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AHaJM3 pa3pyuieHHs JAepeBAHHBIX 00pa3noB no cvemanHoi moge I/11
¢ MOMOIIBI0 KPUTEPHs MAKCMMAJIbHBIX KacaTeJlbHbIX HANPSKEeHUN
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Paccmampusaemcs npumenenue H06020 Kpumepus paspyuleHus 01 npocHO3UPOEAHUs HANPAGICHUS
UHUYUUPOBAHUS U POCIA MPEWUH 8 0ePesaHHbIX 00pasyax npu cmewanHol mooe nazpycenus /11
Jannvii kpumepuil yuumoiéaem pacnpeoeiienue MaKCUMAIbHbIX KACAMENbHbIX HaNpAiCeHULl 8 OKpecm-
Hocmu eepuiunbl mpewjunsl. Eeo enagnoe npeumyujecmeo no cpagHeHuio ¢ Opy2uMu U36eCHHbIMU
Kpumepuamu — 6onee MOUHbIIL yuem 6IUAHUA 30Hbl NOGPeXCOeHUs HA paspyuienue Oepeed. Hzme-
HeHue nooamau8ocmu NOBPENCOeHHO20 MAMepudnd, CeA3aHHOe ¢ POCIOM MUKPOMPEWUHt, Y4umol-
8aemcs ¢ NOMOWbIO CneyuaIbHo2o Kodpuyuenma nospexcoaemocmu. Ipednoscennviii kKpumepuii
npUMeHsemcs 6 Cayuae paspyuienus o0pasyos ¢ Npou3EONLHOU OpueHmayuell mpewjur OmHOCU-
MenbHO OpMOMPONHBIX Ocell Mamepudnd. YcmanoseneHo, 4mo makot nooxo0 XOopouio Onucvlédem
Mexanusm paspyulenus oepesaHHulx 0bpaszyos. llpusedeno cpagnenue pacuemusix pe3yivbmamos c
U36ECHBIMU IKCNEPUMEHIMATLHBIMIUL.

Knrouegwvle cnoea: xputepuii pa3pyuieHusi, CMelIaHHasg MOJia Harpy>KeHus, JepeBo,
KacaTelbHOE HaNpsHKeHNE, 30Ha TTOBPEKICHHS.

Introduction. Wood is a natural orthotropic material which is broadly used in
civil and construction fields. Different factors like easy accessibility, the high ratio
of mass to strength, remarkable durability and performance, absorbing and
dissipating of vibrations under some conditions of use and also good insulating
properties of dry wood against heat, sound and electricity of wood have been
rendered them as a good candidate for structural elements in construction [1]. But
the most important parameter which plays a key role in growing demand for the
application of wood is its availability in many species, sizes and shapes. Moreover,
the simple manufacturing process of wood from renewable sources is another
factor encouraging industry to employ them.

Efficient and safe design of timber structures necessitates the proper
understanding behavior of wood fracture which is a complicated issue attributed to
the inherent variability, heterogeneity and anisotropy of wood.

Wood elements are either most likely to experience damages during service,
or contain geometric discontinuity. Subjected to the mixed mode I and II of
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loading, intrinsic damages in wood are identified as cracks with various sizes [2].
The mechanism of wood fracture can be hardly distinguished with linear elastic
fracture mechanics (LEFM) principles due to the damage zone around the crack tip
and development of micro-cracks in the crack tip vicinity resulted in wood
specimens’ fracture [3].

Almost all proposed criteria for fracture investigations of wood specimens
under mixed mode I/II loading are developed for the specimens with initial notches
along the wood fibers. The complicated mechanism of wood fracture has hinder
different researchers from studying this phenomenon theoretically and limited most
studies to satisfy by curve fitting on experimental data [4, 5].

Recently, Jernkvist [6] tried to develop a criterion for wood structures under
mixed mode I/II loading by extending the well-known isotropic fracture criteria,
namely maximum strain energy release rate [7] and minimum strain energy density
criteria [8]. The obtained results are conservative and are not in agreement with
experimental data [9]. This inconsistency is originated from neglecting the wasted
energy caused by microcrack formations and their growth in fracture process zone.

Therefore, the theoretical investigations of wood fracture are suffering from
robust and general criterion especially for mixed mode fracture. The main objective
of this article is to develop a general criterion to study mixed mode fracture of
wooden specimens relying on modification of maximum shear stress criterion
while not only the influence of fracture process zone in crack tip region is taken
into account but also the robust modeling accounts for arbitrary oriented cracks.

