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Abstract
Using the static analysis of ANSYS 19, longitudinal, radial, and tangential beam specimens of spruce, Scots pine, and beech 
were subjected to stress and strain analysis under symmetrical four-point bending and asymmetrical four-point bending. 
The effects of wood grain on the surface of the specimen and its stress properties on the transverse and longitudinal strain at 
the center of the specimen surface were studied experimentally. The results show that the four-point bending beam method 
is suitable for testing the elastic modulus, Poisson’s ratio and shear modulus of wood. The elastic modulus, Poisson’s ratio 
and shear modulus of larch tangential, larch radial and Sitka spruce transverse specimens were tested by four-point bending 
beam method. Their effectiveness was verified by the axial tension method, square plate torsional strain method and free rod 
torsional vibration method. The four-point bending method of the two-group tests with the half bridge measurement method 
has successfully improved the test accuracy of the Poisson’s ratio of wood, and its effectiveness has been verified by axial 
tension method. The asymmetric four-point bending method adopts the ± 45°strain gauge full bridge measurement method, 
which is simple and effective in improving the measurement accuracy of wood shear modulus.

1 Introduction

Considering climate change and the increasing demand for 
living space, wood as a sustainable and renewable raw mate-
rial offers good perspectives in the construction industry 
(Zhang et al. 2022). However, the material can only be used 
if the material behavior is sufficiently known, and strength 
values are available for the calculation of the components 
used. It is generally accepted that the properties of wood 
can be expressed by an equivalent homogeneous anisotropic 
continuum (de Borst et al. 2013).

Over the years, static methods, but especially dynamic 
methods, have achieved accurate results in testing the elastic 
modulus, shear modulus and Poisson’s ratio (Wang et al. 
2014, 2015, 2018, 2022; Su et al. 2021; Zhou et al. 2021; 
Dauletbek et al. 2022; Chen et al. 2022). Many researchers 
used probabilistic methods to study mechanical properties of 
materials (Wang and Ghanem 2021, 2022; Peng et al. 2018). 

The shear modulus is often tested by the static square-plate 
torsional test using the shear strain at the center of the 
square plate face (plate theory) to calculate the shear modu-
lus (Yoshihara 2009) or the four-point bending test under 
asymmetrical loading (Yoshihara and Sawamura 2006). 
Here, the calculation is based on the relationship between 
the maximum shear stress and shear strain occurring at the 
center line of the rectangular cross-section (beam theory). 
The shear modulus is calculated by testing the shear strain at 
the center point on the neutral axis of the beam cross-section 
(Wang et al. 2019b).

Common static methods to test the elastic modulus and 
Poisson's ratio of the material are the axial tensile test and 
the four-point bending test under symmetrical loading. For 
example, the four-point bending test was applied by Wang 
and Cao (Wang et al. 2017; Cao et al. 2017) to test the longi-
tudinal and transverse elastic modulus and Poisson's ratio of 
OSB as well as MDF. The test is also widely used to investi-
gate the mechanical properties of wood components (Ponzo 
et al. 2021; Zhou et al. 2021; Li et al. 2022). Although the 
four-point bending test is a well-developed test method for 
testing the elastic modulus, Poisson's ratio, and shear modu-
lus of wood, there is still little research on the theory and 
test accuracy.

 * Zheng Wang 
 wangzheng63258@163.com

1 College of Materials Science and Engineering, Nanjing 
Forestry University, Nanjing 210037, China

2 College of Civil Engineering, Nanjing Forestry University, 
Nanjing 210037, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-023-01955-2&domain=pdf


1376 European Journal of Wood and Wood Products (2023) 81:1375–1385

1 3

In this paper, the applicability of the symmetrical four-
point bending test to testing the longitudinal elastic modulus 
and Poisson's ratio and the asymmetrical four-point bending 
test to testing the longitudinal shear modulus is investigated 
mathematically and experimentally. The focus is placed 
on the development of methods to improve the accuracy 
of the test parameters. In this context, the extent to which 
the measurement of the lateral deformation (strain) of the 
wood depends on the wood grain on the surface of the speci-
men and on the type of loading (tensile or compressive) is 
examined.

A method for improving the accuracy of the Poisson's 
ratio of the tested wood is also presented. Specifically, 
strain gauges with half bridges are used in two sets of the 
four-point bending test. After the first set is completed, the 
specimen must be rotated 180° around its central axis for the 
second set. The average value −�y∕�x of the two groups is 
used as the test value for the Poisson’s ratio of the specimen 
and verified by the axial tensile method.

