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Abstract
This paper describes results and analysis of experiment of compression behavior parallel to grain of glulam (Norway
Spruce, Japanese cedar, and Japanese cypress), especially in damage zones near loading plates and joints. To investigate the influence factors of physical properties and the mechanism of the damage zone near the loading plates or
the joints, compression tests on 90 specimens and surface-measurement tests on 48 specimens were performed. As
a result, it was observed that damage zones existed near the loading plates and the joints. The lengths of the damage
zone of wood–wood joints are larger than that of wood–steel joints. The length of the damage zone was independent of the load and the height of the specimens. However, the length of the damage zone and its scatter increase
as the width of the cross-section increases, as does the roughness on the contact surface. It was considered that the
cause of the damage zone is the roughness on the contact surface and the length of the damage zone depends on
the roughness on the contact surface. Therefore, the length of the damage zone depends on the processing accuracy
on the contact surface and has an increasing trend as the contact-surface area increases. There was the size effect of
the height of the specimens on the compressive strength because of knots.
Keywords: Glulam, Damage zone, Compression parallel to grain, Joints, Connections, Surface roughness, Timber
Introduction
In recent years, high-rise timber buildings have been
built in the world. In timber buildings, the deformations
concentrate on the connections and the deformations of
the connections were complex [1]. In connections, since
the deformations under compression perpendicular to
the grain are bigger than the deformations under compression parallel to the grain by anisotropy of wood, the
deformations under compression parallel to the grain are
often ignored. However, in high-rise timber buildings,
we need to consider the deformation under compression
parallel to the grain as well.
The heterogeneity of the strains in members loaded in
compression parallel to the grain of clear specimens was
reported in papers [2, 3] (Choi et al. and Dahl and Malo).
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It is observed that the largest strains are allocated near
the loading plates [4] (Zink et al.), which create a zone
often called the “damage zone” as shown in Fig. 1. The
zone between these damage zones is referred to as the
“middle zone”. Xavier et al. [5] and Brabec et al. [6] investigated the behavior of the damage zones, e.g., the length
and the modulus of elasticity, in small clear specimens.
They defined the damage zone as a zone with a high variation strain (0.2–1.7%) at 50% of a maximum strength. In
addition, Totsuka et al. [7] reported the heterogeneity of
the strains of large-sawn-timbers specimens and showed
the possibility that the increasing length of damage zone
with the increase of the widths of the loaded area and
the length of the damage zone does not change when the
full height of the specimens increases. The compression
strength parallel to the grain of large-scale specimens of
glulam is presented by Fryer et al. [8] and Flaig et al. [9].
The report by Fryer et al. [8] presented the presence of a
size effect of the glulam specimens. The report by Flaig
et al. [9] presented the results of the experimental test
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(2) To study the mechanism of the damage zone in
various types of end-grain contact joints.

Load
Damage zone

Materials and methods
Specimens

Middle zone
Damage zone
Load
Fig. 1 Explanation of damage zone and middle zone

with end-grain contact joints in glulam and indicated
that damage zone occurred around the end-grain contact
joints. However, there is no evaluation method of damage zone and the behavior of the damage zones in glulam
specimens remains unsolved so far.
In this present work, the compressive property parallel
to the grain of glulam was investigated. The aims of this
work are as follows:
(1) To clarify the relationship between physical properties in the damage zone and the roughness of contact surfaces and the influence factors of physical
properties in the damage zone.

Table 1 shows an overview of the test series of glulam specimens. The specimens were made from glulam of Norway spruce (Picea abies) of quality GL30h
according to SS-EN 14080:2013 [10], and Japanese
cedar (Cryptomeria japonica) of quality E65-F255 and
Japanese cypress (Chamaecyparis obtusa) of quality E95-F315 according to JAS (Japanese Agricultural
Standards) [11]. The thickness of the glulam laminae
was 42 mm for Norway spruce and 30 mm for Japanese
cedar and Japanese cypress. The width of the glulam
laminae was the same as the specimen width.
A total of 90 specimens were prepared by manufacturing 6 or 4 specimens per series; see Table 1. The
test parameters are the size of the specimens and the
type of joints, shown in Fig. 2. The specimens of series
20-3sSp had a 9-mm steel plate. The actual dimensions
and weight of each specimen were measured before
testing. The moisture content of specimens after testing
was measured by a dual-function moisture meter. The
density of specimens was measured immediately before
the testing. The specimens had typical wood characteristics, adhesive layers, and finger joints, however, the

