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Abstract: Beech wood is a material whose importance in the wood industry is growing. In the manufacture of
many different products, e.g. frame furniture, it is essential to know the compressive strength in connection with
buckling of wood. The performed tests allow us to carry out a precise comparative analysis of compression and
elastic buckling of beech wood. The similarity of the curves of the compression ratio to deformation for these
processes shows that compression strength is directly related to shear strength of elementary wood fibres.
Compression strength was calculated and the limit of the limit of stress proportionality scope was estimated. The
elasticity modulus was determined using three methods, and unanimous results were obtained. On the basis of
those measurements the limits of slenderness ratio for elastic buckling were calculated. Cubic interpolation was
used in the theoretical description of plastic buckling. Additionally, the used model provided a reliable
estimation of the limit slenderness ratio between plastic buckling and pure compression.
Keywords: European beach wood, compression strength parallel to grain, elastic buckling, limits of slenderness
ratio, modulus of elasticity, Euler stress, cubic interpolation for plastic buckling

INTRODUCTION
European beech wood (trade name according to EN 13556:2003) is harvested from a
single tree species, i.e. Fagus sylvatica L. It is a fast-growing species, widespread throughout
Europe [Boratyńska and Boratyński 1990], with a growing population in Poland, which is
connected with climate changes [Dziemidek and Tarasiuk 2005, Dobrowolska 2011].
Beech wood had bee underestimated for a long time as a raw material, and it began to
gain in importance in the mid-19th century [Krzysik’s 1954, Genet 1957]. At present, it is
widely used, also in the manufacture of bent furniture, wood accessories and wood floors
[Kozakiewicz, Pióro, Noskowiak 2012]. It is also a valuable raw material for the production
of wood composite materials.

Figure 1. A typical appearance of beech wood samples after tests for the compression strength parallel to grain.

Beech wood is a dense diffuse-porous species (equalled properties of early and late
wood). It is useful in comparative analyses of mechanical properties of wood. In such wood,
the character of fractures is similar at the entire width of annual growth rings. [Wanin 1953].
However, during a compression test beech wood undergoes shear at the plane of large
medullary rays. This shear of medullary rays is accompanied by buckling of the remaining
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fibrous structure of wood, which results in subsiding of those fibres into a Z-shaped form (fig.
1). These are causes which foster the occurrence of large plasticity area (the flat part of the
graph) in the stress-deformation characteristic of the compression test (fig. 2).
Compression of beech wood (l=60 mm, fi=18 mm)
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Figure 2. A typical graph showing the stress-deformation ratio in compression test along the fibres (example
data for two beech wood samples).

A similar characteristic is found in pure elastic buckling of entire longer samples (fig.
3). However, critical stress causing buckling has much lower values than compression
strength of thickset samples. It depends on the geometric proportions of the sample and how it
is secured. Both characteristics are described with one dimensionless parameter called
slenderness:
µL µL
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where: λ – slenderness ratio, μ – coefficient dependent on how the sample is secured, L –
sample length, i – radius of cross-section gyration, Φ – cylindrical sample diameter (or 1.155
of a rectangular sample thickness), I – cross-section moment of inertia, A – cross-sectional
area. In engineering practice, sometimes conventional slenderness ranges columns are
assumed1:
- short (pure compression) λ < λC ≈ 17 µ [ASTM D 198-02:2002];
(2a)
- medium (plastic buckling) 40 ≤ λ ≤ 100 [Kozak 2014];
(2b)
λ > λ L ≈ 100 µ [Kollmann, Cote 1984].
(2c)
- long (elastic buckling)
In tests of pure compression, and also in buckling tests, the following may be determined:
F
σ m = max ,
(3)
A
where: σm - maximum stress, Fmax – maximum force or critical buckling force.

1

Some sources don’t include in definition of slenderness ratio factor µ, which usually is 1/2.
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Buckling to break of beech rods with balls (l=750 mm, fi=18 mm)
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Figure 3. Ratio of stress to vertical deformation in elastic buckling to break test.

