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al. 2013; Borůvka et al. 2018). However, its water repel-
lence can be enhanced to certain levels (Yin et al. 2021). 
Although birch solid wood is unsuitable as a construction 
material due to its limitations, birch can be used in differ-
ent forms to craft various furniture components requiring 
exceptional stiffness and strength, particularly for indoor 
applications (Heräjärvi 2004). Birch has a rich history in 
the veneer industry due to its unique properties (Dudík et al. 
2020), which is further advancing thanks to new methods 
of wood treatment (Grinins et al. 2016). Birch has excellent 
robustness against impacts, demonstrated by its ability to 
absorb significant amounts of impact energy (Bragov and 
Lomunov 1997). Studies indicate that its laminated com-
posites exhibit greater resilience against dynamic compres-
sive crashes compared to composites made of poplar and 
oak (Guélou et al. 2023). Birch’s notable strength against 
impacts and its capacity to efficiently absorb impact energy 
across varied environmental conditions make it a promis-
ing candidate material for diverse automotive applications 
(Baumann et al. 2020, 2021).

Black locust (Robinia pseudoacacia L.) was the first for-
est tree species introduced from North America to Europe 
four centuries ago; now, it has widespread cultivation not 
only in Europe but also across diverse global climatic 
regions (Rédei et al. 2008). Despite its extensive planting, 
this species is considered invasive in central Europe and 

1  Introduction

 Birch (Betula pendula) is considered one of the premier 
species for land reclamation and revegetation endeavours, 
owing to its exceptional attributes such as its remarkable 
tolerance to a wide range of environmental conditions, its 
ability to flourish even in nutrient-poor soils, and its capac-
ity to provide protection for the seedlings of both broad-
leaved and coniferous tree species (Beck et al. 2016). Its 
high resistance to chemical pollutants makes it a valuable 
candidate for reclaiming degraded areas, serving as an effi-
cient tool for restoring lands affected by industrial activi-
ties through afforestation methods (Jonczak et al. 2020). 
Regarding its wood properties, birch is generally classified 
as medium-hard timber with good mechanical properties 
(Borůvka et al. 2019). However, birch is highly vulnerable 
to wood fungi and has low dimensional stability, limiting 
its applications only to indoor applications, such as fur-
niture or as a source of fuel for heat generation (Biziks et 
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is included on national blacklists and inventories of alien 
species throughout the continent (Younis et al. 2023). Its 
global ecological importance is due to its ability to enhance 
soil chemical properties and fertility through nitrogen fixa-
tion and carbon sequestration (Nicolescu et al. 2018). Black 
locust demonstrates resilience to drought and harsh environ-
mental conditions, and the ongoing climatic changes appear 
to favour its adaptation further and spread (Grünewald et al. 
2009). However, the black locust brings about both positive 
and negative impacts, representing a substantial influence 
across various domains such as nature conservation, affor-
estation, urban landscaping, timber and fuel production, and 
beekeeping (Gilman and Watson 1994).

Black locust wood is characterized as a relatively dense, 
hard and durable ring-porous hardwood featuring light yel-
low sapwood and darker greenish-yellow heartwood with 
black pores (Adamopoulos et al. 2007). Its mechanical 
properties improve with the tree’s age (Bijak and Lacho-
wicz 2021). While its wood holds significant potential as 
a cost-effective fuel in the form of firewood, its durability 
and resistance to rot and insect damage make it a suitable 
material for various applications, including outdoor con-
structions, boatbuilding, indoor flooring and furniture, mine 
timbers, railway sleepers, and veneer (Sitzia et al. 2016). 
Their unique resistance is becoming more valuable due to 
insufficient production of durable timbers from other parts 
of the world, such as Africa, and the availability of black 
locusts with durable timber in Europe (Dünisch et al. 2010). 
Renowned for its rapid growth, durability, malleability, duc-
tility, and versatility, black locust ranks among Hungary’s 
most esteemed trees (Csordós et al. 2014). The Young’s 
modulus, yield stress, and modulus of rupture of black 
locust are lower for sapwood compared to heartwood (Nik-
las 1997), and its elastic and shear moduli remain unaffected 
by radial and tangential orientation in static state loadings 
(Adamopoulos 2002). Heat treatment can make black locust 
more resistant to different hazards; however, this process can 
damage its mechanical properties. For instance, its average 
impact bending strength values can diminish by 45–70% 
by oil heat treatment, depending on the type of treatment 
applied (Bak and Nemeth 2012).