The methods for dynamic testing of the shear modulus 
of wood include free-member torsional vibration method, 
free-plate torsional vibration method, cantilevered-member 
torsional vibration method, cantilevered-plate torsional 
vibration method, and Timoshenko beam iteration method 
(JIS A1127-2001 2001; Wang et al. 2012, 2019a; Wang et al. 
2016). The method for dynamic and static Poisson’s ratio 
testing of wood is also the method for the transverse stress 
equal to zero of the cantilever plate, which is based on the 
stress and strain analysis of the first bending mode and the 
static bending of the cantilever slab.

Although the position of the strain gauge is different for 
dynamic and static Poisson's ratio testing, the same results 
can be measured for Poisson’s ratio (Yin 1996; Wang et al. 
2021).

In this paper, the axial tensile test (static), the static 
square-plate torsional test and the torsional vibration 
method for free bars (dynamic) are used to verify the four-
point bending test as a test method to determine the elastic 

modulus, Poisson’s ratio and shear modulus in the principal 
directions. Finally, the four-point bending test is evaluated 
in comparison with the axial tension method for testing the 
Poisson’s ratio of wood. Particular attention is paid to wood 
grain and whether the stress is tensile or compressive, as 
this has a major effect on the transverse strain of the wood.

2  Materials and methods

The static analysis of the four-point bending test includes the 
analysis of the test under symmetrical loads (referred to as 
the symmetrical four-point bending) and under asymmetrical 
loads (referred to as asymmetric four-point bending).

2.1  FE calculations

2.1.1  Numerical analysis: materials and methods

Three different types of wood (spruce, Scots pine and beech) 
were tested in longitudinal (L), radial (R), and transversal 
(T) direction. The test specimen size of each beam was l × 
b × h = 240 mm × 20 mm × 20 mm. The coordinate system 
was selected as shown in Fig. 1. The x-axis runs along the 
length of the beam, the y-axis along the width and the z-axis 
along the height.

The static calculation in ANSYS 19 with a mesh size of 
72 × 6 × 6 is performed using 3D solid-shell elements with 
finite strain. A load of 240N was evenly applied along the 
tangential and radial directions of the beam, and a load of 
24N in longitudinal direction along the beam. The input 
parameters in longitudinal, radial and transversal direction 
of the different wood species for the static structural analy-
sis are shown in Table 1. In Fig. 1, the indices x, y, z of the 
material constants used in Table 1 are assigned according 
to the principal directions (L, R, T) of the wood: tangen-
tial plane LT (x → L, y → T, z → R); radial plane LR (x → L, 
y → R, z → T); longitudinal plane RT (x → R, y → T, z → L). 

Fig. 1  Definition of beam speci-
men and its coordinate system
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xy plane is defined as the principal plane (top/bottom plane) 
(Fig. 2).

2.1.2  Stresses and strains for symmetrical four‑point 
bending

The mechanical model for the static analysis of the symmet-
rical four-point bending beam is shown in Fig. 3. The center 
span is subjected to pure bending with a bending moment of 
Pl/6. The stress and strain output of ANSYS static analysis 
contains not only the stress or strain distribution along the 
x direction and y direction, but also z direction. As far as 
the elastic modulus and Poisson’s ratio of the symmetrical 
four-point bending test are concerned, it is only related to 
the stress or strain distribution along the x direction and y 

direction, so only the x, y stress and strain components are 
involved in the following Table 2 and Fig. 4. The results of 
the static analysis with ANSYS show that there are no points 
where the transverse stress is zero at the bottom and top of 
the beam in this section.

The stresses and strains at the center of the top and bot-
tom surfaces of the beam are calculated by ANSYS from the 
symmetrical four-point bending test for longitudinal, radial 
and tangential beams.

