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A B S T R A C T

Glued laminated timber (GLT) is an engineered wood product widely used in structural applications. The
mechanical properties of the GLT beams significantly depend on the mechanical properties of local weak
sections such as knots and finger joints (FJs). Conventionally, the mechanical behavior of the local weak
sections has been mainly investigated in the individual lamellae. In the present study, their mechanical
behaviors within the GLT beams are investigated. 22 GLT beams with well-known beam setups in four-point
bending tests were studied. Digital image correlation was used to measure displacements and strains in the
region of the beams with the constant bending moment. This paper presents the strain distributions in the GLT
beams and discusses the influence of the timber board arrangements and, accordingly, the knots and the FJs.
As expected, the strain distributions of the GLT beams vary significantly. Depending on the arrangement of the
knots, they can cause strain concentrations in the beams, which can be distributed to the adjacent lamellae.
FJs do not cause significant strain concentrations; however, they can influence the strain distribution along the
lamellae. Furthermore, a reduced stiffness of the FJs, compared to the connected timber boards, is identified.

1. Introduction

Glued laminated timber (GLT) is an engineered wood product
widely used in structural applications. GLT beams are fabricated of
layers of timber boards glued together. Before the fabrication, the
timber boards are strength-graded. The graded timber boards are con-
nected with finger joints (FJs) in the longitudinal direction to lamellae,
which are cut to the length of the beams. The lamellae are stacked and
glued together to fabricate the beams (see, e.g., [1] for a more detailed
description of the fabrication process).

The mechanical properties of the GLT beams depend on the me-
chanical, morphological, and geometrical characteristics of the timber
boards and the FJs [2–5]. It is essential to address that the (geometrical)
arrangements of the timber boards (and, accordingly, the arrangement
of the FJs) influence the mechanical properties of the GLT beams.
In [6], the influence of the timber board arrangements in terms of
the laminating effect was discussed. The lamination effect was defined
as the increase in the strength of lamellae when being bonded in a
GLT beam compared to the single lamellae. One of the reasons for the
strength increase was found in the reinforcement of the low-stiffness
areas by the adjacent lamellae. The reinforcement provides alternative
paths for the stresses around the lower stiffness areas. As a result,
the capacity of the cross-section will increase. The study emphasized
the significance of examining local defects’ stiffness concerning the
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GLT beams’ mechanical properties. This perspective aligns with the
findings in [7,8], where it was concluded that even a minor reduction
in stiffness within small areas, such as knots and FJs, can impact the
strength of the GLT beams. Thus, of great importance is to analyze
the stiffness properties of the knots and FJs. In the current study, the
stiffness properties of FJs, in particular, are addressed, highlighting
their significant impact on the mechanical properties of the GLT beams.

Extensive studies have examined the mechanical properties of the
FJs in individual lamellae, e.g., [9–13]. Nevertheless, the stiffness prop-
erties of the FJs were assessed in the limited studies. In [14], the tensile
stiffness of finger-jointed lamellae was investigated and compared to
unjointed specimens (serving as control specimens). The modulus of
elasticity was measured at the midpoint of the specimens during tensile
tests. The results demonstrated a reduction in the mean modulus of
elasticity within finger-jointed specimens when contrasted with con-
trol specimens. In [15], the study involved quantifying the flat-wise
bending stiffness profile at increments of approximately 100 mm along
the longitudinal axis of finger-jointed timber boards. Compared to
unjointed timber boards, high variability in the stiffness profile along
finger-jointed specimens was observed. In [16], the mechanical prop-
erties of poplar timber were examined under tension loading, both
with and without the presence of FJs in small-scale samples. The
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Table 1
Descriptive statistics of 𝐸dyn for the timber boards groups. COV stands for coefficient
of variation.
Class Range n Mean value COV

[MPa] [-] [MPa] [–]

Rejected < 9600 50 8706 0.09
T14 9600−12300 104 11063 0.07
T22 > 12300 57 13738 0.08

digital image correlation (DIC) method was used to measure the strain
distributions. The findings indicated that the existence of FJs reduced
the modulus of elasticity in the longitudinal direction up to 24%. The
literature above consistently indicates a decrease in the stiffness prop-
erties of finger-jointed timber boards compared to unjointed samples.
However, the stiffness behavior of FJs and connected timber boards
within the GLT beams have not been investigated in detail.