Wood has a considerable application across various 
industries, including aircraft, automotive, packaging, con-
struction and sporting goods production, and in some of 
these sections, it is often subjected to dynamic loadings 
(impacts) (Polocoer et al. 2017; Jansson 1992). However, 
utilization of wood in society was notably more significant 
before the exponential multiplication of synthetic materi-
als (Johnson 1986). Dynamic regime loadings encompass 
strain rates from 0.1 to 104, covering various impact test-
ing methods (Field et al. 2004; Jacques et al. 2014). Wood 
is a strain rate-dependent material due to its viscoelastic 

polymer components and structure, exhibiting soften-
ing under creep and strengthening under dynamic loading 
(Matsushita et al. 2020). In various fields of application, the 
severity of the incidents can be mitigated by using energy-
absorbing protective materials like wood (Bragov et al. 
2006). Wood is progressively receiving increased attention 
due to its low cost, lightweight nature, eco-friendliness, 
renewability, and ability to efficiently absorb high-rate load-
ings, shocks, impacts, and explosive forces (Bragov et al. 
2020). The energy absorbed from low-energy impacts is 
mainly attributed to the buckling and collapse of cell walls 
in compression beneath the projectile (Hepworth et al. 
2002). Moreover, the energy absorption capacity of wood 
increases with strain rate, making it suitable for a wide 
range of loadings (Wouts et al. 2016). Also, wood has poten-
tial to be modified and improved against impacts and high-
rate loadings (Wight et al. 2024, 2025; Cao et al. 2024). The 
ability to absorb energy is quantified by the impact bending 
strength (IBS), where a high value signifies high strength 
and a fibrous fracture pattern in wooden samples, while a 
low IBS indicates a blunt fracture in brittle wood samples 
(Gaff et al. 2016). IBS is regarded as a mechanical property 
similar to others, like modulus of elasticity; however, it is 
linked explicitly to dynamic loading, unlike other properties 
associated with static loadings (Bal 2021).

Traditional methods for measuring the distribution of 
strain and deflection, such as mechanical and electronic 
strain gauges have disadvantages such as time consumption, 
tedium, difficulty, and, in some cases, inaccuracy, often due 
to equipment limitations (Zink et al. 1995). In contrast, the 
digital image correlation method (DIC) is more efficient and 
it obliterates many of these common problems, offering a 
wide range of abilities (Keunecke et al. 2012). DIC involves 
capturing images of an object during tests, storing them 
digitally, and then analysing them using suitable algorithms 
and equipment to extract full-field shape, deformation, 
and motion measurements (Sutton et al. 2009). The funda-
mental principle of DIC is tracking the same points in the 
input images before and after deformation using techniques 
like cross-correlation or the sum of squared differences 
(Moilanen et al. 2015). However, DIC does have limitations 
such as its sensitivity to testing environment conditions and 
presenting difficulties in sample preparation (Górszczyk et 
al. 2019).