Table 1  Input parameters for 
the static structural analysis 
ANSYS 19.0 for spruce, Scots 
pine and beech (Yin 1996)

Note: ρ Density, Ex elastic modulus in the x-axis direction, Ey elastic modulus in the y-axis direction, Ez 
elastic modulus in the z-axis direction, μxy Poisson's ratio of xy plane, μyz Poisson's ratio of yz plane, μxz 
Poisson's ratio of xz plane, Gxy shear modulus of xy plane, Gyz shear modulus of yz plane, Gxz shear modu-
lus of xz plane

Species �

kg/m3
Principal plane Ex

GPa
Ey
GPa

Ez
GPa

μxy

–

μyz

–

μxz

–

Gxy
GPa

Gyz
GPa

Gxz
GPa

Spruce 390 LT 11.6 0.5 0.9 0.47 0.25 0.37 0.72 0.039 0.75
LR 11.6 0.9 0.5 0.37 0.43 0.47 0.75 0.039 0.72
RT 0.9 0.5 11.6 0.43 0.02 0.029 0.039 0.72 0.75

Scots pine 550 LT 16.3 0.57 1.1 0.57 0.31 0.42 0.68 0.066 1.16
LR 16.3 1.10 0.57 0.42 0.68 0.57 1.16 0.066 0.68
RT 1.10 0.57 16.3 0.68 0.015 0.038 0.066 0.68 1.16

Beech 750 LT 13.7 1.14 2.24 0.51 0.36 0.45 1.06 0.46 1.61
LR 13.7 2.24 1.14 0.45 0.75 0.51 1.61 0.46 1.06
RT 2.24 1.14 13.7 0.75 0.044 0.073 0.46 1.06 1.61

Fig. 2  Schematic diagram of principal direction L, T and R of beam corresponding to x, y and z

Fig. 3  Loading schematic diagram of symmetrical four-point bending 
test

Table 2  Calculated values of shear stress �
xz

 and shear strain �
xz

 at the 
midspan of the beam of asymmetric four-point bending spruce, Scots 
pine and beech beams (x → L, y → T, z → R) (Yin 1996)

Species Principal plane �
xz

�
xz
∕�� �

xz
∕�

xz
Shear 
modulus 
G
MPa

MPa – MPa

Sitka spruce LT 0.44655 620.2 720.0 720
Scots pine 0.44462 653.9 680.0 680
Beech 0.45356 427.9 1060.0 1060
Sitka spruce LR 0.44661 595.5 750.0 750
Scots pine 0.45131 389.3 1159.3 1160
Beech 0.45996 285.7 1609.9 1610
Sitka spruce RT 0.04366 1119.6 39.0 39
Scots pine 0.04512 683.6 66.0 66
Beech 0.05150 112.0 459.8 460
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Figure 4a shows the E − x∕l curve of a spruce radial 
beam along its surface centerline in a state of pure bend-
ing. From this curve, it can be seen that the �x∕�x ratio of 
the beam is equal to the input value of the elastic modulus 
(E = 11.6 GPa). Figure 4b and c show the �y∕�x − x∕l and 
the −�y∕�x − x∕l -curve of the same beam. It can be seen 
that the �R∕�L ratio in the middle region is approximately 
zero. In this region, the ratio of −�R∕�L corresponds to the 
spruce’s radial Poisson’s ratio ( �LR = 0.37 ). At no point on 
the surface centerline, it is lower than this value.

2.1.3  Static calculation for asymmetrical four‑point 
bending

The test setup for testing the shear modulus of wood using 
the asymmetrical four-point bending test is shown in Fig. 5. 
When the line of action of the load P acting perpendicu-
larly on the auxiliary beam passes through the center of the 

beam specimen and the geometric restraint conditions of the 
auxiliary beam and the beam specimen are met as shown in 
Fig. 5a, only shear force acts on the midspan section of the 
beam specimen, whose value is equal to P/2. The bending 
moment is equal to zero, as shown in Fig. 5b.

The output data of the ANSYS static structural analysis 
are shown in Table 2. The shear stress and shear strain at 
the center of the beam and the ratio of shear stress to shear 
strain are listed. This agrees with the reference value of the 
main shear modulus from the static calculation of ANSYS.

2.2  Experimental design

The experiments in this paper were conducted at equilib-
rium under constant temperature and humidity. The objec-
tive of these experiments is to improve the implementation 
and accuracy of the symmetrical four-point bending test 
to improve the determination of the longitudinal elastic 

 

(a) /  curve of pure bend-

ing on the surface centerline of a 

spruce radial beam 

 

(b) / /  curve of pure 

bending on the centerline of a 

spruce radial beam 

 

(c) / /  curve of pure 

bending on the surface centerline 

of a spruce radial beam 

Fig. 4  Curvilinear expression on the centerline of pure bending of spruce radial beams across the surface

 

(a) Schematic diagram of the four-point 

bending test with asymmetrical load-

ing 

 

(b) Load positions in the asymmetrically loaded four-point bending 

test 

Fig. 5  Schematic diagram and force diagram of experimental setup for asymmetrically loaded four-point bending beam



1379European Journal of Wood and Wood Products (2023) 81:1375–1385 

1 3

modulus, Poisson’s ratio of wood. In addition, the patch 
scheme and full bridge method to improve the accuracy of 
testing wood principal shear modulus by asymmetrical four-
point bending beam method are studied.