As for elastic buckling, the critical stress can be calculated using the Euler formula:
π 2E*
>λL
σ m λ
→ σ E (λ ) =
,
2

λ

(4)

where: σE – Euler stress; E* – modulus of elasticity during compression of short samples E (or
long E’) or Euler modulus at buckling E”, defined by (4). If the actual stress or Euler stress
significantly exceed half of the compression strength, we have plastic buckling. Theory is
often based on a simplification that the proportionality limit equals half of the compression
strength (σL =0.5σC). However, let us consider a more general case:
σ L = κ ⋅σ C ,
(5)
where: σL – stress proportionality limit (practically equal to elasticity limit) , κ – fractional
coefficient determining proportionality range (or elasticity range), σC – maximum stress at
pure compression (MOR). The stress proportionality limit distinguishes elastic buckling from
plastic buckling and allows us to determine the limit slenderness ratio:

λL = π

E*

σL

,

(6)

where: λL – is the slenderness limit for elastic buckling. Once this limit is exceeded, formula
(4) no longer applies. In this scope various empirical interpolation formulae, such as (8), are
used. Tetmajer–Jasiński linear interpolation (n=1) [Kollmann, Cote 1984, Jasiński 1895] or
Johnson–Ostenfeld2 parabolic interpolation (n=2) are used. Also, the Forest Products
Laboratory (FPL) fourth-power formula (n=4) of Newlin-Gahagan3 is used [Newlin, Gahagan
1930].
In Poland wood buckling tests are performed rather rarely (for instance, [Kudela, Gryc,
Toth 2014]), which is evident in, among other things, a lack of an update to norm PN-D04116:1959 concerning this type or wood test, even the deletion of the said norm in 2015.
2
3

For n=2, the authors used a slightly different function (8a) and put κ=1/2, σ(λ=0)=σC and used condition (9).
For n=4, instead of parameter λC =0 w (8a), the authors are optimizing parameter λL, which gives κ=2/3.
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MATERIAL AND METHODS
The test material was beech wood (Fagus sylvatica L.) without apparent defects. Two
types of samples (both 18 mm in circular cross-section) were prepared for the tests: 60 mm
long (samples for the compression test) and 740-750 mm or 928 mm (samples for the
buckling test). Most of the samples had flat ends (μ=1/2), but in a few long buckling test
samples metal hemispheres were glued at both ends (μ=1).
The samples density was determined using stereometric method in accordance to ISO
13061-2:2014. The investigation of wood compression strength was made using materials
testing machine Instron 3380. It was the modified method similar to standard method
described in [PN-D-04102:1979, ISO 3787:1976]. For the short samples, apart from
compression strength (σC), also modulus of elasticity E was determined. For long samples
modulus E’ at compression before buckling and effective modulus E” at buckling were also
determined. The analysis of samples appearance after compression testing was performed
according to norm ASTM D 143-94:2000.
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Figure 4. Characteristics compression - vertical deformation at buckling of samples with and without balls.

Critical buckling force Fcr and the maximum used force Fmax, which was calculated
into stress σm (fig.4), were determined in the buckling test. On average, values Fcr and Fmax
were equal, but in buckling test with the samples with balls the later vale was slightly higher.
Eventually, however, value Fmax turned out to be very reliable and on its basis stress was
calculated. In a few cases, the buckling test was performed until a total destruction of the
sample material (fig. 3). In all the measurements, the dependence of force and buckling (curve
shape) was analysed. On its basis, linearity coefficient and deflection were selected for the
short samples from the following levels:
κ − κ<  1 1 5 
1 5 2 3 7 
(7a, 7b)
κ ∈  , , , ,  ; ∆κ = >
∈ , ,  .
2
2 8 3 4 8
12 16 48 
On the basis of the obtained stresses, the basis limit slenderness was calculated in three ways
λL, λ’L, λ”L, using three respective moduli E, E’, E”. In the description of non-elastic buckling,
multinomial interpolation as presented in fig. 6 was used.
σ (λ ) = a (λ − λC ) n + σ C ; n ∈ {1,2,3,4};
(8a, 8b)
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where a and λC are the adjustment parameters. The criterion for the selection of the n power
was the best conformity of the method with (2a) for μ=1/2. The conditions for sewing of the
function were the following:
(9a, 9b)
σ (λ L ) = σ L , σ ' (λ L ) = σ ' E ( λ L ) ,
where prim means function derivative.
After mechanical tests, moisture content of wood was determined using dried-weighed
method in accordance to ISO 13061-1:2014.
RESULTS AND DISCUSSION
The tested beech wood had a relatively low absolute moisture of 8.8 ±0.7 % and
typical for this species density of 8.8 ±0.7 %. Table 1 presents the main results obtained in
this work.
Table 1. Data concerning the dimensions of the samples and average test results.
N

L
[mm]

μ

Slenderness
λ

Compression
parallel to grain

40

60

1/2

6.67

Elastic buckling
(with flat ends)
Elastic buckling
(with ball ends)

4
1
2
1

740
928
750
928

1/2
1/2
1
1

82.2
103
167
206

Φ=18 mm

Modulus
of elasticity*
E* [GPa]
E=11.1±1.2
13.90
12.65
10.62
12.49

Maximum
stress *
σm [MPa]
67.1±5.6

Euler
stress
σE [Mpa]
2465

17.8
10.9
4.85
3.20

18.5
11.8
4.51
2.95

E’=
12.7±1.6
E’’=
11.7±0.4

Slenderness
limits

λ < λC = 12 ± 7
(λL = 49.5)
(λL ' = 52.9)
λ > λ L = 50 ± 5
(λL ' ' = 50.8)

*Experimental results

The dependence of the buckling strength of slenderness
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Figure 5. Linear regression of average experimental points for elastic buckling.

