information can assist us in 

identifying a suitable span-to-depth ratio if the centre point bending test procedure 

associated with the use of SWS test specimen is to be adopted for measuring rolling shear 

modulus that can be used in design calculation of CL T beam deflection. 

Table 2-4 Two-way AN OVA on the effect of specimen and growth ring orientation on 
rolling shear modulus (Grt) 

Source of Variation ss df MS F P-value 

Specimen 13250.79 1 13250.79 175.0323 4.69E-14 
Growth ring 
orientation 3771.762 2 1885.881 24.91097 4.22E-07 

Interaction 2616.957 2 1308.479 17.28395 l.02E-05 

Within 2271.145 30 75.70484 

Total 21910.65 35 

Table 2-5 Two-way ANOV A on the effect of specimen and growth ring orientation on 
rolling shear strength(,:) 

Source of 
Variation ss df MS F P-value 

Specimen 3.822 1 3.8216 69.2918 0.0000 
Growth ring 
orientation 0.102 2 0.0509 0.9226 0.4085 

Interaction 0.216 2 0.1079 1.9566 0.1590 

Within 1.655 30 0.0552 

Total 5.794 35 
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Figure 2-8 Typical load-displacement curves from bending test and two-plate shear test 
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Figure 2-9 Comparison between the measured deflection (dm) and the calculated 
deflection ( de) of WWW based on pure modulus of elasticity (Em) and the rolling shear 

modulus (Grr) measured with SWS bending test 
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As can be seen in Figure 2-10, de calculated with input from the Gr, ofWCL under two

plate shear test is lower than dm at low span-to-depth ratios. The difference between de 

and dm however decreases with increasing span-to-depth ratio. At Llh of 14, de slightly 

exceeds dm. This finding seems to indicate that the deflection could be well predicted 

when the span-to-depth ratio was around 14 based on to Gr1ofWCL from two-plate shear 

test. The reason may be because the predicted values were based on the ratio of true 

effective bending stiffness (El)eff and effective shear stiffness (GA)effi which are apparent 

parameters used to describe the overall stiffness properties of a composite cross-section 

based on the assumption of an equal cross-section of a homogeneous material. For 

increasing Llh, the shear influence fell but bending influence rose. Consequently, (GA)eff 

decreased and (El)eff increased, which resulted in the increasing (El)eJ/(GA)effand higher 

predicted deflection. 

In general the two-plate shear test can be considered to be a more appropriate test 

method, since it is relatively free of influence of stresses other than shear. However, the 

bending test approach offers two advantages. First, it is easier to perform and the 

specimen preparation is simpler. Second, the loading configuration resembles more 

closely the practical situations when rolling shear properties are required for design i.e. 

bending. As can be noted in Figure 2-9, the shear modulus measured by the variable span 

bending test method provided good estimate of total CL T beam deflection only for span

to-depth ratios that are smaller than 8. In practice the span-to-depth ratios are typically 

much larger than 8. For span-to-depth ratio greater than 8 this approach can grossly over

estimate the beam deflection as illustrated in Figure 2-9. In contrast to the results 
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obtained based in the variable span bending test approach, the beam deflection prediction 

using the rolling shear modulus measured by the two-plate shear test agrees with 

measured beam deflection at larger span-to-depth ratio about 14 as shown in Figure 2-10. 

In any case, based on the results presented in this paper, the two-plate shear test appears 

to be a more appropriate method for measuring G rt of the cross layer in CL T. 

2.3.3 Failure Modes 

The failure modes of the specimens under both methods were recorded during the tests. 

Figure 2-11 illustrates the failure of a WCL specimen under a two-plate shear test, in 

which a crack( s) initiated within the earlywood zone near the boundary between two 

growth rings, propagated in a zig-zag pattern along growth rings and wood rays, and 

accumulated in the bonding area until the delamination appeared. Additionally, rolling 

shear failure produced in several locations along the cross layer direction, which proved 

that two-plate shear test could produce almost pure shear along the specimen. 

For SWS and WWW specimens under bending tests, shear failure also initiated as a 

crack(s) in the earlywood zones of the cross laminate between the loading point and 

reaction support, mainly propagated along wood rays, and secondly along a growth 

ring(s). Finally, specimens failed at the bonding surface or delaminated due to shear, as 

shown in Figure 2-12 and Figure 2-13. Further observation revealed that failure locations 

for both SWS and WWW specimens were close to the loading point. This agrees with the 

findings of Mestek et al. (2008) who predicted that the shear failure would occur close to 

the loading point based on two-dimensional finite element model. 
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Figure 2-10 Comparison between the measured deflection (dm) and the calculated 
deflection (de) of WWW based on the rolling shear modulus (Gr1) of WCL measured by 

two-plate shear test 
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Figure 2-11 WCL failure under the two-plate shear test 
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Figure 2-12 SWS failure under the bending test 
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Figure 2-13 WWW failure under the bending test 
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2.4 CONCLUSIONS 

It appeared that two-plate shear test was a more appropriate test method for assessing the 

rolling shear modulus of a cross layer in CLT. Furthermore, the bending test might be an 

appropriate test method for determining the shear strength of CL T, because it could 

produce a failure mode similar to that encountered under bending, which is a common 

loading configuration that produces rolling shear failure. The following conclusions 

could be drawn: 

1) The average rolling shear modulus of wooden cross layer (WCL) measured from 

two-plate shear tests was 72.6 MPa, which was more than twice higher than that 

of measured from bending test using steel-wood-steel (SWS) specimens; 

2) The average rolling shear strength of 3-layer downscaled CLT (WWW) was 2.74 

MPa under 3-point bending tests at a span-to-depth ratio of 6; 

3) Both specimen type and growth ring orientation had a statistically significant 

effect on Grt, Specimen type had a significant effect on r, while, the growth ring 

orientation did not have a significant effect on r; 

4) It was found that the shear analogy method could be used to more accurately 

predict the deflection of a downscaled 3-layer CL T (WWW) specimen using the 

rolling shear modulus measured by the variable span bending test when the span

to-depth ratio was relatively small. In comparison, the rolling shear modulus from 

the two-plate shear test could produce more accurate deflection of a downscaled 

specimen using the shear analogy method when the span-to-depth ratio was 

relatively large; and 
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5) The SWS and WWW specimens under bending failed in a brittle manner, while 

the WCL specimen under two-plate shear loading was broken in a ductile fashion. 
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CHAPTER 3 EFFECT OF GROWTH RING ORIENTATION AND 

THICKNESS OF LAMINATES ON THE ROLLING SHEAR 

PROPERTIES OF SMALL WOODEN CROSS LA YER USING THE 

TWO-PLATE SHEAR TESTS 
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ABSTRACT. 

This study was aimed at investigating the influence of growth ring orientation and 

laminate thickness on the rolling shear properties of wood cross layer (WCL). Wood 

laminates of small clear black spruce (Picea mariana) with three different growth ring 

orientations (i.e. flat sawn, in-between and quarter sawn) were edge-glued to produce 

WCL specimens. Two-plate shear tests were carried out on the specimens of three 

thicknesses (i.e. 5 mm, 9 mm and 16 mm). It was found that the growth ring orientation 

had a significant effect on the rolling shear modulus of WCL but did not have a 

statistically significant effect on the rolling shear strength. It was also found that the 

rolling shear modulus decreased dramatically as the thickness of a specimen increased. 

However, the rolling shear strength was fairly constant. The largest rolling shear modulus 

and strength were 89 MPa and 2.12 MPa, respectively, for laminates with the in-between 

sawn growth grain. The largest rolling shear modulus and strength were 101 MPa and 

2.98 MPa, respectively, which occurred in the 5-mm-thick specimens of quarter sawn 

grain. 

The specimens with different growth ring orientation and thickness failed in a typical 

rolling shear failure duo to the low rolling shear resistance in the RT plane of wood. 

However, the development of failure in a specimen differed to some degree, which was 

dependent on the growth ring orientation and thickness. 

Keywords: Failure mode, Growth ring orientation, Rolling shear properties, Specimen 

thickness, Two-plate shear tests, Wooden cross layer 
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3.1 BACKGROUND 

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 (Fellmoser and BlaB, 2004). In real 

situation of CL T 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 CL T 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 

{type of connection, lay-up, size and geometry of the laminate's cross section) (Munthe 

and Ethington 1968, Aicher and Dill-Langer 2000, Joebstl et al. 2002, Yawalata and Lam 

2011 ). Munthe and Ethington ( 1968) studied the rolling shear properties of Sitka spruce 

board (Picea sitchensis) under two-plate shear tests. They found that rolling shear 

strength in the radial-tangential plane was 1.77 MPa, which was only 19.5% of that in 

longitudinal-tangential plane. The shear failure of test specimens almost entirely took 

place within the wood. Aicher and Dill-Langer (2000) quantitatively analyzed the rolling 

shear modulus (Gr,) of 3-layer spruce boards using Finite Element Method. They found 

Gr, value was between SOMPa and 200MPa depending on the growth ring orientation. 

Joebstl et al. (2002) 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. He found that isotropic shear strength of glued boards 
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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. Y awalata and Lam (2011) 

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. This indicated that the species had an impact on the rolling shear strength. 

Baldassino et al. (1997) 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. They found that rolling shear 

properties of Poplar plywood were fairly constant at whatever the orientation and 

thickness (12, 18 and 24 mm). The mean rolling shear strength was 1.8 MPa and mean 

rolling shear modulus was 27.33 MPa. Thomas (2004) 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). 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. (2013) conducted the variable span bending tests and two-plate shear tests using 

downscaled 3-layer specimens including WCL, steel-wood-steel (SWS) and wood-wood

wood (WWW). 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 CL T specimens. 
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In this study, two-plate shear tests were conducted on WCL to evaluate the effect of 

growth ring orientation and cross layer thickness on the rolling shear modulus and 

strength ofWCL in downscaled CLT specimens. 

3.2 MATERIALS AND METHODS 

· 3.2.1 Materials 

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 x 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 sawn, in

between, and quarter sawn) and their respective density values targeting to a large extent, 

that cross layers of all specimens had similar anatomical structure and properties. Wood 

stripes were glued side by side using a one-component 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. 

In order to evaluate the effect of specimen thickness on the rolling shear properties of 

WCL, another two groups ofWCL with the thickness of 5 mm and 16 mm were also 

fabricated following the same process as above. However, only wooden laminates with 
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quarter sawn were considered here. The cross-section dimensions of a specimen were 36 

mm in width and 108 mm in length, and the thicknesses were 5mm, 9 mm and 16 mm. 

Again, nine replicates were prepared for each thickness. 

