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Mixed Mode Fracture of the Crack Inclined to
the Grain Direction in Wood ™'

Jun Jae Lee *?

M) @t R Fae
SRR — Sl B3 A

% % g
1.8 2

e A A dEe] B-nis Bonlie) e -sgaa e g FE 2

93t 2l%(Shorea spp.) & LAA =50 giola) M2 obE BAIEE 713 SENAIEHE (Single edge

notch specimen)ol thale] @ AlgE st fdoidl Zuy: TP -2ugA) B x]2H5
A KR B 2SS B A Kl W3 Aaahiol &agics HE el

T 8- s B 1) QAS-# 8 (Critical stress intensity factor) Kic®h KyeE ©]-8-3h
Egr -2 yAly K3 Kptel 438AE 738 § dsien, olb ¥ud o dyad 2
HEARE viuste 7P A @AM olgie e #AE <& + Udrh

[. INTRODUCTION

The concepts of linear elastic fracture mechanics (LEFM) have been applied to characterize
the fracture behaviour in wood. A considerable amount of theoritical and experimental work
reported have been concerned with the fracture in opening mode, Mode 1, and sliding mode, Mode
1, and then the results demonstrated that the the fracutre toughness KIC and KIIC are the geo-
metry independent material properties of wood (38 910, 14-18) However wood structural
members are often subjected to the complex loading condition of Mode I and Mode I that results
in mixed mode fracture failure.

Wood is, generally, considered as an orthotropic material. The principal directions can be
defined along the longuitiduinal direction L, the radial direction R, the tangential direction T.
Due to these directions, it is possible to characterize six principal systems of crack propagation,
namely TL, TR, RL, RT, LR, and LT system. In the first four systems, the direction of crack

propagation is collinear with the original direction. In the last two systems, however, the direc-
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tion is noncollinear as inhibited by the longuitudinally oriented wood fibers.
Concerning to the collinear crack propagation, wu@ investigated in Balsa wood (assumed
Ochroma pyranidale) and Mall et al1? in Red Spruce (Picea rubens) and then they proposed an

empirical criterion for the mixed mode fracture of the form:

KI/KIC + (KH/KHC)Z S (0

William and Birch'® studied in hardwood Utile (Entandrophragma utile) and softwood Scots

Pine (Pinus sylvestris). They concluded, however, that a constant K fracture criterion was

independent of Ky value and then proposed the following form:

Woo and Chow?®? studied in two species of hardwood Kapur (Dryobalanops spp.) and Gagil

(Hope segal). The results indicated that although there was some interaction between K and

K”, criterion form as eq. (1) or (2) could not be determined.

Concerning to the noncollinear crack propagation, Leiscester?) studied in Radiata Pine

(Pinus radiata) and proposed the following form:

Form these previous works, it seemed a useful exercise to further investigate the mixed mode

fracture behaviour of wood. Consequently, this study was conducted to investigate this mixed

mode fracture behaviour of the crack inclined to the grain direction, to develop a mixed mode

fracture criterion for the noncollinear crack propagation based on experimental results.

2. EXPERIMENTAL METHOD AND
ANALYSIS

Clear, straight-grain Lauan (Shorea spp.)
with 60cm diameter was used for this study.
Single edge notch specimen was chosen by cut-
ting the material. Fig. 1 shows the configuration
of specimen. Specimenns were conditioned to
12% nominal moisture content in a humidity
room controlled at 20°C temperature and 65%
RH for one month. After conditioning, the
specimens were machined to final shape. The
crack was made by making a sawcut of 9mm in
depth which was then extended by means of
a razor blade so that the final razor cut could
be made to a depth of exactly 10mm. Six sets

. . . . . Lol
of specimens having crack inclinations, 8, of 07,

15°, 30°, 45°, 60°, 75° were prepared. The
crack was inclined to the grain direction.
The specimen with the crack perpendicular to
the edge (8 = 0°) provided the fracture toughness
K¢ and the inclined crack provided the failure
stress intensity factors K and K”. The geo-
metry of specimen is shown in Fig. 1 where L=
350mm, W = 20mm, ¢ = 10mm, thickness =
30mm. The crack-length ratio is 0.5.
Experiments were conducted with universal
testing machine in the humidity room (20°C,
65%RH). Specimens were tested in bending
with a-third points loading over 300mm span at
a cross-head speed 1mmy/sec. Clip gage was used
for measuring crack opening displacement
(COD). The load-COD relation was recorded and
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the critical load was taken as the load at the dis-
continuity in this load-COD curve. The mechan-
ical properties of no crack specimen in the LR
plane were also measured in accordance to ASTM
standard*) and given in Table 1. Ten specimens
were tested for each set, both with crack and

without crack.

