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Abstract: - The effects of anisotropy and varying initial crack angle during mixed mode tension loading were
studied in Dahurian Larch wood. The mixed mode stress intensity factors (SIFs), K; and Kj;, were calculated
using displacements from digital i mage co rrelation. With the crack angle increasing, the SIF of model in
unilateral crack increase all along, but the SIF of mode II in unilateral crack shows an initial increase, followed
by a decrease. Crack-tip plastic zones were determined using an anisotropic yield criterion. Strains in the plastic
zone obt ained from di gital i mage correlation sh owed that the varying angles of crack growth have ont he
asymmetry of the plastic zone. Experimental results reveal that the DIC method is a practical and effective
technique for SIF and crack-tip plastic size measurement.
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1 Introduction
Wood is probably the most ancient engineering
materialsi nt he wo rld. Although many new
structural m aterials an d composite m aterials ar e
emerging ¢ ontinuously, wood is st ill wi dely used
today in many species for all kinds of purposes. Its
application in m odern e ngineering s tructures of
large dimensions like stadium roofs and floors or
long-span bridges calls for a g ood understanding of
mechanical properties, one important asp ect of
which is the resistance to fracture. Structural wood
members contain natural or artificial defects such as
knots, holes, splits, and machined notches that cause
stress concentration within the m aterial [1].
According to l inear el astic fracture mechanics [2],
the b ehavioro facr acki nm aterialcan b e
characterized co mpletely b y t he st ress i ntensity
factor (SIF) w hich reflects the ef fect of 1 oading,
crack size and crack shape. Also, the displacement
field, the stress field and strain field near the crack
tip can be characterized by SIF.

In wood, there are six principal systems of crack
propagation for the three orthotropic planes (Radial
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(R), Ta ngential ( T) a nd longitudinal (L)) canb e
defined as LR, LT, TL, RL, RT, and TR. The first
letter indicates the normal to the crack plane and the
second | etter d escribest he d irectiono fer ack
propagation. In practice, cracks never propagate in
the LR or L T direction because that would require
fracture of the wood fibers. Instead, cracks orient in
those direction turn to become RL, TL, RT, or TR
fracture [3]. In order to use fracture mechanics in
wood structures, the fracture behaviour of wood has
to be known. At present, relatively little is known
about t he fracture phe nomenai nw ooda nd,i n
particular, the displacement field ahead of the crack
tipa nd the plastic zonea roundt he c rackt ip.
Fracture mechanicsr esearchh asu sed o ptical
techniques asa method t o characterize n eart ip
displacement and stress fields in the recent past such
as photoelasticity [4], moiré in terferometry [5],
contact cau stics [6], and d igital im age c orrelation
(DIC) [ 7]. Due to its si mplicity an d ef fectiveness,
recently, DIC as one kind of optical methods has
been used to study fracture parameters for a cracked
body. Samarasinghe [ 8, 9] used DIC to obtain full
field su rface d isplacement m easurements i n wo od
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specimens and investigated displacement fields near
tot hec rackt ip. T hey concludedt hatt he DIC
technique is useful f or the d etailed an alysis o f
displacements and SIF in wood. However, they did
not to investigate the conditions near the crack tip
and ensuing plastic region and its size.

A cr ack represents a si ngular p oint of st ress
concentration withinth ew ood andi ntroduces
localized p lasticity ah ead o fthe crack tip. Inthe
case of an isotropic body under pure mode I loading,
the plastic zone has been observed to be symmetric.
In the case of combined mode I and mode II loading
ina na nisotropic body, thep lasticzo nei s
asymmetric. Absolute m ajority cracks co nsisti n
structural w ood m embers arein clined cr acks.
Inclined cr acks can ex perience mixed mode crack
growth. The angle of this inclination has also been
shown to have an e ffect on the plastic zone shape
[10, 11]. The stress intensity factors, K; and K}, can
be used to describe the size and shape of the plastic
zone [12, 13].

This study gives insight into mixed-mode stress
intensity factor of wood, the effect of the angle of
inclination of the crack plane on the stress intensity
factor and the shape ofthe plastic zone around the
crack tip. Displacements obtained from digital
image co rrelation method were u sed t o d etermine
the stress intensity factors and to characterize the
plastic zone ahead of the crack tip. The first section
of this pa per discusses the basic concepts of D IC
method and extracts the crack tip displacement field
information f romt he DICr esultsan dt he
calculations of the plastic zone size and shape. The
second section discussest hem aterialsan d
equipment e mployed f or t he e xperimental t esting.
Asm ixed mode stressi ntensity f actorscan b e
evaluated simply and by digital image correlation, it
is expected that the proposed method can be applied
to various fracture pr oblems dur ing e xperimental
evaluation of structural components.

