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ABSTRACT: The work presented involved testing of the compression strength of square specimens made from three-

layer CLT. In one of the test set-ups a uniform compression over the complete square face of the specimen was used - 

similar to what is defined in the current European test standard for glued-laminated timber. In addition, several other 

test set-ups involving loading of only parts of the specimens’ square surface by line loads was investigated. The use of 

line loads aimed at investigating the effect of load distribution within the test specimen, and also to investigate possible 

boundary effects when the line load is applied close to the specimen edge. In practical design, the line load used in the 

tests, would correspond to the load transfer from a wall structure clamping a CLT-slab. During testing, apart from 

registering the load and deformation by conventional gauges, a contact-free deformation measurement system was used. 

The results show that the compression strength – defined according to Eurocode 5 as the load at which a 1% permanent 

set is obtained – is indeed dependent on the relative size of the load application area, its orientation relative to the 

surface grain direction and its distance to the edge of the specimen. Other conclusions are that test methods, test 

evaluation methods as well as design criteria for compression perpendicular to grain in CLT should be revisited. 
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1 INTRODUCTION 12 

In recent years Cross-Laminated Timber (CLT) has been 

used in an increasing number of medium and high-rise 

structures. The increasing use of CLT in more 

demanding applications has highlighted the need for 

basic design parameters, and also the need for test 

methods and evaluation methods in order to obtain 

reliable characteristic values for design. The work 

presented here deals with the strength in compression 

perpendicular to grain in CLT, one of the parameters for 

which new test methods are needed within the European 

standards system. 

Previous studies concerning finite element analysis of 

structural timber and glued laminated timber in 

compression perpendicular to grain has been reported in 

e.g. [1]. That study revealed clearly the influence of the 

annual ring orientation on the apparent mechanical 

response in compression perpendicular to grain. In more 

recent studies this has also been verified in terms of 

digital image correlation. Especially the role of the low 

transverse shear modulus (rolling shear) has been 

investigated [2, 3]. From these studies it can be 

concluded that shear coupling is an important factor to 

take into account even for uniaxial tensile/compressive 

loading perpendicular to grain. 
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1.1 AIM AND SCOPE 

The aim of the work presented has been to investigate 

the mechanical behaviour of CLT in the case of 

compressive loading perpendicular to grain. The 

influence of the width of the applied loading device has 

been of special interest, and also the orientation of this 

loading device in relation to the surface grain-direction. 

The study performed has been mainly experimental, 

including the use of a contact-free measurement system 

for analyses of the deformation field. In order to get 

qualitative understanding of the problem, simplified 

elastic finite element analyses were also conducted. 

 

2 MATERIALS AND METHODS 

2.1 CLT-MATERIAL AND TEST PROGRAMME 

All material used for testing was provided by the 

Austrian manufacturer KLH. The CLT was 120 mm in 

thickness and consisted of three layers all having equal 

thickness. The CLT was delivered by KLH cut to sizes 

as required for the test programme, see below. The 

average density of the material used was 420 kg/m
3
, at 

the average moisture content of 10.1%. This density 

corresponds to a density of 427 kg/m
3

 at 12% moisture 

content (20/65 standard climate). 

The test programme consisted of three different types of 

tests, denoted A, B and C. These differed in terms of the 

area used for load application, see Figure 1. For series A 

200×200 mm
2
 CLT-specimens were used. In series A the 



specimens were loaded in compression perpendicular to 

grain by thick steel plates covering completely the faces 

of the specimens. Thus, for series A, uniform pressure 

over the specimen was aimed at. For the two remaining 

series, B and C, line loads were applied on 300×300 

mm
2
 large specimens. In both series B and C the load 

was applied by the use of 50 mm wide steel bars. In 

series B the steel bars were placed centrically over the 

face of the specimen, while in series C the bars were 

placed at the edges. Two versions of the series B and C 

were performed, these being denoted B1 and B2 and C1 

and C2 respectively. For series B1 and C1, the 

orientation of the steel bars was parallel to the grain 

direction at the CLT-surface, while for series B2 and C2 

the bars were perpendicular to the fibre direction at the 

CLT-surface. A schematic of the different loading 

conditions is shown in Figure 1. A summary of the test 

programme is given in Table 1. 

 

 

 
 
 

 

  
 

 

 

 
 

 

Figure 1: Load configurations used in the tests. Arrows 
indicate the fibre direction of the CLT surface layer. 