3.2.2 Methods 

The two-plate shear tests were performed in accordance with ASTM D2718 (ASTM 

2011). The test set-up is shown in Figure 3-1. 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 the figure, 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). 
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Figure 3-1 Experimental set-up for two-plate shear test 
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Assuming that the strains in the loading plates and in the bond between the plates and the 

specimen can be negligible, the rolling shear strength and modulus are calculated using 

equations (1) and (2) (Sretenovic et al. 2005): 

cos8 Pmax 
r=--

bL 

h IJ.P 
Grt = bLIJ.y 

(1) 

(2) 

where, bis specimen width (mm), his specimen thickness (mm), Lis specimen length 

(mm), P max is maximum load (N), () is the inclination of the set-up, and f:.P is slope of the 
IJ.y 

straight line portion of the load-deformation curve (N/mm). The measured P max is 

corrected for the inclination of the specimen by multiplication with the cosine of 

inclination (). In fact, the inclination is closely related to the thickness of the specimen. 

The relationship between the inclination and thickness of the specimen, as shown in 

Figure 3-1, can be calculated using equation (3): 

tan() = h 
150 

(3) 

where, h is the thickness of a specimen, and 150 mm is the length of a steel plate (Figure 

3-1). 

62 



3.3 RESULTS AND DISCUSSION 

3.3.1 Effect of Growth Ring Orientation on Rolling Shear Properties 

Representative load- shear deformation curves from specimens with different growth ring 

orientation are shown in Figure 3-2. Rolling shear modulus (Gr,) of cross layer with 

different growth ring orientation under two-plate shear test in terms of growth ring 

orientation is shown in Figure 3-3 and Figure 3-4. As can be seen, Grt firstly increased 

and then decreased with the increasing growth ring orientation from flat-sawn orientation. 

The highest Gr, 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 (Smith et al. 

2003). 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 truss-like system via 

the relatively stiffness diagonals in the radial-tangential on-axis direction (Aicher and 

Dill-Langer, 2000), which resulted in the largest area to resist the shear stresses. 

Figure 3 shows that rolling shear strength (r) 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. 
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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 

( 45°) growth ring orientation. This might be critical for certain applications. 

One-way analysis of variance (ANOVA) on Gr, and r with replicates was carried out 

using IBM SPSS statistics 20 (SPSS 2011) at the 5 percent significance level. Results in 

Tables 3-1 and 3-2 indicated 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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Table 3-1 ANOVA on the effect of growth ring orientation on rolling shear modulus 

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 3-2 ANOV A 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 

3.3.2 Influence of Cross Layer Thickness on the Rolling Shear Properties 

Figure 3-5 illustrates the representative load-deformation curves from three specimens of 

different thickness. Rolling shear modulus (Gr1) and strength (r) of three specimens with 

different thicknesses are summarized in Figure 3-6 and Figure 3-7. It can be observed 

that the rolling shear modulus decreased dramatically as the thickness increased. The 

maximum Grr was 101 MPa when the cross layer thickness was 5 mm, which was 22% 

and 55% higher than those specimens of cross layer thickness of 9 mm and 16 mm, 

respectively. The rolling shear strength appeared to follow the same trend. The maximum 
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r was 2.98 MPa for the specimens with a cross layer thickness of 5 mm, which was 33% 

higher than those specimens with thickness of 9 mm and 16 mm. The reasons could be 

that (1) the 5-mm-thick specimen contained less defects than the rest two types of 

specimens; and (2) the adhesive impregnated a greater percentage into a thinner specimen 

which might reinforce the wood surface layer(s). 

One-way ANOV A on Grt and r with replicates was done using IBM SPSS statistics 20 

(SPSS 2011) at the 5 percent significance level. The results are shown in Tables 3-3 and 

3-4. Both p-values suggested that the cross layer thickness had a statistically significant 

effect on both rolling shear modulus and strength. This result may be because the shear 

force would maintain almost in a straight line during the test when the specimen 

thickness and the inclination of setup were small, which would produce nearly pure 

shear. 

Table 3-3 ANOV A analysis on the effect of specimen thickness on rolling shear modulus 

Source of Variation SS df MS F p-value 

Between Groups 9348.263 2 4674.132 19.4372 3.19E-05 

Within Groups 4328.524 18 240.4736 

Total 13676.79 20 

Table 3-4 ANOV A analysis on the specimen thickness on rolling shear strength 
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Source of Variation SS df MS F p-value 

Between Groups 3 .497867 2 1.7489 35.39327 5.79E-07 

Within Groups 0.889457 18 0.0494 

Total 4.387324 20 
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Figure 3- 5 Representative load-deformation curves of specimens with different thickness 
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3.3.3 Failure Modes 

Types of failure modes for specimens with different growth ring orientation and thickness 

are shown in Figures 3-8 and 3-9. 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 (2000)), and along wood rays for a specimen of quarter sawn 

growth ring orientation. Eventually, cracks reached the bonding surface leading fracture 

of a specimen. 

For those specimens of the same quarter sawn growth ring orientation but different 

thickness values, the failure progress was found to be similar. A crack(s) initiated within 

the earlywood zone within a growth ring(s), and then propagated mainly along wood 

rays, and secondly along a growth ring(s), and finally accumulated in the bonding area 

until the delamination appeared. In addition, it was observed that a specimen tended to 

fail in a more ductile mode with increasing its thickness (Figure 3-5). This result might be 

because a thicker specimen contained more than one growth ring and fracture occurred in 

one first and then another one, resulting in a tooth like failure pattern in the load

deformation curve after the first peak load. 
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To sum up, specimens with different growth ring orientation and thickness all 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, which was dependent on the 

growth ring orientation and thickness. 
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a. Flat sawn b. In-between c. Quarter sawn 

Figure 3-8 Fracture morphology of specimens with various growth ring orientations 
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a. 5mm b. 9mm c. 16mm 

Figure 3- 9 Fracture morphology of specimens with various thicknesses 
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3.4 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; 

3) Rolling shear modulus decreased as the thickness increased, however, rolling 

shear strength was fairly constant. The maximum rolling shear modulus and 

strength of 101 MPa and 2.98 MPa, respectively were found for 5 mm thick 

wooden cross layer; and 

4) Specimens with different growth ring orientation and thickness all failed in a 

typical rolling shear failure due to the low rolling shear resistance in 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. 

Furthermore, it could be concluded that a thinner cross layer with in-between growth ring 

orientation could have larger rolling shear modulus and strength, which could 

subsequently produce a stronger CLT product. 
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CHAPTER 4 MEASUREMENT OF ROLLING SHEAR MODULUS 

AND STRENGTH OF CROSS LAMINATED TIMBER 
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ABSTRACT. 

The design and application of cross laminated timber (CL T) is strongly influenced by the 

rolling shear properties of its cross layers. Hence, to predict the performance of CL T 

requires accurate information about its rolling shear properties. In this study, the rolling 

shear modulus of wooden cross layer (WCL) of 3-layer CLT was measured by two-plate 

shear test. The rolling shear modulus measured was then used as input to predict, using 

the shear analogy method, the deflection of a 3-layer CL T beam subjected to the centre

point bending load. Subsequently, the bending test was conducted to directly obtain the 

deflection of a 3-layer CLT beam for validation. The results from two-plate shear tests 

revealed that the rolling shear modulus of WCL was 136 MPa, which was made of 38 

mm by 89 mm black spruce lumber of No. 3 grade. By comparing the calculated 

deflection (de) with the measured deflection (dm) of3-layer CLT beam specimens, it was 

found that de by the shear analogy method based on the rolling shear modulus of the 

cross layer measured via the two-plate shear test could, with an adjustment factor (a), 

provide a good estimate on dm with different span-to-depth ratios under the centre-point 

bending. Additionally, the bending test results showed that the specimen width did not 

have a statistically significant effect on apparent modulus of elasticity (E) and apparent 

shear modulus (Gapp) of 3-layer CLT beam. 

Keywords: Cross laminated timber, Centre-point bending test, Rolling shear modulus, 

Rolling shear strength, Shear analogy method, Two-plate shear test 
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4.1 INTRODUCTION 

Cross laminated timber (CLT) is a timber panel produced by gluing cross-wise oriented 

layers of lamellas together in an odd number of layers. Compared to the raw material or 

other engineered wood products, the advantages of CL T are the homogenized mechanical 

and physical properties. Therefore, CL T are suitable for use as load bearing panels (floor 

or roof) that are subjected to out-of-plane bending and shear walls. However, as an 

innovative engineered wood product, research is still required to properly quantify some 

of the engineering design properties. It was found that rolling shear properties in CL T are 

critical design properties for out-of-plane bending applications (Bla8 and Gorlacher 

2000). For example, CLT panel deflection under bending can be attributed significantly 

to shear deformation in the cross layers. Rolling shear strength can control design under 

short-span bending and bending under a concentrated load. And it is critical for CL T used 

in beam application, such as header, lintel, etc. This can be attributed to the low rolling 

shear capacities of cross layer in radial-tangential (RT) plane when under out-of-plane 

bending. There is currently no suitable standardized test method for determining the 

rolling shear properties of full-size CLT specimens. Therefore, an in-depth study on the 

rolling shear properties and the development of a proper test method is required for 

understanding the mechanical behavior of CL T. 

Rolling shear is defined as the shear stress leading to shear strains in the radial-tangential 

(rt) plane (Fellmoser and Bla8 2004) as can be seen in Figure 4-1. Due to the structural 

mechanism of CLT, rolling shear properties of the cross layer in RT plane are very low. 
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Figure 4-1 Three principal axes of wood with respect to grain directions 
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Recently, European researchers explored suitable testing methods for determining rolling 

shear properties of CLT. Aicher and Dill-Langer (2000) predicted, using the finite 

element method, the rolling shear modulus (Gr1) of 3-layer Norway spruce (Picea abies) 

boards between 50MPa and 200MPa depending on the growth ring orientation. Fellmoser 

and BlaB (2004) studied the rolling shear modulus of solid Norway spruce (Picea abies) 

board using a bending vibration test and the effect of span-to-depth ratio on the rolling 

shear properties of a 3-layer CLT panel via the shear analogy method. They found that 

the rolling shear modulus of 3-layer panels ranged from 40 to 80 MPa, and shear 

deformation was strongly influenced by the span-to-depth ratio below 20. They suggested 

that the shear deformation in the cross layer had to be taken into account when a small 

span-to-depth ratio appeared in use of CLT. Steiger et al. (2008) developed an automated 

procedure to determine two in-plane elastic modulus (Er, E1) and the three shear modulus 

(G1r, G,1 and Grt) of 3-layer Norway spruce (Picea abies) CLT panels. They conducted an 

experimental modal analysis to determine the natural frequencies and mode shapes of the 

panel, and then calculated the natural frequencies and mode shapes based on Reddy' s 

high order plate theory. They found that all these parameters could be identified by 

minimizing the difference between measured and estimated natural frequencies. 