The results of the stiffness investigation can be used to study the
relationships between the FJs and the connected timber board stiffness
properties. This is essential to developing or updating the FJ stiffness
models for estimating the GLT beams’ mechanical properties. A few
studies have addressed the relationships between the FJ stiffness and
the properties of the connected timber board. In [17], a regression
model for estimating the FJs tensile stiffness based on the lower value of
the connected board’s densities was developed. In [18], the FJs’ flatwise
three-point bending stiffness was estimated based on the stiffness of
the connected timber boards. The specimen’s cross-section dimensions
were 𝑤 × 𝑡 = 152 × 50 mm2. The stiffness was measured for the
spans with a length of approximately 610 mm connected timber board
segments and 610 mm segment with the FJ in the center. Therefore, the
stiffness properties indicated relatively global characteristics. A strong
correlation was found between the FJ stiffness and the average stiffness
of the connected timber boards. Because of this strong correlation,
in [6], it was speculated that little stress redistribution takes place
around the FJs within the GLT beams. Moreover, in [19], it is assumed
that the FJ stiffness is the average value of the connected timber board
stiffnesses for developing the mechanical properties of the GLT beam
prediction model. Nonetheless, the relationships between the stiffness
properties of FJs and the connected timber boards within the GLT
beams have not been studied locally.

The present study investigates the stiffness properties of the FJs
within the GLT beams and their relationship with the connected timber
board properties. The experimental investigations on 22 GLT beams
with lengths of 5 meters are presented. The DIC method is used to
measure the displacements and strains in the areas of the beams with
the constant bending moment. The method has been adopted to study
the strain distributions and mechanical properties of the local defects in
the literature [20–23]. In those studies, the DIC method demonstrated
its suitability for measuring the strains and providing insights into
timber structures’ mechanical behavior (i.e., strain distributions) under
various loading conditions. In the current paper, the method is used
to analyze the influence of the timber board arrangements accordingly
knots and FJs on the mechanical behavior of the GLT beams locally.

2. Materials and methods

The experimental investigations were performed on 22 GLT beams
(𝑏 × ℎ × 𝑙 = 115 × 270 × 5000 mm3). This section introduces the
fabrication process and the specifications of the GLT beams, the exper-
imental setups, and the test procedure. Also, an overview of the DIC
measurement and the validation procedures is discussed.

2.1. Specimens

In total, 211 Spruce timber boards (𝑤 × 𝑡 = 125 × 50 mm2 with
lengths between 3800 mm and 4700 mm) from southern Finland were

used to fabricate the GLT beams. The timber boards were investi-
gated using two commercial grading devices: Precigrader [24] and
Finscan [25]. The first one measures the dynamic modulus of elasticity
(𝐸dyn) based on the eigenfrequency of each timber board. Based on
the information from Precigrader, the timber boards were classified
into three groups: Rejected, T14, and T22 [26]. Descriptive statistics
of every group are mentioned in Table 1. The second grading device
(Finscan) was only used to measure the knot information of every
timber board.

The grading information of each timber board from the Precigrader
and Finscan devices was stored and tracked through the fabrication
process of the beams to identify the local material properties within
the beams. The arrangement of timber boards in GLT beams was
random, meaning that in every GLT beam, all three timber board classes
(Rejected, T14, and T22) could be found.1 The setup for each beam is
known, i.e., the timber board’s position and 𝐸dyn, the position of the
FJs, as well as the size and position of each knot, are known.

Based on the Finscan data (dimensions and coordinates of the
knots), a knot parameter was calculated. For this study, the projected
knot area ratio was used, which represents the ratio of the projected
cross-sectional areas of knots within a predefined length (overlapping
knots were accounted for only once) to the cross-sectional area of the
timber boards. Generally, a length of 150 mm is used (see, e.g., total
knot area ratio tKAR in [27]). However, in this study, in order to
illustrate the influence of local defects, a short length of 10 mm was
adopted (KAR10). The layup of one GLT beam is exemplarily illustrated
in Fig. 1.

The profile of the FJs, including the length of the fingers, pitch,
and width of the cutter, were 15, 3.8, and 0.42 mm, respectively,
according to EN15497 [28]. Melamine Formaldehyde adhesive was
used to produce the FJs. There were six lamellae in every GLT beam,
and all the lamellae had the same thickness, equal to 45 mm.