Table 1: Test programme 

Series Number of 

specimens 

Size (mm) Load 

type 

A 15 200×200 Uniform 

B1 7 300×300 Line 

B2 5 300×300 Line 

C1 5 300×300 Line 

C2 8 300×300 Line 

 

 

2.2 TEST AND EVALUATION METHODS 

2.2.1 Force and average deformation 

All tests were performed in a hydraulic testing machine, 

measuring load and deformation using a load cell and 

potentiometers respectively. The deformation was 

measured at the four corner points of the loading plates, 

and the average of these four readings was used as a 

measure of the total deformation. Figure 2 – Figure 4 

show the specimens mounted in the testing machine 

before testing of series A, B2 and C2, respectively. In all 

three set-ups 400×400 mm
2
 stiff steel plates were used. 

The testing machine was run in displacement control, at 

an initial rate of the actuator of 0.02 mm/sec. This speed 

was maintained until the specimen reached the plastic 

region and the rate was then increased to 0.2 mm/sec.  

 

 

Figure 2: Test set-up, series A. 

 

 

Figure 3: Test set-up, series B2. 
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Figure 4: Test set-up, series C2. 

2.2.2 Compression strength 

The definition of compression strength for testing 

perpendicular to grain has been debated during recent 

years. In reality, the “failure” obtained in compression 

perpendicular to grain is that of excessive deformation. 

Thus the approach adopted in the European standards, is 

that of calculating the strength from the test results by 

estimating the nominal stress at 1% non-recoverable 

nominal compressive strain. This definition has also 

been adopted here. 

 

2.2.3 Deformation field measurements 

During some of the tests, a contact free-deformation 

measurement system was used. This system uses digital 

image correlation technique to measure the full 

displacement field of a surface. With the software 

belonging to the system (ARAMIS™) it is also possible 

to calculate the in plane strains of the surface being 

monitored. Before performing the test, a black-and-white 

random pattern is applied to the object to be investigated. 

This pattern is visible in Figure 4. The pattern, which 

deforms together with the object during loading, is then 

analysed in a series of picture pairs taken during the test 

procedure. From the picture pairs, which were taken with 

two digital 4-megapixel cameras arranged at slightly 

different view angles, the deformation field obtained had 

a spatial resolution of approximately 2.3 mm. During 

testing pictures were taken every 5 second. 

 

2.2.4 Density and moisture content 

The density for each specimen was calculated before 

testing, while the moisture content was calculated using 

the wet weight before the test and the dry weight after 

the specimen had been tested and dried in an oven. 

 

2.3 FINITE ELEMENT ANALYSES 

In order to obtain a general understanding of the statics 

of the test procedure, simplified finite element (FE) 

analyses were performed. These FE-analyses were 

performed assuming the material to be linear elastic, and 

can consequently not be used for detailed evaluation. 

However, even for a truly non-linear problem, an elastic 

analysis can be beneficial in terms of general 

understanding. In this particular case, the influence of 

the annual ring orientation is one such example.  

The elastic parameters used for the linear elastic 

orthotropic material model are given in Table 2.  

Table 2: Elastic parameters for FE-analyses. The 
directions are: 1,2,3=Radial, tangential and longitudinal, 
respectively. 

Parameter Value Unit 

E1 900 MPa 

E2 600 MPa 

E3 12 000 MPa 

G12 50 MPa 

G13 600 MPa 

G23 600 MPa 

ν12 0.56 - 

ν 13 0.035 - 

ν 23 0.015 - 

 

The cylindrical nature of the material symmetry was 

taken into account, and also the fact that each layer of 

the CLT in turn consists of several pieces, all with 

different annual ring orientation. In the FE-analyses, the 

loading was applied by the use of rigid surfaces, 

interacting with the CLT. In the contact between these 

loading surfaces and the CLT, a coefficient of friction of 

0.4 was assumed. 

 

3 RESULTS 

3.1 EXPERIMENTAL RESULTS 

3.1.1 Strength and deformation 

All individual test results are presented in Figure 5 – 

Figure 9. In Table 3, giving a summary of the test 

results, the average compression strength was calculated 

as indicated above, based on the stress at a permanent set 

of 1% nominal strain. 

 

 
 

 
 

 

Figure 5: Stress-displacement response from test series 
A and example of a specimen belonging to series A. 



 
 

 
 

 

Figure 6: Stress-displacement response from test series 
B1 and example of a specimen belonging to series B1. 

 
 

 
 

 

Figure 7: Stress-displacement response from test series 
B2 and example of a specimen belonging to series B2. 

 
 

 
 

 

Figure 8: Stress-displacement response from test series 
C1 and example of a specimen belonging to series C1. 

 
 

 
 

 

Figure 9: Stress-displacement response from test series 
C2 and example of a specimen belonging to series C2. 



Table 3: Main test results. 

