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Abstract

:

European beech is one of the dominating wood species in central Europe and the most abundant hardwood species in Austrian, German and Swiss forests. Today, it is predominantly used for the provision of energy and in the furniture industry. With the increasing demand on forests to provide sustainable raw materials for energy as well as products, the importance of lesser-used wood species like European beech has continuously increased over the last decade. The application in load-bearing products has gained significant interest. In order to connect the current and historical state of knowledge about this wood species, this review provides an overview of the past and present utilization of European beech wood. On the basis of the historical literature, technical approvals and standards of established products, it aims to summarize the extensive state of the art of this wood species and provide an overview of recent scientific publications in the field of wood material science. Based on the reviewed literature, current research efforts deal with different engineered wood products like glued laminated timber, cross-laminated timber and laminated veneer lumber. Furthermore, strength grading, adhesive technology as well as improving dimensional stability is of particular interest.
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1. Introduction


The consequences of climate change will severely affect forest ecosystems in the near future. Forestry is reacting to these changes through adaption of tree species composition and changes in silvicultural management to maintain the ecological and economic performance of the forest wood chain in Central Europe. European beech (Fagus sylvatica L.) is one of the most important and widespread tree species in Europe, most frequently distributed in Central and Western Europe. The role of European beech in future climatic conditions is discussed elsewhere. European beech is the dominant deciduous species in Austria and Germany, with approximately 10% (around 11.8 million solid cubic meters) [1] and 15% of the total stock [2].



In 2021, timber utilization in the Austrian forest amounted to 18.42 million harvested solid cubic meters without bark. The share of coniferous wood of the total harvest in 2021 was 85.03%, that of hardwood 14.97%. A total of 26.60% of the harvest was used for energy (firewood and forest chips); the share of sawmill roundwood was 56.57%, that of industrial roundwood 16.84% [3]. In 2021, 9.34 million cubic meters of sawmill roundwood over 20 cm in diameter were available. A total of 97.10% was softwood; only 2.90% was hardwood. European beech wood accounts for 45.19% of this; however, this is only 1.31% of the total sawn roundwood. These figures make clear that the wood industry in Austria is mainly based on coniferous wood, i.e., Norway spruce (Picea abies L-Karts.). Within the hardwoods, European beech plays the major role. As the share of the harvested species in Austria will change in the future, a better knowledge of these species is necessary.



The goal of this manuscript is to present the current state of the art of European beech wood. The data are based on the description of historical wood utilization, modern testing and an overview of modern industrial products based on European beech wood. In contrast to the already-available literature, this overview connects knowledge of historical utilization with modern research interests and therefore presents a complete picture of these wood species. Furthermore, the comparison with Norway spruce throughout the review should enable a comparison of the currently dominating wood species in Europe with one of the possible bread trees of the future. That is the case for oak, too, as the amount of this species will increase in future in Austrian forests.




2. The Characteristics of European Beech Wood


Wood is a highly variable raw material, with differences occurring among species and genera, among geographic sources within a species as well as within each individual tree [4,5]. To obtain a comprehensive overview, the existing literature [6,7,8,9,10,11] from Europe was screened for figures of different wood quality traits. Table 1 shows data for European beech wood in comparison to the characteristics of Norway spruce and oak wood (Sessile oak and Pendunculate oak; Quercus petraea Liebl., Quercus robur L.), as these species are of high economic importance at the moment (Norway spruce), or will obtain high importance in the future due to climate change. Takahashi [6] cites several papers for these wood species: European beech—[12,13,14,15,16,17,18]; Norway spruce—[19,20,21,22,23,24,25,26]; and oak—[25,27,28,29,30,31]. Mean values of the wood density were calculated for the figures of these literatures as well as the figures cited in old books (1690 to 1085, named as Historical wood density in Table 1) [9]. Table 1 gives the data for the main wood characteristics: dry wood density (in comparison to historical values), tensile strength, modulus of elasticity (MOE) and the total shrinkage in tangential direction. All data were averaged without statistical weighting.



Table 1 shows that the wood of European beech is strong and tough compared to the two other species. The wood density is slightly higher than that of oak wood. A notable difference can be seen for the total shrinkage.