2.2. Experimental setup and procedure

The experimental investigation of the GLT beams took place at the
structural laboratory of the Department of Civil Engineering at Aalto
University. The beams were conditioned in a climate chamber at 20 ◦C,
with a relative humidity of 65%, and the beams’ mass was recorded
before testing.

The beams were tested in four-point bending according to EN408
[29] (Fig. 2). The load was applied using a hydraulic cylinder and a
load balancer to distribute the force evenly at two points. The testing
protocol was force control with a 10 kN∕min loading rate.

Local and global deformations were measured with two linear vari-
able differential transformers (LVDT). Only one LVDT on the opposite
side was installed to measure the local deformation because of the
DIC measurements. The LVDT was removed at 40% of the estimated
ultimate force to prevent damage during failure.

2.3. DIC measurements

The DIC method was used to measure displacements and strains of
the GLT beams; [30] was chosen as a primary reference for designing
the DIC measurements. The DIC measurement setup is shown in Figure
3. The dimension of the region of interest (2000 × 270 mm) was chosen
to cover the beams’ region with the constant bending moment (Fig. 3a).
Two cameras (resolution: 4000 × 2000 pixels, focal length: 16 mm)
oriented at a stereo-angle (approx. 25◦) were used (Fig. 3b,c). The
cameras were positioned approximately 2300 mm from the GLT beams.

1 It was planned to fabricate homogeneous GLT beams in two strength
classes GL24 h and GL30 h. However, the timber boards were mixed due to a
technical error.
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Fig. 1. 𝐸dyn (top) and KAR10 values (bottom) maps of each timber board in beam no. 6. The thick vertical black lines indicate the FJs.

Fig. 2. Schematic illustration of the test setup in accordance with EN408 [29], dimensions in (mm).

Three light-emitting diodes (LED) were used to provide the suitable
brightness (Fig. 3d).

A novel contrast pattern with a feature of a speckle pattern of ap-
proximately three pixels was applied in the region of interest (Fig. 3e).
The pattern enabled evenly-spaced features with varying shapes within
the desired size range and consistent information from the whole region
of interest. For more detailed information about the pattern features,
see [31,32], and for its applications on wooden specimens, see [33].

Calibration images were captured before the tests. Digital images
were taken during the experiments at the rate of two frames per
second. For image correlation, a subset size of 27 pixels, a step size
of 7 pixels, and a filter size of 11 pixels were chosen based on the
virtual strain gauge study. The image of the sample in the unloaded
state was considered the reference image for the correlation analysis.
A commercial image acquisition software, VIC-SNAP version 9, was
used to capture calibration and beam images [34], and digital image
correlation software, VIC-3D version 9.4.26, was adopted to perform
calibration and correlation analysis [35].

2.4. Validation of the DIC measurements

The DIC measurements were validated by two methods: checking
the epipolar error (or projection error), and comparing to the LVDT
measurements. The epipolar error is a metric to indicate possible drift,
misalignment, or vibrations in the stereo-DIC camera and lens systems
score [30]. The epipolar error for each beam was on the order of
the calibration score, which indicates no significant error in the DIC
measurements.

The global bending stiffness (𝐸m,g) and the vertical deflection of
the point in the middle of the GLT beams from the DIC and LVDT
measurements were compared (Fig. 4). The stiffnesses were calculated
according to EN408 [29], and the deflections were considered at 90%
of the ultimate loads (𝑤0.9Fu ) to eliminate the deflections due to de-
laminations or cracks on the side surface. There is a comprehensive
agreement between DIC and LVDT measurements with a correlation
coefficient 𝑟 ≥ 0.99. Thus, The DIC measurements were reliable for the
strain investigations in the GLT beams.

3. Mechanical properties and failure types

In this section, the mechanical properties and the failure types of the
GLT beams are investigated. The bending test results are summarized in



Construction and Building Materials 438 (2024) 137095

4

F. Vafadar et al.

Fig. 3. Test and DIC measurement setup, (a) region of interest, (b) camera 1, (c) camera 2, (d) LEDs, (e) speckle patterns, (f) load balancer, (g) loading cylinder.

