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ABSTRACT ¢ In order to describe the behaviour of wood when calculating wooden elements and structures with
the use of the finite element method, orthotropic material model in combination with non-interactive (maximum
stress criterion) or interactive failure criteria (Hoffman and Tsai-Wu criterion) is used. Another option is to use a
general anisotropic plasticity material model complemented with a non-interactive failure criterion — maximum
stress criterion, which allows to describe wood failure by brittle failure in tension. The presented general material
model was used in combination with the idealization of annual rings by cylindrical surface for the modelling of
wood specimen tests form Scots pine (Pinus sylvestris). The obtained results show good agreement between the re-
sults of numerical analysis and experimental testing of wood specimens. The use of the anisotropic material model
can also be seen in cases when the level of the applied load is higher than the level when the failure of wooden
material occurs.

Key words: Scots pine (Pinus sylvestris), FEA, numerical modelling, elastic constants, material constants, aniso-
tropic plasticity

SAZETAK * Radi objasnjenja ponasanja drva pri proracunima drvnih elemenata i konstrukcija primjenom metode
konacnih elemenata, upotrijebljen je model ortotropnog materijala u kombinaciji s neinteraktivnim kriterijem
(kriterij maksimalnog naprezanja) ili interaktivnim kriterijima loma (Hoffmanov i Tsai-wuov kriterij). Druga je
mogucnost upotrijebiti opéi model za anizotropno-plasticne materijale dopunjen neinteraktivnim kriterijem loma
— kriterijem maksimalnog naprezanja, koji omogucuje objasnjenje lomljivosti drva pri naprezanju. Predstavijeni
op¢i model materijala u kombinaciji s idealizacijom godova kao cilindricnih povrsina upotrijebljen je za modeli-
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ranje uzoraka izradenih od drva obicnog bora (Pinus sylvestris). Dobiveni rezultati pokazuju dobru podudarnost
rezultata numericke analize i rezultata eksperimentalnih ispitivanja uzoraka drva. Model anizotropnog materijala
primjenjiv je i kada je opterecenje vece od onoga pri kojemu dolazi do loma drvnog materijala.

Kljuéne rijeci: obicni bor (Pinus sylvestris), FEA, numericko modeliranje, elasticne konstante, materijalne kon-

stante, anizotropna plasticnost

1 INTRODUCTION
1. UVOD

Despite the high abundance of Scots pine (Pinus
sylvestris) in mild and colder Eurasia climate (Utadni¢ek
etal.,2001;2012a), few literature sources contain infor-
mation on elastic and material constants of this tree spe-
cies, which could be used for an analysis with the use of
anisotropic plasticity material model. Anisotropic plas-
ticity material model defined by 9 elastic and 18 mate-
rial constants is described by Moses and Prion (2004) as
a general material model, which allows to define differ-
ent bilinear elasto-plastic behaviour with possible hard-
ening of material in three perpendicular directions, in-
cluding the definition of different behaviour in these
directions in tension, compression, and shear.

Elastic and material constants are predominantly
specified for Loblolly pine (Pinus taeda) (Bergman et
al., 2010; Bodig and Goodman, 1973; Morais et al.,
2001; Jeong et al., 2010) and for Douglas fir (Douglas
fir) (Bergman et al., 2010; Bodig and Goodman, 1973;
Winandy, 1994; Nairin, 2007; Kim and Harries, 2010).

Elastic constants for Scots pine (Pinus sylves-
tris), shown by Bodig and Goodman (1973) and Martin
and Berger (2001), are based on a special report pro-
duced by R. F. S. Hearmon (Hearmon, 1948). Elastic
constants for Scots pine used for the modelling of a
section of a wooden string staircase and stair joints are
also presented by Pousette (2006). Elastic and material
constants of Scots pine are shown by Danielsson and
Gustafsson (2013), who used these constants for the
modelling of a double cantilever beam (DCB) and end-
notched beams. According to Danielsson and Gustafs-
son (2013), the specified constants are in compliance
with the values for Norway spruce (Picea abies). The
values of elastic and material constants of Scots pine
are shown in the papers of Matovi¢ (1993) and Pozgaj
et al. (1997; 2004).

For the purpose of the numerical analysis of a
prefabricated suspended staircase from Scots pine
(Péncik, 2013), elastic and material constants of the
Scots pine were selected with the use of results pre-
sented in the papers of Matovic (1993) and Pozgaj et
al. (1997; 2004). The constants are shown in Table 1,
where £ is modulus of elasticity in material directions
(longitudinal L — E, radial R — E, and tangential T —
E.), G is shear modulus in material planes (G, G,
G, ), v Poisson’s ratio (Vo Vi Vi) fip Jop Jrp aT€
strengths in tension and f, , 1, . f;, are strengths in com-
pression in material directions L, R and T, f, ., /1 fer
are shear strengths in material planes.