1. Framework of Modeling. From the material point of view, wood can be
described as a continuum, homogenous and orthotropic material at macro scale [1].
Material symmetry axes are defined as the longitudinal direction (L) of fibers, the
radial direction (R) of rays and the tangential direction (T) to the growth rings.
Consequently, there are six principal systems of crack propagation introduced by
Smith et al. [2] as TL, RL, LR, TR, RT, and LT. The first letter denotes the normal
direction to the crack plane; while the second letter indicates the direction of crack
propagation [1]. In one hand, due to the particular design of timber structures, the
RL and TL systems represent the most frequent planes of crack propagation. From
the other hand, mode II and mixed mode I and II are most experienced fracture
modes for wooden structural members than the others. Therefore, development of
a reliably accurate criterion for mixed mode I/II fracture in the RL and TL crack
propagation systems for wood is considered in this research. Figure 1 shows the
coordinate system which is used for analysis wherein x-axis corresponds to the
wood longitudinal (L) direction and y is R direction.

Fig. 1. Crack tip coordinate system used in the analysis of cracked wooden specimens.

170 ISSN 0556-171X. IIpobnemsr npounocmu, 2013, Ne 3



Fracture Investigation of Wood under Mixed Mode I/II Loading ...

Table 1
Elastic Properties of Scots Pine and Norway Spruce Applied in the Analysis
Species Eps | Er, | Eps | Gres | Vig | Vir | Ve | Ko K,
GPa | GPa | GPa | GPa MPavm | MPavm

Norway spruce (RL) [9]| 0.81 | 0.64 | 11.84 | 0.63 | 0.38 | 0.56 | 0.34 | 0.58 1.52
Scots pine (RL) [10] 1.10 | 0.57 | 1630 | 1.74 | 0.47 | 0.45 | 0.31 0.49 1.32

Norway spruce and Scots pine are two well known wood species that have
been used in this study. The elastic properties of these materials are summarized in
Table 1.

2. Prediction of Crack Propagation Direction. Motivated by the physical
observation in isotropic materials that failure occurs along the plane of maximum
shear stress and paying attention to this fact that the strength of wood can be highly
directional, it is assumed that the direction of crack extension is controlled by the
ratio of shear stress to strength at the given plane. It is postulated that the crack
grows along the plane on which this ratio is a maximum. Thus, the model is a shear
stress criterion which includes the anisotropic strength of the material.

Mathematically, the criterion states that given the shear stress 7(ry, ¢) at
some small distance 7, from the crack tip and the tensile strength 7(¢) on the
plane ¢, the crack will grow along the plane on which the ratio R(r,, ¢) is a
maximum, where

R(ry, ¢)=T(;(()€’p)(p). 1)

For wood, the tensile strength T(¢) is strongly dependent on the orientation
of the plane ¢ with respect to the fiber orientation. Strength properties in
directions ranging from parallel to perpendicular to the fibers can be approximated
using Hankinson type formula [11]:

T(p)= Xpsin? B+ Yy cos® B, ()

where Y, is strength perpendicular to grain and X, is strength parallel to grain.
The angle f§ is defined as the angle from the plane of possible crack extension to
the material principal direction as depicted in Fig. 2.
r
le}e/of
possible

Fig. 2. Plane of possible extension and associated angles.
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Since the mixed mode I/Il loading is considered, maximum shear stress
criterion in x = y plane will be given by

T o = (011 = 022)/2 + 07, 3)

Value of 7(ry, ¢) in front of crack tip can be written by using the following
singular stress state at the crack tip vicinity:

KO Rugy© 4
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The angular functions f; and g, are dependent on the plane strain
constitutive matrix [12]. Now the R(r,, ¢) can be easily found by substituting
Egs. (2) and (4) into Eq. (1) and crack growth direction is coinciding with the
angle of maximum R(ry, ¢). The distribution of R(r,, ¢) for fiber inclination
0=0 is plotted in Figs. 3 and 4 for Norway spruce in two sample cases of
K=K, and K;=0.4 MPavm, K{; =10 MPay/m.
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Fig. 3. Distribution of R-function in crack tip vicinity in Cartesian (a) and polar (b) coordinates for
K, =K, and 6 =0.
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Fig. 4. Distribution of R-function in crack tip vicinity in Cartesian (a) and polar (b) coordinates for
K; =04 MPaJm, K;; =10 MPaym, and 6 = 0.
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The results of modified shear stress criterion and experimental observations
[13] are summarized in Table 2. It can be observed that predicted crack propagation
angle with modified shear stress criterion completely coincides with experimental
data. The results show that the propagation of crack with any inclination with
respect to wood fibers will be along the wood fibers. Crack kinking behavior is
independent from mode mixity and is justifiable with respect to highly orthotropic
behavior of wood.