Table 2
Four-point bending test results of the GLT beams.
ID 𝐹u

a 𝑓m 𝐸m,g
b 𝐸m,g,G

c 𝐸m,l 𝜌d Failure type

[kN] [MPa] [MPa] [MPa] [MPa] [kg∕m3] lowest lamella 2nd lowest lamella

1 60.6 34.5 10 550 11084 11612 454 FJ FJ
2 62.5 35.6 10 357 10870 – 435 KC KC
3 57.4 32.6 10 325 10835 11949 436 KC/FJ KC
4 46.6 26.5 9470 9898 10071 431 KC/FJ CW
5 62.4 35.5 11 334 11951 12781 450 KC –
6 51.1 29.0 10 968 11545 11752 447 FJ CW
7 61.5 35.0 10 669 11214 12455 435 FJ FJ
8 68.0 38.6 11 375 11998 12229 452 FJ FJ
9 63.7 36.2 9399 9820 10727 448 KC CW
10 68.6 39.0 10 042 10524 10294 438 FJ CW
11 56.2 32.0 9567 10003 10092 450 KC KC
12 42.5 24.2 11 839 12515 14139 488 FJ –
13 47.3 26.9 8906 9283 9920 456 FJ CW
14 59.0 33.5 10 337 10849 10504 441 KC KC
15 49.8 28.3 10 497 11024 13283 450 KC CW
16 55.1 31.3 10 644 11187 12193 453 FJ KC
17 46.7 26.6 11 376 11999 12970 458 KC/FJ CW
18 55.8 31.7 10 527 11058 11037 456 KC KC
19 53.6 30.5 10 156 10649 11402 454 KC KC
20 58.8 33.5 8694 9053 9000 450 KC CW
21 64.2 36.5 10 963 11540 12027 450 FJ FJ
22 62.3 35.4 11 049 11635 12729 454 KC/FJ FJ

Mean value 57.0 32.4 10411 10933 11579 449 – –
COV 0.12 0.12 0.07 0.08 0.11 0.02 – –

a 𝐹u is the maximum force up to beam failure.
b 𝐸m,g is the global bending stiffness without shear deformation correction by taking shear modulus (𝐺) infinite.
c 𝐸m,g,G is the global bending stiffness with shear deformation correction by taking 𝐺 = 650 MPa.
d 𝜌 is the density, which is calculated by dividing the beam’s mass by its volume.

Table 2. The bending strength (𝑓m), and stiffnesses (𝐸m) are calculated
based on EN408 [29]. The strength and stiffness of the beams are com-
pared to the conventional GLT beam strength classes. The cumulative
lognormal distribution functions for the bending strengths and the local
bending stiffness (𝐸m,l) from the test results and for GL24h to GL30h
strength classes (for the mechanical properties of each strength class,
see EN14080 [36]) are shown in Fig. 5. The probability distribution
parameters (mean and standard deviation) for the GLT beam strength
classes are calculated based on the COV values for the bending strength

and the stiffness in JCSS [37]. The COV for the bending strength and the
stiffness of 0.15 and 0.13 are considered, respectively. Although there is
an alignment between the probability distribution functions of the test
results and of the GLT beam strength classes, it is important to highlight
that the COV values mentioned in JCSS account for both within and
between batches variabilities. Nevertheless, the test results exclusively
address within-batch variabilities. The COV values from the test result
are compared with the values based on the previous studies from GLT
beams fabricated from graded timber boards (based on the summary
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Fig. 4. Global deflection of the GLT beams at the 90% of the ultimate loads based on
the DIC and the LVDT measurements.

presented in [38]). The variation of the bending strength is within the
range of previous research, while the variation of the bending stiffness
is larger.

Correlation analyses are conducted between various mechanical
properties (𝑓m, 𝐸m,l, 𝜌). The analysis was affected by one outlier (beam
no. 12). Overall, no strong correlation could be identified between the
properties.

The failure types in the two lowest lamellae of the GLT beams are
identified (following the method mentioned in [5]) as:

• Knot cluster failure (KC): the failure happened within knot clus-
ters; see Fig. 6(a).

• FJ failure (FJ): the failure happened within the FJs; see Fig. 6(b).
• Clear wood failure (CW): the failure happened within the clear
wood section.

About half of the GLT beams failed in knot clusters or FJ, respec-
tively. In four GLT beams, the failure could not be clearly associated
with one failure mode (denoted as KC/FJ). A comparison between the
GLT beams that failed in the KC and those that failed in the FJ did not
indicate significant differences in the bending strength.

