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For nearly 200 years wooden railway sleepers are impregnated with creosote. After initially using vacuum pressure processes for impregnation, empty-cell processes have been developed quickly and are used until today. Because of political developments and its alarming properties against human health and environment the use of creosote is already restricted to certain industrial and commercially used products and will probably be banned on the European market and elsewhere in the near future. Today, most of the sleepers in track are concrete sleepers, but wooden sleepers are still essential for particular applications such as tracks with narrow curve radii, mountain tracks with uneven underground conditions and low ballast bed thicknesses, for switches, for railway bridges and for shunting stations. Without a successor product, wooden sleepers have to be installed either again without adequate protection against wood destroying organisms or will possibly be replaced by sleepers made from alternative materials like concrete, steel or polymers. The Fürstenberg-System-Sleeper, which combines a mechanical pre-treatment (incising), a double impregnation of sleepers including an alternative oily wood preservative and a water-borne copper salt as well as a modernized quality control shall on the one hand serve as an alternative to creosoted sleepers and on the other hand ensure future use of wooden sleepers in track superstructure. Incising reduced the formation of checks regarding their length, width, and depth in sleepers made from European beech (Fagus sylvatica L.) until they are sufficiently seasoned for impregnation. A decrease of the seasoning speed was not observed. During seasoning, the average global moisture content (MC) as well as the local MC showed hardly any differences between incised and not incised sleepers. Additionally, incising showed no influence on the dimensional stability, which would have reduced the number of sleepers being culled based on excessive deformation. Furthermore, positive effects on preservative retention and penetration were observed, where incising doubled the penetration depth up to over 30 mm and increased the mean retention from 46.5 to 72.0 kg/m3. During double impregnation with the water-borne preservative first and the oily preservative afterward, it became evident, that a gross weight of at least 950 kg/m3 was needed for penetrating the peripheral area of the sleepers to achieve an additional homogenous envelope treatment during the second impregnation with an average retention of approximately 30 kg/m3.
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INTRODUCTION

The history of wooden railway sleepers as part of the track superstructure is as old as the railroad itself. During the beginning of the European railroad industry different sleeper types (single supports, long sleepers, and cross ties) made from different raw-materials (natural stone, wood, or iron) have been in direct competition. At the end of the 18th century the cross tie made from wood won the competition against the other sleeper-types and replaced those nearly completely (Schramm, 1952). The first installed sleepers in Europe were primarily made from Oak (Quercus spp.) with a high percentage of heartwood. Due to the increasing need of wooden sleepers and the low availability of sleepers made from Oak, the industry had to fall back on sleepers made from Scots pine (Pinus sylvestris L.) and Beech (Fagus sylvatica L.). Based on the low natural durability of both untreated wood species, the service life of the sleepers was between 6 and 8 years (Scots pine) and 2.5 and 5 years (Beech) and therefore not satisfactory (Mörath, 1956). At the end of the 18th century, the conservation of wooden sleepers by impregnation, had been started. To enhance the life span, creosote, a distillate of coal tar, has been used for more than 150 years (Pfabigan and Reitbauer, 2020). At the beginning, creosote has been inserted into the wooden structure using full cell processes.