re lCreaclz( Propagation Angle for Wood Specimens with Different Crack Inclination
0, rad K, Ky, Crack propagation angle (rad)
MPavm MPav/m Modified maximum Experimental data [13]
shear stress
0 K. 0.0001 0 0
0.0001 Ky 0 0
0.4 1.0 0 0
/6 K, 0.0001 /6 /6
0.0001 Ky, /6 /6
0.4 1.0 /6 /6
/3 Ky, 0.0001 /3 /3
0.0001 Ky, /3 /3
0.4 1.0 /3 /3
/2 K. 0.0001 7/2 /2
0.0001 Ky, /2 /2
0.4 1.0 /2 /2

3. Fracture Criterion for Cracks along the Wood Fiber. In this section,
onset of crack growth is assumed as soon as 7., at some finite distance » =10
from the crack tip reaches a critical value. In accordance with mentioned assumption,
the crack propagation direction is supposed to be in fiber direction. Using Egs. (3)
and (4), in front of crack tip can be written as

—_ { Ky (f11(0)—f22(0)ﬂ2+( Ky )2‘ 5)
2y 2 27r

And requiring it to be valid also for pure mode I loading, the following
relation is found:

cr

K. (fn(o) - f22(0)) (6)

2nr 2

by definition of
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(7

0)— £, (0))?
ﬁ=(f“( )2f22( ))

Eq. (6) takes the following simple form:
1 2 2
ﬁVKIﬁ+KII_KIc=O' (8)

Assuming the fact that, mixed mode limiting fracture curve obtained from the
modified maximum shear stress fracture criterion should pass through the point
describing the critical value of the mode II stress intensity factors, we find the
following relation between mode I and mode II fracture toughness:

Ky =K AB. )
Substituting  from Eq. (9) into Eq. (8), yields

2 2 _ 2
Ki + pKy=Kj. (10)

in which
p=(Ki./Ku)?, (11)

p 1s introduced as a “toughness damage factor,” demonstrating the variation
compliance of damaged material in crack tip vicinity due to growth of microcracks.
Equation (10) shows a simple mixed mode I/II fracture criterion in terms of stress
intensity factors Ky and Ky;.

Several mixed mode fracture criterion such as modified minimum strain
energy density, maximum strain energy release rate and maximum principal stress
were proposed for mixed mode fracture analysis of wood [9]. In order to show the
superiority of the proposed method, fracture limit curves related to these criteria is
plotted in Figs. 5 and 6 for Norway spruce and Scots pine wood in comparison
with modified maximum shear stress criterion.

A comparison between experimental data related to Norway spruce and Scots
pine and theoretical models reveals that developed approach is more compatible
with the nature of fracture phenomena in wood. It can be understood that the
fracture limit curve related to modified maximum shear stress criterion could
predict the experimental data very well.

4. Fracture Criterion for Different Crack Orientation. The most general
case of crack configuration is studied in this section. In this case crack axis and the
main orthotropy axes do not coincide with each other. It is known that crack is
susceptible to grow along a particular physical plane with the highest risk of the
fracture. Therefore, crack growth at an arbitrary notch angle with respect to wood
fibers deviates by angle @ from the original notch orientation as illustrated in
Fig. 7a. Therefore, it is assumed that arbitrary crack in wood after in-plane loading
will depart via a sharp kink and propagates along the fibers when the fracture
toughness at the tip of the kink is exceeded. This phenomenon is shown in Fig. 7b.
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K, MPaym Ky, MPay/m
===Maximum principal stress === Maximum principal stress
wre- Strain energy releaserate | | ... Strain energy release rate
2% == Sirain energy density > === Strain energy density H
"s‘~ s Mﬂdlflled maximum shear stress = Modified maximum shear stress
~«_© Experimental data .~ O Experimental data

Fig. 5

Fig. 5. Proposed criterion for wood fracture investigation in RL direction in comparison with Norway
spruce experimental data [9].
Fig. 6. Proposed criterion for wood fracture investigation in RL direction in comparison with Scots
pine experimental data [10].

Fig. 7. Wood specimen with arbitrary orientation initial notch (a); kinking in an arbitrary crack
orientation (b).

Since the kink is parallel to the wood fibers, it represents a plausible
microcrack or intercellular flow in the material. So, it is permissible to use the
developed fracture criterion in the preceding section [i.e., Eq. (10)] to obtain onset

of fracture for this arbitrary oriented crack position. Substituting the local stress

intensities at the crack tip of the kink (i.e., K" | K &%) into Eq. (10), we have

(Ki™)? + p(Ki"™)? =K. (12)

Linearly elastic material is considered and the stress intensity factors at the tip
of the kink, K™ and K™ can be expressed by linear combinations of the

stress intensity factors for the main arbitrary oriented cracks:

kink __
Ki™ =a Ky +apKy,

kink __
K" =ankKy+ankKy,

(13)
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!

where a;; are functions of kink angle , and material compliance properties C;,

and they can be calculated using an integral equation method [14, 15].

