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ABSTRACT

The article focuses on the experimental verification of wooden laths with a cross-section of
10 mm x 40 mm which were selected for active bending. The laths are made of pine wood and
are 2 m in length. The research includes experimental measurements to determine the limit
deformations achieved by bending the wood without chemical treatment, by applying
compressive force to an originally straight beam, causing it to buckle and further deform. Ten
bending tests of beams were performed, and from the same pieces, 21 tests were conducted
using the four-point bending test to determine the flexural strength, and 30 tests to determine
the global modulus of elasticity.
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INTRODUCTION

Active bending of wood represents a complex issue that is extensively utilized in
the furniture industry (Zemiar 2007). However, it also poses a challenging engineering task in
construction, where it is necessary to achieve the shape of a structure with significant geometric
curvature.

In construction, active bending of wood opens new possibilities for creating aesthetically
appealing and functional building structures, thereby contributing to the development of
sustainable architecture. Notable structures with curved shapes built using timber and the
method of active bending during the construction process include: the pool roof in
Saint-Quentin-en-Yvelines in France (D’Amico 2015), the Multihalle in Mannheim (Liddel
2015), and the Weald and Downland construction (Collins 2016).

Active bending can be defined as a systematic elastic deformation, where the resulting
geometry of the structure is achieved by transforming from an initial unstressed geometry to
the resulting curved geometry with stress in the load-bearing elements. Integrating active
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bending of wood into the construction process to create the desired curved geometry allows
the full potential of wood as a building material to be utilized. Wood is a material with suitable
properties, which include not only flexibility and strength but also the ability to maintain its
shape after bending. The ability to elastically transform the material depends on the ratio of
bending strength to Young's modulus of elasticity (Ashby 2004). The main disadvantage of
active bending of wood is the residual stress that is introduced into the rods during the assembly
stage. Today, shapes with large spans and small radii of curvature are preferred. Gengnagel et
al. (2013) described that to achieve the smallest possible radius of curvature, it is necessary to
achieve a low ratio of the modulus of elasticity to bending strength.

There are several ways to ensure the resulting shape of the structure with curved geometry.
The most commonly used deformation methods in practice, described by Quinn et al. (2015),
include bending by lifting, pushing, lowering, and inflating using pneumatic cushions (Quinn
2018). The deformation method that is the subject of the study in this article focuses
on the deformation of beams due to compressive loading, which in the first step causes
buckling of the beam upon reaching the critical force Ncr (N) and with subsequent additional
loading of the beam with deformation, there is an increase in vertical and horizontal
deformation (Fig. 1). Research on this type of loading has been conducted by Gengnagel et al.
(2014), Cuvilliers (2014), Mesnil (2013).

«—

Fig. 1: Deformation curves of the beam caused by axial force (D"Amico et al. 2016).

Based on the aforementioned properties of wood associated with active bending, this
article focuses on bending tests of visually sorted beams with dimensions of 40 x 10 x 2000 mm
to determine the limit stress values at the failure of the bent sample subjected to horizontal
loading, as well as the limit horizontal and vertical deformation. Given that the ability of the
material to actively bend depends on an appropriate ratio of Young's modulus of elasticity
(Ravenshort et al. 2014, Aicher et al. 2002, Purba 2019) and bending strength (Lienhard et al.
2013, Collins et al. 2015), tests were conducted to determine these two parameters using
a four-point bending test prepared according to EN 408 (2005). The principles of experimental
measurement are based on the findings of previously conducted research on the topic of active
bending (Colabella et al. 2015, Bocanegra et al. 2020, Bocanegra et al. 2022, Damico and
Zhang 2014, Cichocka 2020).

MATERIAL AND METHODS

For the experimental measurements, a set of wooden slats with a cross-section of 10 mm x
40 mm and a length of 2000 mm was used. The samples were tested to determine the maximum
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deformations and stresses during active bending before the beam failed (Fig. 2). Bending tests
of the entire beams were performed, and subsequently, material tests were conducted to
determine the Young's modulus of elasticity in bending and the bending strength. A SOM force
gauge with an accuracy class of 0.02 and arange of up to 50 kN was used to measure
the magnitude of the applied force. Inductive displacement sensors WA with a range of 0-500
mm were used to measure the magnitude of the deformations. When the deformation value
exceeded 500 mm, for large arch deflections, the measurement continued by connecting a new
inductive measuring device. The moisture content of the tested samples was between 9% and
10%.

Preparation of samples and testing setup for active bending

The loading scheme includes a simply supported beam, where the application of
compressive force to the initially straight beam causes it to buckle (Fig. 2). Before the beam
buckles, the main acting component of the internal forces is the axial compressive force. After
the beam buckles, loading continues, and due to the change in the geometry and shape of
the beam, a significant bending moment arises in addition to the axial force. The aim
of the loading is to determine the maximum vertical and horizontal deformation and bending
strength of the tested wooden samples before failure.

Ldv

F SOM

bgu dy 1

Fig. 2: The load scheme and the scheme of the measurement devices.

In accordance with the load scheme (Fig. 2), a loading assembly (Fig. 3) was created,
respecting the loading method and boundary conditions.