Table 1 Overview of test series
Series

Species

#

Specimen size [mm]
Cross section

2.5-1Sp

Norway spruce

6

10-1Sp
20-1Sp

20-3bSp

4

20-3bxSp
Japanese cedar

6

10-1Ce
20-1Ce
2.5-1Cy
20-1Cy
20-2Cy

200 × 200

100

–

50

–

200 × 200

300

–

200 × 200

200 × 200

25 × 25

100 × 100

200 × 200

20-2Ce
10-1Cy

–
–

200 × 200

20-3sSp

Japanese cypress

6

7.5–10.6

Height
100

200 × 200

20-3Sp

Moisture
content
[%]

100

100 × 100

20-05Sp

2.5-1Ce

25 × 25

Joint type

200 × 200

25 × 25

100 × 100

200 × 200

200 × 200

300

Butt (parallel)

300

Butt (cross)

300

Steel plate

100

–

100

–

100

–

200

–

100

–

100

–

100

–

200

–

10.9–11.3

8.2–11.3
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Fig. 2 Test parameters of joint types

specimens of series 2.5-1Sp, 2.5-1Ce, and 2.5-1Cy did
not exhibit visual defects (knots and cracks) and did
not have adhesive layers and finger joints.
Test methods

For the spruce specimens, the compression tests of the
specimens were carried out on a load frame for compressive strength tests with an in-line 3000 kN load
cell and a spherically seated loading-head, an in-line
displacement transducer under displacement control
at a rate of 1 mm/min. The 3D deformations and local
strains in two adjacent surfaces were determined by the
digital image correlation (DIC) system ARAMIS (ARAMIS, GOM, Braunschweig, Germany) [12], equipped
with dual digital cameras. ARAMIS captured images at
a frequency of 1 Hz during the test.
For the cedar and cypress specimens, the compression tests were carried out on a load frame for compressive strength tests with an in-line 3000 kN load cell, a
spherically seated loading-head, and four displacement

Fig. 4 Surface measurement of cedar and cypress specimens

Fig. 3 Loading and surface measurement cycle of cedar and cypress
specimens

transducers to measure the displacement of the total
height of the specimens under displacement control
at a rate of 1 mm/min. The loading and surface measurement cycle is shown in Fig. 3. The roughness on the
contact surfaces was measured at 10% of the previously published strength Fc (Fc is 35 N/mm2 for cedar
and 40 N/mm2 for cypress) [13], by a hybrid measuring
instrument for surface roughness and contour measurement (SV-C4100H8, Mitutoyo, Kanagawa, Japan)
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Fig. 5 Typical stress–strain curves of the specimens

as shown in Fig. 4. It is the device to measure surface
roughness by tracing the surface with a stylus. The 2D
deformations and local strains in a surface were determined by the DIC system by a digital camera. A 2D
optical system captured images at a frequency of 0.2 Hz
during the test. The images were processed with the
DIC software (GOM correlate, GOM, Braunschweig,
Germany) [9]. This software uses an automated computer algorithm to determine local displacements and
strains according to deformation images. For all specimens, a speckle pattern, which consisted of black dots
on a white surface, was painted on the face of these
specimens face.

Test results and discussion
Experimental results

The stress (σc) and strain (ɛ) were calculated from
Eqs. 1 and 2:

σc =

P
,
A

(1)