2 Methods

2.1 Theory of Digital Image Correlation

As ana dvance photomechanics m ethod, Digital
Image C orrelation (DIC) haspr ovent o bea n
effective and useful tool for deformation analysis in
the field of experimental solid mechanics [14, 15].

2r 1
u=K, —Re[
n H1 — U2
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DIC technique is a non-contact optical measurement
method used to obtain full-field displacements of an
object su rface through m onitoring a nd m easuring
deformations o n an o bject surface as it undergoes
loading. This technique s tarts with g etting th e
specimen surface image b efore 1 oading ( reference
image), and then a series of images are taken during
the de formation process ( current images). T he
surface of the specimen has a random gray speckle
pattern applied to it. All the deformed images show
a d ifferent r andom sp eckle p attern r elative t o t he
initial undeformed r eference image. DI C compares
the gray scale of a chosen subset in undeformed and
deformed i magest oe valuate de formation. The
analysis procedure o fthe DIC method is shown in
Fig. 1.

Letu s co nsider f thei mage o ft her eference
configuration and its corresponding current image g
after d eformation. T he g ray level co nservation a t
any pixel location X then reads [16]

G0 =g(x+u®) (1)

where U is the displacement function. Calculating

the g rayscale co rrelation co efficient wi ll1 eadt o

finding t he ¢ orresponding r elationship between

reference and current i mages for e stablishing t he

displacements of subset. The correlation coefficient
p is calculated by

p = flf () — g(x + u(x))]?dx 2)

Minimization of the above correlation coefficient
would pr ovide t he be st e stimate of t he desired
displacements. Thus we have

ap _
o(u(x)

)

Newton-Raphson i teration m ethodi sus edt o
solve the above nonlinear equation.

2.2 Crack-tip displacement & strain fields
and plastic zone analysis

Form odel a ndm odel I mixed m ode cr ack
problems, t he cr ack tipd isplacements fora n
orthotropic body loaded in tension are expressed as
[17,18]

2r
(ylpz,/cosg + W,sinf — u,pq4/coso + ylsinQ)] + Kj; o
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X Re [ﬂ 1# (pz\/cosﬂ + U,sinf — pl\/cosﬁ + ,ulsinG)] + a1 TrcosO + Arsiné + B, 4)
1~ H2
2r _ _ 2r
v=K; Re[ (,ulqz cosf + p,sind — p,qq+/cosl + ,ulsmﬁ)] + K |—
X Re (qz\/cose + U,sinf — ql\/cosg + ylsme)] + a,,Trsinf + Arcosf + B, (5)
where Re denotes the real part of a complex number. F. =Re [ Hakz ( H2 - 2} )]
Ix u1—H2 \JcosO+u,sind  \[cos6+pqsind
_ 2 _ 1 H1 _ )
pj= alll'lj + 32122 (6) FIy =Re [Ih—liz (\/c059+uzsin9 \/c059+u15in9)] (10)
qj = az2kj + (7) F  —Re [ pattz ( 1 _ 1 )]
Ixy — u1—pz \/cos@+pu,sind \/cost9+,uzsm9
2
Fiix = Re |— K )
K; and K;; are the mode I and mode I I st ress Ix = f1—Ha \cosO+i,5ind Jc059+ulsln9
intensity factors r espectively, T is the T -stress, A is F.. =R [ 1 ( 1 )] L
the rigid body rotation, B,, and B,, are the rigid body ny = R \JcosO+u,sind Jcose+ylsln9
translations in the u and v directions r espectively, F —Re [ 1 ( a _ )]
and @ are the polar coordinates with the origin at the 1y H1=H2 \|/cosO+pu,sind «/C059+#25m9
crack tip, p1 and U, are the roots from the following (11)

characteristic Eq. (8), and a;; are the elastic
constants and ¢ an be classically ex pressed i nt he
orthotropic base (L,T) with Voigt notations a =

a;; a1 O
[a21 aso 0|=
0 0 aee
1/E, —vir/EL 0
—vr,/Er  1/Er 0 ] with s ymmetry,
0 0