In North America, the CLT product standard ANSI/APA PRG320 (APA 2012) proposes 

the flatwise centre-point loading method, in accordance with ASTM D 198, for measuring 

the shear properties of CL T products. Y awalata and Lam (2011) investigated the impact 

of manufacturing process variables on the rolling shear strength of 3-layer spruce-pine-fir 

(SPF) and hemlock-fir CLT panels with the dimensions of 50 x 102 x 686 mm. They 
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found that the rolling shear strength of 3-layer SPF panels made under a pressure of 0.4 

MPa was 2.22 MPa, which was higher than that (1.85 MPa) ofCLT manufactured under 

0.1 MPa pressure. This result suggested that higher manufacturing pressure produces 

stronger panels, which subsequently led to higher shear strength. They also found that the 

species had an impact on the rolling shear strength. The 5-layer CL T panel made of 

spruce-pine-fir (SPF) group had mean rolling shear strength l.89MPa, which was 13% 

higher than that of the hemlock-fir group. Pirvu (2011) conducted two-plate shear tests on 

lodgepole pine (Pinus contorta) specimens composed of edge-glued or unglued (with a 2 

mm gap) wood laminates of cross sections of38 mm by 38 mm, 38 mm by 89 mm and 38 

mm by 140 mm. He discovered that mean rolling shear modulus increased with 

increasing cross-section dimensions for those specimens with 2-mm gaps between wood 

laminates, while it slightly decreased with increasing cross sectional size for the edge

glued specimens. The maximum mean rolling shear modulus was 210 MPa for edge

glued specimens made of the 38 mm by 38 mm lumber, and the other two sizes of 38 mm 

by 89 mm and 38 mm by 140 mm had almost the same modulus at about 170 MPa. This 

suggests that specimen width has no effect on rolling shear modulus when the width 

exceeds a certain value. Zhou et al. (2013) conducted variable span bending tests and 

two-plate shear tests on three types oftest specimens: wooden cross layer (WCL), steel

wood-steel (SWS) and 3-layer downscaled CLT (WWW). They found that the results 

from the two-plate shear test could be used as input to accurately predict deflection of 

CL T beam specimen at common span-to-depth ratios. 
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This study was aimed at assessing the applicability of the two-plate shear tests for 

measuring the rolling shear properties of 'full size' edge-glued WCL specimens made of 

38 mm by 89 mm lumber. Results were verified by comparing the deflection of a 3-layer 

CL T beam predicted by the shear analogy method and the deflection directly measured 

by the centre-point bending tests. 

4.2 MATERIALS AND METHODS 

4.2.1 Materials and Specimen Preparation 

A sample of black spruce (Picea mariana) lumber was obtained from a local supplier in 

New Brunswick. The sample included structural light framing No. 3 grade (NLGA 2010) 

38 mm by 89 mm and No. 2 (NLGA 2010) grade 38 mm by 140 mm lumber. All lumber 

pieces were placed in a conditioning chamber set at a temperature of 20°C and relative 

humidity of 65%, with a target equilibrium moisture content of about 12%. 3-layer CLT 

beams were manufactured at the Wood Science and Technology Centre, University of 

New Brunswick. 

According to ANSI/APA PRG 320 (APA 2012), the lumber used in the perpendicular 

layer and the parallel layer ofV2 grade CLT shall be visual grade No. 3 and No. 2, 

respectively. The No. 3 grade 38 mm by 89 mm lumber pieces were used for the cross 

layer, whereas No. 2 grade 38 mm by 140 mm lumber pieces were used for the outer 

layers. First, No. 3 grade 38 mm by 89 mm was cut into laminates with the length of 800 

mm. The modulus of elasticity (MOE) of each laminate was determined by the centre

point bending test. Then, all the lumber pieces were divided into three matched groups in 
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terms of MOE, producing a similar mean MOE value for each panel. The laminates for 

each cross layer were edge planned and glued by a commercial polyurethane adhesive 

(ISOSET SX-1050) to form a panel. The spread rate of adhesive was 300 g/m2
• The side 

pressure was applied by clamps on two sides for 24 hours until the adhesive was fully 

cured. The panel was then vertically cut to form wooden cross layer (WCL) for two-plate 

shear test. Two aluminum plates were bonded to a WCL specimen using an epoxy 

adhesive (SYSTEMTHREE G2). The spread rate of the epoxy adhesive was 319 g/m2
• 

The whole assembly was pressed at 0.6 MPa face pressure and cured for 24 hours to 

achieve the maximum strength. In total, 3 panels were made, and each panel produced 4 

pieces of WCL with dimensions of 32 x 150 x 450 mm for two-plate shear test and 3 

pieces of WCL with dimensions of 32 x 222 x 2500 mm for 3-layer CL T bending test 

specimen. 

The modulus of elasticity (E) of WCL, and the MOE and shear modulus (G1,) of the No. 2 

grade 38 mm by 140 mm lumber was measured using the free-free beam vibration test 

method (Chui 1991). Test setup is shown in Figure 4-2. Specimen thickness, length, 

density, first and second natural frequencies were input to a computer program that 

incorporates the algorithm described by Chui (1991) to calculate MOE and G1, values. 

The test results are summarized in Table 4-1. 

87 



Figure 4-2 Setup for a free-free beam vibration test 
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Table 4-1 MOE and G11 values ofWCL and lumber 

MOE (MPa) Git (MPa) 

Edge glued laminates 38 mm by 140 mm 38 mm by 140 mm 
in the cross layer No. 2 grade lumber No. 2 grade lumber 

Average 8278 13413 1171 

cov (%) 18.8 15.2 35.0 

Minimum 4612 9984 667 

Maximum 12232 17602 1586 

Count 97 40 40 

Note: Git is the shear modulus of lumber in the longitudinal-tangential (LT) plane. 

After measurement ofE and Git values by vibration testing, a group of 4 pieces of No. 2 

grade 38 mm by 140mm lumber were cut and planed first. Afterwards, they were laid 

perpendicular and face-glued to the top and bottom of the cross layer to produce a 3-layer 

CL T specimen for bending test. The final thickness of the CL T specimens was 96 mm 

(32,32,32 mm). The outer layer was face-glued using the same polyurethane adhesive 

under a pressure of 0.6 MPa. The pressure was held for 24 hours to let the glue fully 

cured. In the end, 3-layer CLT beam with the actual dimension of 96 x 222 x 2492 mm 

was made. Originally, 9 pieces of 3-layer CLT beam with a width of 222 mm were made. 

After two consecutive cutting on the width, 9 pieces with a width of 144 mm, 9 pieces 

with a width of 96 mm and 18 pieces with a width of 48 mm were obtained. The 

dimensions and number of each type of specimen are given in Table 4-2. 
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4.2.2 Methods 

4.2.2.1 Measurement of rolling shear properties of a cross layer using the two-plate 

shear test 

The two-plate shear test was conducted according to ASTM D2718 (ASTM 2011). The 

test setup is shown in Figure 4-3 in both front view (a) and side view (b). A load was 

applied to the aluminum plates at a rate of 0.508 mm/min. The displacement of one plate 

relative to the other due to shear deformation was measured via two linear variable 

differential transformers (L VDTs) on the two sides. The average value of two measures 

was used to calculate G rt· 

The rolling shear modulus ( Grt) of a specimen can be determined by equation (1) (ASTM 

2011). 

h p 
Grt =-*L.w fl 

(1) 

where, h is the specimen thickness, L is the specimen length, w is the specimen width, 

and ~ is the slope of the load-deformation curve below the proportional limit. 

Shear strength ( r) of a specimen can be computed based on the peak load in accordance 

with equation (2) (ASTM 2011 ). 

Pmax r=-
L.w 

(2) 
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where, P max is the peak load. 

Table 4-2 Dimensions and number of test specimens 

Specimen 
Dimension (mm) 

Method 
type 

Length Width Thickness 

Two-plate 
WCL 450 150 32 

shear test 

222 

144 
Bending test 3-layer CLT 2492 96 

96 

48 

Number of 
specimens 

12 

9 

9 

9 

18 

4.2.2.2 Calculation of the deflection of a CL T beam using the shear analogy method 

It has ~eei:i reported that the shear analogy method developed by Kreuzinger (1995) is 

deemed as a suitable approach for calculating the effective bending stiffness and shear 

rigidity of a laminated beam with semi-rigid connection (Fellmoser and BlaB, 2004). The 

shear analogy method is also recommended in the CLT Handbook (Gagnon and Pirvu 

2011). The method was also adopted in ANSI/APA PRG 320 standard (APA 2012). This 

method is based on the assumption that a multi-layer laminated beam can be modeled 

using a series of laminates connected by rigid web members. Mathematical expressions 

can be derived to calculate the effective bending stiffness and shear rigidity of the cross 

section based on E value and shear modulus of each layer. In the case of a 3-layer CLT 

beam, material properties of each layer were used as input to the shear analogy model for 

predicting the defection of a 3-layer CLT beam under a centre-point bending test. These 

properties include the modulus of elasticity of the cross layer, modulus of elasticity and 
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a. Front view b. Side view 

Figure 4-3 Experimental setup for the two-plate shear test 
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shear modulus of outer layers ( obtained from vibration test in this study), and rolling 

shear modulus of the cross layer (measured via the two-plate shear test in this study). 

Schematic of cross section of 3-layer CLT is illustrated in Figure 4-4. The theoretical 

deflection value can be therefore calculated in accordance with equation (3) (Gagnon and 

Pirvu 2011 ), 

d 1 PL3 [l 12X(El)effXK] 
c=-X--X +----

48 (El)eff (GA)ef!XL2 

where, Pis the load applied, (El)eff is the effective bending stiffness, (GA)eff is the 

effective shear stiffness, and Kois the shear coefficient form factor. 

The bending stiffness of a 3-layer beam can be determined by equation (4), 

The effective shear stiffness of a 3-layer beam can be determined by equation (5), 

(3) 

(4) 

(5) 

The shear stress along the thickness of a beam can be calculated following equation (6). 
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V z,d X JA E(Z).Z.dA 
r(Z)d = --K-c-Lr"""'\-b_(_Z_) -

where Vz,d is the shear force, E (Z) is the modulus of elasticity at Z location, Ei is the 

modulus of elasticity of layer i, Gi is the shear modulus of layer i, Z is the distance 

(6) 

between the centre point of layer i and the neutral axis, b; is the width of layer i, n is the 

total number of layers (n=3 in this study), i is each individual layer and .l; is the second 

moment of inertia of layer i about the neutral axis of the cross section. 
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eutralAxis 

Figure 4-4 Schematic of cross section of 3-layer CL T 
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4.2.2.3 Measurement of the deflection of a CL T beam using the centre-point bending 

test 

Bending test was carried out on the CL T beam using the centre-point bending 

arrangement at four different span-to-depth ratios of 6, 9, 14 and 17 in accordance with 

ASTM D 198 (ASTM 2009). A universal test machine was used in the test. The speed of 

testing was kept at 2 mm/min. The load range applied at each span was from 0.5 kN to 5 

kN, which was determined by pre-experiment and varied with span. The test setup is 

shown in Figure 4-5. Deflection was measured by two L VDTs with a maximum stroke of 

25 mm, which were mounted on the both sides at the central line of a specimen at the 

middle of the span. The mean value of two readings from L VDTs was taken as the beam 

deflection. Each specimen was tested from the shortest to the longest span. It should be 

noted that the overhang effect was not considered in this study. Christiansen et al. (1974) 

examined the overhang effect using the glass fibre-reinforced polyester resin composites 

under centre point bending test, and found that the overhang ranging from 8% to 50% of 

the span did not have an effect on shear stresses at failure. 