The elastic constants (Table 1) were selected tak-
ing into account the meeting of criteria presented in
relation (1) (Gillis, 1972; Hallai, 2008) and in relation
(2) (Xavier, 2007), which express their inter-relation.

E>E >G,~G, >E>G, (1)

()

The verification of elastic and material constants
(Table 1) was performed by a numerical modelling of
experimental testing with the use of finite element cal-
culation using software ANSYS (ANSYS, 2012a).

E>E >FE,G,>G, >G

RT? VLR > VLT > VRT

2 MATERIAL AND METHODS
2. MATERIJAL | METODE

2.1 Experimental testing
2.1. Eksperimentalno ispitivanje

Wooden specimens made of Scots pine (Pinus
sylvestris) were prepared in compliance with CSN EN
408. The dimensions of the cross section — width (b)
and height (#) and length (L) of specimens were se-
lected in compliance with the requirements of CSN EN
408; b x h x L =25 x 25 x 475 mm. Before the testing,
the specimens were conditioned in a standard envi-
ronment at the temperature of 20 + 2 °C and relative

Table 1 Elastic and material constants of Scots pine (Pinus sylvestris) in MPa
Tablica 1. Elasti¢ne konstante i materijalne konstante drva obi¢nog bora (izrazene u MPa)

Elastic constant for orthotropic and anisotropic plasticity material model
Elasticne konstante za model ortotropnoga i anizotropnoga plasticnog materijala
EL ER ET GRT GLT GLR VRT VLT VLR
14300 700 545 500 800 1230 0.380 0.040 0.030
Material constant / Materijalne konstante
Ju e Jr Jre U Jre i Jix Jar
103.0 48.5 3.5 7.6 5.4 52 7.5 7.3 2.3
R, E, P
86 12800 505
Adjusted material constant for anisotropic plasticity material model
Prilagodba materijalnih konstanti za model anizotropnoga plasticnog materijala
Ju e . Jre Ju Jre i Jix Jir
101.0 43.0 4.927 5.4 5.4 52 7.5 7.3 2.3
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Figure 1 Arrangement of the test in compliance with CSN EN 408 (a) and specimen No. 7 with a steel V-shape fixture (b)
Slika 1. Skica ispitivanja u skladu s normom CSN EN 408 (a) i uzorak broj 7 ¢eliénim uévriéenjem V-oblika (b)

humidity of 65 + 2 % until reaching constant weight 35
(Kuklik and Videnisky, 2005). In total, 10 specimens
were prepared. 3.0 -\

The specimens were simply supported during the
experimental testing. The specimens were loaded by
four-point bending (Fig. 1). The distance between sup-

25 P 742/1
2.0 s

ports was 450 mm (18-4). The testing set was comple- £ >
mented with a developed steel V-shape fixture (Fig. 1), = s /
which prevented transversal displacement of the tested ’
specimens, while allowing their bending. Lof===="7 ooy 0.4 Finjx

For the purpose of the monitoring of vertical dis- Part of load displacement diagram
placement w* (Fig. 1), testing specimens were fitted on 0.5 for regression analysis. —
the right support at their upper surface, with an inductive V A LN oo1F, 4)( ’
standard displacement transducer HBM WA-T/50 mm 0-00 p 0 5 ”
(HBM, 2012), with the measuring range of 0 — 50 mm W, mm

and accuracy of 0.001 mm. The vertical displacement w
at midspan was converted with the use of the measured
vertical displacement w* (w = w*/2). The load was de-
rived from the mechanical testing press FPZ100. The
magnitude of the loading force was recorded by a cali-
brated resistance load cell. All sensors were connected
to an 8-channel measuring data logger HBM Spider 8
(HBM, 2006). The data were recorded with the record-
ing frequency of 2 Hz, i.e. in the time interval of 0.2 s.

2.2 Results of experimental testing
2.2. Rezultati eksperimentalnog ispitivanja

The relation of applied load F on vertical load w
(load — displacement diagram F — w) for the whole inter-

Figure 2 Load displacement diagram (F — w) for the whole
loading interval

Slika 2. Dijagram opterecenje — pomak (¥ — w) za cijeli
interval opterecenja

val of loading and all specimens is shown in Fig. 2. The
load displacement diagram for individual specimens is
shown in Fig. 5. The average value of limit load F__is
2.693 kN (Table 2). The regression analysis and the de-
termination of modulus of elasticity in bending used the
part of graph in the interval 0.1-F _ to 0.4-F . i.e. the
part with linear relationship between load F and dis-
placement w (Fig. 2) with the value of reliability R?
higher than 0.99 (Kuklik and Videinsky, 2005).