ε =

�l
,
H

(2)

where P is the applied compression load measured by the
load cell, A is the cross-sectional area of the specimens,
Δl is the average of the deformation in the full height of
the specimens measured by the in-line displacement
transducer and H is the initial height of the specimens.
Figure 5 shows the typical stress–strain curves of the
specimens. The stress–strain curves except for series
2.5-1Sp, 2.5-1Ce, and 2.5-1Cy were homogeneous. It
was considered that these specimens consist of the
multiple laminations. Series 2.5-1Sp, 2.5-1Ce, and 2.51Cy consisted of single laminae and these results were
more inconsistent than that of the other specimens.
Figure 6 shows the typical failure mechanisms. For all
specimens, compressive failure was kink band failure
[14]. Kink band and large deformation were observed
near the loading plates and the butt joints or in the
middle zone. In particular, in the specimens having
relatively large knots, kink bands occurred across the
knots; see Fig. 6. The adhesive layers and finger joints
are not the origin of the failure.
Size effects of compression strength and moduli

The strength (maximum stress) was calculated as the
ratio between the maximum load (Pmax) and the loaded
area of the specimen (A):

fc,0 =

Fig. 6 Typical failure mechanisms: a kink band failure on damage
zone, b kink band failure on damage zone and middle zone, c kink
band failure on middle zone caused by knots

Pmax
.
A

(3)

According to the equilibrium and linear elastic constitutive equations, the following closed-form solution
can be obtained for the identification of the longitudinal
modulus of elasticity:
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Table 2 Mean statistics of specimens
Maximum stress fc,0 [N/mm2]

Sample statistics

2.5-1Ce

10-1Ce

20-1Ce

20-2Ce

2.5-1Cy

10-1Cy

20-1Cy

20-2Cy

Quantity

6

6

6

6

6

6

6

6

Mean

31

33

34

33

47

44

45

44

CV [%]

6

5

2

3

5

3

2

5

Longitudinal modulus of elasticity in full height E L,f [N/mm2]
Mean

4383

4432

5349

6649

6823

6284

8242

10,091

CV [%]

19

5

4

1

20

6

5

4

Longitudinal modulus of elasticity in middle zone E L,m [N/mm2]
Mean

7549

8807

14,318

9722

14,966

15,247

22,575

14,847

CV [%]

12

14

34

8

11

15

18

8

Sample statistics

Maximum stress fc,0 [N/mm2]
2.5-1Sp

10-1Sp

20-1Sp

20-05Sp

20-3Sp

20-3bSp

20-3bxSp

20-3sSp

Quantity

6

6

6

6

6

4

4

4

Mean

53

44

44

47

41

41

41

42

CV [%]

12

6

3

1

1

4

2

4

Longitudinal modulus of elasticity in full height E L,f [N/mm2]
Mean

5327

4920

2507

1601

5510

2558

2381

2670

CV [%]

9

11

3

7

4

3

6

2

Longitudinal modulus of elasticity in middle zone E L,m [N/mm2]
Mean

13,155

12,440

13,950

13,414

11,865

13,240

12,500

14,064

CV [%]

13

9

16

18

5

9

10

11

CV coefficient of variation
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Fig. 8 Influence of heights and widths of cross-sectional area on values of EL,f

Fig. 9 Longitudinal strains of specimen 10-1Ce at 0.2 and 0.4 Pmax by DIC

Totsuka et al. Journal of Wood Science

EL =

P
,
Aε1

(2022) 68:33

Page 7 of 14

(4)

where P is the applied compression load and ɛ1 is the
linear strain, from 0.2Pmax to 0.4 Pmax, along the longitudinal direction. In this study, two types of the EL were
calculated: (1) the longitudinal modulus of elasticity in
full height (EL,f) using the ɛ1 in the full information of the
specimens measured by the displacement transducers;
(2) the longitudinal modulus of elasticity in the middle
zone (EL,m) using the ɛ1 in the middle zone measured by
the DIC.
Table 2 shows the statistics of the specimens. The values of EL,m were independent of the dimensions (height
and width) of the specimens and the joint types. The
mean values of EL,m were close to the literature values (7350 N/mm2 for cedar and 11,700 N/mm2 for
spruce[13], but no literature value for cypress) and considered to be equivalent to Young’s modulus measured
with a strain gauge or displacement meter attached to
the middle of the test specimen. The mean values of EL,m
of series 20-1Ce and 20-1Cy were bigger than that of the