The testing started with a specimen at its largest width (i.e. 222 mm). Then, the width of 

the specimen was progressively reduced to 144 mm, 96 mm and 48 mm and tested 

following the same procedure with an aim at examining the effect of specimen width on 

the rolling shear properties. 
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ASTM D3737 (ASTM 2012) suggests that by using a specimen with a span-to-depth 

ratio near 5 could produce a high percentage of shear failures. In order to assure the shear 

failure of a specimen to a large extent, the specimens with of 96 mm and 48 mm in width 

were loaded to failure at the span-to-depth ratio of 6. Additionally, two types of 

specimens were also loaded to failure with the span-to-depth ratio of 14. The failure 

mode of each specimen was recorded. In order to evaluate the proposed adjustment 

factor, another group of eight specimens having dimensions of 48 mm in width, 96 mm in 

depth and 2492 mm in length were tested in bending at a span-to-depth ratio of 21 

following the same procedure as other bending tests. 
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Figure 4-5 Experimental setup for a bending test 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Rolling Shear Modulus and Strength Measured from the Two-Plate Shear 

Tests 

Figure 4-6 shows typical load-deformation curves of WCL under the two-plate shear 

tests. Unlike the typical curve of lumber, this figure shows that there are several load 

peaks before a significant decrease in load was observed. After that, a stepwise decline in 

the load was seen instead of a smoothly and gradually descending line, until the complete 

fracture of a specimen. These results suggest a typical rolling shear failure mode, which 

could be explained from the special structure of the specimen. Since WCL consisted of 

edge glued laminates with similar properties, each laminate failed in the same way 

simultaneously or sequentially. As can be noted from Figure 4-6, after the first rolling 

shear failure in one laminate, there was generally a redistribution of the load to the other 

laminates until a second rolling shear failure occurred at around 50%-60% of the initial 

peak load. For some specimens such a pattern repeated a few times prior to complete 

failure. 
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Figure 4-6 Load-shear deformation curves of WCL under two-plate shear tests (Note: 
The bold red dotted line stands for the average curve.) 
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The results of Gr1and -r of WCL under two-plate shear test are calculated according to 

equations (1) and (2). Among the 12 pieces of WCL specimens tested, there were 3 

specimens that failed partially or fully due to delamination between WCL and metal 

plates, the results of which were excluded from the data analysis. The rolling shear 

modulus for WCL composed ofNo. 3 grade 38 mm by 89 mm was 136 MPa with 

coefficient of variation (COY) of 16.5%, which fell into the range of 50 MPa - 200 MPa 

for 3-layer CLT specimens calculated by Aicher and Dill-Langer (2000) using the finite 

element method. Their finding suggested that the rolling shear modulus in structural CL T 

panels should be considerably larger than 50 MPa (This value, however, is commonly 

adopted by CL T manufacturers and designers). The rolling shear modulus of 50 MPa is 

no doubt a conservative value, which will lead to over-estimation of the calculated 

deflection of CL T beams. 

The mean rolling shear strength of WCL under the two-plate shear tests was 1.09 MPa, 

which is only half of2.22 MPa from 3-layer SPF CLT panels as determined from the 

centre-point bending tests (Y awalata and Lam 2011 ). This result might be mainly 

attributed to the better quality lumber (No.2 and better grade of SPF) used by Y awalata 

and Lam (2011 ), which indicates that the rolling shear strength depends, to a large 

degree, on the grade of laminates used. The COY of the rolling shear strength is 31.57%, 

which is higher than 19%, the COY of 3-layer SPF CLT panels made at a pressure of 

0.4MPa, and also higher than 10.8%, the COY at a pressure of O.lMPa (Yawalata and 

Lam 2011). The comparison results show that COY of the rolling shear strength of 3-
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layer CL T panel increases with the increasing manufacturing pressure. The results are in 

agreement with Thomas (2004), who found that the COY of the shear 

properties of 18mm thick oriented strand board determined from two-plate shear tests 

was generally higher than that from the bending test. Thus, a difference in COY could be 

due to the testing arrangement and specimen size. 

4.3.2 Apparent Modulus of Elasticity (Eapp) and Shear Modulus (Gapp) Measured 

from Bending Tests at Different Span-to-depth Ratios 

Table 4-3 gives a summary of apparent modulus of elasticity (Eapp) and apparent shear 

modulus (Gapp) of 3-layer CL T specimens of four widths tested using the variable-span 

bending tests. For clarification, the Eapp and Gapp values at four specimen widths are also 

plotted in Figures 4-7 and 4-8. As shown in Figure 4-7, Eapp was not, overall, influenced 

by the specimen width. However, it appears in Figure 4-8 that Gapp increased as width 

increased. The largest Gapp value is 313 MPa, which happened at the width of 222 mm. 

Based on one-way analysis of variance (ANOVA) from IBM SPSS statistics 20 (SPSS 

2011) reveals, Table 4-4, at the 5-percent significance level, no statistically significant 

difference in Eapp (p-value = 0.884) was found, but a marginal difference in Gapp (p-value 

= 0.065), of the 3-layer GLT beams tested in this study was observed. From engineering 

point of view, such a difference is acceptable. ANSI/APA PRG 320 (APA 2012) 

proposes a 305-mm-wide specimen for measuring shear strength, which is larger than the 
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width used in this study. Based on the finding from this study, it suggests that the 

specimen width did not have a statistically significant impact on Eapp and Gapp. 
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Figure 4-7 Effect of specimen width on Eapp 
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Figure 4-8 Effect of specimen width on Gapp 
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Table 4-3 Eapp and Gapp values of the specimen with different widths 

Width Eapp COY Gapp COY Number of 
(mm) (MPa) (%) (MPa) (%l S£ec1mens 

48 9530 10.9 255 12.9 18 

96 9773 15.4 271 13.7 9 

144 9490 14.9 282 10.2 9 

222 9362 16.2 313 9.2 9 

Table 4-4 ANOY A analysis on specimen width versus Eapp and Gapp of CLT beams 

Sum of squares df Mean Square Fvalue p-value 

Between groups 1309567 3 436522 0.216 0.884 

Eapp Within groups 64600483 32 2018765 

Total 65910050 35 

Between groups 8548 3 2849 2.663 0.065 

Gapp Within groups 34244 32 1070 

Total 42792 35 
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4.3.3 Rolling Shear Strength of 3-layer CL T Measured via Centre point Bending 

Test 

Table 4-5 lists the deflections (dm) measured at a load of 1000 Nat four span-to-depth 

ratios under the centre point bending. Load-deflection curves of 3-layer CLT beam 

specimens under centre point bending tests at span-to-depth ratios of 6 and 14 are plotted 

in Figures 4-9 and 4-10. As can be seen from Figure 4-9, there are several step-by-step 

drops before the catastrophic fracture when the specimens were bent at the span-to-depth 

ratio of 6, suggesting a typical rolling shear failure in the 3-layer CLT beam at the span

to-depth ratio of 6 in comparison to 14. This result further supports ASTM D3737 

(ASTM 2012), i.e. a specimen loaded in bending with a span-to-depth ratio being near 5 

can produce a high percentage of shear failures. Figure 4-10 shows that the specimens 

failed in a brittle way, which will be discussed in section 4.3.6. Table 4-6 gives the 

rolling shear stresses at failure ( 'ff) of specimens that were calculated using equation 4-4. 

As shown in the table, the mean r1 value of 3-layer CLT specimens at the span-to-depth 

ratio of 6 was 35.29% higher than that at the span-to-depth ratio of 14. The maximum 'f 

value was 1.63 MPa, which was found at the span-to-depth ratio of 6 for the 48-mm-wide 

specimens. It was found that the rolling shear stresses at failure ( 'f) determined using the 

bending test method at a span-to-depth ratio of 14 was only about 9% larger than the 

rolling shear strength (r) measured by the two-plate shear tests (which was 1.09 MPa as 

shown in Section 4.3.1). This suggests that: 1) the two-plate shear test can be used for 

measuring r producing a reasonable estimation of load-carrying capacity that causes 

rolling shear failure in a CLT beam at a span-to-depth ratio of 14 using equation (4); and 

2) the centre point bending test at span-to-depth ratio of 14 could be used as an 

107 



alternative method for predicting the rolling shear strength with relatively conservative 

estimation. The centre point bending test of a span-to-depth ratio being larger than 14 

should be explored in the future study to provide a more accurate estimation of rolling 

shear strength of CL T. 
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Figure 4-9 Load-deflection curves of 3-layer CLT beam specimens under the centre point 
bending tests at span-to-depth ratio of 6 
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Figure 4-10 Load-deflection curves of 3-layer CL T beam specimens under the centre 

point bending tests at span-to-depth ratio of 14 
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Table 4-5 The deflections (dm) of four span-to-depth ratios under the centre point bending 

L/h 

6 9 14 

dm(mm) 0.19 0.47 1.37 

COY(%) 15.3 15.6 14.7 

Note: Each value here is the average of nine specimens 

Table 4-6 Summary statistics for 't of 3-layer CLT at two span-to-depth ratios 

L/h Mean (MPa) 

14 1.19 

6 1.61 

COY(%) 

10.7 

10.0 

Number of 
specimens 

18 

18 

4.3.4 Verification by the Shear Analogy Method and Bending Tests 

17 

2.25 

16.1 

The average E and Grt values of the cross layers were 252 MPa and 136MPa, 

respectively, The average MOE and G11 values of the outer layers were 13413MPa and 

1171MPa, respectively, which were input to the shear analogy method to predict the 

deflection of 3-layer CLT beam under the centre-point bending test by following equation 

(3). According to the uniformly distributed load (UDL) deflection method, the deflection 

limit would be less than 1/400 of the span (Karacabeyli and Douglas 2013). The 

maximum load for each span was calculated based on equation (3). In order to facilitate 

comparison and simple calculation, 1 OOON load was used. 

de are then compared to dm for verification purpose in terms of the rolling shear modulus 

( Gr,) from the two-plate shear tests. The results at four span-to-depth ratios (L/h) are 
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plotted in Figure 4-9. As can be seen, the deflection increases as the span increases, and 

de is higher than dm for all the span-to-depth ratios. However, a close look shows that the 

percent differences decreases from 64% to 11 % as the span-to-depth ratio increases from 

6 to 17, which means that de is getting closer to dm at a larger span-to-depth ratio. The 

COV increases dramatically from 2% to 35% as Llh increases. This can be attributed to 

the fact that the longer specimens (with the larger span-to-depth ratio) have more defects, 

which can also lead to the high variability of test results. 

