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Abstract: The objective of the present work was to determine the physico-mechanical and energy
properties of pine (Pinus sylvestris) and beech (Fagus sylvatica) wood from railroad ties. The ties
were divided into internal and external parts as well as into parts impregnated and unimpregnated
with creosote oil. The effects of creosote impregnation on wood hardness, compressive strength
parallel to the grain, static bending strength, and calorific value were studied. The obtained results
show that the parameters of the analyzed samples meet the standard requirements (EN 338) for
construction wood (compressive and bending strength class: C50—pine; D70—beech). Depending on
the particular property being studied, both pine and beech samples belong to the highest or one of
the highest wood quality classes. Creosote oil considerably increased wood density (by 9% for beech
and 19% for pine) but did not affect its hardness. Creosote impregnation significantly improved
the compressive strength parallel to the grain of both wood species (beech: σc = 51.99 MPa (IN);
σc = 57.78 MPa (OUT); pine: σc = 36.56 MPa (IN); σc = 42.45 MPa (OUT)); in the case of static
bending strength, its value was increased for beech wood (σg = 106.13 MPa (IN); σg = 113.18 MPa
(OUT)) and reduced for pine wood (σg = 66.34 MPa (IN); σg = 82.62 MPa (OUT)). The oil contained
in wood from ties significantly elevated its calorific value (by 25% for beech and 10% for pine).
Unfortunately, the presence of creosote oil currently prevents wood from railroad ties from being
reused as the oil is deemed hazardous and carcinogenic. However, if it were possible to isolate the
unimpregnated parts of railroad ties, they could be reapplied for construction or other uses.

Keywords: railroad ties; wood hardness; wood strength; static compression; static three-point bending;
calorific value

1. Introduction

Wood is a raw material obtained from felled trees which is processed for use in the
construction, extraction, and energy industries as well as in other sectors. It is also used in
railroad infrastructure, amongst other uses, to construct ties (sleepers) supporting tracks.
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Railroad ties are made from pine, beech, and oak wood characterized by good phys-
ical [1–3] and mechanical [4–6] properties which make the ties durable and long-lasting.
Of the three aforementioned tree species, pine is a softwood tree, while oak and beech are
hardwood trees; consequently, pine is softer and more elastic than oak and beech.

Wood used for railroad ties must meet appropriate quality standards and exhibit
high biological resilience. The quality and durability of wooden ties can be improved
by impregnation with creosote oil. However, due to the fact that creosote contains some
carcinogenic compounds, it is considered a hazardous substance. By the same token,
impregnated ties are deemed hazardous, which prevents their reuse at the end of their
service life [7]. On the other hand, the concentration of harmful chemicals decreases over
time, due to which there might be some potential for tie reapplication.

The disposal of railroad ties at the end of their useful life presents a major problem as
due to the presence of hazardous substances, they must be incinerated at high temperatures
in special facilities. Current environmental regulations [8–10] prohibit the reuse of railroad
ties or their disposal in standard, widely available incinerators.

A methodologically sound evaluation of the technical quality of wood should be based
on strength testing and visual assessment [11]. Materials that are valued in the wood
industry and other sectors are those that are highly versatile, widely available, and of high
technical quality. These prerequisites are met by beech and pine wood, which have been
extensively tested for their structural characteristics [12,13], physical properties [1,2,14–19]
(and especially density [3,13,20–25]), and mechanical parameters [4–6,26,27].

However, there are no research reports on the physical, mechanical, or energy proper-
ties of wood from railroad ties aimed at finding new applications for that product. This gap
in the international literature highlights the necessity of the present study, which pioneers
a new research area. In addition, the wide availability of reports on the properties of wood
from different tree species, including those examined in this paper, makes it possible to
compare them with the obtained results and assess the functional value of wood from
railroad ties.

The objective of this research study was to evaluate the physico-mechanical and
physico-chemical properties of the external and internal parts of railroad ties made from
two species of wood: pine and beech. This study involved the determination of the moisture
content, density, hardness, static three-point bending and compression parallel to the grain,
elemental composition, and calorific value of wood from railroad ties.

2. Materials and Methods
2.1. Description of Study Material and Strength-Testing Methods

The study material consisted of wooden railroad ties obtained from the Railway
Research Institute in Warsaw and from a manufacturer based in Zaklików (Poland). This
study involved new beech (Fagus sylvatica) ties as well as pine (Pinus sylvestris) ties at the
end of their service life (salvaged from railroad tracks).

Several beech and pine ties were selected at random. However, it was difficult to obtain
pine samples that could be used for testing for compliance with strength standards due to
the technical condition of the salvaged ties, i.e., the large number and size of longitudinal
cracks in horizontal and vertical planes, as well as fissures running from the surface into
the material.

Ties with a length of 2600 mm and cross-sectional dimensions of 150 × 240 mm
were divided into shorter numbered segments with lengths varying from 350 to 500 mm,
depending on the technical condition of wood. Internal and external parts of the samples
were marked on the cross-sections: the external parts encompassed wood lying within
50 mm of any of the edges of the tie, while the remaining core was designated the internal
part. Test specimens were taken from both internal and external parts (Figure 1). The
number of specimens for individual tests depended on the condition and availability
of material.
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B-IN-NO Beech (B) Inside (IN) No oil (NO) 
B-IN-WO Beech (B) Inside (IN) With oil (WO) 

P-OUT-NO Pine (P) Outside (OUT) No oil (NO) 
P-OUT-WO Pine (P) Outside (OUT) With oil (WO) 

P-IN-NO Pine (P) Inside (IN) No oil (NO) 
P-IN-WO Pine (P) Inside (IN) With oil (WO) 

Hardness, compressive strength parallel to the grain, and static bending strength 
tests were conducted using an Inspekt Table 100 universal tester (Hegewald & Peschke, 
Nossen, Germany) with the necessary accessories (Figure 2). The applied force sensor had 
a measurement range of up to 100 kN and an accuracy of 0.1 N. Crosshead advancement 
was recorded with an accuracy of 0.001 mm, with the advance rate being individually 
selected for each test based on relevant standards. The test procedures were programmed 
using LabMaster v. 4.0.3.0 software (Hegewald & Peschke, Nossen, Germany), which was 
used for controlling the machine and recording data. 

Figure 1. Wooden railroad ties with cracks on external surfaces and in cross-sectional areas: (a) tie cut
for specimen preparation; (b) cross-section revealing areas impregnated with creosote with internal
(IN) and external (OUT) parts marked out.

Specimens taken for tests from the external (OUT) part and the internal (IN) parts of
the railroad ties were coded as explained in Table 1.

Table 1. Coding of samples used for testing.