As for its mechanical properties, the wood density is medium to high; it is very strong, hard, with strong shrinkage and therefore low dimensional stability. The wood can be worked well when fresh or wet, but tends to crack during drying. Tools quickly dull when working with dry European beech wood. The wood is described as short-fibered, is easy to split and can be polished and stained well. The natural durability against insects and fungi including saprophytic fungus is low.



The wood of European beech is reddish-brownish and belongs to the group of trees with pale heartwood. However, there is the exception of the so-called red heart of the European beech [23]. The red heart is a darker color, often with demarcation lines. European beech wood is characterized by big wood rays, which can be easily seen in anatomical directions, especially at the radial plane. It belongs to the group of diffuse-porous species; however, the tree rings are clearly visible.




3. The Historical Utilization of European Beech Wood in Austria


In Austria, at the moment the choice of commercially available native wood species includes approximately 24 species [32]; this is considerably less than what is indigenous, or will be present in future, in the forests. It is common knowledge that, based on differing material properties, different wood species, for example oak (Quercus spp.) and poplar (Populus spp.), cannot be used in the same field of application. Some properties are so diverse that these two wood species have to be handled like two different materials. Therefore, we have to be aware of the whole range of properties that can be covered by all available wood species, to exhaust the full potential of wooden materials. At the beginning of the 20th century, the folklorist Josef Blau [33] investigated a bohemian household and counted 27 wood species. He emphasized that all species were chosen according to their specific wood properties [33]. This indicates that knowledge about the proper utilization of wood and the selection of wood species was established at some point in history. To figure out which species have been used, a search of the historical literature (from 1690 to 1985) as well as an analysis of old wooden objects were performed. Following this, every part of the museum inventory with a given wood species was connected to its required wood properties in use and its technological demands. In this way, every wood species was characterized by its former utilization.



The wood identification of 8985 historical wooden objects from different museums in Austria showed that 48 different species were used in former times [34]. Next to the nowadays-regularly used species, some fruit-bearing trees as well as small trees and big shrubs were utilized. Excluding timber for construction purposes, European beech showed the highest share, followed by ash (Fraxinus excelsior L.) and birch (Betula spp.). A total of 20% of all analyzed object parts were made of European beech. Interestingly, European beech was not used for construction purposes in former times in Austria [35], but can be found used for these purposes in a short distance, for example in Slovenia [36]. The wide distribution was one reason for this, and the notably good wood properties the other. The wood was found at various different wooden objects, but was never seen as a specialist species. Most wood species, except European beech, were specialized. For example, almost all hardwood barrels were made of oak, 50% of all planes were made of hornbeam (Carpinus betulus L.) and for carving wood lime (Tilia spp.) or stone pine (Pinus cembra L.) were used [34].



European beech can be described as a universalist species, because no exclusive utilization of European beech was found. In contrast to that, barberry wood (Berberis vulgaris L.), for example, was found mainly at the teeth of rakes: a specialist.



The uses described in the historical literature [9] are presented below. Products that have also been found in museums are marked with an asterisk. European beech wood was often used for energetic use: firewood and charcoal. It was used for different kinds of furniture (like clamp chests*, benches* and tables*), especially working benches*. Therefore, solid wood as well as boards (particle boards, plywood) and veneer were used. Due to the high strength, it was often found at agricultural tools, like shovels*, presses*, yokes*, rakes*, hay forks*, flails*, ploughs* and chopping blocks*. This is also the case for handicraft tools, like tool handles*, planers*, clamps*, compasses* and mallets*, as well as for machine parts, like parts of a mill*, stick-wheel*, spindle*, gear wheel* and spinning wheel*. European beech wood was used by wainwrights, turners and shoemakers to produce axles*, sledge runners*, plates*, sticks*, shoetrees*, heels* and wooden shoes. It was used for wooden troughs, bowls, vats, cloth pegs*, cooking spoons*, etc., too.



The listing of the products highlights the status of universalist and may trigger an interest in future utilization and possible products.




4. Modern Utilization of European Beech Wood


4.1. Established Products


Nowadays, particularly in central Europe, European beech is considered an essential tree species in a climate-adapted forest management [37,38,39] (and Supplementary Material of [39]) of the near future. Although the bulk of the harvested European beech wood is used for the provision of energy, it can also be utilized in higher added value streams and, similar to the versatile historical applications, can still be seen as universalist. High-quality roundwood is processed into lumber and plywood and plays an integral part in the furniture industry [38,40]. It is also utilized in parquet flooring. However, it was almost entirely substituted by oak since the early 2000s due to the trend towards darker-colored wood species. In addition, the shorter fiber length (0.5–1.7 mm) compared to conifers (e.g., Norway spruce: 1.1–6.0 mm) makes it a suitable raw material for the production of pulp and paper as well as textile fibers [41].



