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Abstract 
 
Cross-laminated timber [CLT] is an engineered timber product comprising 
boards of strength graded timber glued together in laminae to form large 
plane sections.  CLT sections are used to create structural elements including 
walls, floors and roofs.   
 
This briefing paper presents the results of a series of stiffness tests; including 
both composite sections and their constituent individual component boards. 
The composite results are compared with the output of three widely used 
design calculation methods: the shear analogy method; the gamma method; 
and the K-method. This comparison demonstrates the sensitivity of the 
calculated stiffness to the variation in component stiffness between recorded 
and graded values.  As there is a lack of readily available in-depth test data 
linking recorded component stiffness to recorded composite stiffness, this 
paper aims to help further the understanding of the link between these two 
values.  The results showed that the gamma method was the only design 
calculation that remained conservative whether using characteristic properties 
or true recorded stiffnesses. 
 

 
 
 
 

Definitions 
 
Panel – The full-depth, 5 laminae, composite CLT section which spans in 
the same direction to the outer grains.  
 
Lamina – A full layer of the panel comprising many individual boards with 
all their grains oriented in the same direction.  
 
Boards – The constituent components that make up a lamina. 
 
Outer laminae – The top and bottom laminae with grains oriented parallel 
to the span (Laminae 1 & 5 in Figure 1). 
 
Inner laminae – The laminae with grains oriented perpendicular to the span 
(Laminae 2 & 4 in Figure 1). 
 
Central laminae – The central lamina with grains oriented parallel to the 
span (Lamina 3 in Figure 1). 
  
Global displacement – The vertical displacement of points of load 
application relative to the outer supports. 
 
Local displacement – The vertical relative displacement within the central 
span (labelled w in the bottom diagram of Figure 1). 
 



Introduction 
 
CLT has been gaining popularity since its development in the well-wooded 
regions of Europe in the 1990’s.  Comprising typically 3, 5 or 7 laminae of 
graded timber boards with adjacent laminae grains oriented orthogonally, CLT 
displays good composite strength-to-weight characteristics.  Being fabricated 
off-site enables a fast on-site construction programme, with openings and 
joints being factory made before delivery to site.  Pre-fabrication renders 
many dangerous wet-trades superfluous, meaning a safer, quieter 
construction site.  As panels are accurately prepared off-site, the finished 
construction has an inherent air-tightness (TRADA Technology, 2011). 
 
As the need for sustainable environmental credentials grows in prominence 
within the construction industry, timber has become an even more prevalent 
material due to its innate sustainability and minimal embodied carbon.  Timber 
structures are being pushed to ever greater heights thanks to advances in 
engineered timbers and confidence in specialised designer skills.  CLT 
structures are now reaching up to 14 storeys (Treet Apartments, Bergen) 
(New Civil Engineer, 2014), and with greater height comes greater lateral 
loads.  In wall and floor applications, an in-depth understanding of the 
stiffness in bending when loaded out-of-plane is of great importance to 
structural designers.  Similarly a detailed insight into this property is useful for 
engineering researchers involved in development of numerical models for 
CLT design.    
 
Through a series of stiffness tests, this briefing paper aims to illustrate how 
the strength of the individual component boards relates to the composite 
stiffness in bending.  The draft CLT code – BS EN 16351 (BSI, 2011) – 
recommends using calculation methods “applicable in the market of intended 
use”.  Therefore, this relationship will be explored using three commonly used 
structural design calculation methods: 
 

 The mechanically jointed beam theory – Gamma method. 
 The composite theory – K method. 
 The Shear Analogy Method. 

 
To form a comparison, the following composite stiffness values will be 
computed: 
 

 The three design method outputs using recorded component 
experimental stiffness values. 

 The three design method outputs using the declared strength grade 
stiffness values. 

 The recorded values from three composite stiffness tests. 



 

 
 
The Test Setup 
 
The CLT panel used throughout these tests was a single 2000 mm x 2000 
mm x 99 mm thick 5 laminae panel, comprising a central lamina of C16 grade 
timber, the other four laminae were C24 grade timber.  All the boards were 
European Spruce which had been kiln dried to a moisture content of 12 % ± 2 
%.  Melamine-urea-formaldehyde adhesive is used along the edge joints of 
the boards making up the outer and central laminae.  Polyurethane glue is 
used to bond the laminae together with the panel under an out of plane 
pressure.  The total adhesive content is approximately 0.6% of the panel (X-
Lam Alliance, 2013). 
 