Code Species Wood Layer Impregnation Oil

B-OUT-NO. Beech (B) Outside (OUT) No oil (NO)
B-OUT-WO Beech (B) Outside (OUT) With oil (WO)

B-IN-NO Beech (B) Inside (IN) No oil (NO)
B-IN-WO Beech (B) Inside (IN) With oil (WO)

P-OUT-NO Pine (P) Outside (OUT) No oil (NO)
P-OUT-WO Pine (P) Outside (OUT) With oil (WO)

P-IN-NO Pine (P) Inside (IN) No oil (NO)
P-IN-WO Pine (P) Inside (IN) With oil (WO)

Hardness, compressive strength parallel to the grain, and static bending strength
tests were conducted using an Inspekt Table 100 universal tester (Hegewald & Peschke,
Nossen, Germany) with the necessary accessories (Figure 2). The applied force sensor had a
measurement range of up to 100 kN and an accuracy of 0.1 N. Crosshead advancement was
recorded with an accuracy of 0.001 mm, with the advance rate being individually selected
for each test based on relevant standards. The test procedures were programmed using
LabMaster v. 4.0.3.0 software (Hegewald & Peschke, Nossen, Germany), which was used
for controlling the machine and recording data.
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Figure 2. Universal tester measurements of (a)wood hardness, (b) compressive strength parallel to
the grain, and (c) static three-point bending strength.
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2.2. Moisture and Density Measurements

The moisture content of the wood was determined using the oven-drying method
pursuant to the standard ISO 18134 [28]. The specimens were cuboidal, with cross-sectional
dimensions of 20 × 20 mm and a length parallel to the grain of 30 mm. The specimens
were weighed before and after drying using a WPS 600/C laboratory balance (Radwag,
Radom, Poland) with an accuracy of 0.01 g. A Heraeus UT 6120 circulating air oven (Kendro
Laboratory Products GmbH, Hanau, Germany) was used to dry the specimens to a constant
weight at 103 ± 2 ◦C for at least 24 h. The moisture content of the wood (W) was calculated
from the initial (mw) and dry (ms) weights of the specimens. The external dimensions of
the specimens were measured using an AOS Absolute Digimatic Standard 150 mm caliper
(MITUTOYO Corp., Kawasaki, Japan) with an accuracy of ±0.1 mm. Tests were conducted
in 65 replicates for beech wood and 59 replicates for pine.

Specimen volume and density on a dry basis were calculated using Formulas (1) and (2),
respectively:

V = a·b·h
[
mm3

]
, (1)

ρs =
ms

V
·1000

[
kg m−3

]
, (2)

where ρs—wood density on a dry basis, kg m−3; V—specimen volume, mm3; a—specimen
length, mm; b—specimen width, mm; h—specimen height, mm.

2.3. Hardness Measurement

The hardness of the wood from railroad ties was measured using the Janka method
pursuant to the standard ISO 13061 [29], using the Inspekt Table 100 machine. During
the test, a ball with a diameter of 11.28 mm was pressed into the wood up to the depth
of its radius, i.e., 5.64 mm. An indentation was made in the cross-sectional surface of the
specimen in the axial direction (Figure 2a). An advance rate of 5 mm min−1 was selected
according to the standard to make sure the indentation occurred within 60–120 s. A total of
175 replicates were performed for beech wood and 204 for pine.

The obtained results for the force necessary to make an indentation in wood with an
analytical moisture content (W) value were converted to account for a 12% wood moisture
content. Given the ball projection area, A = 100 mm2, the hardness of wood with 12%
moisture content was calculated according to the following formulas:

HstW = K · P [N], (3)

Hst12 =
HstW [1 + αst (W − 12)]

A
[MPa], (4)

where P—indentation force, N; K—coefficient equal to 1 (for an indentation of 5.64 mm3

resulting in a ball projection area of A = 100 mm2); αst—conversion factor (αst = 0.03);
W—the analytical moisture content of the specimen at the time of testing, %.

2.4. Determination of Compressive Strength Parallel to Grain

The compressive strength parallel to the grain was determined on the basis of the
standard ISO 13061 [30], using 427 beech specimens and 323 pine specimens measuring
20 × 20 × 30 mm. Each specimen was placed in the tester so that the compressive force
acted in the direction parallel to its longitudinal axis (Figure 2b). To ensure specimen
destruction within 90 ± 30 s, the advance rate was set to 10 mm min−1. During the tests,
the control software recorded compressive strength (Fc) with an accuracy of ±0.1 N and
crosshead advancement with an accuracy of ±0.001 mm. Based on the recorded data,
the software calculated the maximum compressive stress using Formulas (5)–(7) for the
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analytical moisture content (σcW), which was then converted to a 12% moisture content
(σc12), as well as the compressive modulus (Ec12):

σcW =
Fcmax

ac·bc
[MPa], (5)

σc12 = = σcW [1 + αc (W − 12)] [MPa], (6)

Ec12 =
σc12

εcM
[MPa], (7)

where Fcmax—maximum compressive force, N; ac—specimen dimension in the radial direc-
tion (20 mm); bc—specimen dimension in the tangential direction (20 mm); αc—coefficient
of change in compressive strength parallel to the grain for a 1% change in the wood moisture
content (in the range of 12 ± 3%); αc = 0.04; εcM—compressive strain.

The unit work necessary to destroy the specimen (Wjc) was calculated as the quotient
of the total energy and area A = 400 mm2:

WjC =
1
A

∫
Fcdx

[
J·mm−2

]
, (8)

where A—area subjected to loading; Fc—compressive force in the elastic range.

2.5. Determination of Static Bending Strength

The static bending strength of the wood from railroad ties was determined pursuant
to the standard ISO 13061-3 [31], using 207 beech specimens and 154 pine specimens. The
specimens had cross-sectional dimensions of 20 × 20 mm and a length of 300 mm. The
dimensions were measured using a digital caliper with an accuracy of ±0.1 mm prior to
the experiment.

During the tests, specimens were placed symmetrically on two supports (Figure 2c).
The specimens were loaded in the middle at a constant rate of 10 mm min−1 to make
sure they were destroyed within 90 ± 30 s. The control software LabMaster recorded
the bending force (Fg) with an accuracy of ±0.1 N and crosshead advancement with an
accuracy of ±0.001 mm throughout the experiments. Based on the recorded data, the
software calculated the maximum bending stress using Formulas (9)–(11) for the analytical
moisture content (σgW), which was then converted to a 12% moisture content (σg12), as well
as the bending modulus (Eg):

σgW =
3·Fgmax·l

2·b·h2 [MPa], (9)

σg12 = σgW
[
1 + αg(W − 12)

]
[MPa], (10)

Eg12 =
σg12

εgM
[MPa], (11)

where Fgmax—maximum bending force, N; l—distance between supports, 240 mm;
b—sample width, mm; h—sample height, mm; αg—conversion factor (αg = 0.04);
εgM—bending strain.

