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Effect of a High Loading Rate on the Compressive
Properties of Beech Wood in the Longitudinal Direction

Kristijan Radmanovi¢,* Robert Rogini¢, Ruzica Beljo Luci¢, Juraj Jovanovi¢,
Matija Jug, Tomislav Sedlar, and Branimir Safran

Because of its hardness, wear-resistance, strength, and bending
capabilities, beech wood is a widely-used hardwood in Europe. It is mainly
used for furniture, floors, construction, veneer boards, and laminated
wood. For such uses, the mechanical properties are very important,
especially in cases of impact loads. The aim of this work is to analyse the
mechanical properties of beech wood samples exposed to compressive
force in the longitudinal direction based on different loading rates (in the
range from 10 mm/min to 500 mm/min). Stress—strain diagrams were
made with the experimental data, and mathematical functions were fit to
them. Using the fit functions, the following properties of beech wood
samples were determined: the stress and strain at the elastic limit; the
maximum stress and associated strain; the modulus of elasticity; the
tangent modulus; the specific energy of elastic strain; and the specific
energy of plastic strain. The results showed that by increasing the loading
rates, the elastic properties of beech wood increase, while the analysed
plastic properties do not show a clear tendency of changes with increase
of the loading rates.
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INTRODUCTION

Wood is a natural material that, despite the growing presence of synthetic
alternatives, has remained an integral part of human life. Given the increasingly stringent
technological requirements of the market and industry, knowledge of the mechanical
properties of wood is of utmost importance. There are many studies on the mechanical
properties of wood, and they are most often directed toward determining the modulus of
elasticity, maximum stress, and deformation energy of wood, depending on the direction
of the acting force and the moisture content of the wood. The mechanical properties of
wood depend on several factors, and one of these factors is the loading rate (Mathew and
Oxley 1982). Tests to determine the mechanical properties of wood are described by DIN
EN standard 408 (2012), in which the loading rate (v = 0.0005 « lo in mm/s) is defined (lo
is the initial dimension of the sample). However, wood in use is often exposed to drastically
higher loading rates (impact loads). Wood is often used in combination with other materials
in which wood is sandwiched between two panels of other materials (e.g. steel), as an
energy-absorbing material when it is subjected to impact loads (Susainathan et al. 2019).
When wood is subjected to impact loads, the behaviour of wood structural members are
very complex and different from the situation when it is exposed to static loads. Therefore,
it is assumed that the loading rate has an important effect on wood mechanical properties.
A study by Biiytiiksar1 (2017) on pine wood shows an increase in the flexural modulus of
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elasticity and flexural strength as the loading rate increases, and the same author states that
compressive and tensile strength are also dependant on the loading rate. Tamrakar and
Lopez-Anido (2010) on wood-plastic composites reached similar conclusions. However,
the effect of a high loading rate on initial strain, strain, and stress at the elastic limit and
tangent module are not widely researched and represented in the literature.

Beech wood, due to its mechanical properties, is widely used for the production of
furniture and floors. Also, beech wood is suitable for making panels in combination with
other materials and is used as construction material. Therefore, in use, beech wood is very
often exposed to impact loads, and it is important to know the effects of the loading rates
on the compressive properties of beech (Fagus sylvatica) wood. In this paper, the effect of
the loading rate on the stress and strain at the elastic limit; the maximum stress and
associated strain; the modulus of elasticity; the tangent modulus; the specific energy of
elastic strain; and the specific energy of plastic strain of beech wood in the longitudinal
direction are determined. The elastic and plastic compressive properties of the beech wood
samples were calculated using the simple functions fit to measured data.

EXPERIMENTAL

The experimental research was carried out in two phases. In the first phase, the
wood samples were selected and prepared. In the second phase, the compressive properties
of the wood samples were measured in the longitudinal direction. The testing of the
compressive properties of the wood samples was carried out at the accredited Wood
Laboratory for Construction at the Faculty of Forestry and Wood Technology of the
University of Zagreb.

Materials

It is known that the mechanical properties of wood depend on the dimensions of
the examined samples or on the structure of the wood samples (Horvat and Krpan 1967;
Hu et al. 2019).

b
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Fig. 1. Beech wood samples: a) cross section; and b) radial section (a - length of the beech
sample, b - width of the beech sample, and ¢ — height of the beech sample)
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To determine as precisely as possible the energy required for the elastic and plastic
strain of the unit volume, the aim of this study was to perform compression tests with the
dimensions of the samples as small as possible, while still maintaining good quality in
terms of testing machine measurements. The selected samples were free of visible defects
that could have a major impact on the measured results. All samples were taken from the
same log from the region of the north-western Croatia. The dimensions of the samples were
aand b equal to 1.5 cm and ¢ equal to 3 cm (Fig. 1), and the resistance hygrometer showed
the moisture content was 10%.