To develop a deeper understanding of the true component stiffness 
contributing to the composite stiffness, a series of 15 tests were carried out on 
the component boards (three per laminae).  Although the boards have been 
visually strength graded, these component tests will allow us to gain a precise 
stiffness value for each lamina.  To facilitate these tests the panel was first 
dissected using a band saw.  This left each sample with an excess of adhered 
board from the adjacent  laminae which was then carefully trimmed using an 
electric plane.  The result was 15 similar sized samples of component board 
(380 mm x 100 mm x 20 ± 1 mm).  These were all accurately measured prior 
to testing. 
 
The same setup was used throughout all the tests, both component and 
composite.  The setup used was that of BS EN 408:2010:+A1:2012 Section 9: 
Determination of local modulus of elasticity in bending (BSI, 2012).  This 
setup makes use of a four-point bending test and a measure of relative local 
displacement within the central section of constant bending moment (see 

Figure 1 Top: Cross section of the composite panel including notation; Bottom, diagram showing 
4-point bending test. 



Figure 3).  All tests were carried out in laboratories with an ambient air 
temperature of 21 ± 2 oC. 
 
The full-depth composite section tests were conducted on three different sized 
samples: 
 

 1700 mm x 150 mm x 99 mm 
 1700 mm x 200 mm x 99 mm 
 1500 mm x 200 mm x 99 mm 

 
 
The Test Results 
 
The 15 component tests comprised three tests per lamina; yielding 6 outer 
laminae results, 6 inner laminae results and 3 central laminae results.  These 
results are to be presented as follows: 
 

 Outer laminae tests – Tests 1 – 6 
 Inner laminae tests – Tests A – F 
 Central laminae tests – Tests I – III 

 

 Test 
Modulus of elasticity in bending  

(kN/mm2) 

Outer laminae 

1 13.80 
2 14.26 
3 9.83 
4 11.35 
5 14.20 
6 7.86 

Average 11.88 

Inner laminae 

A 13.85 
B 13.54 
C 18.04 
D 16.06 
E 13.30 
F 12.07 

Average 14.48 

Central laminae 

I 8.46 
II 12.00 
III 6.49 

Average 8.98 
Table 1 Individual lamina test results with averages 

 
All individual stiffnesses and the average lamina stiffnesses lie within the 
expected ranges associated with each strength grade (see Table 1). The 
lowest value of the C24 grade samples, 7.86 kN/mm2, was above the 
associated fifth percentile value (E0.05) of 7.4 kN/mm2.  The lowest value from 
the central lamina samples, 6.49 kN/mm2, was also above the C16’s E0.05 of 



5.4 kN/mm2.  It should be noted that for this particular panel, the inner laminae 
proved to be consistently stiffer than the C24 Eurocode characteristic value. 
The composite beam tests yielded stiffness results presented in Table 3.  
Figure 2 shows the charted data from all the tests carried out in this study. 
 

Sample size 
Clear span 

(mm) 

Modulus of 
elasticity in 

bending 
(kN/mm2) 

Maximum 
load at 

failure (kN) 

Maximum 
deflection at 
failure (mm) 

1700 mm x 
150 mm 

1600 10.513 35.30 25.83 

1700 mm x 
200 mm 

1600 8.638 44.06 27.81 

1500 mm x 
200 mm 

1400 8.803 52.73 25.88 

Average N/A 9.318 N/A N/A 
Table 2 Modulus of elasticity in bending from the three composite beam tests along with 
maximum load and deflection 

 
 

 
 
Figure 2 Charted test data from all the tests carried out 

 
The most prevalent failure pattern was a shear failure.  This was evident in 
the form of a  crack propagating along the lower inter-lamina glue line from 
the outer most support (see Figure 3).  These cracks then tended towards the 
inner loading point about half way between support and loading positions.  If 



one of the lower inner lamina had a flat grain pattern, the cracks often 
propagated through a weak plane within the grain, also if there were knots 
present these impacted the failure pattern causing the cracks to transfer to the 
next lamina up as the crack made its way towards the point of load 
application.  The failures tended to be brittle, with all occurring at deflections 
well beyond serviceability limits.  
 