A full cell process essentially consists of a combination of vacuum and pressure. Inside a closed autoclave, the wood is exposed to a vacuum phase. Afterwards, under maintaining the vacuum, the autoclave is flooded with the preservative and an excessive liquid pressure is applied. For creating a dry surface, an additional post vacuum phase can be implemented at the end of the process (Leiße, 1992; Figure 1). Using full cell processes resulted in high consumptions of creosote (approximately 277 kg/m3 for Beech and Pine sleepers and 78 kg/m3 for sleepers made from Oak, Schramm, 1952) and therefore exceeded significantly the requested amount, necessary for protecting the wood against wood destroying organisms (Broese van Groenou, 1983). In 1902, the impregnation process developed by Rüping was the first empty cell process, which was able to control the inserted amount of creosote to a certain extent (Broese van Groenou, 1983). At the beginning of a Rüping process, the wood is exposed to a preliminary air pressure, which compresses the present air inside the porous wooden structure. The creosote is then fed into the treatment cylinder against the existing air pressure. Afterward, an excessive liquid pressure is applied, whose duration and intensity are depending on the wood species and its dimension. While decompressing to atmospheric pressure, the compressed and trapped air inside the porous wooden structure causes a removal of excessive wood preservative, leaving only coated empty cell walls. To support the exiting air, an additional post vacuum phase is applied (Figure 1). Based on a variation of intensity and duration of air and liquid pressure the retention of creosote can be controlled and reduced to less than 100 kg/m3. Shortly after the invention of the Rüping process, another empty cell process was developed and patented by Lowry (1906). Unlike the Rüping process, the atmospheric pressure is used as air pressure. The hot creosote is fed into the cylinder right after starting the process and an excessive liquid pressure is directly applied. Afterwards, also a post vacuum phase is applied to support the compressed air exiting the porous wooden structure and removing excessive wood preservative (Figure 1). Ongoing research to optimize the impregnation quality led to the introduction of the improved Rüping process by the German Railways (Deutsche Bahn) in 1966. The sleepers were pre-conditioned in hot creosote. This was carried out directly after the air pressure phase/filling of the impregnation cylinder with creosote. With the pressure remaining unchanged, the sleepers were heated together with the creosote at more than 100°C for 1–2 h (Broese van Groenou, 1983). Investigations by Schulz (1987) regarding the temperature profile inside the impregnation vessel and inside the wood during the impregnation of Beech sleepers with creosote led to a further improvement of the impregnation process. Due to its simple feasibility the Rüping process is still used today (DIN 68811, 2007) as the standard operating procedure for the impregnation of railway sleepers with creosote. According to DIN 68811 (2007), sleepers made from Oak and Pine need to be impregnated using the single, improved Rüping process. Beech, on the other hand, is impregnated using the improved double Rüping process (Figure 1).
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FIGURE 1. (1) Diagram of a full cell process with an optional post vacuum with (A) pre-vacuum, (B) flooding the autoclave under maintenance of the vacuum, (C) released vacuum and increased liquid pressure, (D) maintenance of liquid pressure, (E) released liquid pressure and removing of the preservative, and (F) optional final vacuum; (2) Diagram of a Rüping process with (A) air pressure, (B) flooding the autoclave under maintenance of the air pressure, (C) increase of the liquid pressure, (D) maintenance of the liquid pressure, (E) released liquid pressure and removing of the preservative, and (F) required post vacuum; (3) Diagram of a Lowry process with (A) flooding the autoclave with preservative, (B) increase of the liquid pressure, (C) maintenance of the liquid pressure, (D) released liquid pressure and removing of the preservative, and (E) required post vacuum; (4) Diagram of an improved double Rüping process with (A) air pressure, (B) flooding the autoclave under maintenance of the air pressure and pre-heating of at least 150 min, (C) increase of the liquid pressure, (D) maintenance of the liquid pressure, (E) released liquid pressure and removing of the preservative, (F) atmospheric pressure of at least 30 min, (G) second air pressure, (H) applied liquid pressure, (I) second liquid pressure (twice as long as first liquid pressure), (J) released liquid pressure and removing of the preservative, and (K) required post-vacuum.