1/GLT (L,T)

positiveness a nd de finiteness conditions. E, are
Young’s m odulusi n direction a = L, T, Vqp are

Poisson co efficients, Gqp aret he sh ear modulus.
These two ’s are the two complex c onjugate roots
for which the imaginary parts are positive.
ayut + (a1, + age)u® +az =0 (3)
With t he st ress i ntensity factors for mode I and
mode I1 known, the stress field, Eq. (9), around the
crack tip was determined. The stress field was u sed

to d etermine the p lastic zo ne si ze an d sh ape. T he
stresses are

K
Oy = \/2_% (Fix + mFyp,)
K
Oy = \/ﬁ (Fiy +mFyy) )

Txy = \/% (ley + mFley)J

where m = K;; /K, and the F terms in Eq. (9) are
expressed as
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Since t he wood exhibits anisotropic pr operties,
Hill’s ex tension o ft he v on M ises’s y ield cr iterion
was used [19]. The yield criterion in quadratic form
is expressed as

E(o, — 02)2 +G(oy — 0,)* + H(oy — ay)z
+2L12, + 2M12, + 2N72, = 1 (12)
1 1
2E ——+;+Z]
1 1
6=tz } 13)
1,1 1
H=mtn—7
2N = — J
S

where £, G ,a nd H areco efficientst hat
characterize the an isotropy in the normal directions
and L , M, and N are the coefficients that
characterize the shear anisotropy. X, Y, and Z are the
yield stresses in the principal directions and S is the
shear yield st ress. Assuming plane stress since the
specimens are thin, 0, = 0y, = 0, and E q. (12)

reduces to
(G + H)o# — 2Hoyo, + (E + H)oj + 2Nti, =1

(14)

To find the plastic zone size, we substituted Eq. (9)
into Eq. (14) and solved for the plastic zone radius,

Ty, with the final form [20]:

«# (G + D) (Fp + mFy;,)?

P om

— 2H(Fyy + mFy,) (Fy + mFyy)
+(E + H)(Fyy +mFyy)” + 2N(Fyy + mFyy,)°

(15)
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2.3 Crack-tip localization algorithm
Calculating and analyzing the stress intensity factors
and the plastic zone size needs firstly to localize the
crack tip. Opening crack will cause geometric
discontinuities in the cross section. Here, a m ethod
based on digital image correlation is used in order to
localize discontinuities even if the end of the crack is
not visible [21]. Two points P and Q are considered
in the reference image (Fig.2). Then, a displacement
field, u(x) ,i sap pliedi nsu chawa yt hatt he
corresponding points in the current image (P’ and Q")
are separated by a crack.

A measurement of the discontinuity between the
two points P and Q is denoted P IV Q and defined in
Eq. (16).

PwQ = |PQ - POl (16)

Since V(P,P) , O'P'= OP + u(P) , the
expression of the discontinuity between two points is
rewritten in Eq. (17).

PWQ = [[u(P) —u(Qll (17)

where u(x) is still given by the minimization of Eq.
(3).

From the definition of the discontinuity between
two points (Eq. (16)), a criterion of discontinuity in a
subset is given in Eq. (18).

K =max(MDMN;QWNP)

Choose a region of interest (ROI)
in reference image and mesh it
into several subsets

Calculate the displacement field
of the specimen

Define the displacement function
e R9-g(cra(x)

Proceed to the correlation analysis
o= g rago)Tax

{

Search corresponding subset in
the deformed image

!

Determine the parameters of the
displacement function
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= max([[u(N) —u(M)I}; [[lu(P) —u(@)I) (18)

This criterion of discontinuity is available if the
elongations stay lower than the displacements due to
the discontinuity.

2.4 Experimental material and experimental
procedures

2.4.1 Specimen and material property

To de monstrate pr oposed t echnique f ors tress
intensity factor measurement, four edge notched dog-
bone specimens o f Dahurian Larch wood were used
in uniaxial tensile test (Fig.3). Specimens were
created from a single section of a Dahurian Larch log
that ha d be en e xposed t o nor mal a ir s ince be ing
felled. The final dog-bone shape (Fig.3) was created
with a router and aluminum template. This shape has
a c entral ga ge | ength of 60m m w here t he ¢ ross-
section is 1 5mm x 4mm. T he cr ack w as sh arpened
with di fferent a ngles oft he i nclination us ing a
special knife prepared for the purpose to simulate a
natural crack. All specimens were clear and straight-
grained with no obvious defects.