Table 2 Experimentally measured values for individual specimens
Tablica 2. Eksperimentalno dobivene vrijednosti za pojedine uzorke

Specimen No. m p F w* w E, R, w, w, R?

Uzorak br. g kg/m? kN mm mm MPa MPa mm mm
1 152.3 513.0 2.643 | 34.6188 | 17.3094 | 10624.0 74.5 1.14592 | 4.83916 | 0.9999
2 150.8 508.0 2.458 | 31.4688 | 15.7344 | 11070.0 69.2 1.13983 | 4.68429 | 0.9998
3 165.8 558.5 2.979 | 28.7375 | 14.3688 | 15738.0 83.9 0.83749 | 3.33063 | 1.0000
4 169.6 571.3 2.579 | 27.1000 | 13.5500 | 14414.0 72.6 0.86025 | 3.5824 | 0.9995
5 155.5 523.8 2.777 | 37.8688 | 18.9344 | 13157.6 78.2 0.91057 | 3.89265 | 1.0000
6 162.5 547.4 3.062 | 32.3875 | 16.1938 | 14510.4 86.3 0.89047 | 3.59453 | 0.9995
7 150.5 506.9 2.171 | 22.5063 | 11.2531 | 11518.3 61.2 1.03163 | 4.43813 | 0.9991
8 153.9 518.4 2.936 | 30.4813 | 15.2406 | 14785.6 82.7 0.78059 | 3.43433 | 1.0000
9 165.1 556.1 2.639 | 31.0688 | 15.5344 | 11710.7 74.3 1.06821 | 4.41875 | 0.9994
10 159.7 537.9 2.684 | 30.1625 | 15.0813 | 11825.1 75.6 1.03245 | 4.35058 | 1.0000

Average 158.6 534.1 2.693 | 30.6400 | 15.3200 | 12935.4 75.9

Prosjecno
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2.3 Evaluation of modulus of elasticity in bending
2.3. Odredivanje modula elasti¢nosti pri savijanju

Modulus of elasticity in bending £, (MPa) (Table
2) was determined with the use of relation (3) accord-
ing to CSN EN 408, where / — free sample length, m, b
— width of cross-section, m and 4 — height of cross-
section, m, and a — distance of load from support (6-4),
m (Fig. 1). The difference (¥, - F',) and (w, —w,) shows
the growth of loading and vertical displacement on the
linear part of the load — displacement diagram. The val-
ues I, F,, w and w, were determined with the use of
load—displacement diagram in Fig. 2; F, = 0.269 kN
and F, = 1.077 kN. The measured values are arranged
in Table 2, where m — weight, g, F/ __— limit load, kN,
w* — measured vertical displacement, mm, w — con-
verted vertical displacement at midspan, mm and R? —
value of reliability.

=G

2.4 Evaluation of bending strength
2.4. Odredivanje ¢vrstoce na savijanje

Bending strength R (MPa) (Table 2) was dgter-
mined with the use of the relation (4) according to CSN
EN 408, where b — width of cross-section, m, and /& —
height of cross-section, m, a — distance of load from
support (6-h), mand F__— limit load of specimen.

F ‘a

Ry = ﬁ 4)

2.5 Numerical analysis of experimental testing
2.5. Numeri¢ka analiza eksperimentalnog ispitivanja

When modelling wood by the finite element
method (Bathe, 2006; Tankut ef al., 2014), several ap-
proaches to wood modelling can be used. The ap-
proaches are based on simplifications of the real natu-
ral material. The modelling idealizes the real trunk of
generally cone shape as a cylindrical object (Bodig and
Jayne, 1993), idealizes annual rings as constant shape,
thickness and curvature, local failures (knots, cracks),

1 2
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Figure 3 Geometry and 3D numeric model of wooden
specimens in the calculation system ANSY'S

Slika 3. Geometrijski i numeri¢ki 3D model drvnih uzoraka
u racunalnom sustavu ANSY'S

variable structure of material, and differences between
earlywood and latewood.