In regards to load-bearing applications, the superior mechanical properties compared to conifers like Norway spruce (see Table 1) underline the suitability of European beech wood for structural engineered wood products (EWP). Nevertheless, the utilization in structural products has been a niche compared to the dominant Norway spruce, which has experienced significant growth in recent years, especially through the rise of cross-laminated timber (CLT) and glued laminated timber (GLT) [42,43,44]. However, the research and development of European beech-based EWPs has also gained traction in the last decade and a variety of lumber- and veneer-based products have found their way on the market. Table 2 summarizes the selected mechanical properties of EWPs made from European beech wood. The values are based on standards and technical approvals.



Compared to other deciduous species such as oak, ash or maple (Acer spp.), there is a wider range of European beech-based EWPs available for purchase today. In terms of available products, European beech is therefore, together with birch, the most versatile alternative to Norway spruce [42].



Furthermore, the mechanical properties are compared with EWPs based on Norway spruce (Table 3) in Figure 1.



It can be seen that European beech offers a higher baseline in strength (Figure 1a) and stiffness (Figure 1b) for dimensioning. This allows for slimmer geometries. However, this is mainly driven by the higher density, which also means that the resulting components usually exhibit a higher weight. This difference in density causes other challenges in regards to transportation, joinery and connection details. In addition, the inferior dimensional stability compared to Norway spruce (see Table 1) and the low durability [72] poses further risk in load-bearing applications, especially when exposed to moisture.



Overall, European beech wood can still be found along the whole wood-based value chain today. Yet, a bulk of the raw material is used for the provision of energy. In order to make the transition towards a climate-friendly society as envisioned in the European Green Deal [73,74], the material’s first utilization needs to be intensified. Therefore, applied and basic research in order to improve the technological potential of lesser-used wood species like European beech needs to be accelerated [75]. Therefore, the next chapter will investigate the current research efforts and topics dealing specifically with European beech wood.




4.2. Selected Research Fields


As indicated in Figure 2, the share of publications on European beech has already increased significantly compared to Norway spruce over the last couple of years. This underlines the growing interest in this wood species in the field of wood material science and wood technology.



Based on a qualitative literature search in Web of Science™ [76] and Google Scholar [77], current key research areas were identified and are summarized in the following section. Only literature dealing with European beech wood published since the year 2000 was considered for a more detailed investigation. Further selection was based on the published field, which only included wood material science and wood technology, as, for example, forestry and botany are not in the expertise of the authors. Finally, the title, keywords and abstract of the remaining publications were screened in order to identify common research areas.



In regards to different products, it can be seen that research into EWPs like GLT [78,79,80,81,82,83,84], CLT [85,86,87,88,89] and laminated veneer lumber (LVL) [90,91,92,93,94,95,96] has increased in the last decade. Ehrhart et al. [79] carried out an extensive research into the required strength grading, possible production and resulting mechanical properties of GLT utilizing European beech wood. According to the presented findings, it was possible to produce beams of strength classes GL40, GL48 and GL55 [52]. A similar potential was reported by Blaß et al. [84], who reported that beams of a strength class of GL48 can be produced by a combination of machine and visual grading and reported a possible mean bending MOE of 17 GPa and a characteristic bending strength bigger than 44.5 Mpa in some of the specimens. With regards to CLT, Franke [88] as well as Sciomenta et al. [86] reported the satisfactory mechanical performance of homogenous CLT panels from European beech, especially in comparison with CLT based on Norway spruce. However, both point out that further research and tests are necessary in order to confirm their statements. In addition to homogenous build-ups, European beech was also investigated as part of hybrid CLT build-ups by Aicher et al. [85] and Hematabadi et al. [87]. While Aicher et al. [85] tested a hybrid of European beech and Norway spruce, Hematabadi at al. [87] combined European beech with white poplar (Populus alba L.). Both reported improved performance compared to the homogenous counterparts made with Norway spruce or poplar and Aicher et al. [85] concluded that hybrid build-ups show great potential in order to enable a utilization of low-quality hardwoods. With regards to LVL, Knorz et al. [94] reported a characteristic bending strength of 73.5 MPa for European beech and 48 MPa for Norway spruce, concluding that the design possibilities can be significantly improved when using LVL made from European beech. However, Fabbri et al. [90] as well as Kobel et al. [95] underline the need for improved connection details in order to unlock the full mechanical potential. Furthermore, according to Grönquist et al. [91] and Benthien et al. [96] the behavior under changing moisture conditions poses an additional challenge in regards to LVL due to the change in physical properties during processing (multiple heat and pressure treatments) and the high swelling and shrinking coefficients of European beech wood.