4. Strain distributions within GLT beams

The strain distributions in the GLT beams exhibit considerable
variation, influenced by variations in the stiffness properties of timber
boards and the presence of knots and FJs. This section presents a
qualitative overview of the longitudinal strain distributions (𝜀xx) in the
GLT beams and their relationships to the timber boards properties (the
𝐸dyn, and especially the KAR10 values) and their arrangements. The
𝐸dyn, KAR10, and 𝜀xx (at 60% of the maximal load) of the GLT beams
are summarized in Appendix.

4.1. Influence of the 𝐸dyn variation

The influence of variation in the timber boards 𝐸dyn, on the 𝜀xx
is investigated. Connecting two timber boards with notable stiffness
disparities through finger jointing can lead to significant fluctuations
in 𝜀xx. For instance, in the topmost lamella of beam no. 15, distinct
compression strains in the timber board on the left side of the FJ
are evident compared to the right. This discrepancy can be attributed

to differences in the dynamic modulus of elasticity between the two
timber boards: 𝐸dyn,Lef t = 9000 MPa, 𝐸dyn,Right = 17100 MPa. A similar
trend is observed in the topmost lamella of beam no. 20. In this case
𝐸dyn,Lef t = 7200 MPa while 𝐸dyn,Right = 13 300 MPa.

4.2. Influence of the knots

Knots can significantly impact the variation of 𝜀xx depending on
their arrangements within the GLT beams. For example, in the two low-
est lamellae of beam no. 19 (at 2000–2100 mm), there is a significant
strain concentration attributed to the accumulation of knots in those
lamellae.

The strain concentrations induced by knots can extend to the neigh-
boring lamellae and fluctuate the strain distributions over the beam
height and along the lamellae. For instance, in Fig. 7, the strain
distributions over the height of beam no. 10 are shown for two sections
(A-A and B-B) at different load levels; 0.4𝐹u and 0.8𝐹u. The sections are
obtained from the same timber boards in all lamellae without any FJs
between the two sections. Section A-A includes all the lamellae (1 to
6) consisting of clear wood, indicating no knots with a KAR10 ≥ 0.1. In
this section, the strains are approximately linearly distributed over the
beam height, with maximum absolute values of the strains occurring
in the outermost fibers in the tension and compression zones. Section
B-B comprises knots in the tension and compression zones, resulting
in non-linear strain distribution. Because of the knots, the maximum
strains occur in lamellae 2 and 5.

The relationship between the strain distributions and the KAR10
values is studied. The notable KAR10 values align with corresponding
strain concentrations. The differences between the DIC measurements
and the KAR10 can be attributed to the DIC method’s sensitivity to sur-
face defects. For example, the strain concentrations may occur despite
the marginal KAR10 values. This is evident in beam no. 18, where the
lowest lamella between 2700–2800 mm displays strain concentrations
resulting from surface knots.

4.3. Influence of the FJs

The influence of the FJs on the strain distributions over the beam
height and along the lamellae is investigated. Overall, the FJs exhibit
no significant strain concentrations compared to the clear wood of
connected timber boards, with the strains approximately linearly dis-
tributed over the beam height. However, notable strain concentrations
may arise for the FJs situated in the lower lamellae. It should be
noted that significant strain concentrations were identified only in FJ
with indications of lower quality, such as irregular finger arrangement
(e.g., beam no. 6) or the presence of knots (e.g., beam no. 22).

Along the lamellae, the FJs fluctuate strain distributions, particu-
larly in the outermost lamellae, indicating variation in stiffness prop-
erties. One example is illustrated in Fig. 8. The central 50 mm is
designated as the FJ zone, and the 100 mm on each side represents
the clear wood of the connected timber board zones. The strains in the
timber board on the left side of the FJ are higher than the strains on
the right. This is expected since 𝐸dyn,Lef t = 9400 MPa while 𝐸dyn,Right =
12 100 MPa. There is a transition in the strain values in the FJ zone,
and the strains become more uniform in distant regions of the FJ. In
the next section, the stiffness properties of the FJs are investigated
quantitatively.

5. Stiffness analysis of the FJs and the connected timber boards
within the GLT beams

The stiffness properties of the FJs and the connected timber boards
located in the two outmost lamellae (see Fig. 7 for the numbering
order of the lamellae) are investigated. Only knot-free samples with a
KAR10 ≤ 0.1 are considered for the analysis. For the investigation,
the apparent stiffnesses of the FJs (𝐸∗

FJ) are compared to those of
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Fig. 5. Cumulative probability of the material properties for GL24h, GL26h, GL28h and GL30h strength classes based on EN14080 [36], JCSS [37], and test data, left: bending
strength (𝑓m), right: local bending stiffness (𝐸m,l).