The parameters of the beam and plate specimens in the 
radial and tangential directions of larch and the beam and 
plate specimens in the transverse direction of Sitka spruce 
are shown in Table 3.

The beam specimens were subjected to symmetrical four-
point bending and asymmetrical four-point bending load-
ing tests with a span of 240 mm. The shear modulus of the 
plate specimens was tested by the free bar torsional vibration 
method and the square plate static torsional strain method 
(Wang et al. 2019c) to verify the validity of the four-point 
bending beam method.

2.3  Installation scheme of strain gauges

2.3.1  Symmetrical four‑point bending test

To verify the test values of wood elastic modulus, Poisson’s 
ratio and shear modulus are related to the stress state and 
wood grain distribution characteristics of the specimens. 
Especially, the stress state of the specimen and the distribu-
tion characteristics of wood grain have a significant impact 
on the test value of Poisson's ratio. In the symmetrical four-
point bending test, a four-channel 1/4 bridge is designed to 
simultaneously test the 0◦ strain and 90◦ strain of the center 
of the top and bottom surfaces of the specimen and calculate 
the elastic modulus and the −�90◦∕�0◦ ratio, respectively.

Strain gauges are attached longitudinally (0°) and trans-
versely (90°) to the midpoints of the top and bottom of the 
specimen (one of the principal faces of the wood, LT, LR 
or RT), as shown in Fig. 6. The radial and tangential planes 
are perpendicular to each other, and the patch is shown in 
Fig. 7. A symmetrical load is applied to the beam specified 
in Fig. 3, and the longitudinal and transverse strains at the 
midpoint c are measured. The longitudinal and transverse 

strain measurements each occupy one channel of the strain 
gauge and a half-bridge circuit is used for connection. The 
tests are carried out with strain gauges of BX-120 type, 
which have a grid pattern of 5 mm × 3 mm.

2.3.2  Asymmetrical four‑point bending test

With the asymmetrical four-point bending test, the principal 
shear modulus is tested as follows: Two strain gauges are 
attached symmetrically at ±45o relative to the center on the 
centerline of a side surface (wood main plane) of the speci-
men. Strain gauges are placed on both sides on the sample. 
To improve the accuracy, the test of the four strain gauges 

Table 3  Parameters of larch 
radial, larch tangential, and 
Sitka spruce longitudinal 
specimens

Water ratio is not required to be entered in the FE calculations and is therefore not listed

Species Principal plane Length
mm

Width
mm

Thickness
mm

Repetition Density
kg/m3

Water 
content 
%

Larch(beam) LT 240 20 20 3 638 9.5
Larch(beam) LR 240 20 20 3 638 9.5
Larch(board) LT 264 34 8.5 8 716 9.5
Larch(board) LR 258 34 8.1 8 750 9.0
Larch(board) LT 120 120 12 6 617 9.0
Larch(board) LR 118 118 11.5 6 748 9.0
Sitka spruce(beam) RT 240 20.1 30.3 3 365 10
Sitka spruce(board) RT 402 70.7 12.4 9 367 10

Fig. 6  Transverse and longitudinal strain gauges pasted at the center 
point of the beam surface (principal plane)

Fig. 7  Schematic diagram of pasting strain gauges at the center point 
of beam surface both radially and tangentially
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was carried out using the full bridge method to determine 
the principal shear modulus of the wood.

Strain gauges are attached at ± 45° angles to the mid-
points of the test plane of the beam specimen (to one of 
the principal faces of the wood, LT, LR or RT) as shown 
in Fig. 8. The beam is loaded asymmetrically as shown in 
Fig. 4 and the shear strain at the center point C is measured. 
The strain gauges on the front and back of the beam occupy 
one channel of the strain gauge and a full-bridge circuit is 
used for connection. They were used to measure average 
strain of both side surfaces in a channel directly.