Compressive strength parallel to grain of European beach wood was on average
σC=67.1±5.6 MPa, at a coefficient of variation of 8.4% (40 samples). While the three methods
of measuring the modulus of elasticity gave relative uniform results: 11.1±1.2, 12.7±1.6 and
11.7±0.4 GPa. The variability coefficient for the first most numerous measurement was
10.5%. In order to calculate the third modulus for buckling E”=11.7 GPa, linear regression
was used (fig. 5).
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The obtained compression strength and the modulus of elasticity are within the typical
range of values for these characteristics for beech wood [Wagenführ 2007, Kozakiewicz,
Pióro, Noskowiak 2012]. The variability coefficient of compression strength along the fibres
has a low value, compared with the variability coefficient of other mechanical characteristics
of wood. According to the research by Sekhara and Negi (1960) carried out using 250 logs of
50 different tree species, this coefficient for compression strength along the fibres is about
9.4% on average. This is confirmed by later research by Niemza (1993) performed using 20
tree species, both native and exotic, which are used in Europe (the average coefficient of the
characteristics was 13.1%).
During compression of beech wood, along with the increase of deformation, the force
increases quickly in the elastic range to reach its maximum value after moving of the material
into the plastic state. Next, together with further increase of deformation along the sample, the
force remains at the same level for a long time, with a very slight fluctuation (fig. 2). Such a
course of the changes of the force in the deformation function is typical for high-density
diffuse-porous hardwood.
The damages resulting from the compression test in most cases had the appearance of
a shear [ASTM 143-94:2000] , i.e. a slant line visible in a tangential cross-section. During
compression, first the buckling of vertical structural elements occurs at a microscopic level,
firstly of bent fibres adjacent to wide medullary rays. Medullary rays built of parenchyma
break in the tangential direction. A further increase of deformations leads to the occurrence of
visible macroscopic oblique shifts, resulting from buckling of the vertical structural elements
of the wood, which at the macroscopic level begin in the point of contact with the wood rays
[Tiemann 1944, Poulsen et al. 1997, Kozakiewicz 2010].
Compression versus plastic and elastic buckling
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Figure 6. All types of compression (pure and with plastic or elastic buckling) on a single graph showing the
dependence of maximum stress on the slenderness ratio.
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The linearity coefficient was determined at a level of (see fig. 2):
(10)
κ = 2 / 3 ± 1 / 16 = 0.67 ± 0.06 .
Based on this, the slenderness limit λL =50±5was calculated, which conforms fully with (2c)
for μ=1/2. On the basis of (8) and (9) the formula for a smaller slenderness limit was derived:
=2 / 3
λ C = [1 − n ⋅ (κ −1 − 1) / 2] ⋅ λ L κ
→ λC = (1 − n / 4) ⋅ λ L .
(11a, 11b)
According to (2a) and (8b) it can be observed that the most reasonable here is the cubic
function n=3.
=2 / 3
λ C = (2.5 − 1.5 / κ ) ⋅ λ L κ
→ λC = λ L / 4 = 12 ± 7 .
(12a, 12b)
The results of this work are synthetically presented in fig. 6.
CONCLUSIONS
On the basis of performed tests and comparative analysis of compression and buckling
of European beach wood, the following conclusions were drawn:
1. In the elastic range, the buckling of beech wood is well described by Euler’s theory.
This concerns both the samples with flat ends (μ=1/2) and those with round ends
(μ=1). In the later case, the meaningful values are the force and the maximum stress,
as the critical force is slightly lower and is not clearly defined in the experiment.
2. Tests of elastic buckling gives makes it possible to determine the modulus of elasticity
for buckling E” without the need to measure deformation. The conformity of
measurement E” with the typical measurement E (or E’) came out to be at a level of
half of the standard deviation E (E’).
3. Even dry beech wood (8.8%) shows significant similarity of stress-deformation curves
for compression and for elastic buckling with balls. The flat part of the curve is much
wider in the case of buckling. The discussed similarity may show that compression
strength along the fibres is determined by buckling strength of elementary wood
fibres. In order to fully present this thesis, a microscopic model of wood structure.
4. The tested beech wood displays linear elasticity to κ≈2/3 of maximal stress. Perhaps
beech wood with higher moisture content would a lower value of this coefficient.
However, the value 2/3 is more attractive than 3/4 or 1/2 from the point of view of the
discussed theoretical model for plastic buckling. Also, the value 2/3 also occurs in
FPL model.
5. The basic limit slenderness for beech wood is λL ≈50, which closely conforms with the
literature if we correctly consider coefficient µ≈1/2.
6. Cubic function (n=3) is theoretically attractive interpolation model for plastic
buckling. This model was not experimentally tested here, but it allows to formally
define the boundary between pure compression and plastic buckling.
7. For κ=2/3 and n=3 , the adopted theoretical model determines the lower limit of
slenderness as λC =λL / 4 ≈12. In the light of the compression norm, it is a reasonable
value, if exaggerated by about 40%. However, the value λC is determined with a large
error margin because it greatly depends on the value κ. But that gives good grounds
for accepting realistic parameters of the model.
8. The final selection of the parameters of models n and κ should take place in the course
of experimental tests of plastic buckling.