The numerical modelling of experimental testing
of specimens idealized annual rings of individual spec-
imens as cylindrical surfaces (Fig. 4) and the behaviour
of wood was described with the use of anisotropic plas-
ticity material model (Moses and Prion, 2004). The
model was described with elastic and material con-
stants shown in Table 1. The material constants were
adjusted in order to meet the conditions of plasticity
incompressibility and closed surface plasticity of ellip-
tical shape mentioned by Moses and Prion (2004) and
ANSYS (2012a). The material model was comple-
mented with non-interactive failure criterion — maxi-
mum stress criterion (Vinson and Sierakowski, 2002),
in order to allow the description of wood failure by
brittle failure in tension. Neither the hardening of ma-
terial, nor the limitation concerning the plasticity re-
serve was considered for compression.

Ten 3D numerical models of specimens were
made in the calculation system ANSYS version 14.0
(ANSYS, 2012a). The models were created with the

5

10

-

Wig\§

il

Figure 4 Idealised annual ring characteristics found from the characteristics of annual rings at the specimen front

Slika 4. Idealizirani godovi na popre¢nom presjeku uzoraka
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use of solid finite elements of SOLID45 and SURF154
type (ANSYS, 2012a).

In order to reduce the time demanding nature of
calculations, symmetric boundary conditions were
considered (Cook et al., 2001), i.e. specimen halves
were modelled of a size of 25 x 25 x 237.5 mm (Fig.
3). In the transversal direction, the line load (line A)
was distributed on specimens with the use of a distribu-
tion board (Fig. 3).

The cross sections of numerical models consid-
ered the characteristics of annual rings. The modelling
of the characteristics of annual rings was based on one of
two front views of specimens. General cone shape of the
trunk, as well as the spiral arrangement of grains along
the whole length of the trunk, was neglected. The char-
acteristics of annual rings in the front were replaced with
cylindrical surfaces, and the specimens were expected to
have constant curvature along the length. The cross sec-
tions of specimens are shown in Fig. 4.

The calculations were made in steps, taking into
account material non-linearity. In addition, the effect of
large displacements and rotations of finite elements,
i.e. geometric non-linearity, was taken into account.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Results of experimental testing
3.1. Reazultati eksperimentalnog ispitivanja

On average, the failure of tested specimens oc-
curred under the force of 2.693 kN (Table 2). The min-

imum force of 2.171 kN at the failure was measured
when testing specimen No. 7. In contrast, the maxi-
mum force of 3.062 kN at the failure was measured
when testing specimen No. 6. The experimentally mea-
sured variation strength coefficient at failure is 9.83 %.

The average value of the modulus of elasticity in
bending £, determined by experimental testing of 10
specimens, is 12935.4 MPa. The measured values of
the modulus of elasticity in bending ranged within the
interval of 10624.0 MPa (min; specimen No. 1) to
15738.0 MPa (max; specimen No. 3). The experimen-
tally measured variation coefficient of the modulus of
elasticity in bending is 14.0 %, which is a lower value
than that of 22 % mentioned by Bergman et al. (2010)
and Jirt (1970).

The average value of bending strength R, is 75.9
MPa. Minimum and maximum values of bending
strength do not correspond to the same samples used
for measuring modulus of elasticity in bending. The
measured values of bending strength ranged within the
interval of 61.2 MPa (min; specimen No. 7) to 86.3
MPa (max; specimen No. 6). The experimentally mea-
sured variation coefficient of bending strength is 9.8 %,
which is again a lower value than that of 16 % men-
tioned by Bergman et al. (2010) and Jird (1970).

The value of modulus of elasticity in bending £,
and bending strength R, depends on the orientation and
density of annual rings (Table 2 and Fig. 4). Higher
values £, and R, were shown by samples with higher
density of annual rings and specimens, whose annual
rings were convex when looking at the specimen front.

’ ----- Numerical analysis Experimental testing ‘

1 2 3 4 5
35 35 35 15 35
3.0 3.0 3.0 / 10 3.0
-7 el y 4P - /
2.5 /,’ A 2.5 ] ,/, 2.5 % 25 d 25 7
VA 4 ll / /
£ 20 v z 20 7 z 20 7 > 20 i » 20
o / = K —% A ) [ 4
15 7 L 15 y KOS /,‘ 1S / ;1.5 /
1
1) /, 4
1.0 / 1.0 / 1.0 / 1.0 / 1.0 /
05 1o 05 0.5 0.5 / 05
00 0.0 0.0 0.0 0.0
0 10 20 0 10 20 0 10 20 0 10 20 0 10 20
U, , mm U, mm U,, mm U,, mm
Uy’mm Y Y Y Y
6 7 8 9 10
35 3.0 35 3.0 3.0
3.0 A el 3.0 A pre)
/l 2.5 v /‘ 25 V4 2.5 /
25 - 4 - /, /
i 20 + 23 // 20 V4 2.0 ,.'/
4
20 i /, 2.0 o4 / /
Z / Z s 4 Z /’ % o1s ," Z s 1
L / S f oS % / w p
1.0 1.0 Y 1.0 J
10 / / 10 % / /
0.5 05 05 0.5 0.5
0.0 0.0 0.0 0.0 0.0
0 10 20 0 10 20 0 10 20 0 10 20 0 10 20