 
 
Figure 3 Top: A typical failure mode from a full depth composite beam test; Bottom: An 
individual board under load during a 4-point bending test 

 
Overview of the design methods 
 
1. The mechanically jointed beam theory – Gamma method 
 
This method was developed by Professor Karl Möhler in 1955 (FPInnovations, 
2011). It has been adapted from the original form which was intended to be 
applied to mechanically jointed I-beams. The original method attributed 
gamma to denote the fixity and slip associated with the mechanical fasteners 
(gamma=0 for no connection and gamma=1 for securely rigid connections).  
This has been adapted so the gamma factor reflects the slip associated with 
the rolling shear in the laminae with grains oriented perpendicular to the outer 
grain. 
 
2. The composite theory – K method 
 
This method is widely used when calculating the bending stiffness of plywood, 
in which application the stiffness of the perpendicular grained plies are 
ignored (i.e. E90=0) (FPInnovations, 2011).  The method has been adapted to 
suit cross laminated timber  where the stiffness of all the laminae are 



accounted for.  This is achieved by using various K factors depending on 
loading and panel orientation. 
 
3. The shear analogy method 
 
This method was developed by Professor Heinrich Kreuzinger and is 
regarded by many as the most accurate of all theoretical methods 
(FPInnovations, 2011).  The shear analogy method also takes into account 
the shear deformations. 
 
The approach views the composite section as the sum of two virtual beams: 
Beam A and Beam B.  Beam A comprises the sum of the flexural strengths of 
the individual lamina about their own neutral axis, while Beam B comprises 
the Steiner points introducing the flexural strength and shear flexibility of the 
composite panel.  The two beams are then superposed to achieve the 
composite strength and stiffness of the full panel. 
 
 
The design calculation results 
 
Where non-tested values were required, such as rolling shear modulus (G90, 

mean) and the modulus of elasticity in bending perpendicular to the grain (E90, 

mean) the values were linearly interpreted from the characteristic Eurocode 
values given in BS EN 338:2009 (BSI, 2009) using the recorded stiffness as 
the basis of interpolation. The outputs of these calculations are presented in 
Table 4 along with the sensitivity to which source of data was used.  
 
 
 

Calculation 
method 

Modulus of elasticity in bending 
(kN/mm2) 

 
Sensitivity  

Experimental 
values 

  
 

[A] 

Strength 
grade 
values 

 
[B] 

Average 
recorded 

composite 
 

[C] 

To 
calculation 

data 
source 

 
[A]/[B]   

Experimental 
values 

calculations 
to average 
recorded 

 

[A]/[C] 

Gamma 
method 

7.596 7.049 

9.318 

1.078 0.815 

K method 9.452 8.737 1.082 1.014 

Shear 
analogy 
method 

9.424 8.719 1.081 1.011 

Table 3 Comparison of all stiffness values and sensitivities 

 
 



Discussion and conclusion 
 
The spread of individual stiffnesses is expected when testing timber boards.  
The stiffness is not just a function of quality but of where the board was cut 
from the original piece of timber and how the grains are oriented within the 
board as well as the presence of local discrepancies such as knots.  Studies 
by Hochreiner et al (2014) have found a similar spread of results. Owing to 
the available parent panel sizes, individual lamina tests were limited to 3 per 
type, hence the results presented in the current study must be viewed within 
that context. 
 
When using the standard Eurocode characteristic values both the K method 
and shear analogy method give highly representative outputs.  They both 
slightly underestimate the true stiffness giving a conservative estimation.  
However, when using the true component values both give an undesirable,  
non-conservative overestimation of the composite stiffness.  All composite 
stiffness values fall within expected ranges and agree with previous studies by 
others such as Steiger et al (2012).  
 
As expected, given that the true stiffnesses are all above the Eurocode 
characteristic values, the design calculations using the true component 
stiffnesses are all consistently higher than the same outputs using Eurocode 
values.   
 
Only the Gamma method gives a consistently conservative output compared 
to the average recorded composite stiffness.  This result is in accordance with 
a previous study by Thiel and Schickhofer (2010) of CLT panels of a similar 
composition. The gamma method is the preferred calculation method used by 
the manufacturers of this panel. 
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