The unit work during static bending (Wjg) was calculated as the quotient of total
energy and area A = 400 mm2:

Wjg =
1
A

∫
Fgdx

[
J·mm−2

]
, (12)

where A—area subjected to loading; Fg—bending force in the elastic range.
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2.6. Ash Content, Elemental Analysis, and Gross and Net Calorific Value

The material was ground in an LNM 100 mill (Testchem, Radlin, Poland) to obtain
particles with a size of <1.0 mm. The ash content, elemental contents (C, H, N, and S), oxygen
content (O), gross calorific value (GCV), and net calorific value (NCV) were measured
and calculated pursuant to the standards ISO 18134 [28], ISO 18122 [32], ISO 18125 [33],
ISO 16993 [34], and ISO 1928 [35]. Measurements were obtained using equipment from
LECO Corporation (Benton Harbor, MI, USA): the ash content was determined using a
TGA701 analyzer; C, H, N, and S contents were determined using a CHN628+S analyzer;
and the calorific value was determined using an AC600 calorimeter. Specimens taken
for combustion weighed 1 g each. All results were converted to consider an absolute
dry weight.

Specimens were weighed using a WPA 40/160-C/1 laboratory balance (Radwag,
Radom, Poland) with an accuracy of 0.001 g.

The net calorific value (NCVd) of the dry material was calculated using Formula (13):

NCVd = GCVd − 212·Hd − 0.8·(Od + Nd)
[
MJ·kg−1

]
, (13)

where Hd—hydrogen content, Od—oxygen content, and Nd—nitrogen content on a dry
basis in %.

The oxygen content (Od) on a dry basis was calculated using Formula (14):

Od = 100 − Ashd − Cd − Hd − Nd − Sd − Cld [%wt.] (14)

where Ashd—ash, %; Cd—carbon, %; Hd—hydrogen, %; Nd—nitrogen, %; Sd—sulfur, %;
Cld—chlorine, %.

The sulfur content was not included in Formula (14) due to its very low level (<0.02%),
which was less than the measurement error of the apparatus. The chlorine content was also
not included as it was not determined.

All measurements were obtained with at least 5 replicates. The measurement proce-
dures and accuracy are described in papers by Piętka et al. [36].

2.7. Statistical Analysis

The statistical analysis of the results was carried out using the program Statistica
v13.3 [37]. Mean, minimum, and maximum values, the standard deviation, the coefficient
of variation, and standard error were calculated for the selected parameters. Differences
between mean values were evaluated using an analysis of variance (ANOVA) test at a
confidence interval of α = 0.05. Differences were considered significant at p < 0.05.

3. Results

Comparisons were not made between wood derived from different tree species, a
coniferous species (pine) and a broadleaved species (beech), because the two naturally
possess different hardness levels, with pine being classified as softwood and beech as
hardwood. Instead, the analysis focused on the effects of creosote impregnation and a
comparison of external and internal railroad tie parts for each wood species separately.

3.1. Wood Moisture Content and Density

The mean moisture content of the studied wood species and their impregnated and
unimpregnated variants ranged between 11.1 and 12.8% (Table 2), with higher levels (over
12%) recorded for beech wood. A greater dispersion of results (SD and CV) was found for
beech wood as compared to pine wood. Analyses did not reveal significant differences
in moisture content between the two studied beech wood variants, which means that the
parameter was not affected by the creosote content. In turn, creosote-impregnated pine
specimens were found to have a statistically significantly lower moisture content than
unimpregnated pine specimens at p < 0.05 (Table 2).
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Table 2. Mean relative moisture content of wood (W) used to determine hardness, compressive
strength, and static bending strength without division into inner and outer layers of wood from
railroad ties.

Sample W Min Max SD CV SE

%

Beech—No Oil 12.6 7.0 21.0 3.3 26.5 0.2
Beech—With Oil 12.8 7.0 21.0 3.5 27.1 0.2

Pine—No Oil 12.0 10.0 13.0 1.3 11.2 0.1
Pine—With Oil 11.1 9.0 12.0 0.9 7.6 0.0

Note: W—wood moisture content, %; SD—standard deviation; CV—coefficient of variation, %; SE—standard
error, %.

The density of beech wood reported in the literature ranges from 730 to 1000 kg m−3 [38],
and that of pine wood ranges from 435 to 800 kg m−3 [15,18,38].

In the current study, the density of unimpregnated wood from beech ties was from
462.7 to 684.7 kg m−3, and that from pine ties was from 286.7 to 545.6 kg m−3 (Table 3).
These values are lower than in most reports in the literature. On the other hand, the
creosote-impregnated wood had greater density, in the range of 617.5–800.0 kg m−3 for
beech ties and 318.0–654.0 kg m−3 for pine ties. The lower density of pine wood may be
attributable to the long period of use of the tested pine ties.

Table 3. Mean density (ρs) of timber samples of wood from railroad ties.

Sample ρs Min Max SD CV SE

kg m−3 %

B-IN-NO 604.7 462.7 675.0 49.7 8.2 12.4
B-IN-WO 689.6 617.5 754.2 47.9 6.9 16.9

B-OUT-NO 631.4 590.3 684.7 28.3 4.5 6.8
B-OUT-WO 658.5 491.1 800.0 77.2 11.7 19.3

P-IN-NO 421.4 286.7 535.7 85.9 20.4 21.5
P-IN-WO 519.6 318.0 654.0 78.5 15.1 13.9

P-OUT-NO 455.5 366.7 545.6 58.5 12.8 14.6
P-OUT-WO 523.8 404.8 627.5 59.2 11.3 14.8

Note: ρs—wood density; SD—standard deviation; CV—coefficient of variation; SE—standard error; codes for
samples are in Table 1.

Taking into consideration the external and internal parts of the railroad ties, a mean
density of 618.0 kg m−3 was found for unimpregnated beech wood vs. 674.0 kg m−3 for
creosote-impregnated wood, which means an increase of 9%. The corresponding values for
pine wood were 438.5 kg m−3 and 521.7 kg m−3, with an increase of 19%. The presence
of creosote led to a considerably higher wood density, especially for pine (p < 0.05), while
the densities of specimens taken from the external and internal parts of the railroad ties
were similar. This was also true for pine wood, with the density of the external parts of the
railroad ties being greater by 4%.