The utilization of EWPs like Oriented Strand Board (OSB) [97,98,99,100,101,102] and particle board [103,104] has also been investigated recently. Findings by Thole [97] as well as Akrami et al. [98,100] suggest that European beech offers a suitable addition to the currently dominating pine species in the production of OSB. However, according to Akrami et al. [100] the ratio of wood species mixtures needs to be considered in order to achieve optimal properties. He reported that a mixture of European beech and poplar strands led to better properties (modulus of rupture, internal bond strength and thickness swelling) than panels made from 100% European beech wood.



At the level of intermediate products (e.g., boards), recent research deals with strength grading and quality assessment [105,106,107,108,109,110,111,112,113,114], adhesive technology [89,115,116,117,118,119,120,121,122,123,124] as well as improving dimensional stability [125,126,127,128,129,130,131,132]. The grading of European beech logs and boards for the use in structural products is of increasing importance [105,113,114]. According to Brunetti et al. [114], one of the most prominent differences to softwood grading is the more significant influence of the local grain angle compared to the usually dominating density. This also explains why some publications deal specifically with the determination of the local fiber angle in European beech [106,108,111,112]. The presented measuring methods include laser scattering, microwave and electric field strength as presented by Schlotzhauer et al. [106] and Rais et al. [108] as well as image-based methods as published by Ehrhart [111,112]. A similar focus towards load-bearing applications is also given with regards to adhesive technology. Schmidt et al. [118], Ohnesorge et al. [120] as well as Aicher and Reinhardt [121] investigated the delamination behavior of European beech laminations based on a melamine–urea –formaldehyde- and a polyurethane-based adhesive. They reported sufficient glue-line performance for the investigated sample dimensions. However, they also underline the need for adopted test methods and adhesive systems for load-bearing bonding of European beech. In regards to improving dimensional stability, thermal modification is of particular interest [126,127,130,131,132], especially the influence of heat treatments on the mechanical properties. According to Widmann et al. [127], thermal modification decreases the strength of European beech wood (except for compression parallel to the grain) but does not influence its stiffness. Furthermore, they also reported that thermal modification promotes brittle material failure. Similar findings were reported by Gómez-Royuela et al. [130], using static and dynamic compression tests in combination with 3D digital image correlation. Therefore, special attention must be paid to the mechanical characterization of thermally modified European beech when utilized in load-bearing applications. Further ongoing research fields include clear wood properties [133,134,135,136,137,138] and processing parameters [139,140,141,142].



Overall, it can be seen that the majority of research is conducted concerning load-bearing products (GLT, CLT, LVL and OSB), their properties as well as their production (quality assessment, modification and adhesive technology).





5. Summary and Conclusions


Historically, European beech can be characterized as a wood species with a high strength that is easy to machine. The low natural durability, but, especially, the high amount of shrinkage, is limiting the possible utilization. Nevertheless, European beech wood can be frequently found at various products. European beech can therefore be described as universalist, as there was no special utilization in former times. The description and understanding of its former use may trigger new kinds of utilization or new products.



Today, European beech wood can still be found along the whole wood-based value chain and its importance will further grow in the face of the European Green Deal. Here, wood-based products (e.g., based on European beech wood) will be needed to successfully implement several initiatives (e.g., green transportation, sustainable buildings and clean and efficient energy). At the same time, the biodiversity in forests is to be protected and they are to be preserved as a place for recreation and relaxation.