For the sake of model validation, experimental data for Norway spruce [9] in
comparison with fracture limit curves are shown in Fig. 8 when initial notches are
along (RL, w=0) and across (LR, @w=—90° the wood fibers.

Fracture limit curves for Scots pine wood in comparison with mixed mode
experimental results [16] for specimens with the crack inclination angles w =0,
45, 67.5, and 90° are also presented in Fig. 9.

Ky, MPaym

— » =0, o Experimental data
=== =90° o Experimental data| |

2 3 4 Ky, MPav/m

Fig. 8. Presented criterion for different crack orientation in comparison with experimental data [9] for
Norway spruce wood.

Ky, MPaym
= =0, O Experimental data
s |===0=45° 0O Experimental data
al rd ,' wens ) = B7.5°, § Experimental data | |
g I o |7-—-©=90°% ¥ Experimental data
; ’
P B
1.8 2 °'f $ 1
. I"! Bf ‘_..-—"""--“'s
+ 4 . H
A F Pl - s
&od o -
I IR e o ]
i El’f.-‘ i3 ~
o - t)
F; ‘:"-‘f /"’
o L ra
[ 3 " B
0.5 ; ; -~
i -
;s ke
[ r"
ol d L o e . s , s
0 1 2 73" 4 5 6 7 & K MPa/m

Fig. 9. Presented criterion for different crack orientation in comparison with experimental data [15]
for Scots pine wood.

The presented results and comparison in Figs. (8) and (9) imply the efficiency
of developed model for fracture investigations in wood. It is worth mentioning that
the applicability of the derived fracture criterion for cracks with arbitrary directions
with respect to wood fibers is restricted to those geometric configurations wherein
non-singular stress parallel with the crack plane is close to zero.
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Conclusions. In this article, a new mixed mode fracture criterion for
investigation of crack growth condition and crack propagation direction in wood
species was extracted based on maximum shear stress criterion. This criterion is
capable of considering fracture process zone effects on crack growth initiation. The
criterion is very simple and contains mode I and II fracture toughness as the only
material dependent fracture parameters. This criterion provides a better and more
efficient mathematical tool which could be applied to fracture problems including
specimens with arbitrarily oriented notches with respect to wood fibers. Different
case studies for a typical set of wood specimens demonstrate the effectiveness of
the proposed idea and could properly approximate the experiment results. However,
completeness and simplicity, as well as the noticeable results reliability are the
main features of the proposed approach justify using of this criterion in mixed
mode fracture analysis of wood.

Pe3ome

PosrnsinaeTbesi BUKOPUCTaHHSI HOBOTO KPUTEPI0 PyHHYBaHHS AJISI IPOTHO3YBAHHS
HaNpSIMKY iHIIIIOBaHHS 1 POCTY TPILIMH y AEPEB’SHUX 3pa3Kax 3a 3MilIaHOi MOAH
HaBaHTaxkeHHs I/11. Jlanwii kpuTepiil BpaxoBy€ PO3IOALT MAKCUMAITbHUX JOTUIHUX
HAIPY)KEHb B OKOJI BicTpsi Tpiumuu. Moro romoBHa mepesara IOPIiBHSHO 3 {HIIH-
MU BIJIOMHMH KpUTEpisIMH — OUTBII TOYHE BpaxyBaHHs BIUIMBY 30HW IIOIIKOJ-
JKCHHSI Ha PyHHYBaHHs AepeBa. 3MiHa MiAAITIIMBOCTI MOIIKOJKEHOTO MaTepiaiy,
[OB’s13aHa 3 POCTOM MIKPOTPIIIMH, BPaXxOBY€ETHCS 3a JOMOMOIOIO CIEIiaJbHOTO
koedirmieHTa MOMIKOMKEHOCTI. 3alpOTIOHOBAHUN KPHUTEPili BHKOPHUCTOBYETHCS Y
BUIIAJKy PYWHYBaHHS 3pa3KiB i3 JOBUIBHOIO OpPIEHTAIIEI0 TPINMHA BiJIHOCHO
OPTOTPOITHUX OCeil MaTepialy. YCTaHOBIIEHO, IO TaKWi MigXiZ J00pe ommcye
MeXaHi3M pyHHyBaHHs JepeB’sHUX 3pa3kiB. HaBeneHO MOPIBHAHHS PO3paxyHKO-
BUX PE3YyJbTATIB i3 BIIOMUMH E€KCIIEPUMEHTAIbHUMH.
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