3.2. Hardness

The mean hardness (Hst12) of the impregnated and unimpregnated wood from the
internal and external parts of railroad ties was slightly more than 70 MPa for beech and
29 MPa for pine (Table 4). The results were characterized by a high coefficient of variation
(CV), amounting to 13.8–22.8% for beech and 7.5–13.7% for pine, with the lowest CV found
for creosote-impregnated pine wood at approx. 7%. The relatively high values of this
parameter, especially for beech, may indicate considerable heterogeneity of the wood
samples. A statistical analysis (Table 5) revealed the absence of significant differences
between means within each wood species (p > 0.05). This means that wood hardness was
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not affected by either creosote impregnation or the tie part from which the specimens
were taken.

Table 4. Descriptive statistics for wood hardness (Hs12) from railroad ties in relation to 12%
moisture content.

Sample X Min Max SD CV SE

MPa %

Beech
B-IN-NO 71.0 a 51.1 106.2 11.8 16.6 2.0
B-IN-WO 73.2 a 50.4 112.5 16.7 22.8 2.6

B-OUT-NO 70.5 a 45.4 100.2 9.7 13.8 1.5
B-OUT-WO 72.8 a 52.9 108.0 12.0 16.5 1.6

Pine
P-IN-NO 29.0 a 19.2 40.2 3.7 12.9 0.5
P-IN-WO 29.0 a 25.0 31.2 1.9 6.5 0.6

P-OUT-NO 29.5 a 19.3 39.0 4.0 13.7 0.5
P-OUT-WO 29.5 a 23.8 36.8 2.3 7.8 0.3

Note: X—mean; SD—standard deviation; CV—coefficient of variation; SE—standard error; codes for samples are
in Table 1; a—homogeneous groups of material for the significance level α = 0.05; differences are significant at
p < 0.05.

Table 5. Analysis of variance for wood hardness (Hs12) of species studied. Effects of oil impregnation
and outer/inner layer on wood hardness.

Variable Effect Error F p-Value

SS df MS SS df MS

Beech
Hs12 236 3 79 27,685 171 162 0.5 0.69

Pine
Hs12 10 3 3 2227 200 11 0.3 0.84

Note: SS—sum of squares; df —number of degrees of freedom; MS—mean square; F—F-test value; p-value—
significance level.

3.3. Compressive Strength Parallel to Grain

Compressive strength is a parameter reflecting the resistance of wood to compressive
forces that may destroy or permanently deform it. Compressive strength depends on the
direction of compression as well as on many anatomical features of wood, such as the
structure of annual rings or the proportion of earlywood to latewood.

Depending on the tie part and creosote impregnation, mean σc12 values for beech and
pine wood were in the range of 45.54–57.78 MPa (Table 6) and 35.22–42.45 MPa (Table 7).
The compressive strength was the lowest for beech and pine specimens taken from the
unimpregnated internal parts of ties and the highest for the impregnated external parts.
Statistically significant differences between means were found based on an analysis of
variance, multiple comparisons (Table 8), and post hoc tests, which means that creosote
impregnation and tie part significantly affected the compressive strength of wood parallel
to the grain. In Tables 6 and 7, homogeneous groups of mean σc12 values are designated
with letters. Three homogeneous groups were identified for beech wood, and two were
identified for pine wood.

The mean Ec12 values for the tested beech and pine wood specimens were in the ranges
of 2.90–3.36 GPa (Table 6) and 2.16–2.76 GPa (Table 7) depending on the tie part and creosote
impregnation. The elastic modulus was the highest for beech and pine wood specimens
taken from the external parts of creosote-impregnated ties. An analysis of variance (Table 8)
revealed statistically significant differences between the mean values of the elastic modulus
for both wood species. The homogeneous groups identified for beech wood (Tables 6 and 7)
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showed that while the values of Ec12 were not affected by creosote impregnation, they were
influenced by tie part (IN/OUT). In the case of pine wood, both creosote impregnation and
tie part had a significant effect on Ec12.

Table 6. Descriptive statistics for the static compressive strength of beech wood from railroad ties
together with the modulus of elasticity, strain, and unit work.

Variable Sample X Min Max SD CV SE

σc12 B-IN-NO 45.54 a 27.80 59.53 6.87 15.08 0.69
B-IN-WO 51.99 b 33.65 64.44 6.18 11.89 0.70

B-OUT-NO 51.61 b 31.80 70.66 6.40 12.40 0.57
B-OUT-WO 57.78 c 30.33 73.25 8.84 15.30 0.79

Ec12 B-IN-NO 2.92 a 0.41 3.99 0.64 21.93 0.06
B-IN-WO 2.90 a 1.19 3.89 0.50 17.35 0.06

B-OUT-NO 3.33 b 1.86 6.11 0.53 15.82 0.05
B-OUT-WO 3.36 b 1.82 4.30 0.54 16.22 0.05

εcM B-IN-NO 3.34 a 2.22 14.55 1.86 55.77 0.19
B-IN-WO 2.94 a 1.94 7.07 0.94 31.87 0.11

B-OUT-NO 3.07 a 1.59 18.10 1.56 50.92 0.14
B-OUT-WO 3.01 a 2.28 4.54 0.42 13.96 0.04

Wjc B-IN-NO 0.02 a 0.01 0.07 0.01 35.67 <0.01
B-IN-WO 0.02 a,b 0.01 0.07 0.01 40.06 <0.01

B-OUT-NO 0.02 a,b 0.02 0.06 0.01 26.89 <0.01
B-OUT-WO 0.03 b 0.02 0.04 0.00 19.01 <0.01

Note: σc12—maximum compressive stress, MPa; Ec12—compressive modulus of elasticity, GPa; εcM—strain at
maximum stress, %; Wjc—unit work upon compression, J·mm−2; a,b,c—homogeneous groups of material for the
significance level α = 0.05; differences are significant at p < 0.05.

Table 7. Descriptive statistics for the static compressive strength of pine wood from railroad ties
together with the modulus of elasticity, strain, and unit work.