other series. The reason for this is unknown and further
consideration will be needed to yield any findings about
it.
Figure 7 presents the influence of the heights and the
widths of the loaded area on the values of fc,0. These values
indicate mean values of the specimens with a cross-sectional area of 200 × 200 mm for the influence of the heights
and with a height of 100 mm for the influence of the
widths of the loaded area. With a method of least squares
fitting, it was found that the strength fc,0 is proportional to
the height of the specimen raised to the power of − 0.05
(the spruce specimens), − 0.04 (the cedar specimens), and
− 0.08 (the cypress specimens); see Fig. 7. Studies by Fryer
et al. [8] also found a reduction in compressive strength of
glulam, parallel to the grain, with increased member size.
The size effect of the cross-sectional area on the compressive strength fc,0 was very small. We have reported that
there is no size effect in the fc,0 of the solid timber specimens [7]. The main reason of the strength reduction may
be related to knots because the solid timber specimens did
not have knots, whereas all the glulam specimens excluding the 2.5-1 specimens had knots.

Fig. 10 Longitudinal strains distribution of specimens near loading plates in 0.2 Pmax
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Fig. 10 continued

Figure 8 presents the influence of the heights and
the widths of the loaded area on the values of EL,f. The
test results of solid timber of cedar [7] are also shown
in Fig. 8. These values indicate mean values of the

specimens with a cross-sectional area of 200 × 200 mm
and 30 × 30–90 × 90 mm [7] for the influence of the
heights and with a height of 100 mm and 30–90 mm [7]
for the influence of the widths of the loaded area. The E
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Fig. 11 Length of damage zone of specimens of varying widths of cross-section

had an increasing trend as the height increased. This
can be explained by that the lengths of the damage zone
do not change when the full height of the specimens
increases. The EL,f had an increasing trend as the width
of the loaded area decreased in the spruce specimens
and solid timber. This can be explained by the increasing lengths of the damage zone with the increase of the
widths of the loaded area. However, the EL,f did not have
an increasing trend in the cedar and cypress specimens.
To clarify the mechanism of the damage zone, the damage zones were analyzed in the following.
L,f

Strain field characterization and length of the damage
zone

Figure 9 shows an example of the deformation field of the
longitudinal strain and the average of the longitudinal

strain curves at lines A and B at 20% and 40% of the maximum load (Pmax) of the series 10-1Sp by DIC. A damage
zone near the loading plates or the joints and the middle zone can be recognized. The strain in the damage
zone had a gradual distribution along with the height and
exponentially increases as the distance from the loading plate or the joint decreased. The phenomenon of
the damage zone near the loading plates is in agreement
with the observations made by Martin [6]. The maximum
strain is dependent on the load, but the length of the
damage zone at 20% of the Pmax was almost the same as
that at 40% of the Pmax.
Figure 10 shows the longitudinal strain curves at 20%
of the Pmax of the specimens by DIC. The length of the
damage zone seemed to be independent of the height,
but the length increases as the loaded area increases. A
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Fig. 12 Length of damage zone of specimens of varying heights

detailed discussion of the length of the damage zone is
provided in Figs. 11, 12, 13. Figure 10f–h shows the longitudinal strain curves of wood–wood joints and wood–
steel joints. Damage zones were also observed near the
wood–wood joints and wood–steel joints, as well as near
the loading plates.
Where the damage zone was defined at a strain ɛ1 of −
0.2% and less at 20% of Pmax, the average lengths of the
damage zone were 0.9 mm in 2.5-1Ce, 0.7 mm in 2.5-1Cy,
1.1 mm in 2.5-1Sp, 0.7 mm in 10-1Ce, 0.9 mm in 10-1Cy,
2.3 mm in 10-1Sp, 1.3 mm of the cedar specimens with

200 mm, 1.0 mm of the cypress specimens with 200 mm,
and 4.7 mm of the spruce specimens with 200 mm width;
see Fig. 11. Positive correlations were suggested between
the length of damage zone and the width of the cross-section with correlation coefficients of + 0.52 for the cedar
specimens, + 0.41 for the cypress specimens and + 0.81
for the spruce specimens. The length of the damage zone
and its scatter increase as the width of the cross-section
increases. This trend was especially remarkable in the
spruce specimens. It was probably because the spruce
specimens were processed on a different machine and
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Surface roughness parameters