87

REFERENCES
1. ASTM D 143-94:2000 Standard test methods for small clear specimens of timber.
2. ASTM D 198-02:2002 Standard test methods of static tests of lumber in structural
sizes.
3. BORATYŃSKA K., BORATYŃSKI A., 1990: Systematyka i geograficzne
rozmieszczenie, Buk zwyczajny (Fagus silvatica L.). Nasze drzewa leśne, T. 10, red.
Białobok S. PWN. Warszawa.
4. BOURAS F., CHAPLAIN M., NAFA Z., 2010: Experimental and modeling buckling
of wood-based columns under repeated loading. EPJ Web of Conferences 6, EDP
Sciences.
5. DOBROWOLSKA D., 2011: Zasięg buka w Polsce a zmiany klimatu. Las Polski 2011
(17):24-25.
6. DZIEMIDEK T., TARASIUK S., 2005: Produkcja szkółkarska buka zwyczajnego
Fagus silvatica L. w szkółkach północno-wschodniej Polski. Sylwan 2005 (149) 1:
15-24.
7. GRYC V., VAVRCIK H., RYBNICEK M., PREMYSLOVSKA E., 2008: The relation
between the microscopic structure and the wood density of European beech (Fagus
sylvatica L.), Journal of Forest Science, 54, 170-175.
8. EN 13556:2003 Round and sawn timber. Nomenclature of timbers used in Europe.
9. EN 350-2:1994 Durability of wood and wood-based products - Natural durability of
solid wood - Part 2: Guide to natural durability and treatability of selected wood
species of importance in Europe.
10. ISO 13061-1:2014 Physical and mechanical properties of wood – Test methods for
small clear wood specimens – Part 1: Determination of moisture content for physical
and mechanical tests.
11. ISO 13061-2:2014 Physical and mechanical properties of wood – Test methods for
small clear wood specimens – Part 2: Determination of density for physical and
mechanical tests
12. ISO 3787:1976 Wood - Test methods for small clear wood specimens - Determination
of ultimate stress in compression parallel to grain.
13. JASIŃSKI F., 1895: Badania nad sztywnością prętów ściskanych (Research on the
stiffness
of compressing rods), Nakład Przeglądu Technicznego, Warszawa,
French and Russian 1894.
14. KOLLMANN F., CȎTÉ W. A., 1984: Principles of wood science and technology.
Vol. 1. Solid wood. Reprint Springer-Verlag, Berlin, Heidelberg, New York, Tokyo.
15. KOZAK B., 2014: Mechanika techniczna, WSiP, Warszawa.
16. KOZAKIEWICZ P., 2010: Wpływ temperatury i wilgotności na wytrzymałość na
ściskanie wzdłuż włókien wybranych rodzajów drewna o zróżnicowanej gęstości
i budowie anatomicznej. Rozprawy naukowe i monografie – 370 pozycja serii.
Wydawnictwo SGGW. Warszawa.
17. KOZAKIEWICZ P., 2012: Fizyka drewna w teorii i zadaniach. Wydanie IV
zmienione. Wydawnictwo SGGW. Warszawa.
18. KOZAKIEWICZ P., PIÓRO P., NOSKOWIAK A., 2012: Atlas drewna podłogowego.
Wydanie I. Wydawnictwo „Profi-Press” Sp. z o.o. Warszwa.
19. KRZYSIK F., 1954: Problem drewna bukowego, jego przerobu i zastosowania w
przemyśle. Sylwan 1954 (98) 2: 105-116.