Variable Sample X Min Max SD CV SE

σc12 P-IN-NO 35.22 a 16.50 61.97 10.16 28.86 1.19
P-IN-WO 36.56 a,b 28.39 53.12 6.61 18.09 1.25

P-OUT-NO 38.85 a 16.69 54.76 9.42 24.26 0.90
P-OUT-WO 42.45 b 22.18 54.12 7.07 16.65 0.66

Ec12 P-IN-NO 2.16 a 0.66 3.70 0.77 35.72 0.09
P-IN-WO 2.25 a,b 1.63 3.07 0.39 17.24 0.07

P-OUT-NO 2.42 b 1.21 5.05 0.62 25.79 0.06
P-OUT-WO 2.76 c 1.29 3.53 0.42 15.35 0.04

εcM P-IN-NO 5.37 a 1.14 10.05 1.51 28.15 0.18
P-IN-WO 4.12 b,c 3.05 7.80 0.97 23.46 0.18

P-OUT-NO 4.30 c 2.05 7.37 0.82 19.07 0.08
P-OUT-WO 3.69 b 1.59 6.17 0.85 23.07 0.08

Wjc P-IN-NO 0.03 a 0.01 0.09 0.02 53.93 <0.01
P-IN-WO 0.03 a 0.02 0.06 0.01 42.30 <0.01

P-OUT-NO 0.03 a 0.01 0.09 0.01 35.37 <0.01
P-OUT-WO 0.03 a 0.01 0.06 0.01 34.03 <0.01

Note: σc12—maximum compressive stress, MPa; Ec12—compressive modulus of elasticity, GPa; εcM—strain at
maximum stress, %; Wjc—unit work upon compression, J·mm−2; a,b,c—homogeneous groups of material for the
significance level α = 0.05; differences are significant at p < 0.05.
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Table 8. Analysis of variance for the static compressive strength of wood species. Influence of oil
impregnation of wood and the outer/inner layer on its compressive strength.

Variable Effect Error F p-Value

SS df MS SS df MS

Beech
σc12 8277 3 2759 22,331 423 53 52.3 <0.05
Ec12 19 3 6 131 423 0.3 20.6 <0.05
εcM 9 3 3 732 423 2 1.6 0.18
Wjc 0.00 3 0.00 0.02 415 0.00 4.3 <0.05

Pine
σc12 2573 3 858 23,907 321 75 12 <0.05
Ec12 18 3 6 107 316 0.3 18 <0.05
εcM 127 3 42 345 321 1 40 <0.05
Wjc 0.00 3 0.00 0.05 318 0.00 2.6 0.05

Note: SS—sum of squares; df —number of degrees of freedom; MS—mean square; F—F-test value; p-value—
significance level.

An additional parameter characterizing the studied wood samples was the strain at
maximum compressive stress (εcM), with greater strain recorded for pine wood (3.69–5.37%)
than for beech wood (2.94–3.34%). An analysis of variance for beech wood showed no
significant differences (p > 0.05) in mean εcM values between creosote-impregnated and
unimpregnated wood or between different tie parts, which means that those factors did
not affect εcM (Table 8). In contrast, in the case of pine wood specimens, both creosote
impregnation and tie part had a significant effect on εcM (p < 0.05).

Another parameter determined during the study was the unit work necessary to
destroy a specimen upon compression parallel to the grain. The unit work needed to
destroy the beech wood specimens (Table 6) was lower by approx. 0.01 J mm−2 compared
to the pine wood specimens (Table 7). These values were correlated with elasticity and
strain coefficients. The pine wood underwent greater deformation, extending the time of
the experiment and thus increasing the energy needed for specimen destruction. However,
the ANOVA performed for different variants of pine wood did not reveal a statistically
significant difference in mean Wjc values (Table 8), which implies that creosote impregnation
and tie part did not affect Wjc. In turn, two groups of homogeneous means were identified
for beech wood (Table 6), indicating that those factors did affect Wjc for that wood species.

3.4. Static Bending Strength

Similar to the cases of hardness and compressive strength parallel to the grain, for
static bending strength, the effects of creosote impregnation were also studied separately
for each wood species.

The obtained mean σg12 values ranged from 95.75 MPa to 113.18 MPa (Table 9) for
beech and from 66.34 to 85.63 MPa for pine (Table 10). An ANOVA revealed significant
differences in means (p < 0.05) both for beech and pine wood from railroad ties depending
on creosote impregnation and tie part (Table 11). Two homogeneous groups of mean σg12
values were identified in post hoc tests for both wood species (Tables 10 and 11).

The obtained mean values of Eg12 for beech and pine wood were in the ranges of
11.11–12.86 GPa (Table 9) and 9.13–11.35 GPa (Table 10), depending on impregnation and
tie part. An analysis of variance (Table 11) showed statistically significant differences
in the mean values of the elastic modulus for both studied wood species. However,
the homogeneous groups identified for beech (Table 9) revealed no effect of creosote
impregnation or tie part on Eg12. On the other hand, in the case of pine, the mean Eg12
value obtained for impregnated wood from internal tie parts was significantly different
from the other means.

The mean strain (εgM) at maximum bending stress was in the range of 1.39–1.69% for
beech wood (Table 9) and 1.17–1.26% for pine wood. ANOVA (Table 11) showed significant
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differences between means (p < 0.05) for beech wood and an absence thereof for pine wood
(p > 0.05). Thus, it was found that the value of εgM in creosote-impregnated beech wood
was significantly affected by the tie part (IN/OUT) from which the specimen was taken.

The mean value of Wjg for beech wood was found to be 0.03 J mm−2 (Table 9) and
was greater than that for pine wood by 0.01 J mm−2 (Table 10). According to an ANOVA,
neither creosote impregnation nor tie part had an effect on the unit work needed for
specimen destruction.

Table 9. Descriptive statistics for the static bending strength of beech wood from railroad ties together
with the modulus of elasticity, strain, and unit work.

Variable Sample X Min Max SD CV SE

σg12 B-IN-NO 95.75 a 46.82 138.66 25.23 26.35 4.53
B-IN-WO 106.13 a,b 79.45 144.90 16.69 15.73 2.91

B-OUT-NO 109.68 b 64.27 147.39 14.69 13.39 2.27
B-OUT-WO 113.18 b 39.66 171.26 22.50 19.88 2.23

Eg12 B-IN-NO 11.11 a 5.65 16.22 2.69 24.21 0.48
B-IN-WO 11.80 a,b 7.70 15.88 2.27 19.22 0.39

B-OUT-NO 12.40 a,b 5.45 16.29 2.20 17.75 0.34
B-OUT-WO 12.86 b 5.50 19.00 2.63 20.42 0.26

εgM B-IN-NO 1.61 a,b 0.78 2.46 0.37 23.08 0.07
B-IN-WO 1.69 a 0.70 2.73 0.48 28.51 0.08

B-OUT-NO 1.54 a,b 0.91 2.13 0.25 15.91 0.04
B-OUT-WO 1.39 b 0.44 2.29 0.35 25.38 0.04

Wjg B-IN-NO 0.03 a 0.01 0.05 0.01 44.34 <0.01
B-IN-WO 0.03 a 0.01 0.06 0.01 32.47 <0.01

B-OUT-NO 0.03 a 0.01 0.05 0.01 25.18 <0.01
B-OUT-WO 0.03 a 0.00 0.07 0.01 43.55 <0.01

Note: σg12—maximum bending stress, MPa; Eg12—compressive modulus of elasticity, GPa; εgM—strain at
maximum bending stress, %; Wjg—unit work upon bending, J·mm−2; a,b—homogeneous groups of material for
the significance level α = 0.05; differences are significant at p < 0.05.