Today’s use of creosote as a wood preservative is restricted to certain industrial and commercially used products based on its alarming properties against human and environment (REACH, 2006). Current political developments in Europe show that the use of creosote for impregnation of wooden products, is accepted less and less. This also includes railway sleepers. A complete ban of creosote on European level will certainly come, but the final date has not been determined, yet. The requirements towards an adequate substitute product are high, since creosote has excellent properties like its toxicity against wood-destroying organisms, its water repellence and low corrosiveness to metal fasteners. Alternatives regarding creosote as wood preservative are available like for example pentachlorophenol or copper naphthenate, which are both used in the United States of America for the preservation of wood in heavy duty applications. In case of Europe, pentachlorophenol hasn’t been used for decades and copper naphthenate is not permitted by now in the European Union, but is under review for registration. At the moment, further alternative oily preservatives are used in the EU. All contain copper hydroxide as the primary active ingredient and also organic acid co-solvents (Brient et al., 2020).

Despite the fact, that today the majority of sleepers in track are concrete sleepers, wooden sleepers are still essential for particular applications such as tracks with narrow curve radii, mountain tracks with uneven underground conditions and low ballast bed thicknesses, for switches, for railway bridges and for shunting stations, based on their excellent properties (light weight, good elastic behavior, and simple handling in tight spaces; Pfabigan and Reitbauer, 2020).

A possible ban of creosote would have major consequences for the railway industries, based on the fact, that without a successor product, wooden sleepers have to be installed either again without adequate protection against wood destroying organisms or will more likely be simply replaced by sleepers made from alternative materials like concrete, steel or polymers.

In order to maintain wooden sleepers as a component of the track superstructure an alternative product to the creosoted wooden sleeper is urgently sought.

The System-Sleeper, as alternative for creosote treated sleepers, uses the principles of the wooden sleeper used for centuries and combines them to a system based on three innovative aspects: (1) mechanical pre-treatment by incising, which had never been applied for railway sleepers in Europe before (2) in case of Beech sleepers a double impregnation using first a water-borne preservative and afterwards an alternative wood preservative based on natural oils for an additional envelope treatment and (3) a modernized concept of quality control, which ensures the traceability of each sleeper during its production process, recording moisture content (MC) before impregnation, the used impregnation process and the average preservative retention of the batch.

Incising is a mechanical pre-treatment of wood, where incisions are pressed into the surfaces by knives running in an axial direction. Incising pattern, incision depth and width depend on the wood species and the dimension of the processed product. While in case of railway sleepers, large knives are usually used at wide spacing (Morrell and Winandy, 1987), the knife size as well as the distance between the individual incisions decreases with smaller product dimension. Incising is used to improve the penetration of wood preservatives, to increase the drying speed and to minimize checking of the wood (Franciosi, 1956; Morris et al., 1994). A reduction in check formation can improve the product quality and thus extend the service life. The number of sleepers that cannot be used by the customer due to check formation (checks due to drying) developing before impregnation shall be reduced by the use of incising. Large checks that develop in service in the track bed can also be reduced. Loss of strength, weakening of the holding force of fasteners, but also entry ports for wood-destroying organisms are thus reduced (Evans, 2016). Despite the positive effects on the check formation during seasoning (especially Beech sleepers) found by Harkom (1932) and Franciosi (1956), incising as a mechanical pre-treatment did not prevail in Europe as standard procedure. Incising can also influence the penetration of wood preservatives by increasing the transverse surfaces of the treated product. The penetration of fluids in axial direction is much more effective than in radial and tangential direction. Thus, there is an improvement in penetration in the area of the incision (Morris et al., 1994; Morrell et al., 1998). This results in a better penetration and distribution of the preservatives, especially in refractory wood species. With regard to the penetration of alternative oily wood preservatives for the impregnation of railway sleepers, the influence of incising has not been further investigated by now in European wood species.

Creosote as a wood preservative combines high toxicity with hydrophobicity of the surface, which provides additional moisture protection of the sleepers. The double impregnation of Beech sleepers is intended to achieve exactly this effect. Beech is not durable, and therefore assigned to durability class 5 (DC5, EN 350, 2016). Therefore, deep penetration of the entire sleeper volume is necessary to ensure sufficiently high protection against wood-destroying organisms. A complete penetration shall be achieved using a water-borne wood preservative. For hydrophobation and to additionally increase the efficacy of the peripheral area against wood-destroying organisms, an alternative wood preservative based on natural oils is applied to the sleeper in a second impregnation step.