Fig. 13 Length of damage zone of specimens with wood–wood
joints and wood–steel joints

the processing of the spruce specimens was rougher
than that of the cedar and cypress specimens. The cedar
and cypress specimens were processed on the same
machine. The surface roughness of the contacted area is
likely to increase as the cross-sectional area of the specimens increases. In other words, the length of the damage zone may depend on the accuracy of the processing
machine. The details of the surface roughness on the contact surface were investigated in the following. On the
other hand, lower or negligible correlations between the
length of the damage zone and the height of the specimen were indicated with correlation coefficients of + 0.24
for the cedar specimens, + 0.46 for the cypress specimens
and + 0.17 for the spruce specimens in Fig. 12. The length
of the damage zone did not change when the height of
the specimen changed.
Figure 13 shows the length of the damage zone near
wood–wood joints and wood–steel joints. It was considered that the lengths of the damage zone of wood–wood
joints are larger than that of wood–steel joints.

Fig. 14 Typical surface profile and profile parameters

Regarding the cedar and cypress specimens, the profile
curves on the contact surface were measured at 10% of
design strength Fc as shown in Fig. 14. To discuss the
surface roughness, profile parameters, Pa (Arithmetical
mean height) and Pz (Maximum height of profile), were
used according to ISO 4287 [15].
Figure 15 shows a relationship between the profile
parameters and the cross-sectional area of the specimens.
Positive correlations were suggested between the Pa and Pz
and the width of the cross-section with correlation coefficients of + 0.77 (Pa) and + 0.60 (Pz) for the cedar specimens
and + 0.78 (Pa) and + 0.81 (Pz) for the cypress specimens.
The values of the Pa and Pz and its scatter increase as the
width of the cross-section increases, as does the length
of the damage zone. The mean values of the Pa in Fig. 15
especially similar to the length of the damage zone in
Fig. 11.
Figure 16 shows a relationship between the profile
parameters and the height of the specimens. Lower correlations between the Pa and Pz and the height of the specimen were indicated with correlation coefficients of + 0.58
(Pa) and + 0.54 (Pz) for the cedar specimens, + 0.47 (Pa
and Pz) for the cypress specimens. Because it is probable
that the length of the damage zone did not depend on the
height but the cross-sectional area of the specimens as well
as the Pa and Pz, it was considered that the cause of the
damage zone is the roughness on the contact surface and
the length of the damage zone depends on the roughness
on the contact surface.

Conclusion
An experimental study on the compression behavior parallel to the grain in glulam specimens has been conducted to
clarify the size effect of the compression strength, Young’s
modulus, and the behavior of the damage zone. There was
the size effect of the height of the specimens on the compressive strength fc,0 of glulam specimens. The size effect
of the cross-sectional area on the compressive strength fc,0
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Fig. 15 Relationship between the profile parameters and the cross-sectional area of the specimens

was very small. The main cause of the strength reduction
by the size effect of the height may be related to knots.
Damage zones existed near the loading plates and the
joints. The length of the damage zone was independent
of the load and the height, but the length increases as the
loaded area increases. The lengths of the damage zone of
wood–wood joints are larger than that of wood–steel joints.
The length of the damage zone and its scatter increase as the
width of the cross-section increases, as does the roughness
on the contact surface. It was considered that the cause of
the damage zone is the roughness on the contact surface and
the length of the damage zone depends on the roughness
on the contact surface. Therefore, the length of the damage
zone depends on the processing accuracy on the contact surface and has an increasing trend as the contact-surface area

increases. When we consider deformations of connections,
we should consider the effect of the damage zone.
The values of moduli, EL,m, were independent of the
dimensions (height and width) of the specimens and
the joint types. The modulus EL,f had an increasing
trend as the height increased because the lengths of the
damage zone did not change when the full height of the
specimens increased. The EL,f had an increasing trend
as the width of the loaded area decreased because the
length of the damage zone increased as the cross-sectional area increased.
It is a question of future study to make an evaluation
method of the damage zone. In addition, future studies
could fruitfully explore this issue further by applying
this study to connections.
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Fig. 16 Relationship between the profile parameters and the height of the specimens
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