Table 10. Descriptive statistics for the static bending strength of pine wood from railroad ties together
with the modulus of elasticity, strain, and unit work.

Variable Sample X Min Max SD CV SE

σg12 P-IN-NO 76.49 a,b 7.75 121.54 27.95 36.55 5.48
P-IN-WO 66.34 a 22.38 94.48 22.79 34.35 5.53

P-OUT-NO 85.63 b 40.71 122.16 19.99 23.34 3.29
P-OUT-WO 82.62 a,b 11.54 119.85 19.79 23.95 2.27

Eg12 P-IN-NO 10.20 a 4.69 15.77 3.10 30.38 0.62
P-IN-WO 9.13 b 2.74 13.43 3.00 32.89 0.73

P-OUT-NO 11.35 a 6.65 15.97 2.45 21.62 0.40
P-OUT-WO 10.98 a 3.20 16.15 2.26 20.62 0.26

εgM P-IN-NO 1.17 a 0.21 1.75 0.35 30.05 0.07
P-IN-WO 1.23 a 0.44 2.52 0.43 34.96 0.10

P-OUT-NO 1.26 a 0.58 1.82 0.31 24.34 0.05
P-OUT-WO 1.25 a 0.32 1.93 0.35 27.95 0.04

Wjg P-IN-NO 0.02 a <0.01 0.04 0.01 54.10 <0.01
P-IN-WO 0.02 a <0.01 0.03 0.01 43.05 <0.01

P-OUT-NO 0.02 a <0.01 0.04 0.01 42.31 <0.01
P-OUT-WO 0.02 a <0.01 0.04 0.01 45.64 <0.01

Note: σg12—maximum bending stress, MPa; Eg12—compressive modulus of elasticity, GPa; εgM—strain at
maximum bending stress, %; Wjg—unit work upon bending, J·mm−2; a,b—homogeneous groups of material for
the significance level α = 0.05; differences are significant at p < 0.05.
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Table 11. Analysis of variance for bending stress of wood species. Influence of oil impregnation of
wood and outer/inner layer on bending stress.

Variable Effect Error F p-Value

SS df MS SS df MS

Beech
σg12 7505.2 3 2501.7 87,973.5 204 431.2 5.8 <0.05
Eg12 84.1 3 28.0 1277.3 204 6.3 4.5 <0.05
εgM 2.8 3 0.9 26.7 204 0.1 7.1 <0.05
Wjg 0.00 3 0.00 0.03 204 0.00 1.4 0.23

Pine
σg12 5142.0 3 1714.0 71,595.3 152 471.0 3.6 <0.05
Eg12 69.2 3 23.1 975.9 151 6.5 3.6 <0.05
εgM 0.1 3 0.05 18.6 152 0.1 0.4 0.77
Wjg 0.00 3 0.00 0.01 152 0.00 2.4 0.07

Note: SS—sum of squares; df —number of degrees of freedom; MS—mean square; F—F-test value; p-value—
significance level.

3.5. Energy Properties

An analysis of the energy properties of the wood from beech and pine railroad ties
took into account impregnation with creosote oil. The obtained results for the ash content,
elemental analysis, as well as gross and net calorific values on a dry basis are given in
Table 12 for the selected variants of wood samples.

Table 12. Elemental composition, ash and oxygen contents, net and gross calorific values for wood
samples of the tested species in relation to oil impregnation, converted on a dry basis.

Ashd Cd Hd Nd Od * GCVd NCVd *

% wt. MJ kg−1

Beech—No Oil
X 0.77 a 50.08 a 5.88 a 0.45 a 42.82 a 19.75 a 18.46 a

SD 0.20 0.11 0.02 0.00 0.12 0.06 0.06
CV 25.54 0.22 0.28 0.00 0.29 0.30 0.33
SE 0.06 0.05 0.01 0.00 0.06 0.03 0.03

Beech—With Oil
X 0.69 a 59.35 b 5.90 a 0.52 b 33.53 b 24.39 b 23.11 b

SD 0.16 0.21 0.03 0.00 0.23 0.36 0.36
CV 22.63 0.35 0.55 0.86 0.69 1.46 1.54
SE 0.05 0.09 0.01 0.00 0.10 0.16 0.16

Pine—No Oil
X 0.34 a 53.69 a 6.20 a 0.42 a 39.36 a 21.63 a 20.29 a

SD 0.23 0.11 0.03 0.01 0.13 0.11 0.10
CV 68.31 0.20 0.41 1.32 0.33 0.49 0.50
SE 0.07 0.05 0.01 0.00 0.06 0.05 0.05

Pine—With Oil
X 0.78 b 59.58 b 5.79 b 0.59 b 33.71 b 23.75 b 22.41 b

SD 0.36 0.34 0.03 0.03 0.39 0.49 0.49
CV 46.17 0.58 0.43 5.02 1.15 2.06 2.19
SE 0.10 0.15 0.01 0.01 0.17 0.22 0.22

Note: X—mean value; SD—standard deviation; CV—coefficient of variation; SE—standard error; * calculated
values; a,b—homogeneous groups of material for the significance level α = 0.05; differences are significant at
p < 0.05.

The main factor reflecting the energy potential of wood is its net calorific value, which
largely depends on its exact elemental composition. The NCVd obtained for unimpregnated
beech wood was the lowest out of all the studied variants, mostly due to the fact that it
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contained the least carbon despite having the highest oxygen content. The NCVd of pine
wood was higher than that of beech wood by 1.83 MJ kg−1.

For both studied species, significant differences (p < 0.05) were found in the mean
NCVd value for creosote-impregnated and unimpregnated wood. Thus, the net calorific
value increased significantly as a result of creosote impregnation (by 25.2% and 10.5% for
beech and pine, respectively).

4. Discussion

Poland is a country with an extensive railroad network, with approx. 19.5 thousand
route kilometers according to data as of the end of 2019. Every year, a fraction of railroad
tracks need to be replaced. Modernization conducted in recent years has substantially
improved the quality of railroad infrastructure and the comfort of rail travel. In 2020, 63.1%
of railroad tracks were deemed in good condition [39].

The laboratory testing of wooden railroad ties is a new and quite special area of
research as their mechanical properties have previously remained outside the interest of
the scientific community [40]. Existing research has mostly focused on the impregnation of
wooden ties with creosote oil, its effects on the natural environment, and the disposal of
impregnated ties.