Methods

In the second phase of the experiment, the compressive properties of the beech
samples were measured via the compression tests in the longitudinal direction. Figure 2
shows the radial section of the samples with dimensions before and after application of the
load. The forces and corresponding displacements (Ac = ¢ - c') were measured with a
Shimadzu testing machine (type Autograph AG-X), which was equipped with a load cell
with a nominal force of 100 kN. The flow and test procedures were programmed with the
corresponding software (Trapezium X, Shimadzu, Kyoto, Japan). The displacement
measurement (Ac) was performed until the force reached its maximum value.

Fig. 2. The force action on the beech samples in the longitudinal direction: c is the sample height
before action of the force and c' is the sample height after action of the force

The compressive properties of the beech wood samples were determined depending
on the loading rates, and the selected loading rates were specified as v, i.e., 10, 20, 30, 40,
50, 100, 200, 300, 400, and 500 mm/min. During the test, the loading rate was constant.
The manufacturer of testing machine states a sufficiently high measurement accuracy of
the compressive properties in the measuring range up to 700 mm/min.

The data of the measured force and displacement was processed in SigmaPlot
(Version 10.0). The true compressive stress was determined according to Eq. 1,

aTzaFfb.(H%) (1)

where ot is the true stress (Pa), F is the force (N), a is the sample length (m), b is the sample
width (m), c is the initial height of the sample (m), and Ac is the displacement (m). The
corresponding strain was determined according to Eq. 2,
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where et is the true relative strain. After calculating the true compressive stresses and the
corresponding true relative strain, the stress-strain diagrams were made. The stress-strain
diagram under the compressive action of the force (Fig. 3) can be divided into three parts.
In the first part, the strain is smaller than the initial strain (et is less than ¢1o) and the
relationship between the stress and strain is nonlinear. The second region is called the
elastic region (eois less than er, which is less than &'ren), and the relationship between the
stress and strain is linear. The point located at the intersection of the second and third parts
(Fig. 3) is called the elastic limit (ell), which marks the end of the elastic area and the
beginning of the plastic area. In the plastic region (&'ren is less than et, which is less than
&'Tmax); permanent deformations occur, which remain even after the action of force, and the
relationship between the stress and strain is nonlinear.
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Fig. 3. The stress—strain diagram under the action of force in the longitudinal direction. Note: € o
is the true initial strain in the longitudinal direction, € renis the true strain at the elastic limit in the
longitudinal direction, € tmax is the maximum true strain in the longitudinal direction, o't is the true
initial stress in the longitudinal direction, orenis the true stress at the elastic limit in the longitudinal
direction, and otmaxis the maximum true stress in the longitudinal direction

Determination of the elastic properties of beech wood

The elastic properties of beech wood samples determined in this paper are as
follows: the modulus of elasticity, the true stress and strain at the elastic limit, and the
specific energy of elastic strain. At the beginning of the force action, in addition to
compression, the sample was also adjusted on the testing machine due to micro-
irregularities on its surface. The strain (e'1o0) (Fig. 3) is the sum of the strain caused by the
adjustment of the sample (o) and the strain caused by the initial elastic compression of
the sample (7o - ¢10). In order to determine the strain caused by the adjustment of the
sample (eT0), the experimentally measured data in the linear region of stress-strain diagrams
(Pozgaj 1993) was fit to a function, as defined by Eq. 3,
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Orel = Org + E - €7y, (3)

where oTel IS any stress less than oen (Pa), &’1er is any strain for which it is valid, i.e., 1o is
less than or equal to &’ter Which is less than or equal to &’en, oo is the section of a linear
function on the ordinate (Pa), and E is the modulus of elasticity (Pa). The strain caused by
the adjustment of the sample (e10) was determined by equalizing the linear function (as
shown in Eq. 3) with zero, as defined by Eq. 4,

Ero = _% (4)

where eto is the section of a linear function on the abscissa. Figure 4a shows the stress-
strain diagram with an adjusted linear function in the elastic region bounded on the abscissa
by strain due to pattern adjustment (¢to) and strain at the elastic limit (eten), as well as
strain on the coordinate axis by stress at the elastic limit (oen).
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Fig. 4. a) The stress—strain diagram under the action of force in the longitudinal direction. Note:
oo is the section of the linear function on the ordinate, 1o is the section of a linear function on the
abscissa axis, and £ renis the true strain at the elastic limit. b) The translated stress—strain
diagram under the action of a force in the longitudinal direction. Note: oren is the true stress at the
elastic limit, and erenis the true strain at the elastic limit
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After determining the strain (eto), the stress-strain diagram was translated to the
left, as shown in Eq. 5,

(10 = 0,079 = 0, €rey = E7gy; — €70) (%)

with the aim of eliminating the strain caused by the adjustment of the sample (as shown in
Fig. 4b.