Longitudinal modulus E}, transverse modulus Er,
shear m odulus G and Poisson’s ratio v;; were
measured b y el ectrical st rain g auges usingt he
method mentioned in Ref.[22]. The elastic properties
of the Dahurian Larch wood are given in Table 1. It
has been especially emphasized that all the samples
were prepared from the same log mentioned above.

0o RS
M Q
u(Q)
P N 0 ;’
vy N
u®) L
\ 7
I
[ L l
|P' \IN'
VA |

Fig. 1 Analysis procedure of digital image correlation method. Fig. 2 Discontinuity between two points M and N caused by crack
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Fig. 3 Specimen configuration

Table 1. Elastic properties of Dahurian Larch

Longitudinal modulus

E; (MPa) E; (MPa)

Transverse modulus

Shear modulus  Poisson’s ratio

Gr (MPa) Vir

15753 696

506 0.53

2.4.2 Experimental procedures

The first step to applying the DIC method requires
that the surface o f the specimen must exhibit a
random speckle p attern. As st ated p reviously, t he
random sp eckle p attern allowst he so ftwaret o
accurately d eterminet he 1 ocation o feach p ixel
subset int he d eformed images. Specimen surface
preparation is accomplished by spraying the surface
with white and black sp ray p aint until a sufficient
color v ariation ex ists. T he b ell-shaped g rayscale
intensity (Fig. 4) histogram distribution shows good
quality of the speckle pattern which is related to the
accuracy of DIC method [23].

Preparation of the testing equipment occurs after
the s peckle pattern application to produce a testing
configuration a s s hown in F ig.5. Specimens w ere
conducted in an electronically controlled single-axis
Universal M aterials T esting M achine. Wedge
action grips w ere e mployed, w hich prevent the
rotation of the specimen ends. One of the grips
remains fixed w hile the other is displaced at a
constant sp eed until s pecimen f ailure. Stress

o 50 100 150 200 250

Fig. 4 The speckle pattern of the specimen surface (a) and its histogram (b)

E-ISSN: 2224-3429

intensity factor measurement by the DIC method
uses t he f ollowing p rocedures. First,a high
intensity LED light so urce i s p laced neart he
specimen to remove any shadows present on the
specimen. Second, the CMOS camera is placed
perpendicular to the surface of the specimen and
at a distance which optimizes the camera focus.
The CMOS cameraus edin this study hasa
resolution of 1280 x 1024 pixels. Prior to testing,
a graph paper was placed against the sp ecimen
surface and its image w as cap tured to calibrate
the image distances to real distances. A typical
resolution f ort het estset -upw as 0.04549
mm/pixel. Finally, the loading w as e levated to
4000 N at intervals of 100 N wi th the 1oading
velocity of 0.2 m m/min an d d eformed i mages
were taken at each load step. All the tests were
performed i nt he | aboratory temperature an d
moisture ¢ onditions (approximately 55% R H
and 20°C).

Fig. 5 Digital Image Correlation Testing Setup
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Fig. 6 Result of the crack localization

3 Results and discussion

3.1 Implementation of Crack-tip localization

The reference image and the deformed image under
3800N are c aptured a nd the su bset si ze i s ch osen
(5 X 5 pixels). Then, the criterion of discontinuity in
a subset (Eq. (18)) is evaluated all over the image as
showni nF igure 6. The c rack pos ition ¢ an be

localized in the sub-pixel scale and the tip position is

((xtip» Yeip) = (611.5,393.5)).

3.2 The stress intensity factor determination
in the experiments

The calculation so lves f or K; and Ky required t he
crack tip displacements at a certain stage of the load
process using E gs. (4) and (5). The ex perimentally
obtained stress intensity factors have been plotted in
Figs. 7-9.

When t he calculation w as pe rformed on t he
specimen No.l wi tha horizontal crack | ength of
2mm and width of 0 .5mm attheload of 41 OON,
orthotropic compliance coefficients were used in Eq.
(8). Since t he cr ack was h orizontal with n o sh ear
component, there was no m ode I component, and
thus t he m ode I I st ress i ntensity f actor was again
nearly zer o. The horizontal displacements ar e
symmetric in Fig. 7a. The mode I st ress i ntensity

6I5F 7

4.50 -

225F

y (mm)
0

-4.501

-6.75|-

900 1125 1350

X (mm)

(a)
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factor distribution fields for the Dahurian Larch No.1
specimen are given in Fig. 7b.