The System- Sleeper includes incising, a type of mechanical pre-treatment that has been used for years outside Europe for railway sleepers made of different types of wood. In order to re-investigate and clarify the positive effect of incising on Beech sleepers, the Fürstenberg-THP GmbH was cooperating with the Department of Wood Biology and Wood Products at the University of Goettingen evaluating the following aspects:


•Drying speed until requested degree of seasoning is reached.

•Moisture distribution within the sleepers until fiber saturation is reached.

•Formation of checks during seasoning.

•Dimensional stability during seasoning.

•Penetration depth and retention of an alternative oily wood preservative.



In the case of a double impregnation with a water-borne preservative first and subsequently with an alternative preservative based on natural oils, it is not only the time of the first impregnation that is decisive. According to the customer’s standard or specification, this is mainly regulated by the fiber saturation, where the wood is considered ready for impregnation. Since the second impregnation is intended to achieve additional hydrophobic properties as well as an increased efficacy against wood destroying organisms, it was important to determine the optimum time for the impregnation with the oily preservative in order to achieve the required retention and distribution of the protective agent in the fringe area of the sleepers.



MATERIALS AND METHODS


Study on the Impact of Incising on Drying and Formation of Checks in Sleepers

Ten freshly cut Beech (F. sylvatica L.) sleepers (2,600 mm × 260 mm × 160 mm) with an average gross weight (=raw density) of 932 kg/m3 were divided into two specimen collectives to investigate the influence of incising on drying and check formation. Collective 1 was mechanically pre-treated and received incisions with a length and depth of 20 mm and a width of 3 mm, while collective 2 remained untreated. Monthly, the global MC of the sleepers was gravimetrically determined. Therefore, the sleepers were weighed to the nearest 0.1 kg. From the current weight, the raw density (analogous to the so-called “gross weight” according to DIN 68811, 2007) of the sleepers was calculated. Based on an average normal raw density of Beech of 710 kg/m3 (corresponding to an average dry density of 634 kg/m3) according to EN 350 (2016), the current global wood MC of the sleepers was calculated according to Eq. 1.
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MCSleeper = Global moisture content of the sleeper (%)

ρf = Raw density wet (kg/m3)

ρ0 = Oven-dry density of Beech (kg/m3) = 634 kg/m3

VSleeper = Sleeper volume = 0.10816 m3

Additionally, the local MC of the sleepers was continuously determined and recorded at nine previously defined positions using data loggers (Materialfox, Scanntronik, Zorneding) according to the electrical resistance principle. To avoid measuring the MC in the possibly existing red heartwood, usually located in the center of the sleeper cross section or on the bottom of the sleeper, the depth of the holes and the distance to the sleeper side were varied, ensuring the measurement of only sapwood. Figure 2 shows the distances of the measuring points to the end grain, to the outer side of the sleeper and the installation depth. Stainless steel screws acted as electrodes for measuring the local MC. Previously drilled holes in the head of the screw served as a plug input for connecting the data logger. After the screws were driven into the holes for a few millimeters, the holes were sealed with silicone and the data logger cables were connected to the screws using banana plugs. The connection was additionally sealed watertight using heat-shrink tubes.


[image: image]

FIGURE 2. Schematic overview of the measuring points for continuous moisture content measurements.


The MC was calculated using resistance characteristics for Beech according to Brischke and Lampen (2014).

Monthly, the development of the 10 largest checks was evaluated on the surface of the remaining “free” sleeper section, until a raw density of ≤800 kg/m3 was reached. The length, width and depth of the checks in millimeters were measured using a folding ruler and a feeler gauge. For later comparison of check development during seasoning, a classification system was defined, dividing check length, width and depth into five categories (Table 1).


TABLE 1. Check categories based on check length, width, and depth.