Fig. 6. Examples of typical failure types in the lowest lamellae of the GLT beams. (a)
knot cluster failure, (b) FJ failure.

the connected timber boards (𝐸∗
tb1 and 𝐸∗

tb2). The apparent stiffness
properties are calculated according to Eq. (1), which is based on the
apparent bending stresses (𝜎∗) and the average longitudinal strains
(𝜀xx). Consideration of the apparent term for the stiffness properties
and the bending stresses arises from the impracticality of applying
conventional beam theory for calculating actual stresses as well as
stiffnesses in the local weak sections of the GLT beams. This might
be attributed to variation in the strain distributions (as discussed in
Section 4) yet ensures a comparability between the results.

𝐸∗ = 𝛥𝜎∗

|𝛥𝜀xx|
with 𝜎∗ =

𝑀 ⋅ 𝑦
𝐼

=
𝐹 ⋅ 𝑎 ⋅ 𝑦

2𝐼
(1)

Where:

𝐸∗ is the apparent stiffness, in [MPa].
𝜎∗ is the apparent bending stress (from the test results) in

[MPa].
𝜀xx is the average longitudinal strain (from the DIC mea-

surements) within the specific rectangular areas. These
areas have a height equivalent to the lamellae (45 mm)
and lengths of 50 mm in the FJ zone and 100 mm in the
connected board’s zone as it is shown in Fig. 9.

𝑀 is the bending moment at the section of interest in
[Nmm].

𝑦 is the distance between the middle plane of the GLT
beams and the middle of the lamellae in [mm].

𝐼 is the second moment of inertia of the beam’s cross-
sections in [mm4].

𝐹 is the applied force in [N].
𝑎 is the distance between a loading point and the nearest

support in [mm].

Stiffness calculations are performed using a similar method outlined
for stiffness in EN408 [29]. An example of the apparent stress versus
average longitudinal strain graphs for the FJ and the connected timber
boards is shown in Fig. 10. The range between 0.1𝐹u to 0.4𝐹u is used
for the regression analysis; only samples with a correlation coefficient
𝑟 ≥ 0.9 are considered.

In total, the stiffness properties of 18 FJs (15 in the tension zone and
3 in the compression zone) are calculated. The apparent stiffnesses (𝐸∗

FJ
and 𝐸∗

tb) are shown in Fig. 11. In all of the samples, a reduced stiffness
in the area of the FJ could be identified (𝐸∗

FJ ≤ mean(𝐸∗
tb1, 𝐸

∗
tb2)). In

most of the samples, the FJ stiffness was even smaller than the one
of the weaker timber board (𝐸∗

FJ ≤ min(𝐸∗
tb1, 𝐸

∗
tb2)). No significant

correlation is found between the failure location and the lower 𝐸∗
FJ. The

stiffness property of the FJ in lamella 1 in beam no. 6 is significantly
lower than the connected timber boards, and the beam failed in the FJ.
As mentioned in the previous section, this could be due to the low FJ
quality.

To compare the stiffness properties of the FJs with those of the
connected timber boards, the ratios between the FJ stiffness property
and the mean (𝐸∗

mean = mean(𝐸∗
tb1, 𝐸

∗
tb2)) and the minimum (𝐸∗

min =
min(𝐸∗

tb1, 𝐸
∗
tb2)) values of the connected timber boards are calculated.

These ratios are denoted as (𝐸∗
FJ∕𝐸

∗
mean), and (𝐸

∗
FJ∕𝐸

∗
min), respectively.
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Fig. 7. Longitudinal strain (𝜀xx) distribution in the region of interest in beam no. 10. The DIC measurements indicate strains at 0.8𝐹u, and the horizontal black lines show the
edge of each lamella.

Fig. 8. Longitudinal strain (𝜀xx) distribution along the lamella and through the FJ in beam no. 21 between 2000–2300 mm (see Appendix). The DIC measurements indicate strains
at 0.8𝐹u, and the horizontal black lines show the edge of each lamella.