= i‘

Fig. 3: a) Fixed hinge support, b) sliding hinge support, ¢c) measurement device S9M,
d) loading assembly during testing.

On the left side, there is a sliding hinge support, and on the right side, a fixed hinge support.
The displacement sensors were positioned at points to measure vertical deformation and
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horizontal displacement. To ensure the buckling shape, an initial imperfection of 20 mm was
applied to the center of the wooden beam.

Determining the flexural strength and Young's modulus of elasticity in bending

To determine the flexural strength and global modulus of elasticity, a four-point bending
test was used (Fig. 4). The dimensions of the samples were adjusted according to
the requirements of EN 408 (2005). The length of the samples was 200 mm. The cross-sectional
dimensions of each sample were measured with an accuracy of 0.01 mm and recorded in

the report.
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Fig. 4: Assembly scheme for the four-point bending test.

The test assembly for determining the flexural strength of wood was constructed in
accordance with the EN 408 (2005). Given the thickness of the tested wooden specimens with
a value of [ representing 10 mm, the distance between the supports was set to 18 h. The load
was applied symmetrically to the test assembly at a distance of 6 h from the supports.
The magnitude of the vertical deformation was measured at the lower tensile edge in the center
of the span between the supports.

The values of the global modulus of elasticity are expressed according to:

_ B -F) (E)_(Eﬂ (1)

E =
™8 bh3(w, — wy) L\ 4l !

| where: E,,, , - the global modulus of elasticity (GPa), [ - the distance between the support points
(mm), a - the distance between the load application point and the nearest support (mm), F, — F;
- the increment of load on the linear part of the load-deformation curve (N), w, —w;- the
increment of deformation corresponding to F, — F; (mm).

In determining the value of the global modulus of elasticity, the sample was tested under
a constant loading rate. The displacement rate of the applied load was set according to EN 408
(2005) at 0.03 mm/s, with the maximum load not exceeding 0.4 Fmax. The values of bending
strength are expressed according to the following relationship:

fm = (@ Fnax)/(2W)
(2)

| where: f,, - the bending strength (MPa), W - the section modulus (mm?°).
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In determining the bending strength, a constant loading rate was defined so that
the maximum load was reached within 300 + 120 s. To determine the value of Fmax and
the loading rate, 10 calibration measurements were performed.

RESULTS AND DISCUSSION

Active bending of wooden beams
Experimental bending of wooden beams was conducted on 10 samples labeled LO1-L10.
During the measurements, the magnitude of the applied force was recorded over time, and
the maximum achieved values of vertical and horizontal deformation were monitored. Based on
this data, it was possible to determine the stress values at deflection and failure for each sample.
Bending of timber lath due to compressive stress

Force at the failure
Z‘ 0,3 0,261=Ncr of the wooden
2 0,25 sample
g 02
= 0,15 . 0,117
0,1
0,05
0
0 20 40 60 80 100 120
Time [s]

Fig. 5: Graphical dependence of force and time during the loading of sample LO1.

The results (Fig. 5) indicate that the maximum force during the loading of sample LO1
occurs at the moment when the critical force Ncr (0.261 kN) is reached. At this point,
the sample experiences buckling due to compressive stress. Upon applying additional load after
buckling, significant deformations occur at a load value lower than the critical force. After
reaching the ultimate strength of the tested sample LO1, it failed at a force of 0.117 kN and
a deflection of 334 mm (Fig. 6).

Fig. 6: Failu-ré of sample LO1.

The measurement results (Tab. 1) are divided for each sample from LO1 to LI0.
The measurements recorded the maximum achieved horizontal and vertical deformations and
the forces at which buckling and material failure occurred. The loading was applied to the test
setup at a constant rate.
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Tab. 1: Results of active bending of wooden beams.

Stress at Stress Force at Force Vertical Maximum Maximum
buckling at buckling at deformation at vertical horizontal
failure failure buckling deformation deformation

[MPa] [MPa] [kN] [kN [mm] [mm] [mm]
LO1 0.653 93.60 0.261 0.120 130 520.0 334.6
L02 0.623 94.82 0.249 0.093 85 679.7 657.9
L03 0.345 107.89 0.138 0.111 61 648.0 610.0
L04 1.163 95.49 0.465 0.099 199 643.0 581.0
LOS 0.915 102.32 0.366 0.099 152 689.0 665.0
L06 0.525 110.25 0.210 0.105 85 700.0 676.6
L07 0.735 105.79 0.294 0.108 129 653.0 569.9
LO8 1.065 91.65 0.426 0.102 155 599.0 485.0
L09 0.780 107.89 0.312 0.105 116 685.0 604.0
L10 0.548 121.50 0.219 0.120 69 675.0 612.0

The samples were visually sorted to minimize defects in the wooden beams. Despite using
the same type of pine wood with identical dimensions, it is not possible to completely eliminate
the effects of inhomogeneous between individual samples. This includes not only differences in
the structure and orientation of the fibers but also the influence of initial imperfections.