2.4  Calculation

2.4.1  Elastic modulus

In the middle section, a region of pure bending occurs in the 
beam during the symmetrical four-point bending test. The 
normal stress ( �) on the top and bottom of the beam can be 
calculated as follows:

where P is the load in N, l is the beam length in mm, b is the 
beam width in mm and h is the beam height in mm. When 
the longitudinal strain of the midpoint of the top and bottom 
of the beam is �x , the elastic modulus can be expressed by 
Hooke's law as shown in Eq. (2), written incrementally for 
ease of testing:

where E is the elastic modulus in MPa, ΔP is the load incre-
ment in N and Δ�x is the longitudinal strain increment in 
μm∕m.

2.4.2  Poisson's ratio

In the area of pure bending, the Poisson's ratio ( � ) for the 
symmetrical four-point bending beam can be expressed by 
the ratio of the transverse strain ( �y) and the longitudinal 

(1)� =
Pl

bh2

(2)E =
ΔPl

bh2Δ�x

strain ( �x) at the midpoint of the top and bottom faces of the 
beam, as seen in Eq. (3).

2.4.3  Shear modulus

The shear modulus (G) describes the relationship between 
the shear stress ( �) and the engineering shear strain ( �) . The 
maximum shear stress is located at the neutral axis of the 
beam and is calculated for a rectangular cross-section as 
shown in Eq. (4).

The shear strain is calculated as � = �−45◦ − �45◦ using 
the strains measured in the negative 45° and positive 45° 
directions in the asymmetrical four-point bending test at the 
center of the average of both side faces of the beam. From 
this, the shear modulus of wood can be calculated using 
Hooke's shear law. To simplify the calculation, the equation 
is written in incremental form:

If a full bridge circuit is used, the strain increment meas-
urement ( Δ�swot) can be inserted in Eq. (5) to calculate the 
shear modulus by the asymmetrical four-point bending test.

When the top and bottom surfaces of the beam are defined 
as one of the principal planes (LT, LR, RT), the principal 
elastic moduli EL, ER, ET are tested according to Eq. (2) and 
Poisson's ratios �LT ,�LR,�RT are tested according to Eq. (3). 
If the front and back surfaces are defined as the principal 
planes of the wood, the principal shear moduli GLT, GLR and 
GRT are tested according to Eq. (5).

2.5  Implementation of the symmetrical four‑point 
bending test with half‑bridges

The LR and LT tests are both on (actually the same) speci-
mens with beams in longitudinal direction. There are 3 such 
specimens. Their size is 260 mm × 20 mm × 20 mm. They 
were recorded as Larch 1–3. The total of 8 strain gauges are 
pasted at the center of each specimen as shown in Fig. 7 and 
Fig. 9. When determining E and � using the symmetrical 
four-point bending test, the wood grain should be consid-
ered. As in Fig. 9, when the LT surface is the top and bottom 

(3)� = −
Δ�y

Δ�x

(4)� =
3P

4bh

(5)G =
3ΔP

4bh||Δ�−45◦ − Δ�45◦
|
|

(6)G =
3ΔP

8bhΔ�swot

Fig. 8  Strain gauge pasted at the center point of the side (principal 
plane) of the beam surface
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surfaces, one of the top and bottom surfaces is artificially 
defined as the A surface, then the other side is defined as the 
B surface. This definition method is also applicable to the 
case where the LR surface is the top and bottom surfaces. 
During the bending test, a compressive stress is generated on 
the upper face of the beam and a tensile stress on the lower 
face. Table 4 shows the values for each of the four placing 
options of the beam in the testing machine. Thus, the trans-
versal side with the wood grain type A is first on top (com-
pressive stress) and then on the bottom (tensile stress) by 
rotating 180° around the center axis. This is done identically 
for the side B. The words upward and downward indicate the 
compressive stress on the upper surface and the tensile stress 
on the lower surface, respectively.

2.6  Validation tests

The axial stretching method (Gere and Goodno 2012) is 
used to demonstrate the validity of the symmetric four-point 
bending beam method for measuring E and �.

The square plate static torsional strain method and the 
free rod torsional vibration method (Wang et al. 2019c) are 
used to demonstrate the validity of the asymmetric four-
point bending beam method for G.

3  Results and discussion

3.1  Validation of test results

Symmetrical four-point bending tests for measuring the 
elastic modulus and the Poisson’s ratio and asymmetrical 
four-point bending tests for measuring the shear modulus 
were validated by axial tension (Yamasaki and Sasaki 2003), 
static square-plate torsional tests and the torsional vibration 
method (Wang et al. 2019c) for free bars. Table 4 shows the 
comparison of the longitudinal and radial constants (E, G, 
µ) of larch and the transverse constants (E, G, µ) of Sitka 
spruce determined with the different test methods.