Strength, fc,90 

Test series Mean 

(MPa) 

COV 

A 3.3 7.4% 

B1 4.4 9.8% 

B2 5.8 5.3% 

C1 2.9 4.7% 

C2 4.9 5.5% 

 

 

3.1.2 Strain fields by digital image correlation 
By the use of the contact free measurement system, the 

full in-plane strain fields of the specimens could be 

recorded. The strain fields were only measured for a 

limited number of specimens – one or two for each test 

series. In the below figures the results are shown, 

indicating the distribution of the in-plane strains: vertical 

strain (in the loading direction), horizontal strain 

(perpendicular to the loading direction and in the plane 

of the surface being monitored) and, finally, the in-plane 

shear strain The shear strain shown here is in all cases 

the tensorial shear strain, εxy, which for small strain 

theory equals half the engineering shear strain. In these 

pictures, the influence of the different board positions 

within the specimen is seen: The strain fields are 

discontinuous, and it is also obvious (see e.g. Figure 11) 

that the individual boards are more or less free to 

separate. Below, the results from series A and series C1 

are shown. 

 

3.1.3 Strain fields – Series A  

The results from the test in Series A are shown in Figure 

10 - Figure 12. In these figures, the strain is shown at the 

load level corresponding to an average compressive 

stress of 2.5 MPa over the complete surface of the 

specimen.  

 

 

Figure 10: Vertical strain at 101 kN load (2.5 MPa 
average compressive stress). Dashed lines indicate the 
boundaries of individual boards. Specimen from series A. 

 

Figure 11: Horizontal strain at 101 kN load (2.5 MPa 
average compressive stress). Dashed lines indicate the 
boundaries of individual boards. Specimen from series A. 

 

 

Figure 12: Shear strain at 101 kN load (2.5 MPa average 
compressive stress). Dashed lines indicate the 
boundaries of individual boards. Specimen from series A. 

3.1.4 Strain fields – Series C1  
The results from the test in Series C1 are shown in 

Figure 13 - Figure 15. In these figures, the strain is 

shown at the load level corresponding to an average 

compressive stress of 2.6 MPa over the surface of the 

loading bar.  

 

 

 

Figure 13: Vertical strain at 38 kN load (2.6 MPa 
average compressive stress). Specimen from series C1. 



 

Figure 14: Horizontal strain at 38 kN load (2.6 MPa 
average compressive stress). Specimen from series C1. 

 

 

 

Figure 15: Shear strain at 38 kN load (2.6 MPa average 
compressive stress). Specimen from series C1. 

3.1.5 FE-analysis 

In the below, FE-model results are shown in terms of a 

deformed model plot, corresponding to a test specimen 

from series A. One general observation was done during 

the development of this model: In order to get any 

resemblance with the deformation fields observed during 

testing (both by visual inspection and by the use of the 

contact free system) the interaction between the 

individual boards within the specimen had to be taken 

into account. Thus, in the model shown below, each 

individual board has been modelled separately, including 

assigning each board an approximate pith location. In 

addition, the edges of the individual boards are free to 

move in relation to each other, thus during loading 

possibly creating cavities.  

However, even if the general deformation pattern does 

indeed show some resemblance with the pattern obtained 

in the tests, see Figure 5, it should be pointed out that the 

FE-analyses performed were made with linear elastic 

material parameters. It was found in the tests that already 

at low load levels large strains developed in parts of the 

specimen, e.g. large compressive at the interface 

between the layers of the CLT. This cannot be captured 

using a linear elastic material model. 

In order to fully capture the behaviour at load levels 

relevant for the evaluation of strength data, an 

orthotropic plastic material model must be used. In 

addition, if the complete course of loading is to be 

modelled, also the initiation and propagation of cracks 

should be taken into account – indeed a truly challenging 

task.  

 

Figure 16: FE-analysis of a series A specimen. 

4 DISCUSSION 

4.1 GENERAL OBSERVATIONS 

The results obtained in the tests have revealed that the 

compression strength of CLT when loaded perpendicular 

to the grain is indeed highly dependent on the loading 

situation. The strength values, as evaluated according to 

the EC5 definition of compression strength, varies from 

2.9 MPa to 5.8 MPa, depending on the load arrangement 

(uniform pressure/line load, loading close to edge, line 

load parallel or perpendicular to surface layer grain 

direction). Furthermore, the recorded data shows (cf. 

Figure 5 - Figure 9) that the shape of the stress versus 

deformation curve is also highly dependent on the 

loading situation.  

For the case of loading by a uniform pressure (or rather 

uniform displacement) the stress versus deformation 

curve shows the typical behaviour of reaching a clear 

plateau value. Following this, at very large compressive 

strain, densification occurs. Thus, for this mode of 

loading, it seems reasonable to assume that for a design 

situation, the excessive deformation is the limiting 

factor. The post-plateau densification means also that 

there is a large safety margin built into any design 

criterion based on maximum deformation.  