Determination of the global modulus of elasticity and bending strength

The determination of the global modulus of elasticity or wood was carried out in
accordance with the EN 408 (2005). To ensure accurate results, the first step involved 11
measurements of calibration test specimens to determine the maximum force at failure and to
set the loading rate so that failure occurred within 300 = 120 s.

Tab. 2: Values of forces and stresses at failure of calibration samples.

KI | K2 | K3 | K4 | K5 | K6 | K7 | K8 | K9 | KI0 | KII
Fmax [kN] | 1.731 | 1.725 [ 1.761 | 1.959 | 1.641 | 1.875 | 1.884 | 1.731 | 1.761 | 1.629 | 1.578
fm [MPa] | 81.45 | 81.13 | 84.37 | 92.51 | 78.07 | 88.30 | 92.22 | 85.79 | 85.99 | 79.88 | 74.71

Based on the results from Tab. 2, the average load Fmax at failure of the samples was
determined to be 1.752 kN. The determination of the global modulus of elasticity for wood
continued with the testing of samples LO1-L10. Three measurements were performed on each
sample. The result of the measurement is a graphical dependence of force and vertical
deformation measured at the center of the span at the point of application of the load.
The displacement rate of the applied load was 0.03 mm/s. The resulting measurement values up
to 0.4 Fmax were used for regression analysis (Douglas et al. 2012, Akyiiz et al. 2019) (Fig. 7).
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Fig. 7: Graphical representation of results for samples L01-L10 up to 0.4 Fmax.
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EN 408 (2005) specifies that, in determining the global modulus of elasticity for wood,
the value of the square of the correlation coefficient in the regression analysis should be greater
than 0.99. Tab. 3 presents the resulting values for the beams LO1-L10.

Tab. 3: Values of the squared correlation coefficients for individual measurements.

LO1

L02 L03

L04

LO5

LO6

LO7

LO08

L09

L10

R2

0.9997

0.9965 | 0.9998 | 0.9995

0.9980

0.9997

0.9999

0.997

0.9999

0.9999

Based on the results from the regression analysis presented in Tab. 3, it can be concluded
that the mutual dependence between the measured variables is sufficient, and the results are
relevant for interpreting the global modulus of elasticity. The resulting values of the moduli of
elasticity calculated according to Eq. 1 and the bending strengths calculated according to Eq. 2,
along with the ratio of bending strength to Young's modulus, are presented in Tab. 4.

Tab. 4: Resulting values of bending strengths and Young's moduli of elasticity.

Density W max Fnax i E,. | Ratio f/E,
[kg/m’] | [mm] | [N] | [MPa] | [GPa] []
13.104 6.10

LO1 | 487.7 11.9625 | 1617 | 79.884 | 13.974 5.72
13.061 6.12

18.113 6.93

L02 | 721.1 15.35625 | 2685 | 125.474 | 19.051 6.59
17.812 7.04

8.423 11.53

L03 | 638.1 15.5625 | 2130 | 97.084 | 8.692 11.17
8.566 11.33

14.139 6.05

L04 | 542.8 9.13125 | 1770 | 85.508 | 14.402 5.94
14.003 6.11

13.571 6.80

LO5 | 5334 | 11.478125 | 1959 | 92.244 | 14.034 6.57
14.003 6.59

14.036 7.40

LO6 | 641.6 | 10.790625 | 2217 | 103.879 | 14.089 7.37
13.673 7.60

10.995 7.37

LO07 | 605.8 8.459375 | 1668 | 81.070 | 11.058 7.33
10.665 7.60

12.402 6.64

LO8 | 543.8 9.1375 1755 | 82.293 | 12.361 6.66
12.118 6.79

16.315 6.07

L09 | 576.3 | 14.396875 | 2058 | 99.059 | 16.526 5.99
16.044 6.17

15.216 6.94

L10 | 678.8 8.596875 | 2220 | 105.600 | 15.402 6.86
14.685 7.19

According to Ashby’s diagram (Ashby 2005), materials are suitable for active bending
when the ratio of bending strength to Young's modulus is greater than 2.5.
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CONCLUSIONS

This article presents an experimental verification of pine wood beams with a cross-section
of 10 mm x 40 mm. The experimental measurement involved bending ten beams of 2 m in
length, using compressive loading. Due to the application of compressive stress on originally
straight beams, buckling occurs, and with a constant loading rate, further deformation
increases. The limit vertical deformations before failure of the samples ranged from 520 mm to
700 mm. Given that the material’s ability to deform elastically depends on the ratio of bending
strength to Young's modulus, material tests were subsequently performed on samples LO1 to
L10 to determine these two parameters. To obtain Young's modulus, 30 tests were conducted,
with values for individual samples ranging from 8 to 19 GPa. For bending strength
determination, 21 four-point bending tests were performed, with resulting values ranging from
79 MPa to 125 MPa. The goal of the experimental measurements was to assess the suitability of
the tested material for active bending. Materials suitable for active bending must have a ratio of
bending strength to Young's modulus greater than 2.5. Experimental measurements yielded
ratios for the individual samples ranging from 5.72 to 11.53, indicating that they can be
characterized as suitable for active bending.
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