After eliminating the strain caused by the adjustment of the sample, the fit function
(as shown in Eqg. 3) became Eq. 6,

Orer = E - €rer (6)

where oTel is any stress less than oten (Pa), etel is any strain less than eten, and E is the
modulus of elasticity (Pa). The stress at the elastic limit is determined according to Eq. 7,

Oren = E - €ren, )
where oTell is the stress at the elastic limit (Pa) and eten is the strain at the elastic limit.
During the process of deformation of the beech samples, the force performs a certain work.
One part of the work performed by this force accumulates in the material in the form of
potential deformation energy. One part of this energy is the specific energy of the elastic
strain, and is determined by Eq. 8,

ETe E

el = fOT "Orerd erer = P Efeu (8)
where eel is the specific energy of elastic strain (J/m®), etenn is the strain at the elastic limit,
oTel IS any stress less than oren (Pa), eer is any strain less than eten, and E is the modulus of
elasticity (Pa).

Determination of the plastic properties of beech wood

According to Woults et al. (2016), the stress-strain relationship in the plastic region
can be described by a second-order function. The function was fit to the experimentally
measured data in the plastic area, as shown in Eq. 9,

GTpl =A- E%pl +B- ngl +C (9)

where oTpi is any stress (Pa) for which it is valid, i.e., oTen is less than orpi which is less than
or equal to otmax, eTpl is any strain for which it is valid, i.e., ten is less than erpi which is
less than or equal to etmax, and A, B, and C are the coefficients that describe the behaviour
of the function of the second order (Pa). Figure 5 shows the plastic region of the stress-
strain diagram under the compressive action of a force in the longitudinal direction with
the corresponding quadratic function.
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Fig. 5. The plastic area of the stress—strain diagram under the action of a force in the longitudinal
direction. Note: ormax is the maximum true stress, orenis the true stress at the elastic limit, erenis
the true strain at the elastic limit, and &tmax is the maximum true strain

Once the mathematical expressions describing the stress-strain relationship in the
elastic and plastic regions have been determined, the strain at the elastic limit is analytically
determined by equalizing Egs. 6 and 9, as shown in Eq. 10,

E-éerey=A efey+B erey+C (10)
Since two solutions exist for Eq. 10, by comparing them with experimentally measured
data, a solution is determined that satisfies the set conditions, as shown in Eq. 11,

~(B-E)~B-EP—#AC

2-A

Erell = (11)
By including Eq. 11 in Eq. 7, the stress at the elastic limit is determined, as shown in Eq.12,

E-(E—B— (B—E)2—4-A-c)

OTell = 24 (12)

The maximum strain (etmax) represents the point at which the quadratic function reaches
the maximum value, and is determined by equalizing the derivative of Eg. 9 with zero, as
shown in Eq. 13,
-B
ETmax = A (13)
By including Eqg. 13 in Eqg. 9, the maximum stress (otmax) iS determined, as shown in Eq.
14,

4-A-C—B?

OTmax = VS (14)

The tangent modulus (K) represents the slope of the tangent to the curve in the plastic
region, and is defined as the first derivative of Eq. 9, as shown in Eq. 15,
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K=ZZ—::;=2-A-STW+B (15)
It can be determined from Eq. 15 that the tangent modulus is linearly dependent on the
plastic strain, and the linearity coefficient is twice the constant A (2A). The tangent modulus
has a maximum value for strain at the elastic limit (eten), while at its maximum strain (emax)
it is equal to 0.

The mean value of the tangent modulus (K) in the longitudinal direction, and is
determined according to Eq. 16,

I_( — OTmax—OTell (16)

ETmax—€Tell

In the process of deformation of the beech samples, an external force performs a certain
work that accumulates in the material in the form of potential energy of plastic strain. The
elementary strain work invested in the plastic strain of a unit volume is also called the
specific energy of plastic strain (epi), and it is determined according to Eq. 17,

— (€Tmax _4 3 3 B 2 2
€pt = ngell UTpld Erpl = 3 (ngax - gTell) + o (ETmax - gTell) +C-

(ngax - gTell) (17)

Since the aim of the research was to determine the effect of the loading rate on the
compressive properties of beech wood, the experiment was performed in a wide range of
loading rates, with five replications under the same conditions. Mathematical functions
were fit on measured values for all samples with RZ from 0.995 to 0.999. The mean values
of analysed properties with the corresponding standard deviation were determined using
fit functions. Due to a small number of the experiment replication, no statistical analysis
was done, but the trends of the results are obvious.