[image: Table 1]


Study on the Impact of Incising on the Preservative Penetration Depth and Retention at Different Gross Weights

In order to investigate the influence of incising on the penetration depth and retention of an alternative oily preservative, test specimens of 40 (ax.) mm × 40 mm × 80 mm were made from defect free Beech and afterwards sealed from five sides in two steps (SIKA Unitherm Top W & SIKA PU sealing compound). The unsealed radial surface (40 mm × 40 mm) was left untreated in the first collective (collective 1), while in collective 2 a single incision [20 mm × 20 mm × 3 mm (L × D × W)] was pressed in centrally. After following impregnation with a water-borne, chromium free, copper-based wood preservative in a vacuum/pressure process (60 min −850 mbar, 120 min 8 bar), the collectives 1 and 2 were each divided into groups of 10 test specimens and dried to different target gross weights (1,100; 1,000; 950; 900; 850; and 800 kg/m3).

After reaching the target gross weights, the test specimens were impregnated with the alternative oily wood preservative, which is based on a natural hydrophobic carrier substance in combination with copper hydroxide and an organic co-biocide. For impregnation, a Rüping process (air pressure 20 min 3 bar, oil pressure 100 min 8 bar, post-vacuum -800 mbar approx. 720 min) was used. Finally, the retention in kg/m3, as well as the penetration of the oily preservative was determined on split test specimens. Therefore, the specimens have been split completely in the direction of the incision and the penetration depth of the alternative oily wood preservative has been measured.



Evaluation of Dimensional Stability During Seasoning

Whether freshly cut Beech sleepers show distortions during seasoning is not directly evident in the beginning of the examination. A direct comparison of incised and standard sleepers can therefore lead to misleading interpretations due to non-appearance of deformations. Therefore, only incised sleepers were included in this examination. For evaluating the possible effect of incising on the dimensional stability during seasoning, 700 freshly sawn Beech sleepers (2,600 mm × 260 mm × 160 mm) were mechanically pre-treated by incising the narrow as well as the broad sides of each sleeper. Afterward, the sleepers were stacked and stored outside according to DIN 68811 (2007). After reaching the requested gross weight of 800 kg/m3, the sleepers were examined visually for occurring deformation. Sleepers with deformation were sorted out for further evaluation using the parameter given by the technical delivery conditions for track and cross ties from the Austrian Federal Railways (ÖBB; ÖBB Infra, 2017; Table 2).


TABLE 2. Accepted tolerances given by the Austrian Federal Railways regarding the deformation of Beech sleepers.

[image: Table 2]
The dimension of the occurring spring, bow and twist were measured using a straightedge and a folding ruler. To measure bow and spring, the straightedge was placed in centered position on the upper and narrow sides of the sleeper and the rise was measured using the folding ruler. The twist was measured by placing the straightedge diagonally on the upper side of sleepers and calculating the difference of both rises from the diagonals.



Study on the Impregnability of Beech Sleepers at Different Gross Weights

To investigate the influence of the gross weight of impregnated Beech sleepers using a double impregnation, 36 Beech sleepers with an average gross weight of 786 kg/m3 were first impregnated with a water-borne wood preservative in a vacuum/pressure process (180 min −950 mbar, 480 min 9 bar). After impregnation, the sleepers were divided into six groups of similar average gross weight (kg/m3) and were stacked in accordance with DIN 68811 (2007) for seasoning outdoors. Six different target gross weights were defined as starting points for a 2nd impregnation of the sleepers with the alternative oily preservative. The sleeper collectives were then weighed weekly in bundles of six to monitor the average gross weight. When a bundle reached the previously defined gross weight, the respective collective was prepared for impregnation. For this purpose, all sleepers were first weighed individually in order to determine the subsequent retention of the oily preservative. Impregnation of the sleepers was carried out using a Rüping process (air pressure 20 min 3 bar, oil pressure 100 min 8 bar, and post-vacuum −800 mbar approx. 720 min). After impregnation and weighing, the sleepers were cut at a distance of 30, 80, and 130 cm from the end of the sleeper and the penetration of the alternative oily preservative was visually evaluated.