Antolik [40] studied the mechanical properties of entire new pine and beech ties as well
as those that had been used for two or three years. Bending strength was tested by applying
loading to the central part of the tie as well as to the tie parts that normally support rails.
Antolik’s research did not reveal significant differences in strength parameters between new
and salvaged beech ties, but a slight increase in bending strength was noted for salvaged
(vs. new) pine ties. It was also noted that new pine ties were not as strong as beech ties
due to differences between the two wood species. In the available literature, there are no
reports on the mechanical properties wood from railroads for the purposes of reapplication.
The results presented in this publication address the question of whether such wood can be
reused for construction purposes in terms of its physical and mechanical properties.

In the Polish literature, wood can be classified into several moisture content classes,
including wet (>25%), loading-dry (20–25%), air-dry (12–18%), and seasoned wood (under
12%). The measured moisture contents of samples from railroad ties, which was approx.
12% for both pine and beech wood, fall within the lower range of the air-dry wood class.

In addition to moisture content, an important parameter characterizing wood and affecting
its mechanical properties is density, which depends on, amongst other factors, tree species, age,
and provenance, as well as wood structure. The density of the studied species differs due to
structural differences. That of beech wood ranges between 650 and 1000 kg m−3 [38,41–44],
with Korzeniowski and Swaczyna [45] reporting approx. 690 kg·m−3 on a dry basis and
Fabijański et al. [46] reporting between 710 and 800 kg·m−3 on a dry basis The density of pine
wood described in the literature ranges from 410 to 800 kg·m−3 [38,46,47]. Tomczak and
Jelonek [47] obtained a density of 435 kg·m−3 for pine stands growing on post-agricultural
land and 479 kg·m−3 for those growing on forest sites. Jaworska et al. [48], who measured
the mean absorption of oil by railroad ties depending on wood species and oil type, reported
107.5–118.0 kg·m−3 for pine ties and 147.4–157.7 kg·m−3 for beech ones. The absorption of
oil by wood necessarily increases its density.

The mean density values obtained in this study for unimpregnated beech wood were
604.7 kg·m−3 for internal tie parts and 631.4 kg·m−3 for external ones. These results fall
somewhat below the lower limit given in the literature, and by the same token, the wood can
be categorized as moderately heavy according to Krzysik’s classification [49]. The density
of internal and external samples impregnated with oil increased to 689.6 and 658.5 kg·m−3,
or by 84.9 and 27.2 kg·m−3, respectively. This means that the wood was impregnated
with a smaller amount of oil than that specified by Jaworska et al. [48]. In the case of
unimpregnated pine wood, the density of the internal tie parts was 421.4 kg·m−3, and that
of external parts was 455.5 kg·m−3. These values are within the density range given in
the literature and fall in the moderately light category in Krzysik’s classification [49]. The
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density of oil-impregnated samples increased by 98.2 and 86.3 kg·m−3, respectively, which
was below the threshold given by Jaworska et al. [48]. Nevertheless, the increased density
levels may imply higher wood strength and resilience.

Depending on the applied classification by Krzysik [49], beech wood is considered
a tree species with hard (60–65 MPa) or very hard wood (66–146 MPa). According to the
literature, the hardness of beech wood ranges from 72 to 78 MPa [50,51], although values as
low as 42 MPa have also been reported [52]. In turn, Krzysik [49] considers pine wood to
be soft (36–49 MPa). The average hardness of pine wood is in the range of 28–30 MPa [51].

The obtained mean hardness for samples from beech railroad ties was 70.5–73.2 MPa,
with the values for the creosote-impregnated samples being higher by approx. 2.2 MPa,
which indicates that the oil made the wood slightly harder. These results are consistent
with the findings of other authors, which means that the tested samples belong in the
group of very hard wood. All variants of samples from pine railroad ties were found to
have a similar hardness level (29.0–29.5 MPa). According to Warzecha and Siwek [53],
wood hardness may be improved by impregnation (they increased pine hardness by 146%).
However, those authors did not confirm that property specifically for creosote oil.

Research on wood compression focuses on two types of this parameter: compression
parallel to the grain and perpendicular to the grain. Compressive stress parallel to the grain
is higher, with typical values in the range of 16–53 MPa [38] and maximum values of up
to approx. 190 MPa. Compressive stress perpendicular to the grain is approx. 6–10 times
smaller. According to the literature, the compressive strength of beech wood parallel to the
grain is 53–60 MPa, while that of pine wood is much lower and equals 41–46 MPa [54].

The obtained mean compressive stress values were 45.54–57.78 MPa for beech samples
and 35.22–42.45 MPa for pine samples. In the case of both species, higher results were
recorded for impregnated samples from the external part of railroad ties. At the same time,
it should be noted that three sample variants, both for beech and pine wood, fell below the
lower limit given by Tarasiuk and Jednoralski [54], while samples of impregnated wood
taken from external tie parts were within the stress range reported in the literature. At
the same time, it can be noted that creosote impregnation increased compressive strength,
especially for samples from external tie parts. The obtained results may be compared to
the standard EN 338 [55], which specifies strength classes. According to the standard, the
compression strength of construction softwood should be in the range of 16–29 MPa, while
that of hardwood should be in the range of 18–34 MPa. In the case of the studied pine and
beech wood, the results exceed the top limits, which means that they fall in the highest
strength class (pine—class C50; beech—class D70).

Similarly, as in the case of compressive stress, the range of wood elasticity parallel
to the grain depends on wood species and other characteristics, such as annual ring
width [56] and the relative proportions of earlywood and latewood. The values reported in
the literature are usually provided for tree species. The construction wood standard EN
338 [55] specifies the elastic modulus range for softwood at 7–16 GPa and for hardwood at
9.5–20 GPa.

The elastic moduli reported in the literature for pine and beech wood are 10.3–13.8 GPa
and 12.3–16.3 GPa, respectively. The elastic modulus values obtained in the current study
are approx. five times lower (2.16–2.76 GPa for pine wood and 2.9–3.36 GPa for beech
wood). However, it should be noted that the examined pine wood samples were taken
from ties which had supported railroad tracks for many years, which may have affected
their elasticity. In light of the standard EN 338 [55], samples from the tested railroad ties
do not meet the requirements defined for the lowest strength class (class C14, 7 GPa, for
softwood and class D18, 9.5 GPa, for hardwood), meaning that the wood cannot be used
for construction purposes.

The value of the static bending strength of wood falls between its tensile and compres-
sive strength values. A crucial parameter affecting static bending is density, as the former
increases with the latter. Depending on wood species, typical static bending strength is in
the range of 55–120 MPa [38]; approx. 102–108 MPa for beech [38] and approx. 78–87 MPa
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for pine [38,57,58]. According to Żelazny and Bednarz [59] the static bending strength for
beech wood may be as high as 129.6 MPa.