DIC offers interesting advantages over traditional strain 
measurement methods. Firstly, it enables contactless strain 
measurement, eliminating the need for physical contact with 
the specimen. Secondly, DIC can capture full-field strain of 
all points in a single process, providing a clear viewpoint 
toward strain distribution. Thirdly, DIC is not influenced 
by the rigid motion of specimens. Fourthly, DIC eliminates 
the need for strain gauges, which are typically single-use 
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devices in impact tests, thereby decreasing the cost (Dave 
et al. 2018). Although DIC is already considered a common 
tool for assessing wooden materials under various static 
tests, its application in dynamic loadings has been limited 
by technical limitations related to high-speed image record-
ing (Pierron et al. 2011). However, recent advancements in 
high-speed camera technology have made it feasible to use 
DIC for evaluating dynamic loadings and impacts, regard-
less of strain rate (Wouts et al. 2016). DIC has demonstrated 
outstanding potential for assessing the impact bending of 
wood, enabling measurement of deflection, shear, and nor-
mal strain distribution everywhere of a specimen (Hassan 
Vand et al. 2024). Additionally, DIC can be used to study 
fracture and crack propagation in wood (Thuvander et al. 
2000).

This study aimed to provide a clear viewpoint of the 
mechanical properties of two wood species under dynamic 
loading conditions. Specifically, we measured their key 
parameters, such as IBS and the maximum dynamic applied 
force required for crack initiation from the impact testing 
machine. Additionally, we measured the deflection and the 
normal and shear strain distribution of the samples by the 
DIC method. Through these assessments, we aimed to gain 
comprehensive information about the performance and suit-
ability of these wood species for applications that may be 
subject to dynamic loads, thereby assessing their potential 
for being used in various applications. Nevertheless, this 
study omitted the quantification of strain-rate effects by not 
comparing the impact tests with corresponding quasi-static 
data.

2  Materials and methods

2.1  Preparation of the samples

Boards of silver birch and black locust were provided for 
this study from enterprises in the South Moravia region 
of the Czech Republic. Small, clear samples, without any 

knots and defects, were cut from these boards into beams 
with 20 × 20 × 300 mm dimensions. The specimens were 
conditioned to have 11% of moisture content (MC) by stor-
ing them in an environmental chamber maintained at 20 °C 
and 65% relative humidity. The specimens were painted 
with a grayscale random speckled pattern to enhance the 
efficiency of the DIC method, since the accuracy of DIC is 
closely related to the quality of the speckled pattern (Pan et 
al. 2009).

2.2  Impact tests configuration

The impact tests were conducted using a drop-weight 
impact testing machine DPFest 400 (Labortech s.r.o., CZ) in 
accordance with the ČSN 490115 (1979) and ČSN 490117 
(1980) standards, at standard temperature room (≈ 20 °C). 
The tests were conducted by releasing a 9.05 kg hammer 
from a height of 815.7 mm to strike the center of the speci-
mens at a velocity of 4 m/s, inflicting 72.4 J impact energy. 
The position of the impacting hammer was measured with 
0.01 mm accuracy. The dynamic applied force was mea-
sured by 1 MHz sampling frequency by an HBM force sen-
sor CFTplus series with a sensing range of 30 kN to 60 kN 
(Hottinger Brüel & Kjaer, Austria) located on the hammer. 
The schematic of the impact test is shown in Fig. 1.

The machine recorded the dynamic applied force vs. time 
and also force vs. displacement. The charts of the dynamic 
applied force were cut using a filter for the duration before 
contact of the hammer and the specimens. The time and 
displacement before contacting the hammer was shifted 
and the start of the contact was considered zero value. The 
absorbed energy was automatically measured by the test-
ing machine, calculated as the integral of the area under the 
force versus displacement curve for each specimen. Subse-
quently, the IBS could be calculated using the specimens’ 
dimensions. The IBS was calculated using Eq. 1 to account 
for the dimensions of the specimens (Moreira et al. 2017).

Fig. 1   Impact test setting 
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the probe locations is illustrated in Fig. 2. In the figure, the 
green region indicates compressive normal strain, while the 
white region is under tensile strain. The red line approxi-
mates the neutral axis, and the purple vertical probe assesses 
the normal strain across the specimen’s thickness. Due to a 
high concentration of compressive strain near the hammer 
impact point but not at the symmetric line of the specimens, 
the probe locations were slightly offset from the actual sym-
metric line of the beam.