In order to accurately predict the real deflection of a CL T beam, de should be further 

modified in terms of Llh. A proper adjustment factor (a) has been found based on the 

relationship between the relative deflection and Llh, as shown in Figure 4-10. dm can be 

predicted by de according to the following equation (7): 

dm = a X de 

where, 

a = 0.6997 + 0.08 x ln (~ - 5.537) 

(7) 

(8) 

It turns out that a increases as Llh increases, which means that dm can be more accurately 

predicted by dewith the adjustment factor (a). a is calculated to be 0.63, 0.78, 0.81 or 

0.82 for L/h of 6, 9, 14 or 17. In order to verify the suitability of equations (7) and (8), 

another group of specimens were tested under the centre-point bending at L/h of 21. At 

this L/h, de is 5.21mm calculated using the shear analogy method and dm was 4.87mm, 
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which produces the a value of 0.93 calculated by equation (7). On the other hand, the a 

value can be predicted to be 0.92 based on equation (8) at L/h of 21. This ratio further 

indicates that de is getting closer to dm with increasing L/h. According to the equation (8), 

a reaches 1 when Llh is about 50. In practical applications, the Llh of a CLT panel 

mainly ranges from 28-48 (Nordic Engineered Wood 2011), therefore, equation (8) can 

be reasonably applied to calculate the deflection of a 3-layer CLT panel at Llh ranging 

from 6 to 50. 

4.3.5 Failure Modes 

Two types of failure, as shown in Figure 4-13, were observed in WCL specimens under 

the two-plate shear tests, i.e. Type I - delamination between aluminum plate and a 

specimen, and Type II - wood failure within a W CL specimen. The specimens failed in 

Type I was rejected in the course of data analysis. As for Type II failure, a crack(s) 

initiated in the earlywood zone of a growth ring in a laminate(s), and then propagated 

along the growth ring direction and resulted in a smooth separation along the growth ring. 

It was also observed that a crack(s) terminated at the boundary between two growth rings 

and passed along a wood ray(s). Finally, the cracks stopped at the bonding surface 

between the steel plate and the WCL specimen, resulting in the final catastrophic 

fracture. 

Figure 4-14 shows the typical failure modes of 48 mm and 96 mm wide specimens under 

the bending tests at span-to-depth ratio of 6. It was observed that the initiation of a 

crack(s) in a 3-layer CLT specimen was a stochastic process at the weakest part in the 
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one side, which started at an earlywood zone(s) within a growth ring(s) or a genetic 

defect(s) (such as a knot) of wood. At low stress levels, several cracks propagated along 

the growth ring(s), forming a large crack(s). The propagation of crack(s) terminated at a 

location(s) where it was capable of resisting the crack growth and increase or allowing an 

increase in resistance. Eventually the crack( s) concentrated in the bonding areas, resulting 

in catastrophic failure. 

In summary, WCL specimens under the two-plate shear test and the 3-layer CLT beam 

specimens under the bending at the span-to-depth ratio of 6 failed in a ductile manner 

(Figure 4-6 and 4-9 ), however, the 3-layer CLT beam specimens under the bending tests 

at the span-to-depth ratio of 14 failed in a brittle way (Figure 4-10) . 
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Type I failure 
Type II failure 

Figure 4-13 Two types of failure in wood cross layer under the two-plate shear tests 
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a. Failure in a 48 mm wide specimen 

b. Failure in a 96 mm wide specimen 

Figure 4-14 Typical failure mode of specimens under bending at the span-to-depth ratio 

of 6 

118 



4.4 CONCLUSIONS 

Based on the above results and discussion, the following conclusions can be made: 

1) Rolling shear modulus and strength of wooden cross layer made with No. 3 grade 

2x4 SPF lumber was 136 MPa and 1.09 MPa respectively, using the two-plate 

shear test method; 

2) Specimen width did not have a statistically significant effect on the apparent 

modulus of elasticity and shear modulus of 3-layer CLT beams; 

3) Among the four span-to-depth ratios (6, 9, 14 and 17), the deflection of a 3-layer 

CL T beam at span-to-depth ratio of 17 can be more accurately predicted using the 

shear analogy method as the calculation method and the rolling shear modulus of 

wooden cross layer measured using the two-plate shear tests; 

4) The adjustment factor (a) was derived and recommended for predicting the 

deflection of a CL T beam specimen at a given span-to-depth ratio ranging from 6 

to 50, e.g. A a value was found 0.93 at L/h of 21; and 

5) WCL specimens under the two-plate shear test and the 3-layer CLT beam 

specimens under the bending at the span-to-depth ratio of 6 failed in a ductile 

manner, however, the 3-layer CLT beam specimens under the bending tests at the 

span-to-depth ratio of 14 failed in a brittle way. 

It is recommended that the two-plate shear test is used as a standardized method for 

measuring the rolling shear modulus of a cross layer, which can be used to calculate the 

deflection of a 3-layer CLT beam using the shear analogy method at a given span-to

depth ratio ranging from 6 to 50. An adjustment factor (a) was proposed for predicting 
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the deflection under the centre-point bending test at various span-to-depth ratios. The 

two-plate shear test method can also be used to measure the rolling shear strength, and 

can provide a reasonable estimate of the load-carrying capacity of 3-layer CLT beam at a 

relatively large span-to-depth ratio, but a conservative estimate at a small span-to-depth 

ratio. 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 
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5.1 GENERAL CONCLUSIONS 

This thesis work contains three major chapters (Chapters 2, 3 and 4). Chapter 2 compares 

two methods: the variable span bending tests on two types of downscaled CLT specimens 

(SWS and WWW) and two-plate shear tests on WCL specimens. Deflection of a WWW 

specimen was predicted using the shear analogy method based on rolling shear modulus 

(Gr1) of cross layer in SWS obtained from the variable span bending tests and that of 

WCL from two-plate shear tests, and then compared with the deflection directly 

measured on WWW specimens. The following conclusions could be drawn: 

1) The average rolling shear modulus (72.6 MPa) of wooden cross layer (WCL) 

measured from two-plate shear tests was more than twice that (33.9 MPa) was 

measured from the variable span bending tests using SWS specimens. The 

average rolling shear strength (2.74 MPa) of WWW specimens from bending tests 

was 31 % higher than that of WCL from the two-plate shear tests; 

2) Both specimen type and growth ring orientation had a statistically significant 

effect on Grt. Specimen type had a significant effect on r, while, the growth ring 

orientation did not have a significant effect on r; 

3) The shear analogy method could be used to more accurately predict the deflection 

of a downscaled 3-layer CLT (WWW) specimen using the rolling shear modulus 

measured by the variable span bending tests when the span-to-depth ratio was 

relatively small (L/h = 6.5). In comparison, the rolling shear modulus from the 

two-plate shear test could produce more accurate deflection of a downscaled 

specimen using the shear analogy method when the span-to-depth ratio was 

relatively large (L/h = 14 ); and 
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4) The SWS and WWW specimens under bending failed in a brittle manner, while 

the WCL specimen under two-plate shear loading was broken in a ductile fashion. 

In summary, the two-plate shear test was found to be a more appropriate method for 

measuring the rolling shear modulus of a cross layer in CLT. 

Chapter 3 presents a study to evaluate the influence of growth ring orientations (i.e. flat 

sawn, in-between sawn and quarter sawn) and laminate thickness (i.e. 5 mm, 9 mm and 

16 mm) on the rolling shear properties of wood cross layer (WCL) using the two-plate 

shear test method. The major findings are as follows: 

I) 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. The maximum rolling shear modulus and strength existed in the 

cross layer laminates with the in-between end grain, which was 89 MPa and 2.12 

MPa, respectively; 

2) ANOVA suggested that the cross layer thickness had a statistically significant 

effect on both rolling shear modulus and strength. The rolling shear modulus 

decreased as the thickness increased, however, the rolling shear strength was 

fairly constant. The maximum rolling shear modulus and strength was 101 MPa 

and 2.98 MPa respectively for 5 mm thick wooden cross layer; and 

3) The specimens with different growth ring orientations and thickness values all 

failed in a typical rolling shear manner duo to the low rolling shear resistance in 
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RT plane of wood. However, the cracks in 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. 

Chapter 4 verifies the proposed two-plate shear test method in Chapter 2 using the cross 

layer composed by 38 mm x 89 mm lumber and full-size 3-layer CLT- beam. 

Furthermore, an adjustment factor (a) was developed for accurately predicting the 

deflection of a CL T beam. Additionally, the effect of specimen width and MOE values 

of outer layers on the rolling shear properties is discussed. It was found that: 

1) The rolling shear modulus and strength of wooden cross layer made by No. 3 

grade 2x4 SPF lumber was 136 MPa and 1.09 MPa respectively, using the two

plate shear test method; 

2) The specimen width did not have a statistically significant effect on the apparent 

modulus of elasticity and shear modulus of 3-layer CLT beams; 

3) Among the four span-to-depth ratios (6, 9, 14 and 17), the deflection of a 3-layer 

CL T beam at span-to-depth ratio of 17 could be more accurately predicted by 

using the shear analogy method adopting the rolling shear modulus of wooden 

cross layer measured by the two-plate shear tests; 

4) The adjustment factor (a) was imported and recommended for predicting the 

deflection of a CL T beam specimen at a given span-to-depth ratio ranging from 6 

to 50, e.g. A a value was found 0.93 at L/h of 21; and 
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5) WCL specimens under the two-plate shear test and the 3-layer CL T beam 

specimens under the bending at the span-to-depth ratio of 6 failed in a ductile 

manner, however, the 3-layer CLT beam specimens under the bending tests at the 

span-to-depth ratio of 14 failed in a brittle way. 

5.2 RECOMMENDATIONS FOR FURTHER RESEARCH 

Based on the findings of this thesis work, the candidate's participation in NEWBuildS's 

workshops and seminars, and visit to Nordic Engineered Wood Products Mill at 

Chibougamau, Quebec, and discussion with scientists from FPinnovations, the following 

recommendations are made for future research: 

1) To investigate the influence of cross layer without edge gluing at the narrow faces 

on the rolling shear properties of CL T panels; 

2) To examine the rolling shear properties of full-size CLT panel made of cross layer 

thinner than 38mm with an aim at fabricating stronger CLT products; 

3) To conduct bending tests on 3-layer CLT beam with span-to-depth ratios larger 

than 21 (in particular from 28 to 48), which are commonly adopted in CL T 

buildings. The purpose of this study is to provide a better estimate deflection of 

in-service CL T panels by the shear analogy method based on the input from the 

two-plate shear test; and 
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4) To expand research on the performance behaviour of more than 3-layer CLT 

products based on the rolling shear properties of 3-layer CLT panels. 
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APPENDIX: LITERATURE REVIEW 
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I. A BRIEF HISTORY OF CROSS-LAMINATED TIMBER 

Cross-Laminated Timber (CLT) was first developed in Switzerland in the 1970s. CLT is 

an innovative engineered timber product made of at least three orthogonally alternating 

orientation bonded layers of solid-sawn lumber that are laminated by gluing (Figure A-1 ), 

wood dowel, or nails of longitudinal and transverse layers. In special configurations, each 

layer can be doubled in the same direction to obtain specific structural capacities (Figure 

A-2). 