Uy,mm U,, mm

U,, mm

U,, mm U,, mm

Figure 5 Load displacement diagrams (/" — U,) of specimens determined by numerical analysis and experimental testing
Slika 5. Dijagram opterecenje — pomak za ispitivane uzorke odreden numerickom analizom eksperimentalnog ispitivanja
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Table 3 Results of experimental measurement of strength at the failure limit /' (kN) and vertical displacement U, at point B
at midspan with numerically determined values

Tablica 3. Rezultati eksperimentalnog mjerenja ¢vrstoce pri maksimalnom opterecenju F (kN) i vertikalnom pomaku U, u
tocki B u sredini raspona s numeri¢ki utvrdenim vrijednostima

Specimen No. w F__ U, F, . xa w/U, FLo!Fona
Uzorak br. mm kN mm kN % %
Experimental testing Numerical analysis
Eksperimentalni podaci Numericka analiza
1 17.3094 2.643 15.9896 2.723 -8.25 291
2 15.7344 2.458 15.1248 2.698 -4.03 8.90
3 14.3688 2.979 13.9851 2.601 -2.74 -14.53
4 13.5500 2.579 14.2121 2.631 4.66 1.98
5 18.9344 2.777 15.4661 2.696 -22.42 -2.99
6 16.1938 3.062 13.7368 2.601 -17.89 -17.74
7 11.2531 2.171 15.4568 2.678 27.20 18.96
8 15.2406 2.936 14.5737 2.610 -4.58 -12.51
9 15.5344 2.639 15.9157 2.647 2.40 0.32
10 15.0813 2.684 14.8208 2.618 -1.76 -2.52
Average 15.3200 2.693 14.9282 2.650 - -

3.2 Results of numerical analysis of experimental

taking into account non-interactive failure criterion and

testing " . . the idealisation of the annual rings characteristics,
3.2. Reazultati numericke analize eksperimentalnog .
ispitivanja showed good agreement between the results of numeri-

The load curves F' — U, at point B (Fig. 3) are
shown in Fig. 5. Very good conformity between ex-
perimental tests and numerical analysis was reached
with the specimen No. 4, 5, 6, 9 and 10. Regarding the
specimen No. 1, 2 and 7, the hardness values of the
numerical and material model, respectively, were high-
er than those of wood specimens. Load curves of spec-
imen No. 3 and 8 are located under the experimentally
determined load curves, indicating lower rigidity of the
numerical and material model, respectively.

The average strength at the failure limit deter-
mined by experimental testing (2.693 kN) differs from
the average strength at the failure limit determined by
numerical modelling (2.650 kN) by —1.62 % (Table 3).
The difference of the average measured vertical dis-
placement at midspan (15.32 mm) and numerically de-
termined values (14.93 mm) is —2.61 %.

4 CONCLUSIONS
4. ZAKLJUCAK

The determined value of average modulus of
elasticity in bending £, 12935.4 MPa by experimental
testing differs from the values stated in literature for
Scots pine (Pinus sylvestris) 12800 MPa (Table 1) by
1.05 %. The average bending strength R, 75.9 MPa de-
termined with the use of the same group of specimens
differs by 11.74 % from the published value of
86.0 MPa. The determined average values £, and R,
confirm the values of these constants mentioned in the
paper of Matovi¢ (1993) and Pozgaj et al. (1997,2004).
The partial results of experimental testing of speci-
mens show that constants £, and R, are dependent on
the orientation and density of annual rings.

The use of anisotropic plasticity material model
(Moses and Prion, 2004) for wood modelling with elas-
tic and material constants according to Table 1, while

32

cal analysis and experimental testing of wood speci-
mens. The difference between experimentally and nu-
merically determined results is on average up to 2.7 %.
Numerically determined load curves follow the load
curves determined by experimental testing. The use of
anisotropic plasticity material model can be seen on ex-
amples of load test modelling, numerical determination
of load bearing capacity, i.e. in cases when the level of
the applied loading is higher than the load when the ma-
terial failure occurs. Otherwise, the above described ap-
proach can be replaced by a simpler, orthotropic mate-
rial model with elastic constants according to Table 1
and interactive failure criteria — Hoffman (Hoffman,
1967) and Tsai-Wu criterion (Tsai and Wu, 1971).
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