3  Results and discussion

The test results can be summarized by measuring the physi-
cal properties of the specimens and analysing the test out-
puts. Table 1 displays the physical properties and test results, 
with medians reported alongside standard deviations, where 
standard deviations are presented as a percentage of the 
median.

Figure 3 depicts both wood species’ deflection and ten-
sile normal strain throughout the impact duration. These 
charts highlight the similarities in the patterns between the 
two species.

Figure 4 depicts the specimens’ maximum deflection 
and maximum normal tensile strain up to crack initiation, 
obtained using the DIC. Regarding strain, only tensile strain 
was considered in the analysis since crack initiation con-
sistently initiated from points in the bottom of the beams 
which are under tension, despite compressive strain in the 
wood typically begins earlier due to compressive stress 
(Hassan Vand et al. 2024).

IBS = absorbed energy (J)
height × width of the sample (m2) � (1)

2.3  DIC equipment utilization

The impacts were recorded at 50,000 frames per second with 
a resolution of 768 × 328 pixels using a high-speed camera 
positioned perpendicular to the surface of the beam. The 
camera was FASTCAM SA-X2 type 1000 K-M2 (Photron 
Cameras, Japan) fitted with a Micro-Nikkor G lens (Nikon, 
Japan). A set of two high-speed MultiLED QT lights pro-
vided the necessary uniform light for the recording.

The recorded images were subsequently processed using 
DIC software Vic-2D v. 2010 (Correlated Solutions Inc., 
USA). The strain tensor was computed using Lagrange 
notation. A 1D scale calibration method was used to deter-
mine the conversion factor. The software produced the final 
results in the form of normal and shear strain distribution, 
maximum strain and deflection up to crack initiation, and 
strain vs. time and deflection vs. time for the tests.

 The deflection was measured by selecting the midpoint 
of the samples, which was considered the maximum deflec-
tion point. However, assessing the maximum normal strain 
by selecting a single point proved problematic due to high 
noise levels. By choosing a small area around the points of 
the point which crack initiates, the maximum normal strain 
can be determined (Hassan Vand et al. 2024). The DIC soft-
ware was used also to determine the normal longitudinal 
strain from the top to the bottom of the beam, as well as the 
shear strain along the neutral axis (Hassan Vand and Tippner 
2023). The method for calculating strain and determining 

Table 1  Physical properties of the specimens and their test results
Species Number of 

samples
Weight (g) Dried weight 

(g)
Density (kg/
m3)

MC (%) MAX deflec-
tion (mm)

Max Strain Max force (N) IBS (J/
cm2)

Birch 14 82.9 (1.8%) 74.5 (1.7%) 676.7 (1.8%) 11.4 
(1.0%)

8.9 (24.7%) 0.013 
(22.3%)

6676 (20.0%) 6.8 
(27.9%)

Black locust 31 81.0 (6.8%) 72.1 (7.6%) 670.6 (6.9%) 11.3 
(3.5%)

7.1 (23.9%) 0.013 
(24.6%)

10492 (38.5%) 7.1 
(46.4%)

Fig. 2  Location of the probes for 
assessing the strain distribution
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Both species show similar IBS charts, with comparable 
medians and variations. However, the difference in maxi-
mum force is more pronounced.

The similarity in the boxplot charts of maximum nor-
mal strain, maximum deflection, IBS, and maximum 
force between the two species prompted us to investigate 
further. A Shapiro-Wilk test, performed using MATLAB 
(MathWorks, USA), indicated that the data from the vari-
ous result groups were not normally distributed. Therefore, 
we conducted statistical analysis using the Kruskal-Wallis 
test (MATLAB (MathWorks, USA)) instead of the classic 

The dynamic applied force was measured throughout 
the impact duration, and the force vs. time charts for both 
species are depicted in Fig. 5. It is important to note that 
the radial and tangential orientations of the growth rings do 
not influence the force patterns (Hassan Vand and Tippner 
2024). The charts of the tests have a considerable variation, 
making the median of them not close to any of them, and the 
median of the charts just offers a general behaviour of the 
specimens as an approximate pattern.