It can be seen that the Poisson's ratio tested by four-point 
bending agrees with the Poisson's ratio tested by the axial 
tensile method. However, ER tested by four-point bending 
is about 11% higher and EL is 24% higher than the elas-
tic modulus tested by the axial tensile method. The shear 
modulus tested by four-point bending agrees with the shear 
modulus tested by static square-plate torsional tests and the 
torsional vibration method for free bars. Furthermore, it was 
checked whether the beam length influences the test results 
(E, µ) in the symmetrical four-point bending tests. It was 
found that the measured values in the area of pure bending 
for a 300 mm long larch beam were almost identical to those 
of the 240 mm long beam.

Fig. 9  Test specimen (larch) for 
four-point bending: Definition 
of fiber direction and wood 
grain

Table 4  Elastic modulus  (E), shear modulus (G) and Poisson's ratio (μ) tested by four-point bending, the axial tensile method, the torsional 
vibration method for free bars and the static square-plate torsional test (COV %)

Species Principal plane Four-point bending test Axial tensile method Static torsional test Torsional 
vibration 
method

E � G E � G G

GPa – MPa GPa – MPa MPa

Larch LT 10.8
(4.2%)

0.48
(2.0%)

910
(11.6%)

9.7
(9.4%)

0.43
(12.1%)

856
(11.7%)

1032
(4.4%)

LR 11.1
(6.3%)

0.36
(7.0%)

1327
(7.2%)

10.0
(10.9%)

0.36
(9.6%)

1129
(1.8%)

1209
(12.5%)

Sitka spruce RT 0.56
(6.2%)

0.38
(4.3%)

37.7
(7.6%)

0.45
(4.2%)

0.42
(1.0%)

38.3
(18.5%)

42.0
(10.3%)



1382 European Journal of Wood and Wood Products (2023) 81:1375–1385

1 3

3.2  Feasibility analysis of the symmetrical 
four‑point bending test for measuring E

The data in Tables 2, 3, and 5 show that the ratio of longi-
tudinal stress to longitudinal strain at the center point of the 
top and bottom beam surfaces is basically equal to the value 
of the principal elastic modulus. Figure 4 also shows that 
the ratio of longitudinal stress to longitudinal strain at any 
point on the centerline of the beam surface along the pure 
bending section is equal to the value of the principal elastic 
modulus EL of the spruce beam. This shows that it is pos-
sible to measure the elastic modulus using the symmetric 
four-point bending beam method.

If the experimental values (P = 240N, l = 240  mm, 
b = 20 mm, h = 20 mm) are used in Eq.  (1) to calculate 
the longitudinal stress, the calculated stress of 7.2 MPa is 
almost 4.5% higher than the longitudinal stress calculated by 
ANSYS for the beam at the midpoint of the top and bottom 

surfaces. It is about 4.7% larger, but the measured results 
may have a higher percentage (Table 4).

3.3  Feasibility analysis of the asymmetrical 
four‑point bending test for measuring G

The values of shear stress and shear strain on the neutral axis 
of the central cross-section calculated with ANSYS as well 
as the ratio �xz∕�xz (Table 5) agree well with the measured 
values for the principal shear moduli ( GLR , GLT and GRT ) 
in the asymmetrical four-point bending test. The �xz value 
of the longitudinal center point calculated by ANSYS is 
also in good agreement with the calculated value of Eq. (4) 
(0.45 MPa in the longitudinal and radial directions and 
0.045 MPa in the transverse direction). Therefore, the asym-
metrical four-point bending test can be used to calculate the 
principal shear modulus of wood by measuring the shear 

Table 5  Influence of the wood grain on the modulus of elasticity (E) and Poisson's ratio (-εy/εx) in longitudinal and radial direction on the top 
and bottom of the specimen

Specimen number Strain sensors: position and orientation Bridge LR LT

E [GPa] − εy/εx E [GPa] − εy/εx

Larch 1 A upward 1/4 10.87 0.341 9.70 0.724
B downward 1/4 11.53 0.347 13.53 0.311
A downward 1/4 12.02 0.346 9.16 0.519
B upward 1/4 11.04 0.222 13.26 0.230
Avg. (COV) 11.37 (4.6%) 0.314 (19.6%) 11.41 (20.2%) 0.446 (49.7%)
A upward
Lower(B)
B downward
A downward
Upper(B)
B upward