88

20. KUDELA J., GRYC V., TOTH V., 2014: Deformation of beech wood – the sources
and their identification before beech logs processing, Annals of WULS-SGGW,
Forestry and Wood Technology, vol. 87, pp 121-125.
21. NEWLIN J. A., GAHAGAN J. M., 1930: Test of large timber columns and
presentation of the Forest Products Laboratory column formula, U. S. Dep. Agr. Tech.
Bull. 167, Washington, D. C..
22. NIEMZ P., 1993: Physik des Holzes und der Holzwerkstoffe. DRW – Verlag
Weinbrenner GmbH & Co. Leinfelden- Echterdingen.
23. PN-D-04102:1979 Drewno. Oznaczanie wytrzymałości na ściskanie wzdłuż włókien.
24. PN-D-04116:1959 Fizyczne i mechaniczne własności drewna. Oznaczanie
wytrzymałości na wyboczenie.
25. POULSEN J.S., MORAN P.N., SHIH C.F., BYSKOV E., 1997: Kink band initiation
and band broadening in clear wood under compressive loading. Mech. Mater. 25
(2):67–77.
26. SEKHAR A.C., NEGI, G.S. 1960: Über die Variationskoeffizienten der mechanischen
Eigenschaften des Holzes. Holz als Roh- und Werkstoff 18, nr 10:367-369.
27. SURMIŃSKI J., 1990: Właściwości techniczne i możliwości zastosowania drewna, w:
Buk zwyczajny (Fagus silvatica L.). Nasze drzewa leśne, T. 10, red. Białobok S.
PWN. Warszawa.
28. TIEMANN H.D., 1944: Wood technology: constructions, properties and uses. Second
edition. Pitman Publishing Corporation. New York - Chicago. U.S.A.
29. WAGENFÜHR R., 2007: Holzatlas.6., neu bearbeitete und erweitere Auflage. Mit
zahlreichen Abbildungen. Fachbuchverlag Leipzig im Carl Hanser Verlag, München.
30. WANIN S., 1953: Nauka o drewnie. Państwowe Wydawnictwo Rolnicze i Leśne.
Warszawa.
31. YOSHIHARA H., OHTA M., KUBOJIMA Y., 1998: Prediction of the buckling stress
of intermediate wooden columns using the secant modulus, Journal of Wood Science,
vol. 44, issue 1, pp 69-72.
32. YOSHIHARA H., 2010: Analysis of the elastic buckling of plywood column,
Materials and Structures, vol. 43, issue 8, pp 1075-1083.

89

Streszczenie: Analiza porównawcza ściskania i wyboczenia drewna bukowego (Fagus
sylvatica L.). Drewno bukowe przez długi czas nie doceniane jako surowiec, od połowy XIX
zyskuje na znaczeniu. Obecnie ma szerokie zastosowanie, między innymi w produkcji mebli
giętych, galanterii drzewnej i podłóg. Przy użytkowaniu drewna bukowego w wyrobach
istotna jest znajomości jego właściwości mechanicznych. Cechą drewna bukowego jest
bardzo szeroki i niemal płaski przedział plastyczności przy ściskaniu. Cecha ta upodabnia
próbę ściskania drewna bukowego do próby wyboczenia prętów prostych. W niniejszej pracy
skonfrontowano wymienione próby wytrzymałościowe. W opracowaniu wyników
doświadczalnych, wraz z maksymalnym naprężeniem ściskającym (σC) ustalono również
współczynnik jego zakresu proporcjonalności na poziomie κ≈2/3. W pomiarach uzyskano
zgodność trzech metod wyznaczania modułu sprężystości (E, E’, E”), co oznaczało
potwierdzenie teorii Eulera. Dzięki temu dość dokładnie obliczono smukłość graniczną λL≈50.
Wartość ta okazała się ściśle zgodna z wartościami przyjmowanymi w literaturze drzewnej
pod warunkiem prawidłowo uwzględnionego współczynnika mocowania próbek μ=1/2. W
ramach niniejszej pracy opracowano również model interpolacyjny dla wyboczenia
plastycznego, który dodatkowo rozgranicza wyboczenie plastyczne od czystego ściskania.
Zaproponowano w pełni analityczne rozwiązanie tego zagadnienia. Najatrakcyjniejsza
okazała się interpolacja sześcienna (n=3), która dla κ=2/3 określiła granicę smukłości
ściskanie-wyboczenie na poziomie λC =λL/4≈12. Ostateczny wybór parametrów modelu n i κ
winien nastąpić na drodze badań doświadczalnych w zakresie wyboczenia plastycznego.
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