For the other cases of loading, i.e. by applying the load 

on only parts of the specimen’s surface, the situation is 

different. For the “worst case scenario” - a line load 

close to the edge and parallel to the surface grain 

direction - strength values are lower and, above all, the 

densification at large strain does not occur. This is 

mainly due to the lack of interaction between the 

individual boards of the CLT. For cases were a board 

with small width is situated at the edge, the failure is 

very local, and also much more brittle. The failure 

mechanism in this case is that of rolling shear in the 

board closest to the edge. Since the boards are not 

structurally glued at their edges, the transverse 

deformation is not prevented. This in turn then leads to a 

small part of the surface layer being crushed and 

separated. See also Figure 8 and the top right part of the 

specimen in Figure 14. In order to clarify the large 

difference due to load configuration, a comparison 

between one specimen from series A, and one specimen 

from series C1 is given in the below figure. 



 

Figure 17: Stress vs. deformation for a specimen from 
series C1(magenta) and a specimen from series A (blue). 

It is interesting to note that the detailed results obtained 

from the image correlation measurements give the 

possibility to estimate e.g. the load distribution taking 

place when loading on only a part of the surface. For the 

example of loading close to the edge, series C, this is 

visualised in Figure 18. Here, the extension of the large 

vertical strains at mid-depth of the CLT is highlighted, 

showing that the load spreads in the horizontal direction. 

 

 

 
 

Figure 18: Enlargement of upper right part of Figure 13. 
The distribution of vertical load in horizontal direction is 
indicated by the width of the zone with large vertical 
strains. 

The largest value of compression strength was obtained 

for the case B2, a line load placed centrically in the 

specimen, and perpendicular to the surface grain 

direction. This is explained by the fact that by applying 

the load on only a small part of the specimen, but far 

from its boundaries, the unloaded parts of the specimen 

will prevent the deformation, acting as support in the 

transverse direction. In addition, the surface layer can 

distribute the load in the horizontal direction. 

For the different load arrangements used herein, the local 

failure modes are due to crushing and rolling shear. 

However, these local failures are more or less influential 

on the global failure depending on the load arrangement. 

For the case of series A (loading of the full surface), the 

crushing of the wood is not so severe since adjacent 

layers act as reinforcement, the fibre directions in these 

adjacent layers being perpendicular. For the most severe 

case, series C1, it is however obvious that the specific 

arrangement of the boards within the specimen (cf. 

Figure 8) is of great importance. 

The contact free deformation measurement system used 

makes it possible to look into the failure process in 

detail. As an example, a series of pictures from one of 

the tests is shown in Figure 19. Here the vertical strain is 

shown for three load levels for a specimen from series 

B1. As seen in Figure 19, the material failure beneath the 

loading bar is highly localised, and it is also obvious that 

the failure pattern follows the annual ring pattern. Thus, 

the annual ring orientation is an important factor which 

governs the failure.  

 

 

 
 

 
 

 
 

 

Figure 19: Vertical strain during part of the loading 
sequence for a specimen of series B1. In the lower part 
of the figure, the undeformed specimen is shown. 



4.2 IMPLICATIONS FOR CODE WRITERS 

The study presented here has some implications for the 

development of possible test methods, design criteria and 

strength values to be used in structural codes.  

Firstly, any test method to be used for determining 

strength values should be able to distinguish between 

different material qualities. It is probable that the 

strength value obtained by the uniform displacement of 

the complete CLT surface is highly dependent on the 

density of the material, and on the annual ring 

orientation of the boards (i.e. the amount of rolling 

shear). Thus such an arrangement could be used to 

obtain an intrinsic strength value of the “material” CLT. 

Since the strength value determined in this manner 

would be dependent on the orientation of the individual 

boards a rather large amount of specimens is probably 

needed. Using large specimens could be beneficial in 

this respect, although the force capacity required could 

be problematic. 

Secondly, the influence of the orientation of a line load 

on the strength should be taken into account, or 

alternatively, a minimum width of a load being applied 

at the edge (such as from walls) should be determined.  

The above mentioned consequences in turn imply that 

the use of strength values and calculation models 

available for glued-laminated timber, is not to be 

recommended.  

 

5 CONCLUSIONS 

The following conclusions can be drawn from the 

present study: 

 

• The behaviour of CLT in compression 

perpendicular to grain is very complex, a 

number of parameters influencing the results, 

such as: board width, material orientation and 

loading arrangement  

• Applying a line load close to the edge of a CLT 

specimen resulted in a failure with lesser 

deformation capacity (more brittle) as compared 

to loading applied in the interior of the 

specimen.  

• Depending on the loading arrangement, the 

strength of CLT in compression perpendicular 

to grain can be based on either a deformation 

criterion or a strength criterion 

• The use of a contact free deformation 

measurement system is an efficient way of 

obtaining detailed results during complex 

loading situations 

• The use of FE-analyses in the present case is a 

tremendously demanding task. For an accurate 

description non-linear plasticity models, in 

combination with fracture mechanics models 

should be used. 
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