In the present study, wood from the external parts of railroad ties was found to have
higher static bending strength. Moreover, impregnation further increased that parameter
in beech samples, but decreased it in pine samples. In beech wood, the sample variant
B-IN-NO revealed bending stress lower by approx. 8 MPa than the average in the literature,
while pine wood samples from internal tie parts were below the average. According to
the standard EN 338 [55], the bending strength of softwood should be 14–50 MPa, and
that of hardwood 18–70 MPa. The current study revealed a higher mean static bending
strength for both softwood and hardwood. This means that the tested wood samples meet
the requirements for the highest strength class (pine—class C50; beech—class D70).

According to Fessel [60], wood that is more easily bendable has a lower elastic modulus.
In our tests, the elastic moduli obtained for the beech and pine samples were similar, with
a difference of approx. 1.5 GPa in favor of beech. The modulus was correlated with
bending stress.

Irrespective of tree species, wood consists of almost 50% carbon, 43% oxygen, 6.1%
hydrogen, and 0.04 to 0.26% nitrogen, with mineral elements accounting for the remaining
part [49,61–69]. Gross and net calorific values are considered crucial measures of energy
properties [70] and depend on elemental composition and ash content. The average net
calorific values provided in the literature are 18 MJ·kg−1 for beech [49,71,72] and 19 MJ·kg−1

for pine [49,73,74]. In turn, Skawińska et al. [75], who studied the energy properties of
waste containing wood from railroad ties, reported NCVs in the range of 11–21 MJ·kg−1.
In the current study, the NCV of unimpregnated samples was 18.46 MJ·kg−1 for beech
ties and 20.29 MJ·kg−1 for pine ties, which is consistent with the literature data for wood
not impregnated with oil. In turn, the NCV of samples impregnated with creosote was
statistically significantly higher (p < 0.05) than that of unimpregnated wood, with the
differences amounting to 4.65 MJ·kg−1 (25%) for beech and 2.12 MJ·kg−1 (10%) for pine.
Creosote exhibits high energy properties, and the oil present in the wood increased the
proportion of carbon in the elemental analysis by as much as 18.5% for beech and 11% for
pine while reducing the proportion of oxygen by 28% for beech and 17% for pine.

Over time, the concentration of hazardous substances present in railroad ties decreases,
due to which it might be possible to reuse ties following safety testing. According to Article
7 in the Waste Act of 14 December 2012 [10], hazardous waste may be reclassified as non-
hazardous as long as it is demonstrated that it no longer possesses harmful properties under
EU regulations 1357/2014 [9] and 2017/997 [8]. The concentration of chemical compounds
in railroad ties can be determined by laboratory testing, with the results being reported to
the relevant authorities [76].

After the reclassification of railroad ties as non-hazardous waste, individuals and non-
commercial entities will be allowed to reuse them for their own purposes, for instance, for
repairs, maintenance work, or construction. Railroad ties not contaminated with protective
coatings could also be used as a fuel. Given the above, salvaged railroad ties are an
interesting product for many households.

Wood from railroad ties is of good quality in terms of its strength parameters, but due
to the presence of impregnating agents, it should not be directly used for construction or
combustion. The topic of railroad ties is becoming increasingly popular as the removal of
such agents from railroad ties could become possible in the future as a result of technological
advancement, which would enable a wider use of ties as construction elements in lean-tos,
fences, boardwalks, etc.

The topic of using wood from railroad ties is so interesting that we undertook fur-
ther research related to the impact of harmful substances (creosote oil) on the natural
environment and the possible use of railroad ties for energy purposes.
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5. Conclusions

This study’s results indicate that the samples from the tested railroad ties meet the
requirements for construction wood. Both the pine and beech samples fell within the
highest or very high strength classes in terms of most properties except for the compressive
modulus of elasticity, which was lower than the values specified in the standard EN 338
and those reported in the literature.

Creosote oil significantly increased the density, but not hardness, of the wood from the
examined railroad ties. Impregnation also improved the strength of the wood parallel to the
grain for both species, with bending strength being increased for beech and decreased for
pine. The oil present in the wood from railroad ties significantly elevated its calorific value.

Currently, wood from railroad ties cannot be used as due to its impregnation with
creosote oil, which is carcinogenic and hazardous. Also, environmental regulations prohibit
the use of such wood due to its harmful properties. However, if it were possible to
isolate unimpregnated parts from railroad ties, they could be applied for construction
purposes as the tested wood samples meet the strength requirements of the relevant
standard (compressive and bending strength class: C50—pine; D70—beech). Over time,
technological development may enable the use of railroad ties for construction purposes,
as material for boardwalks, and even as a fuel. However, for that to happen, specialized
machines are needed to remove the impregnating agent.
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Abbreviations

A area subjected to a loading, mm2

Ashd dry ash content, %
a specimen length, mm
ac specimen dimension in the radial direction, mm
α confidence interval, α = 0.05
αc, αg, and αst conversion factors for wood compression, bending, and strength,

respectively
b specimen width, mm
bc specimen dimension in tangential direction, mm
Cd, Hd, Nd, Sd, Cld, and Od elemental composition values on a dry basis for carbon, hydrogen,

nitrogen, sulfur, chlorine, and oxygen, %
CV coefficient of variation, %
df number of degrees of freedom,
εcM and εgM strain values at maximum compressive and bending stress, %
Ec12 and Eg12 compressive and bending moduli, GPa
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F F-test value
Fc and Fg compressive/bending force values within the elastic range, N
Fcmax and Fgmax maximum compressive and bending forces, N
GCVd gross calorific value on a dry basis, MJ kg−1

HstW static hardness of wood with moisture content W, N
Hst12 static hardness of wood with 12% moisture content, MPa
h specimen height, mm
l distance between supports, mm
MS mean square
ms and mw weights of wet and dry specimens, g
p and p-value significance level,
ρs wood density on a dry basis, kg·m−3;
NCVd net calorific value on a dry basis, MJ kg−1

SD standard deviation,
SE standard error, %
SS sum of squares
σcW and σgW maximum compressive and three-point bending stress values at

moisture content W, MPa
σc12 and σg12 maximum compressive and three-point bending stress values at

a moisture content of 12%, MPa
V sample volume, mm3

W wood moisture content, %
Wjc and Wjg unit work values upon compression and bending, J mm−2

X mean
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75. Skawińska, A.; Micek, B.; Hrabak, J. Evaluation of net calorific value and chlorine and sulfur content of selected waste in terms of
its energetic utilization. Ochr. Sr. 2017, 39, 39–43.
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