1/2 11.14 0.363 11.28 0.560

B upward
A downward

1/2 11.28 0.287 10.76 0.364

Avg. (COV) 11.21(0.9%) 0.325(16.5%) 11.02(3.3%) 0.462(30.0%)
Larch 2 A upward

Lower(B)
1/4 11.12 0.315 11.40 0.365

B downward 1/4 13.90 0.673 10.20 0.349
A downward
Upper(B)

1/4 11.89 0.324 12.96 0.606

B upward 1/4 12.85 0.243 10.39 0.538
Avg. (Coefficient of variation) 12.44(9.7%) 0.389(49.6%) 11.24(11.2%) 0.465(27.4%)
A upward, B downward
Lower(B)

1/2 12.78 0.494 10.78 0.365

A downward, B upward
Upper(B)

1/2 12.26 0.276 11.44 0.592

Avg. (COV) 12.53(2.9%) 0.385(40.0%) 11.11(4.2%) 0.478(33.6%)
Larch 3 A upward, B downward 1/2 9.84 0.405 10.08 0.563

A downward, B upward
Upper(B)

1/2 9.46 0.328 9.95 0.404

Avg. (COV) 9.65(2.8%) 0.366(14.9%) 9.97(0.9%) 0.484(23.2%)
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strain on the neutral axis of the mid span cross-section and 
calculating the shear modulus according to Eq. (5).

3.4  Error analysis of the symmetrical four‑point 
bending test for measuring μ

It is assumed that the middle section of the beam in the sym-
metrical four-point bending test is in a plane stress state, i.e., 
that the transverse stress in this area is zero. In reality, how-
ever, there are no points where the transverse stress is zero. 
This inevitably leads to an error in the ratio of transverse to 
longitudinal strain and the Poisson’s ratio. In general, the 
stress–strain relationship in the tangential direction of wood 
can be calculated as follows:

From Eqs.  (7) and (8) and the relationship of 
EL�TL = ET�LT , the formula for calculating Poisson's ratio 
considering transverse stress can be derived:

A Scots pine beam in longitudinal direction is studied 
as an example. It is assumed that there is a numerical rela-
tionship between the calculated longitudinal and transverse 
strains and the Poisson's ratio from the four-point bending 
test of the principal direction of the material at the center of 
the top and bottom faces of the beam.

Since �T∕�L for Scots pine is only about 0.0004, the Pois-
son's ratio can be calculated sufficiently accurately using 
the four-point bending test with the equation −�T∕�L for the 
midpoint on the top and bottom sides of the beam. The mag-
nitude of the inaccuracy is only 1.4%.

3.5  The influence of the wood grain on the modulus 
of elasticity and Poisson's ratio in longitudinal 
and radial direction on the top and bottom 
of the specimen

As shown in Fig. 8, the upper and lower surfaces are LT 
surfaces, where the modulus and Poisson's ratio of larch 
(LT) can be tested, and the strain gauges are attached to the 
upper and lower surfaces. To test the modulus and Poisson's 
ratio of larch (LR), the specimen is rotated 90◦ around the 
x-axis so that the radial surface LR is located on the upper 
and lower surfaces of the specimen (the so-called upper and 
lower surfaces and front and rear sides of the specimen are 

(7)�L =
�L

EL

− �TL

�T

ET

(8)�T =
�T

ET

− �LT

�L

EL

(9)�
LT

=
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−
�
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L

+
�
T

�
L

∙
E
L

E
T

)

∕

(

1 −
�
T

�
L

�
T

�
L

)

relative to the specimen placed on the support of the four-
point bending test rig) as shown in Table 5.

From the test data in Table 5, it can be seen that the stress 
state and wood grain distribution characteristics on the top 
and bottom of the specimen stress has little effect on the 
modulus of elasticity, or longitudinal strain.

The radial and tangential elastic modulus and Poisson’s 
ratio of larch 1 and larch 2 tested by 1/4 bridge and half 
bridge method are shown in Table 5. Two sets of the sym-
metrical four-point bending half-bridge method tests were 
performed to ensure the accuracy of the elastic modulus 
and Poisson’s ratio of the wood. After completing one 
group of tests, the specimen was rotated 180° about its 
central axis (Fig. 9) and placed on the test stand. Then 
another group was measured. Each group of half-bridges 
was measured three times, and the average value of the 
last two sets was determined. Take the average value as 
the final test result, as shown in Table 5. The test values of 
elastic modulus and Poisson's ratio of two groups of half 
bridge wood of Larch 3 are also listed in Table 5, and the 
law is the same as that of Larch 1 and 2.