Table 1. Mechanical properties of experimental

species. »
MOR (x10° Qé}cmz)
Species  Sp. Gr.* EL ER vLR
Lauan 0.47 101.2 7.8 04

* Based on oven-dry weight and volume.

The failing stress intensity factors for single

edge notch specimen were computed from:
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(b) bending test method.
Fig. 1. Geometry for single edge notch
specimen and bending test method.

Ki=olmacosd?y, .. ..... ... (4
Ky = ol{ma cosfsingY, . ... ... (%)

where o is nominal stress, and Y, and Y, are the
geometric correction factors of Mode I and Mode
Il, respectively. The cirtical Mode 1 stress inten-
sity factor K} could be determined from eq. (4)
of 8 = 0°. The critical Mode II stress intensity
factor KIIC was, however, deduced from the re-
lationship between K, and K- suggested by Sih
et 31(19)’ such that

Kpje= BB 4 xke o (6)

The finite element method was used to
evaluate the geometric correction factor for this
investigation. A typical finite element grid is
shown in Fig. 2. The finite element formulation
utilized primarily eight-node quadrilateral iso-
parametric elements and six-node triangular
elements surrounding the crack tip. The eight-

triangular elements were modified to incorporate

L 05 -4
w = 0e
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the required inverse square root singularity char-
acteristics of LEFM. This singularity was achiev-
ed by placing the mid side node of the side
connected to the crack tip at the quarter position
adjacent to the crack tip as shown in Fig. 2. The
stress intensity factors Kl and K[I were com-
puted with the displacement method. Within
the range of crack geometies investigated here, it
was reported by other investigators that the geo-
metric correction factors are very similar for
isotropic and orthotropic cases. (3 8 13. 20
Thus, the geometric correction factors investigat-
ed here were computed by using the isotropic
case and the computed results are plotted as
shown in Fig. 3. The values of Yy and Y, com-
puted here are in agreement with other investi-

gation, 1)

L2.0s
W
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Fig. 3. Geometric correction factors Y,andY,
for single edge notch specinen where
is applied to pure bending roment.

3. RESULTS AND DISCUSSION

The failure stress intensity factors K, and

Ky obtained from these tests are shown in Table
2. The critical Mode | stress intensity factor
KlC in the LR system of crack propagation was
240kg/ecm®. Jem. With this Kj value, the
ciritical Mode II stress intensity factor KIIC was
calculated by eq. (6) and the value was 456kg/
cm?.Jcm From the data in Table 2, it can be
observed that as the crack inclination € increases,
the K; value decreases and the Kyj value in-
creases. This demonstrates that there exists any
interaction between failure K and KII' To
define the functional relationship between K|
and KH, an F-test was performed on the data
assuming four different failure models. The
results are indicated in Table 3. As can be seen
from table 3, the failure model proposed by
Leicester'?) which is concerned with the non-
collinear crack propogation with the original
direction, shows the highest F-value. However,
the failure model proposed by Wu'2® and Mall

et al"? indicates very high F-value and have

significant relation. These relations are replotted
in Fig. 4 using the average values. Seeing Fig. 4,
it seems, however, that the Leicester’s model is
fitter for the empirical data the than the Wu’s
model.  Consequently, the criterion obtained
here could be defined as KI/KIC + KI/KIC = 1.

Table 2. Failure stress intensity factors KI and

KI].
Crack Ky Kn K Ky
angle 2 2
(kg/cm .‘/cm) (kg/cm”. fem) KIC KIIC
0° 240 0 100 0.00
15° 231 30 0.95  0.06
30° 225 60 093  0.13
45° 214 87 0.87 019
60° 186 105 078 023
o]
75 165 137 070 0.30
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Table 3. F-values for various failure criteria.

Failure criterion F-value Signif.
F-value
K/ Kpe + KKy =1 842.8 0.000

, 2. 5
KI/KIC + (I\],/K“C) 1 100.2 0.002

(KJK, )2+ K/Kic=1 75.6 0.003

e
C i a2 s
Ky K"+ RyyKyed= 1 206 0027

1.04

Fig. 4. Relations between KI’IKIC and K”/
K¢

There are several considerable things to
determine the criterion for the mixed mode:
(1) The crack propagation is collinear or noncol-
linear with the original direction; (2) How to
evaluate Ky value, measuring directly or cal-
culating; (3) How to measure KI]C value, if
required. The Knc value may be, especially,

effective to determine the criterion.

4. CONCLUSION

To determine the criterion for the mixed

mode fracture on crack inclined to the grain

direction, this investigation was conducted. It
was found that the criterion could be expressed

in the following form:
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