In Europe, especially in Austria and Germany, CLT has been used for different 

applications. It is primarily used as panels (wall assemblies), load bearing plates (floor 

elements), and as decking of bridges and multi-storey buildings such as schools, 

residential houses, and storage buildings. 

CL T's attributes for community buildings are that it can be used to span great distances 

with structural integrity. In actual application, it does not require additional finishing, and 

in this way it keeps costs down and improves resource efficiency. Bridport House, in 

Hackney, London, was the first building to use CLT for the whole multi-storey structure. 

Since wood has low strength when loaded perpendicular to grain but shows high values 

in mechanical behaviour in the direction parallel to the grain, cross-laminating layers of 

wood laminates could improve the inherent structural properties of solid wood by 

distributing the along-the-grain strength of wood in both directions and minimizing 

swelling and shrinkage deformation. 
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Figure A-1 Commonly-adopted configuration Figure A-2 Specifically designed configuration 
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II. MANUFACTURING PROCESS 

The type of wood that is used for the manufacturing of CL T is normally spruce, but larch 

and pine may be used. The typical manufacturing process of CL T panels includes the 

following nine basic steps (Figure A-3) (Gagnon and Pirvu 2011): 

( 1) Primary lumber selection. Lumber moisture content and temperature are the main 

factors affecting adhesive bond quality. The recommended moisture content is 12±2%, 

and the maximum difference in MC between adjacent pieces that are to be joined should 

not exceed 5%. The ambient temperature is at least l 5°C. 

(2) Lumber grouping. The MC level and visual characteristics of lumber are primary 

considerations. To ensure aesthetic quality, the exposed surfaces of the outer-most layers 

may be of a better visual appearance. 

(3) Lumber planning. Planning on all four sides is required to ensure dimensional 

uniformity to ensure better bonding. In general, removing 2.54 mm (0.1 in) from the 

thickness and 3.81mm (0.15 in) from the width is recommended. 

(4) Lumber/layers cutting to length. The lumber is cross-cut into shorter sections for 

stacking. 

(5) Adhesive application. The commonly-used adhesives are Polyurethane adhesives 

(PUR) and Phenol-Resorcinol-Formaldehyde (PRE). The layer may be slightly wetted 
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with water mist (about 15-20 g/m2
) to help the curing reaction when the PUR adhesive is 

used. The production speed is generally around 20-60 m/min. 

(6) Panel lay-up. A minimum effective bonding area of 80% is recommended. 

(7) Assembly pressing. Two types of presses are used for CL T manufacturing: vacuum 

press and hydraulic press. A theoretical maximum pressure is 0.1 MPa (14.5 psi). For 

the hydraulic press, application of a side pressure in the range is from 0.28 MPa to 0.55 

MPa ( 40 to 80 psi) is recommended concomitantly with vertical pressure. 

(8) CLT on-line quality control, surface sanding and cutting. The target thickness is with 

a tolerance of +0.1 mm. The speed should be approximately 2 m/min. 

(9) Product marking, package and shipping. 
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Figure A-3 The manufacturing process of CLT products (Gagnon and Pirvu 2011) 
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III. APPLICATIONS AND CHALLENGES 

The unique structure (the alternating grain directions of each layer) of CLT ensures 

construction-relevant benefits and problem-free connections. Due to its non-revealing 

connection details (between the panels), CL T provides architects with an aesthetically 

appealing material to work with. The lack of joints results in better hermetic sealing, heat 

transmission, water vapor diffusion, acoustic, and fireproofing properties. 

CLT overcomes many weaknesses of other lumber-based products. In particular, the 

effects of shrinkage and swelling are reduced to a large degree, and load may be 

transferred in more than one direction. Another attraction of CL T is its low carbon 

footprint. In addition to being the only major renewable and sustainable building 

material, wood grows naturally, using solar energy, and doesn't require large amount of 

fossil fuels to manufacture. CLT design is estimated to save the equivalent of about 300 

metric tons of carbon compared to the concrete design. CL T also makes use of small 

diameter timber harvested from sustainably managed forests, contributing to efficient use 

of wood resources. Moreover, the manufacturing process is energy efficient. 

CL T is mainly used for wall, ceiling and roof construction. It has proved itself to be 

superior in comparison to other timber products in terms of fire resistance, noise 

insulation and heat insulation. Building with CL T means that fire must travel through a 

large area of solid timber surface with few cavities available for the fire to burn and travel 

through. CL T possesses inherent noise absorbing properties. CL T walls are able to absorb 
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a large amount of energy before releasing it into the atmosphere on the other side of the 

wall. 

IV. ROLLING SHEAR 

i. Definition 

There are three types of shear stress in solid wood (Figure A-4), sliding shear stress, 

kinking shear stress, and rolling shear stress. Sliding shear stress leads to shear strain 

parallel to the grain direction (along the horizontal direction), kinking shear stress leads 

to shear strain in the vertical direction, and rolling shear stress leads to shear strain 

perpendicular to the grain direction. 

Figure A-5 illustrates the axes of solid-sawn wood in this labeling system. For solid-sawn 

wood, the longitudinal is parallel to the grain direction. The radial is perpendicular to the 

growth rings. The tangential is tangent to the growth rings. Rolling shear takes its name 

from the rolling of wood fibers (Judith and Ernest 1989). A panel whose cross band 

consists of a layer of toothpicks all oriented perpendicular the face grain can be 

visualized. The toothpicks represent the wood fibers in the TR and RT panels. The layers 

slide with respect to one another when the load is applied perpendicular to the grain 

direction. A schematic representation of rolling shear is shown in Figure A-6. Due to the 

low shear strength across the grain, rolling shear failure occurs only in the layer 

perpendicular to the face grain. Rolling shear modulus is the global shear stiffness of 
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a. horizontal ( sliding) b. vertical (kinking) c. rolling 

Figure A- 4 Three types of shear stress in solid wood 
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Figure A- 5 Three orthogonal directions 
labeled for solid-sawn wood 
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macroscopic cross- sections of boards subjected to shear forces perpendicular to fiber 

direction (Aicher and Dill-Langer 2000). 

Rolling shear is defined by Fellmoser and BlaB (2004) as shear stress leading to shear 

strains in a plane perpendicular to the grain direction. In real-life applications of CLT, 

when the force applied perpendicular to the fiber grain, a friction surface is created along 

the transition from early to late wood along an annular ring due to the different force 

bearing ability between the early wood and late wood. This will result in rolling of wood 

fiber in the single layer, finally lead to the shear deformation in adjacent layers. 

Furthermore, shear forces between two adjacent layers were transmitted by local torsion 

moment in each glue surface. Illustration is shown in Figure A-7 (Schickhofer 2011 ). 

Rolling shear properties are particularly important in the use of CLT. Like CLT panels, 

plane structural bonded timber elements used as plates or diaphragms in floor and wall 

structure are made from several layers of single small dimension planks connected by 

adhesives. If the element is loaded perpendicular to its plane, rolling shear stresses occur. 

Due to the very low rolling shear stiffness of the cross layer, typical fracture-mode 

(Figure A-8) caused beyond the rolling shear capacity will also occur in CLT. Shear 

deformation significantly affects the overall stiffness of the plate as well as the normal 

stress distribution of the timber layers. Basically, all these mechanical properties depend 

on the magnitude of the rolling shear modulus of the 90° layers. That is why successful 

design requires a better understanding and appreciation of the nature of rolling shear, and 

to obtain the reliable shear properties of the cross layer is a key step to achieve this goal. 
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Figure A- 7 Illustration of rolling shear in CLT (Schickhofer 2Q 11) 
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Figure A-8 Typical fracture-mode of rolling shear 
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ii. Influencing Factors 

Previous studies showed that shear properties of wood-based products were mainly 

dependent on species, density, growth ring orientation, type of connections, lay-up, span

to-depth ratio, and glued surface area. Neuhaus (1981) measured the material properties 

of spruce having a density of about 460g/cm3 at the mesoscopic level, and obtained a Grt 

value of 42 MPa at 12% moisture content via torsion tests. However, Dumail et al. 

(2000) got a higher Grt value of 58 MPa for Norway spruce wood (Picea abies) at a 

moisture content of 10-11 % using the Iosipescu method. The so-called Iosipescu shear 

test consists of a beam with a 90° notch at the top and bottom of the central portion. The 

loads are applied such that the bending moment is zero, whereas the shear is nonzero over 

the critical section. The failure can be regarded as purely shear induced. 

Fellmoser and BlaB (2004) studied the effect of span-to-depth ratio on shear properties of 

a 3-layed solid wood panel via bending tests. The nominal thickness of21 mm and 60 

mm were used in their study. For bending perpendicular to the plane and parallel to the 

grain direction of the outer skins, shear influence was observed for a span-to-depth ratio 

smaller than 30 and increased with decreasing ratios. For bending perpendicular to the 

plane and perpendicular to the grain direction of the outer skins, shear influence was 

observed for span-to-depth ratio smaller than 20 and increased with decreasing ratios. 

Therefore, shear deformation in cross layers have to be considered for small span-to

depth ratios when CL T is used in some special circumstances. 
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Joebstl et al. (2002) orthogonally glued CLT bqards using three glued surface geometry, 

with one constant side width of 145 mm and three change side widths of 100 mm, 150 

mm, 200 mm, were tested by torsion. A single-component polyurethane (PUR) adhesive 

was used. The results showed that for the same glued surface, isotropic shear stress of 

glued CL T boards with flat grained boards was smaller than that of glued CL T boards 

with edge grained boards. With the increasing of glued surfaces geometry, the isotropic 

shear stress of glued CL T boards with flat grained boards tend to increase, while isotropic 

shear stress of glued CL T boards with edge grained boards decrease. Therefore, to 

achieve high isotropic shear stresses, the smaller glued surface with edge-grained boards 

was recommended. Stress perpendicular to the grain direction may be any angle from 0° 

to 90° to the growth ring orientation. Therefore, rolling shear properties depend upon 

orientation of growth rings with respect to the direction of stress. 

Munthe and Ethington ( 1968) evaluated the shear strength and the modulus of rigidity of 

kiln-dried Sitka spruce (Picea sitchensis) plank with different growth ring curvature and 

orientation by the two-plate shear method. They found that rolling shear strength in the 

radial-tangential plane was 1. 77MPa, which is 19 .5% of that in longitudinal-tangential 

plane. Shear failure of almost all test specimens took place entirely within the wood. 