RESULTS


Impact of Incising on Drying and Formation of Checks in Sleepers

The moisture monitoring of Beech sleepers in standard dimensions with and without incising showed that the incising pattern used in this test setup had no significant influence on the drying rate. The required degree of seasoning for impregnation was not reached faster for sleepers with incising. The average global MCsleeper showed hardly any differences between mechanically pre-treated and untreated sleepers. Coincidently, the electrically measured local wood MC did not differ significantly between the collectives. In the first half of the drying period, the electrically determined mean wood MC of both sleeper collectives was clearly below the gravimetrically determined mean global MC of the sleepers. In the second half of the drying period, the electrically determined wood MC exceeded the mean global MC by several percent points. A clear wood MC gradient between the individual measurement points, even though placed at different measuring depths and distances from the end grain, did not occur for either of the two sleeper collectives (Figures 3, 4).
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FIGURE 3. Electrically determined mean local moisture content (MC) at measuring points S1 to S9, mean gravimetrically determined global MC, and mean raw density of sleepers without incising during seasoning.
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FIGURE 4. Electrically determined mean local moisture content (MC) at measuring points S1 to S9, mean gravimetrically determined global MC, and mean raw density of sleepers with incising during seasoning.


Incising positively affected the formation of checks in Beech sleepers. Already during the first evaluation at the beginning of the test, sleepers without incising showed comparatively longer checks. While there was an increase in the check length in sleepers without incising during seasoning, sleepers with incising showed hardly any changes in check length. The same applied to check widths and check depths. Sleepers without incising showed more, wider, and deeper checks during the whole evaluation period. Sleepers with incising also showed an increase in check width and check depth. However, this was significantly smaller compared to non-incised sleepers (Figure 5).


[image: image]

FIGURE 5. Check length, width and depth (mm) in Beech sleepers with and without incising at the start and after 32 weeks of seasoning.


The positive effect of incising on the check performance of sleepers is exemplarily shown in Figure 6. While the sleeper without incising (S) showed already clearly recognizable checks on the surface at the beginning of seasoning, larger checks on the sleeper with incising (I) were only visible at the end grain. During 32 weeks, the sleepers reached the required degree of seasoning for later impregnation and the checks in the non-perforated sleeper top side had increased significantly in length, width and depth. The sleeper with incising pattern showed an enlargement of the checks only at the end grain.
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FIGURE 6. Examples of positively influenced check performance due to incising of Beech sleepers [n = 5 for both incised (I) and not incised sleepers (S)] between 13.02.2018 (left) and 07.11.2018 (right).




Dimensional Stability During Seasoning of Beech Sleepers

After the evaluation of the 700 incised Beech sleepers, 95% of the sleepers were sound and showed visually no bow, spring or twisting, or the deformation did not exceed the specified tolerances. 5% of the sleepers were deformed to an extent, that they were selected for more detailed investigations (n = 40). A more detailed evaluation of the deformation showed that 2% of the sleepers exceeded the limit value with regard to deformation by twisting and 2% by bow. Only 1% of the sleepers showed an excessive curvature of the narrow side (spring; Figure 7).
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FIGURE 7. Distribution of the different deformation types of the evaluated Beech sleepers (n = 700).




Impregnability of Beech Sleepers at Different Gross Weights

Incising had a positive effect on the penetration depth and solution uptake of the alternative oily preservative for test specimens on laboratory scale. Differently selected gross weights, however, had no influence on penetration and solution uptake. The specimen collectives without incising all showed a penetration depth between 10 and 15 mm. The different gross weights (moisture contents) did not influence the penetration depth (Figure 8). The specimen collectives with incising showed a penetration of the wood preservative twice as deep across all gross weights. Again, the penetration depth was not influenced by the different gross weights (Figure 9).
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FIGURE 8. Penetration depth of an alternative oily preservative in mm in specimens without incising.
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FIGURE 9. Penetration depth of an alternative oily preservative in mm in specimens with incising.