3.6  Comparison of the four‑point bending test 
and the axial tensile test for measuring E and μ

The axial tensile method is suitable for both isotropic and 
anisotropic materials for measuring longitudinal and trans-
verse strain and thus for calculating the elastic modulus 
and Poisson’s ratio. The formula for deriving the elastic 
modulus or the Poisson’s ratio is independent of the mate-
rial type, making the axial tensile method a classic method 
for measuring the elastic modulus and the Poisson’s ratio 
of a material. In the four-point bending test, in addition to 
the elastic modulus and the Poisson's ratio of the material, 
the shear modulus of the material can also be tested, which 
is the advantage of the four-point bending test.

For Poisson’s ratio testing of wood, both the axial ten-
sile method and the four-point bending test determine 
Poisson’s ratio from the ratio of transverse strain to longi-
tudinal strain, but it should be clear that there are differ-
ences between the two methods. Considering the need to 
eliminate the bending strain that may occur due to the mis-
alignment of the load during axial stretching and the dif-
ferent distribution characteristics of the wood grains on the 
two surfaces of the specimen, in the axial tension method, 
strain gauges in the longitudinal and transverse directions 
are pasted to both surfaces of the specimen, and then each 
connected in series and joined by a 1/4 bridge. The ten-
sile specimen is subjected to a uniform tensile stress, so 
the axial tensile method does not take into account the 
different signs of the stresses on the two surfaces of the 
specimen. When testing Poisson’s ratio according to the 
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four-point bending test, strain gauges are also applied 
to both surfaces of the specimen in the longitudinal and 
transverse directions. They take into account not only the 
different distribution characteristics of the wood grain on 
the two surfaces of the specimen, but also the different 
signs of the stresses occurring on the two surfaces, i.e., 
one surface of the specimen is subjected to tensile stress 
while the other surface must be subjected to compressive 
stress. From this point of view, the four bending test better 
reflects the mechanical behavior of wood than the axial 
tensile method when testing material parameters.

4  Conclusion

The present work aimed to explore the factors affecting the 
accuracy of wood elastic modulus, Poisson's ratio and shear 
modulus tested by four-point bending beam method, and to 
provide methods to improve the test accuracy. Based on the 
results of this study, the following conclusions can be drawn:

• Under symmetrical loading, the longitudinal strain of the 
beam in the four-point bending test is uniformly distrib-
uted at each point of the centerline on the top and bottom 
surfaces in the pure bending section. From the ratio of 
longitudinal stress to longitudinal strain of beams’ center, 
the principal elastic modulus of wood can be calculated. 
The transverse strain is uniformly distributed only in a 
small area in the middle of the beam (x/l = 0.45–0.55), 
so that the principal Poisson's ratio of wood can be cal-
culated there using the ratio of transverse strain to longi-
tudinal strain.

• For asymmetrical loading in the four-point bending 
test, the ratio between shear stress and shear strain at 
the center of the beam side is exactly equal to the shear 
modulus of the top plane.

• In the symmetrical four-point bending test, the test values 
for the longitudinal strain of each point on the centerline 
of the top and bottom of the beam in the section of pure 
bending are basically independent of the different char-
acteristics of the wood grain and the stress properties of 
the top and bottom of the beam. However, the test values 
for the transverse strain are quite sensitive to the char-
acteristics of the wood grain and the stress properties of 
the top and bottom of the beam, so the test value for the 
Poisson’s ratio has a large variation

• The dispersiveness of the Poisson’s ratio test values in the 
symmetrical four-point bending test can be reduced by 
conducting two sets of the symmetrical four-point bend-
ing half-bridge method tests, while the second time, the 
specimens were rotated180°. Furthermore, the results can 
be verified by the tensile method.

• The asymmetrical four-point bending test with the appli-
cation of one strain gauge each in a positive and negative 
45° angle with a full-bridge configuration can effectively 
obtain the exact shear modulus of wood.

• The suitability and its accuracy of the four-point bend-
ing test for testing the principal elastic modulus, Pois-
son's ratio and shear modulus were verified by the axial 
tensile method, static square-plate torsional tests and the 
torsional vibration method for free bars
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