Aicher and Dill-Langer (2000) quantitatively evaluated the highest rolling shear modulus 

(Grt) of 3- layer spruce boards using the Finite Element Method. Depending on the 

growth ring orientation, they found Gr value was between about 50 MPa and 200 MPa. 

For small deviations of the growth ring orientation from 0° and 90°, the rolling shear 

modulus remains almost constant, and for growth ring orientation of about 45°, the 
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rolling shear modulus increases significantly. The results showed that the maximum Grr 

was 193 MPa when the mid-layer board had a growth ring angle of 45°. Normally the 

gaps between boards were relatively small in order to achieve enough air tightness. 

Thomas et al. (2008) thought that the mechanical treatment for CL T elements with and 

without lateral gluing interfaces at the narrow faces of the boards differs in principle. 

However, currently there is no specific research conducted in this area. 

V. TESTING METHODS 

The following sections will describe the direct and indirect shear test methods used for 

the shear modulus determination of wood products. In addition, existing research efforts 

on these methods will also be summarized. 

i. Direct Shear Test 

There are several direct shear test methods that have been adopted or developed for 

specific types of products, such as EN408 (EN 2010) for structure timber and glued 

laminated timber, EN 789(EN 2004) for wood-based panel products, ASTM D2718 

(ASTM 2011) for structural panels include plywood and oriented strand board, ASTM D 

1037 (ASTM 2006) for wood-base fiber and particle panel materials, ASTM D 198 

(ASTM 2009) for structural beams made of solid or laminated wood, or of composite 

constructions. Most recently in North America, ANSI/APA PRG (APA 2012) proposed 

the flatwise center-point loading method, in accordance with ASTM D 198, for measuring 

the shear properties of CL T products. 
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This test method uses a rectangular flat panel bonded rigidly between steel plates. The 

specimen is loaded by the protruding knife edges in compression at a uniform rate 

through the diagonally opposite comers of the specimen, while a suitable gauge measures 

the slip between steel plates due to specimen deformation. Shear strength for the 

specimen can be computed from maximum load in accordance with the following 

equation (1) (ASTM, 2011). 

where, 

fv = shear stress (in N/mm or psi), 

I' = Pmax 
Iv L.W 

P = maximum or proportional limit load (force) (in Nor lbf), 

W = specimen width (in mm or in.), and 

L = specimen length (in mm or in.). 

(1) 

Effective modulus of rigidity for the specimen acting as a unit can be determined from a 

plot of load versus slip according to equation (2): 

where, 

t p 
G =-*L.w !:. 

G = apparent modulus of rigidity for the entire specimen (in N/mm or psi), 

t = specimen thickness (in N or lbf), and 

(2) 

~ = slope of the force-deformation curve below proportional limit load (in N/mm or 

lbf/in.). 
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CLT is a multi-laminate system with each layer oriented perpendicular to the adjacent 

layer. The shear strain is not uniform and the off-axis wood cells in the alternate 

laminates tend to roll over rather than experience true shear. Modulus of rigidity 

determined from this method is a composite estimate of rigidity throughout the entire 

thickness of the non-homogenous specimen. 

Direct shear test can produce an almost pure state of shear stress in the specimen and is 

considered desirable in determining shear properties since the specimen length ensures 

minimum secondary stresses effect. However, the loading configuration used in the two

plate shear test does not reflect the conditions that a beam is under practical application. 

Munthe and Ethington (1968) applied the two-plate shear test to access the rolling shear 

of Sitka spruce (Picea sitchensis). Rolling shear strength and proportional limit for the 

two perpendicular-to-grain orientations (TL and RL) is 10 to 20 percent of these 

properties parallel-to-grain. The modulus of rigidity from shear force in the radial plane 

perpendicular to the grain averaged 10 percent greater than that from shear force in the 

tangential plane perpendicular to the grain. Shear failure of almost all test specimens 

took place entirely within the wood. Baldassino et al. ( 1997) examined two-plate shear 

test system to determine the rolling shear properties of Poplar (Liriodendron tulipifera) 

plywood with dimensions of 225 x 100 x t (mm). They found that rolling shear properties 

were fairly constant at the three orientations and thicknesses (12, 18 and 24 mm). Mean 

rolling shear strength was 1.8 MPa, and mean rolling shear modulus was 27 .33 MPa. 

Thomas (2004) utilized the two-plate shear test in European Standard EN 789 to 
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determine the rolling shear modulus of oriented strand board (OSB). He found the mean 

value of the rolling shear modulus in the major axis was 72 N/mm2 with a coefficient of 

variation of 28.4%, and the rolling shear modulus in the minor axis was 60 N/mm2 with a 

coefficient of variation of 22.8%. 

ii. Flexural Test Methods 

According to ASTM D 198 "Standard Test Method of Static Test of Lumber in Structural 

Sizes" (ASTM 2009), this test method covers the determination of the modulus of rigidity 

or shear modulus of structural beams made of solid or laminated wood. The beam was 

tested at four different spans at least via centre-point loading. The configuration was 

shown in Figure A-9. 

The deflection(~) was measured using a linear voltage differential transducer (LVDT) 

located at the center point under the specimen. After testing, four deflections(~) were 

recorded and four apparent modulus of elasticity (Em,app) values were calculated by the 

equation (3). 

E - L3(P) 
m,app - 48/(~3p) 

(3) 

By depicting the relationship between (h/1)2 and (I!Eapp,J), the true modulus of elasticity 

(Em ) and shear modulus ( G) values were determined by the equation ( 4) and equation 

(5). 

_1_ = .2:... + .2:... (~)2 
Em,app Em KG L 

(4) 
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where: 

G = shear modulus, and 

G=-6-
cs.K1) 

K1 = the slope of the line connecting multiple date points 

(5) 

Apparent modulus of elasticity Em,app includes effects of both shear and bending, while 

the true modulus of elasticity describes the modulus of elasticity without the shear effect 

and is calculated using the shear-free deflection. In order to find out Em and Gr,, a linear 

regression of the Em,app and the aspect ratios (hi[) at which they were measured is 

performed. As illustrated in FigureA-10, the intercept on they axis is the inverse of true 

modulus of elasticity (Em). The inverse slope of the data, divided by a shape factor, is the 

shear modulus (Gr1). 
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Figure A-9 ASTM D 198 center-point bending test method configuration 
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Figure A-10 Determination of Em and Gr, by means of the variable span method 
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Shear behaviour of 15 layers laminated Douglas fir L VL was determined by a "flatwise" 

center point bending configuration by Norlin and Lam (1999), which found that the 

rolling shear failure mode exhibited higher fatigue resistance than the longitudinal shear 

mode. This result occurs possibly because the failure mode of the longitudinal shear was 

in a brittle fashion while that of the rolling shear was more ductile. 

Mestek et al. (2008) stressed a simply supported 5-layered CLT specimen with a 

concentrated load in the middle of the span. Next to the location of the load applied, the 

influence of the shear deformation of the cross layer was obvious. Therefore this method 

cannot demonstrate the actual shear stress distribution next to the load, since it caused 

constant progress of shear stress in the area. Robert et al. (2006) carried out the four point 

bending tests on 5-layered CLT elements in accordance to EN408 (EN 2003) (Figure A-

11 ). The equipment is easy to use but it cannot lead to failure due to the shear fracture in 

orthogonally oriented boards, therefore, bending failures were observed in almost all 

tests. Robert et al. (2008) developed the couple bending-shear test method (Figure A-12) 

to obtain a reliable shear strength value for CL T under shear in plane. Due to the 

symmetry of the test configuration, only one of two shear sections could fail, which 

would result in an underestimation of the statistical distribution function of the shear 

strength values. Thomas (2004) performed the center-point bending test and direct planar 

shear test to EN 789 to determine the planar shear moduli of rigidity of an 18-mm thick 

oriented strand board (OSB). The density distribution through the thickness, the relative 

layer thickness, 
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Figure A-11 Test setup for four-point bending (Robert et al. 2006) 
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Figure A-12 The couple bending-shear test configuration (Robert et al. 2008) 
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resin distribution, and degree of strand orientation also lead to different results. The data 

also showed the coefficient of variation of the shear stiffness determined from the shear 

tests was relatively higher than that from the bending test due to the loading arrangements 

and sizes of test pieces. The findings suggested that the bending test was a viable 

alternative method for determination of planar shear modulus of rigidity of OSB panels. 

In addition, the major advantage of the bending test was that it simulated the direction of 

gravity loading and the resulting shear distribution in floor panels. 

Sretenovic et al. (2005) performed five point bending tests and shear tests according to 

EN 789 to assess the rolling shear strength of spruce plywood and oriented strand board. 

Rolling shear strength was higher in five-point bending (3.4 MPa) than with EN 789 (2.2 

MPa), and mean rolling shear strength of plywood (2.7 MPa) was higher than that of 

OSB (2.0MPa). In addition, the difference was more significant for plywood (ts-pt/ 

'tEN1s9=1.7)than for OSB (ts-pt/ 'tEN1s9=1.3). 

In spite of the simplicity of five-point bending, shear strength determined by five point 

bending tests are not only dependant on the span-to-thickness ratio but also on the 

composite structure. Therefore, EN 789 is recommended for rolling shear testing of wood 

composites. 

Among the three bending tests, five-point loading resulted in a smaller stress 

concentration force at the middle support compared to the current ASTM three- and four

point bending test. In addition, a region of almost pure shear can be formed in the 
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specimen under five-point bending with homogeneously distributed shear stresses around 

the middle plane of the specimen. However, compared to the five-point bending test, the 

two plates shear test appeared to be more reliable and precise rolling shear testing method 

of wood composites, and it can also produce a state of essentially pure shear and 

specimens are easy to fabricate and load. 

iii. Existing Other Test Methods 

Robert et al. (2006) studied the load transfer mechanism resulting from shear stress by 

torsion test. The experiment results illustrated that shear stress in TR (rolling shear on 

average around 1.5 MPa) is not to be taken as a criterion of breakage. The exact analyses 

of the stress distribution of the ultimate limit state and system effect of important nodes 

should be taken into the further examinations. However, the relationship between the 

smallest-unit of orthogonally glued boards and CL T elements need to be figured out. 

Fellmoser and BlaB (2004) conducted a bending vibration test (Figure A-13) and 

measured the rolling shear modulus of spruce (Picea abies) that ranged from 40 MPa and 

80 MPa. Steiger et al. (2008) developed a fully automated procedure (Figure A-14) to 

determine the two in-plane elastic moduli (Er, E,) and the three shear moduli ( G1r, G,, and 

Gr,) of 3-layer spruce CL T panels. The shear modulus parallel to the grain is 540 MPa. 