While the mean retention at all gross weights for specimens without incision was 46.5 kg/m3, it was 72.0 kg/m3 for specimens with incision (Figures 10, 11).
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FIGURE 10. Solution uptake of an alternative oily preservative in kg/m3 for specimen without incising.
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FIGURE 11. Retention of an alternative oily preservative in kg/m3 for specimen with incising.




Double Impregnation of Beech Sleepers

With decreasing gross weight, i.e., re-drying of the previously water-borne impregnated sleepers, the retention of the alternative oily preservative increased. While an average gross weight of 1,123 kg/m3 still resulted in a negative average uptake of the alternative oily preservative (−1.7 kg/m3), the retention subsequently increased to approx. 20 kg/m3. From an average gross weight of 950 kg/m3 an increase in the average retention up to 30 kg/m3 was occurring, but remained comparable at further decreasing gross weights (Figure 12).
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FIGURE 12. Average retention in kg/m3 of the alternative oily preservative after 2nd impregnation at different gross weights.


Figure 13 shows exemplarily the influence of the decreasing gross weight on the retention as well as the penetration of the oily preservative. While at a gross density of 1,114 kg/m3 the penetration of the oily preservative was still inhomogeneous and insufficient, it improved to a closed homogeneous envelope treatment at a gross weight of 965 kg/m3.
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FIGURE 13. Penetration of the alternative oily preservative in sleepers at different gross weights (1,114; 979; and 965 kg/m3) at 300, 800, and 1,300 mm.





DISCUSSION


Impact of Incising on Drying and Formation of Checks in Sleepers

Hullberg (2000) concedes that incising has a positive influence on the drying time. However, Suttie (2002) reported that incising has no influence on the drying speed. Studies by Franciosi (1956) also showed no influence of incising on the drying speed of railway sleepers made of Beech. One possible explanation is the high permeability of Beech. During drying, evaporation on the wood surface as well as the internal moisture movement play a role. The drying of permeable wood species is primarily dominated by mass flow. In this phase, the permeability of the wood structure is primarily decisive. Diffusion as a transport mechanism only becomes relevant below fiber saturation (Keey et al., 2000). Due to the high permeability of Beech, a possible positive effect of incising would thus be masked during the drying of the Beech sleepers. Whether a positive effect can be achieved by a modification of the incising pattern has to be evaluated in further investigations. Furthermore, resistance-based measurements MCs above 25% become increasingly inaccurate (Du et al., 1991). This may explain to some extent the differences between the electrically determined local MC and the gravimetrically determined global MC.

A check is the separation of the fiber bond in the longitudinal direction of the wood. Different factors can be decisive for this effect such as growth stresses, moisture gradients and ansitropical shrinkage (Fang et al., 2008; Niemz and Sonderegger, 2017). Large cross-sections are particularly susceptible to checking, since a fast drying quickly results in large differences in MC between inner and outer wood sections. If the resulting stresses exceed the strength of the wood, checks will form. The emerging tensions are thereby relieved again (Neuhaus, 2009). With regard to the exact mechanisms behind the reduction of check formation by means of incising, different approaches are discussed in the literature. While Hill (1923) and Edscorn and Davis (1989) suggested a stress relaxation for the reduction of check formation, Meierhofer (1986) proposed stress compensating effects, which lead to the development of many small checks instead of a few large checks. In contrast, Burnes (1923) considered a concentration of stresses through the incisions as a possibility for reducing large checks.