By comparing the mean values of the ratios, it can be said that on
average, 𝐸∗

FJ is 15% smaller than 𝐸∗
mean and it is 8% smaller than

𝐸∗
min. Consequently, it can be inferred that there is a reduction in 𝐸∗

FJ
compared to connected timber boards stiffness properties. It should
be noted that in individual GLT beams timber boards from different
classes were used (see Section 2.1). Therefore, the difference between
the dynamic modulus of elasticity of the connected boards is larger
compared to a standard procedure. However, it is expected that the
main conclusions are not affected.

6. Conclusion and outlook

This research contributes to understanding the stiffness properties of
the FJs in the GLT beams locally. In total, 22 GLT beams on a structural
scale (5 meters long) with a well-known setup were tested in four-
point bending. The displacements and strains in the GLT beams were
measured using the DIC method.

The strain distributions in the GLT beams vary significantly due
to the random arrangement of knots and FJs and large variations
in the knot characteristics. Knots can cause strain concentration; in
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Fig. 9. An example of strain averaging areas for stiffness investigation. The FJ in
lamella 4 of beam no. 21 is in the middle of 50 mm long span. The legend for the DIC
measurements is shown in Fig. 8.

Fig. 10. Apparent stress (𝜎∗) versus average longitudinal strain (𝜀xx) for the FJ and the
connected boards in beam no. 21. The range is magnified between 0.1𝐹u and 0.4𝐹u.
The correlation coefficients of connected boards are the same.

Fig. 11. Apparent stiffness (𝐸∗) of the FJs (red crosses) and connected timber boards
(black dots) located in the specific beam (B) and lamella (L).

some cases, the concentration can affect the strain distributions in the
adjacent lamellae. The influence of knots on the strain distributions
depends on their size and location in the beam and the lamellae.

FJs exhibit more homogeneous mechanical behavior over the height
of the beams, which means that strain concentration at the FJ location
is not observed compared to the strain distributions at the clear wood
of the connected timber boards. However, along individual lamellae in
the beams, FJs cause strain fluctuations.

According to the results, the stiffness properties of the FJs are
smaller than the mean value of the connected timber boards. On
average, the FJs’ stiffness properties are 15% lower than the mean value
of the connected timber boards and 8% lower than the minimum of the
boards. The reduction in the stiffness properties in the FJs can affect the
beam strength. The reinforcement of the adjacent lamellae around the
FJs provides alternative paths for the stresses to flow; thus, the strength
of the whole cross-section will increase, as was discussed in Section 1.

This research can serve as the base for developing or updating the
FJ stiffness model in the GLT beams mechanical properties prediction
models. In future research, the DIC method can be used as an effective
measurement tool to quantify the effect of the knot characteristics,
e.g., size, location, direction, and type of knots, on strain distributions
in the adjacent lamellae and, accordingly, the mechanical properties of
the GLT beams.
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Appendix

In this appendix, the 𝐸dyn, KAR10, and DIC measurements of the
region of interest in the GLT beams are shown (see Figs. 12–31).
The DIC measurements belong to the 60% 𝐹u load level. Beam no.
2 (Fig. 13) was used to optimize the DIC parameters, which is why
the results may not be consistent with other beams. It should be noted
that the digital images of two beams (numbers 12 and 17) are missing
because of an error in the storage system.
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Fig. 12. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 1. Black lines indicate the FJs.

Fig. 13. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 2. Black lines indicate the FJs.
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Fig. 14. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 3. Black lines indicate the FJs.

Fig. 15. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 4. Black lines indicate the FJs.
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Fig. 16. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 5. Black lines indicate the FJs.

Fig. 17. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 6. Black lines indicate the FJs.
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Fig. 18. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 7. Black lines indicate the FJs.

Fig. 19. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 8. Black lines indicate the FJs.
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Fig. 20. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 9. Black lines indicate the FJs.

Fig. 21. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 10. Black lines indicate the FJs.
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Fig. 22. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 11. Black lines indicate the FJs.

Fig. 23. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 13. Black lines indicate the FJs.
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Fig. 24. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 14. Black lines indicate the FJs.

Fig. 25. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 15. Black lines indicate the FJs.
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Fig. 26. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 16. Black lines indicate the FJs.

Fig. 27. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 18. Black lines indicate the FJs.
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Fig. 28. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 19. Black lines indicate the FJs.

Fig. 29. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 20. Black lines indicate the FJs.
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Fig. 30. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 21. Black lines indicate the FJs.

Fig. 31. 𝐸dyn (top), KAR10 values (middle), and 𝜀xx (bottom) in the region of interest in beam no. 22. Black lines indicate the FJs.
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