RESULTS AND DISCUSSION

Results of Measuring the Elastic Properties of Beech Wood

Figures 6 and 7 show the dependences of the mean value of the true strain and true
stress at the elastic limit with the corresponding standard deviation on the loading rates,
respectively. The values described in each figure show a trend of increasing mean values
as the loading rate increases. The mean value of the true strain at the elastic limit at a
loading rate of 500 mm/min is 24.5% higher than the mean value of the true strain at a
loading rate of 10 mm/min. The mean value of the true stress at the elastic limit at a loading
rate of 500 mm/min is 50.5% higher than the mean value of the true stress at the elastic
limit at a loading rate of 10 mm/min.
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Fig. 6. Diagram of the dependence of the true strain at the elastic limit (¢ren) on the loading rate
under compressive force action in the longitudinal direction
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Fig. 7. Diagram of the dependence of the true stress at the elastic limit (orei) on the loading rate
under compressive force action in the longitudinal direction

Hu et al. (2019) states that for beech wood samples the stress at the elastic limit
under the compressive action of a force in the longitudinal directions is approximately 40
MPa. In the case of the highest loading rate in our experiment the true stress at the elastic
limit was almost two times higher. It is likely that the high loading rate is the reason for
this difference.

Figures 8 and 9 show the dependence of the mean values of the modulus of
elasticity and energy of elastic strain with the corresponding standard deviation on the
loading rate, respectively. Both research results show a trend of increasing mean values as
the loading rate increases. The upward trend is more pronounced at higher loading rates.
The modulus of elasticity at a loading rate of 500 mm/min is 33.1% higher than the
modulus of elasticity at a loading rate of 10 mm/min, while the energy of elastic strain at
the same loading rate range increased by 84.4%.
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Fig. 8. Diagram of the dependence of the modulus of elasticity (E) on the loading rate under
compressive force action in the longitudinal direction
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Fig. 9. Diagram of the dependence of the specific energy of elastic deformation (ee)) on the
loading rate under compressive force action in the longitudinal direction

In the study by Fajdig et al. (2016), the modulus of elasticity of beech wood under
a compressive action of force in the longitudinal direction is slightly less than 8 GPa at a
moisture content (u) of approximately 8%, which corresponds to the values of modulus of
elasticity in our study for beech wood samples subjected to loading rate of 500 mm/min.

Results of Measuring the Plastic Properties of Beech Wood

Figures 10 and 11 show the dependences of the mean value of the maximum true
stress and the corresponding true strain on the loading rate, respectively. The mean value
of the maximum true stress shows an increasing trend as the loading rate increases. The
maximum true stress at a loading rate of 500 mm/min is 37.4% higher than the maximum
true stress at a loading rate of 10 mm/min, while the corresponding mean value of the
maximum true strain does not show a clear dependence on the loading rate.
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Fig. 10. Diagram of the dependence of the maximum true stress (Ormax) on the loading rate under
compressive force action in the longitudinal direction
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Fig. 11. Diagram of the dependence of the maximum true strain (¢tmax) on the loading rate under
compressive force action in the longitudinal direction

In the study by Koczan and Kozakiewicz (2016), it can be found that the maximum
stress of beech wood under compressive force action in the longitudinal direction is
approximately 67 MPa at a moisture content (u) of approximately 9%, which is less than
the determined values in our experiment. The reason could be the difference in properties
of wood beech samples. Moreover, the loading rate could also be the source of variance.

Figures 12 and 13 show the dependence of the mean value of the mean tangent
modulus and the specific energy of plastic strain on the loading rate, respectively. The
mean value of the tangent modulus and specific energy of plastic strain do not show a clear
tendency in the observed loading rate range. The mean value of the tangent modulus at a
loading rate of 500 mm/min is 9% higher than the modulus at a loading rate of 10 mm/min,
while the mean value of the specific energy of plastic strain at the same loading rate range
increased by 30.1%.
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Fig. 12. Diagram of the dependence of the tangent module (K) on the loading rate under
compressive force action in the longitudinal direction
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CONCLUSIONS

1.

The measured compressive properties of beech wood samples depend on the loading
rate in the range of 10 mm/min to 500 mm/min.

Increasing the loading rates causes an increase in the measured elastic properties of
beech wood. When the loading rate is increased, the mean value of the elastic stresses
shows a larger change than the mean values of the elastic strain. Consequently, the
result is higher modulus of elasticity with increasing loading rate.

Increasing the loading rate increases the mean value of the maximum stress. However,
there is no clear trend of changes of the other analysed plastic properties.

The standard deviations of the measured plastic properties were drastically larger than
the standard deviations of the measured elastic properties, which indicated greater
scatter of the measured results in the plastic area of the stress-strain diagram.
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5. The presented results showed that wood tends to be more rigid when the compressive
forces act quickly. This fact should be taken in account when projecting technology for
producing bent curved elements of beech wood for furniture or other products.
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