Shear modulus could not be detected for all panels since modulus increased when the 

plate thickness increased. Furthermore, the maximal change in the elements of the 

stiffness tensor amounts to less than 0.001 %. The measuring errors between vibration 
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tests and theoretical values were less than 1.5%. The assumption to use effective material 

parameters (nine independent stiffness parameters Cij) instead of a layered structure was 

valid. A static bending test was conducted to verify the correctness of the elastic 

parameters. The calculated deformation was 6% smaller than experimentally derived 

deformation. Due to experimental inaccuracies and estimated stiffness properties, 

experimentally derived stiffness parameters were probably overestimated. In conclusion, 

the new method to determine the stiffness parameters of CL T worked well. 

The results of the experimental approach change with the species, lay-up, or 

manufacturing parameters of CL T. Thus, more testing is needed to find the appropriate 

method to evaluate rolling shear properties. Compared to the experimental approach, the 

analytic approach offers a time and cost saving alternative. 

One of the most popular modelling methods for calculating the stress distribution was the 

shear analogy method by Kreuzinger (1995). In this method, the characteristics of a 

multi-layer CLT panel are separated into two virtual beams, A and B, as shown in Figure 

A-15. Both different moduli of elasticity and shear moduli of single layers can be 

considered for any system configuration. Beam A is given the sum of the inherent 

flexural strength of the individual plies along their own neutral axes, while beam B is 

given the "Steiner" point part of the flexural strength, the flexible shear strength of the 
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Direction of force 

Figure A-13 Test configuration for bending vibration test (Fellmoser and BlaB 2004) 
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Figure A-14 A free plate configuration (Steiger et al. 2008) 
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---1 ---1 ---1 ---1---1 ---1 ........... B --A 

Figure A-15 Beam differentiation using the shear analogy method 
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panel, as well as the flexibility of all connections. These two beams are coupled with 

infinitely rigid web members, so that an equal deflection between beams A and beams B 

is obtained. By overlaying the bending moment and shear forces of both beams, the end 

result for the entire cross-section can be obtained. 

F ellmoser and BlaB (2004) applied "composite theory" to predict the stress distribution 

and the deformation behaviour of solid wood panels with cross layers. However, they 

found the composite theory may be accurate for solid panels because it did not take into 

account shear deformation in bending panels. Mestek et.al (2008) calculated stress 

distribution in the same vertical sections of a simply supported 5-layer CLT-element 

according to the shear analogy method. The stress distribution in the outmost section was 

found to present a plane gradient. After comparing the theoretical values and 

experimental results, it was found that the shear deformation according to the shear 

analogy had a good correlation with the result measured from experiment results. 

Sretenovic et al. (2005) applied the ABAQUS software package to simulate the 

performance of plywood and OSB under five point bending tests and shear tests. 

Orthotropic elasticity was assumed for the veneer layers in plywood, and linear elastic 

behaviour was assumed for both outer and core layers of OSB. They found that shear 

distribution was homogeneously distributed in the EN 789 test specimen (OSB). Shear 

cracks in OSB followed the path of least resistance. While shear cracks in plywood were 

confined to the veneer layers transverse to the imposed shear load, failure occurred 

consecutively in several of these layers. Robert et al. (2006) adopted the ABAQUS 

program to simulate two orthogonally glued boards of CL T under the torsion test with the 
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three-dimensional C3D27 volume element with 27 nodes. The material parameters were 

taken from literature, as shown in Table 1. 

The results illustrated that the strength indicated by the simulation for edge-grained 

elements was about 20% low, and for flat grained elements was about 34% high. The 

reason might be due to the assumption of the same stiffness for both tension and 

compression zones in the linear elastic calculation. The FE calculation strongly reacted to 

any minor change in the distance between the cylinder axis and the centre of gravity of a 

board. The shift from the weaker rolling shear strength to the higher shear strength in the 

grain direction formed the zones subject to rolling shear force and caused failure when 

local stresses exceeded a certain level of maximum strength or when the yielding 

capacity of rolling shear zones had been exhausted. Based on the enhanced Saint 

Venant's Torsion theory, the ratio shear transverse and longitudinal was about 1 :2.5 up to 

1 :3 .5. Shear strength in the grain direction was around 4.2 MPa on average, and rolling 

shear strength was around 1.5 MPa. 

Thomas et al. (2008) conducted a study on which configuration should be the appropriate 

one for determination of shear strength of a CLT plate. They did a Finite Element (FE) 

analysis using a representative volume sub-element (RVSE) and representative volume 

element (RVE) (Figure A-16). Two kinds of models were compared. One is an ideal 

model with load introduction at the outer cross sections under coexistent anti-symmetric 

boundary conditions, and the other was a model with the real boundary conditions and 

load introduction. The applied element was the C3D27 element with 27 nods of the FE 
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program ABAQUS. The material parameters were chosen as orthotropic linear elastic 

constants, as shown in Table 2. The calculated ideal model was 14.6% weaker than the 

real test specimen. The global displacement at the outside was 26.4% higher than the 

inner displacement. Therefore, a calibration factor of 0.90 was suggested to be introduced 

for the actual configuration to correct the calculated shear stiffness. 

Table l .Elasticitl constants for sEruce taken from literature 

Authors Persson 
( abbreviation) Kollmann Grimsel Carrington 

Min (permin) Max (permin) 

E11 (MPa) 686 699 826 700 900 

E22(MPa) 392 400 645 400 650 

E33(MPa) 15925 16200 17040 13500 16200 

V21 0.63300 0.41940 0.430 0.240 0.330 

V31 0.02723 0.01889 0.020 0.018 0.030 

V32 0.02406 0.01321 0.020 0.013 0.021 

Gll (MPa) 363 37.0 35.8 29.0 39.0 

G13(MPa) 617 628 637 620 720 

G23(MPa) 766 775 870 500 850 

Table2. OrthotroEic linear elastic constants in the FE model 

Value (MPa) Value (MPa) Value (MPa) 

E11 10000 V12 0 V12 750 
E22 400 V13 0 V13 750 
£33 400 V23 0 V23 75 

VI. Summary and Conclusions 

Due to the poor shear properties of wood in the direction perpendicular to grain, the 

failure generally occured in cross layers when exceeding the rolling shear capacity, so 
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symmetry 

RVSE 

Figure A-16 RVSE-definition for CLT panel (Thomas et al. 2008) 
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small rolling shear properties are a big technical challenge for the application of CL T 

panel.There are several parameters that have an important effect on rolling shear 

properties of CL T panels, like span-to-depth ratio, gap width, growth ring orientation and 

glued surface geometry, etc. Some of these parameters have already been studied, and 

preliminary results have been obtained. 

Span-to-depth ratio has significant effect on shear strength. In some special 

circumstances of use in CL T, shear deformation in cross layers have to be considered for 

small span-to-depth ratios (:S30). Normally there is no gap between boards or with gaps 

relatively small, about 1-2mm. Since the mechanical treatments for CLT elements with 

and without gaps are different, gap width should also be an important parameter. 

However, there is currently no specific comparative study on this aspect. There is some 

research about the effect of growth ring orientation on shear strength. These studies 

recorded the similar results with the static and dynamic methods, noting that the rolling 

shear modulus remained almost constant from 0° to 90° of the growth rings in the cross

section and has a sharp increase around 45°. Rolling shear modulus widely used today in 

literature is 50 MPa. According to the experimental results, the value seems conservative 

and should be theoretically considerably larger for structural-sized board cross-sections. 

To achieve high isotropic shear stresses, the smaller glued surface with edge-grained 

boards is recommended. 

So far, there are several experimental methods to assess the rolling shear properties, 

including three-, four-, and five-point bending tests, torsion test, and two-plate shear test. 
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Among these bending test methods, the five-point bending test appears to be a more 

appropriate method than the three-point or four-point bending tests. The major advantage 

to the five-point bending test is that this test setup is closer to real-life applications, as the 

lumber is used as a structural component, and it produces a smaller concentrated force at 

the middle support. In addition, the five-point bending test also results in a region of 

almost pure shear in the specimen and homogeneously distributed shear stresses around 

the middle plane of the specimen. Also, this test is simple to perform. However, center 

point bending test caused stress peak next to the concentrated load, therefore it cannot 

demonstrate the actual shear stress distribution close to the load, and it caused constant 

progress of shear stress in the area. Meanwhile, the four-point bending test does not lead 

to shear failure in orthogonally oriented boards and bending failures were observed in 

almost all tests. 

The two-plate compression shear configuration can almost produce pure shear and in

plane shear stress that are almost uniform yields at the surfaces and through the thickness 

of the test piece. However, the disadvantage of the two-plate shear test is that the 

boundary condition is different from reality. Additionally, the results from this 

configuration appear to be lower and more variable than those from bending test method. 

Non-destructive evaluation method is a rapid and convenient way to get the global 

properties of CL T-elements, and it has a great potential to to applied in industry on-line 

to reduce the costs. However, the method is confined to the symmetric layup of the 

panels and to estimate global properties. The layered analytical plate model is needed to 
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determine the stiffness properties of each single layer. Additionally, this method can get 

reasonable values for the shear moduli but not the ultimate shear stresses. 

When compared to composite theory and Kirchhoff Theory, the shear analogy is a more 

comprehensive and rational analytical approach, since both different moduli of elasticity 

and shear moduli of single layers can be considered for any system configuration. 

Furthermore, shear deformation according to the shear analogy has a good correlation 

with the result measured from the experiment. The shortage of the composite theory is 

that it does not consider shear deformation in bending panels. Meanwhile, the deficiency 

of the Kirchhoff Theory is that it underestimates the total deformation of the plate 

without considering shear deformation and the ductile composite of layers in each 

direction. 

The ABAQUS program is adopted to simulate the experimental test, and it is done with 

the C3D27 volume element with 27 nodes. The FE calculation was found to strongly 

react to any minor change in the distance between the cylinder axis and the centre of 

gravity of a board. Results from the FE calculation have variations with those from the 

experimental test. Thus, a calibration factor was suggested for the actual configuration to 

correct the calculated shear stiffness. 

VII. Recommendations for Future Work 

Based on the various references, the following conclusions can be stated: 
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1) The long-standing difficulty of determining the rolling shear properties of engineered 

wood products is obtaining a state of pure and uniform shear in specimens. Among these 

test methods, the five-point bending test and two-plate shear test appear to be more 

appropriate methods, since both can produce almost pure shear in the specimens; 

2) The span-to-depth ratio, thickness and gap width are recommended to be the main 

parameters considered in future study; 

3) Non-destructive evaluation method can obtain reasonable values for the shear 

modulus but not shear strength; 

4) The shear analogy method is a more comprehensive and rational analytical approach 

because it can get more accurate results and it considers both modulus of elasticity and 

shear modulus of single layers; and 

5) The FE model results in underestimated shear properties. Thus, a calibration factor 

was suggested for the actual configuration to correct the calculated shear stiffness. 
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