The maximum dynamic applied force of the specimens 
and the IBS results from the tests are presented in Fig. 6. 

Fig. 5  Force vs. time for both 
species
 

Fig. 4  Max deflection and normal 
strain of both species up to crack 
initiation

 

Fig. 3  Median of the deflection vs. time and normal strain vs. time of both species
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relatively low, at 10–27% for black locust and 3.5–13% for 
birch. However, IBS showed a wider difference: 14–51% 
for black locust and 17–165% for birch. Most IBS values 
were within the expected variability (up to 21%), but two 
sources (Sikora et al. 2022; Baumann et al. 2020) presented 
values very distant from the current study’s findings.

Figures 7 and 8 depict both species’ normal and shear 
strains under different impact levels, defined by out of plane 
deflections of 2, 4, and 6 mm. These figures have great 
potential for validating the modelling of birch and black 
locust using analytical and finite element methods. The 
normal strain distribution appears symmetric relative to the 
central vertical line of the specimen. The strain is highest at 
the bottom of the central region and decreases as one moves 
toward the higher regions, reaching zero at the neutral axis 
of the sample. Beyond the neutral axis, the strain transitions 
into the compressive strain region, peaking near the impact 
area with an absolute value significantly greater than the 
tensile strain. This pattern is consistent with former studies’ 
results (Hassan Vand and Tippner 2024). For shear strain, 
the absolute values of the strain distribution show a sym-
metric pattern relative to the central vertical line but with 
opposite signs. The shear strain shows two small regions 
of differing negative values near each other beneath the 
hammer.

 The average of results of the normal strains across the 
thickness (vertical profile) and the shear strains along the 
neutral axis (Fig. 2) for both species are shown in Fig. 9. 
In these charts of Fig. 9, the longitudinal axis represents 
the length of the probe based on the percentage, indicating 
the variation of strains along the length of the probes. As 
depicted in Fig. 9, birch demonstrates superior deformabil-
ity under compression, whereas both species exhibit simi-
lar deformability in tension. Furthermore, birch registers 
higher shear strains than black locust. Notably, both species 

ANOVA test. Using the Kruskal-Wallis test, we found that 
the p-value for all test results except the maximum force 
was higher than 0.05. This indicates that the two species 
behave significantly similarly under impacts, demonstrating 
similar efficiency.

To the best of the authors’ knowledge, DIC has not been 
previously used to assess the impact testing of birch and 
locust under similar conditions. Consequently, there is no 
suitable basis for comparing the obtained DIC results with 
those of previous studies. However, while DIC parameters 
have not been previously compared, IBS has been measured 
in some earlier studies. Given that IBS is not affected by 
dimension, it is possible to compare these results with pre-
vious research. All the modes of failure of the specimens 
in this study were the flexure one (with no shear mode of 
failure). Table 2 presents the results from former studies on 
the impact testing of both species and highlights the differ-
ences as calculated relative errors. Density variations were 

Table 2  Comparative aspect of the IBS of this study and former studies
Density 
(kg/m3)

dif-
fer-
ence 
(%)

IBS (J/cm2) dif-
fer-
ence 
(%)

 Nasir and Mah-
mood (2007)

Black 
locust

737 10 8.6 21.2

 Sikora et al. 
(2022)

Black 
locust

790 17.9 10.8 51.3

Kamperidou et al. 
(2016)

Black 
locust

781 16.4 - -

Brischke (2017) Black 
locust

770 (0% 
MC)

27 8.1 13.5

Baumann et al. 
(2020)

Birch 586 13.3 18.0 165

 Borůvka et al. 
(2019)

Birch 652 3.5 8.1 19.6

 Borůvka et al. 
(2018)

Birch 650 3.8 7.9 16.7

Fig. 6  Max inflicted force and the IBS of the species
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Fig. 7  Strain distribution of birch for deflections of 2, 4, and 6 mm (from top to bottom)
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Fig. 8  Strain distribution of black locust for deflections of 2, 4, and 6 mm (from top to bottom)
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