Dimensional Stability During Seasoning of Beech Sleepers

Warping of Beech sleepers during seasoning is very common. Every year, about 3% of the sleepers purchased and stored for drying must be written off as waste due to excessive deformation (Werner, 2008). According to Schulz (1971) the deformation of Beech sleepers is caused either by the growth of the tree (spring) or by tension and shrinkage (bow). Existing tensions will be released during logging or during cutting, especially if the cut is made directly through the middle of the trunk in radial direction. Longitudinal shrinkage is minimal compared to radial and tangential shrinking. For Beech, the longitudinal shrinkage is 0.3%, while the radial and tangential shrinkage is 5.8 and 11.8%, respectively (Schulz, 1971).

Beimgraben (2002) suggested growth stresses being responsible for the warping of Beech. Growth stresses will be released after trees or logs are cut in sections and afterwards cause checks or warping of the timber products (Becker and Beimgraben, 2001). Additionally, Bleile (2006) investigated the presence of reaction wood in Beech as probable cause for growth tensions in logs and distortions in sawn timber. It became evident, that the formation of tension wood leads to growth stresses in round woods as well as to distortions of sawn wood. Further examinations showed, that on average, only comparatively small changes in the location of the strongest reaction wood sections in radial direction of the trunk can be observed. Despite different types of wood modification, which are actually based on chemical or physical changes of the wooden structure itself (Scheiding et al., 2016), incising as mechanical pre-treatment is not actively changing the anatomical wooden structure and its properties. Therefore, influences of existing structural properties cannot be subsequently changed by incising, which indicates why warping of Beech sleepers is not positively influenced by incising.



Impregnability of Beech Sleepers at Different Gross Weights

The penetration of fluids into wood takes place primarily in longitudinal direction (Côté, 1963). Fluid movements in transverse direction are generally more difficult (Murmanis and Chudnoff, 1979). Punching in the incision creates new axial surfaces, which enables longitudinal penetration. Penetration up to the depth of the incision is facilitated and thus simultaneously leading to an improved uptake of the preservative. The missing influence of the gross weight on the uptake of the preservative can be explained by the dwell time of the specimens in the oil during the pressure phase. This may have resulted in drying of the upper layers and therefore led to a balance between the gross densities.



Double Impregnation of Beech Sleepers

The required degree of seasoning (MC) before the second impregnation was of great importance for the quality of the impregnation with the alternative oily preservative. The negative retention of the alternative oily preservative for sleepers with an average gross weight of 1,123 kg/m3 can be explained by a weight loss during the second impregnation. The quantity of water released during impregnation exceeded the amount of absorbed oily preservative. The sleepers became lighter. Broese van Groenou and Bellmann (1958) made similar experiences with the creosote impregnation of wet Beech sleepers. Since oily products are not water-soluble, free water or aqueous preservatives act as an impassable barrier in the cell cavities and prevent the penetration of oily preservatives. The areas to be impregnated should have a MC below fiber saturation, ideally less than 20% (Leiße, 1992). From a gross weight of 950 kg/m3, moisture levels required by Leiße (1992) have most likely been reached in the peripherical areas of the Beech sleepers. Penetration of the alternative oily preservative is possible. Since there is no significant increase in the retention despite the decreasing gross weight, the retention and penetration depth can be further modified by means of optimization of the impregnation parameters.




CONCLUSION

The current study showed that the mechanical pre-treatment of the Beech sleepers by incising has a positive effect on the following:


•Check formation before impregnation with regard to check length, width, and depth.

•Penetration depth and retention of an alternative oily preservative in the area of incisions.



The incising pattern used in this test setup did not reduce the drying speed until the required degree of seasoning for impregnation was reached. Furthermore, there was no influence on the moisture distribution within the sleeper or the dimensional stability. Whether this can be achieved by changing the incising pattern needs to be evaluated in further investigations. It became evident that before the second impregnation with the alternative oily preservative, a re-drying of the sleepers to a target gross weight of ≤950 kg/m3 is necessary. In this way a homogeneous distribution of the alternative oily preservative in the peripheral area can be achieved.
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