Considering the reviewed literature, current research efforts aim to improve the suitability of European beech wood for load-bearing applications and further deepen the understanding of these wood species for its utilization in engineered wood products. Compared with the currently dominating Norway spruce, products made with European beech wood offer a higher mechanical performance. However, the quality assessment, adhesive technologies and dimensional stability need to be further improved in order to offer an equivalent substitute for EWPs made from Norway spruce.



It can be concluded that the ongoing research on European beech wood needs to be intensified in order to further strengthen our understanding of this wood species and enable its efficient and effective material utilization.
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Figure 1. Comparison of mechanical properties of available engineered wood products (EWP) made from European beech (references see Table 2) and Norway spruce (references see Table 3) wood. (a) range of characteristic bending strength (σB,char.); (b) range of mean modulus of elasticity (MOEmean). Values are based on standards and technical approvals. 
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Figure 2. Share (primary axis) and total number of publications (secondary axis) on “Norway spruce” or “European beech” based on a title search in Web of Science™ in the field of “Wood material science” [76]. 
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Table 1. Main wood characteristics: dry wood density (in comparison to historical values), tensile strength, modulus of elasticity (MOE) and the total shrinkage in tangential direction of European beech, oak and spruce wood. The given numbers are mean values based on the literature. The numbers in brackets are the minimum and maximum values given in the publications (not single values).
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	Species
	Wood Density

[kg/m3]
	Historical

Wood Density

[kg/m3]
	Tensile Strength [MPa]
	MOE

[GPa]
	Tangential Shrinkage [%]





	European beech
	713 (530–910)
	691 (560–822)
	129
	14.9
	12.3



	Pendunculate and Sessile oak
	701 (430–960)
	755 (395–1280)
	100
	11.8
	9.1



	Norway spruce
	456 (330–680)
	479 (350–750)
	99
	11.7
	7.8
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Table 2. Average of mechanical properties of available engineered wood products (EWP) made from European beech wood. Listed properties are raw density (ρ12%), characteristic bending strength (σB,char.) and mean modulus of elasticity (MOEmean). The numbers in brackets are the minimum and maximum values given in the publications.






Table 2. Average of mechanical properties of available engineered wood products (EWP) made from European beech wood. Listed properties are raw density (ρ12%), characteristic bending strength (σB,char.) and mean modulus of elasticity (MOEmean). The numbers in brackets are the minimum and maximum values given in the publications.





	Product
	ρ12%

[kg/m3]
	σB,char.

[MPa]
	MOEmean

[GPa]
	Source





	Strength Graded Lumber
	767 (570–1080)
	48 (18–80)
	15.0 (9.5–24.0)
	[45]



	Glued Laminated Timber
	726 (660–800)
	41 (28–75)
	14.2 (13.2–16.8)
	[46,47]



	Laminated Veneer Lumber
	800 (-)
	74 (54–92)
	15.3 (11.8–16.8)
	[46,48,49]



	Plywood
	745 (640–876)
	57 (53–78)
	7.5 (0.5–14.0)
	[50,51]
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Table 3. Average of mechanical properties of available engineered wood products (EWP) made from Norway spruce wood. Listed properties are raw density (ρ12%), characteristic bending strength (σB,char.) and mean modulus of elasticity (MOEmean). The numbers in brackets are the minimum and maximum values given in the publications.






Table 3. Average of mechanical properties of available engineered wood products (EWP) made from Norway spruce wood. Listed properties are raw density (ρ12%), characteristic bending strength (σB,char.) and mean modulus of elasticity (MOEmean). The numbers in brackets are the minimum and maximum values given in the publications.





	Product
	ρ12%

[kg/m3]
	σB,char.

[MPa]
	MOEmean

[GPa]
	Source





	Strength Graded Lumber
	432 (350–520)
	28 (14–50)
	11.3 (7.0–16.0)
	[45]



	Glued Laminated Timber
	501 (370–550)
	27 (12–43)
	12.1 (8.3–15.2)
	[52,53]



	Cross-Laminated Timber
	476 (420–500)
	24 (16–35)
	11.1 (8.0–13.7)
	[54,55,56,57,58,59]



	Laminated Veneer Lumber
	544 (440–800)
	40 (19–80)
	11.4 (7.0–16.8)
	[60,61,62,63,64,65,66,67,68,69]



	Plywood
	532 (459–640)
	22 (15–38)
	7.8 (0.5–14.0)
	[51,70,71]
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