Two specimens with different initial inclined
crack orientations w ere te sted to in vestigate
mixed mode. The No.2 specimen with the same
crack size of No.l attheload of 3800N was
tested as a co mparisont ot he sp ecimen. The
crack anglei s 22.5° alongt he horizontal
direction. The horizontal displacements ar e
asymmetric i n F ig. 8 a i1 ndicating s hearing o r
mode I I d isplacement i s oc curring dur ing t he
loading process. The mode I and I stress i ntensity
factor contours a re di splayedi nF ig. 8 b and ¢
respectively.

A second test was conducted with No.3 specimen
at the load of 4670N. The crack angle is 60° along
the horizontal direction. The horizontal and vertical
displacements wi th crackl engthof 2 mma re
displayed in Fig. 9a and b respectively. The mode I
stress intensity factor contours and the mode II stress
intensity factor contours are displayed in Fig. 9¢ and
d. From above stress intensity factor contours, with
the cr ack an gle increasing, the SIF o f mode in
unilateral crack i ncrease all al ong, butthe SIF o f
mode II in unilateral crack shows an initial increase,
followed by a decrease.

4.50

225

y (mm)

=225

-4.50

-6.75

225 0 225 4.50

X (mm)

6.75 9.00

(b)
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Fig. 7 (a) Experimentally measured horizontal displacement contours in micrometers for specimen No.1. (b) The mode I stress intensity
factor distribution fields for the Dahurian Larch No.1 specimen. The unit of SIF is kN/m?3/2
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Fig. 8 (a) Experimentally measured horizontal displacement contours in micrometers for specimen No.2. (b) The mode I stress intensity
factor distribution fields for specimen No.2. (¢c) The mode II stress intensity factor distribution fields for specimen No.2. The unit of SIF
is kN/m?3/2,
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Fig. 9 Experimentally measured (a) horizontal and (b) vertical displacement contours in micrometers for specimen No.3. The (¢) mode
I and (d) mode II stress intensity factor distribution fields for specimen No.3. The unit of SIF is kN/m?3/2
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3.3 Plastic zone size
Since each image captured represents a different load
throughoutt he loading pr ogress,th ee ntire
progression o f st resses a nd strains w as r ecorded.
Using Eq. (15), the plastic zone size was determined
using t he s tressi ntensity f actors f oundi nt he
experimental analysis an d t he d evelopment o ft he
size and s hape throughout the 1oading progress was
observed. DIC was used to find the strains in front of
the crack tip, a nd t he s trains inside t he p lastic
zone are shown in Fig. 10 (a-c) for 70% of the
maximum | oad of a loading pr ogress for eac h
specimen tested during this study.

In the pure mode I case, the Dahurian Larch
wood specimen still has a symmetric plastic zone as
shown in Fig. 10 (a) at 70% ofthe load, the plastic

(@

©
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zone area is 1.375mm? and the DIC strains show a
compact co ncentration. The K;; componentin the
other two specimens caused the plastic zone shape to
be asy mmetric. [ nt he No.2 specimen, t he p lastic
zone shape was sh own in Fig. 10 (b). The plastic
zone is larger above the crack tip, which is consistent
with the d isplacements t hat wer e g reater ab ove t he
crack. The plastic zone area progression was si milar
to that of No.1 specimen and the plastic area at 70%
of t he 1 oad f ound w as 1.523mm? . Inth e No.3
specimen, the plastic zone had a shape similar to the
No.2 specimen an d the plastic zo ne size wa st he
largest found in this study, as displayed in Fig. 10 (c).
At 70% of the load, the area was 1.930mm?.

(b)

Fig. 10 (a) Plastic zones and v ertical d isplacement c ontours in micrometers a ssociated w ith No.1 specimen, 70% load level of the
maximum load with a plastic zone area of 1.375mm?. Due to the anisotropy of the specimen, the plastic zone, with DIC strains shown
inside, has an irregular shape but is still symmetric due the specimen experiencing pure mode I loading conditions. (b) Plastic zones and
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vertical displacement contours in micrometers associated with No.2 specimen, 70% load level of the maximum load with a plastic zone
area of 1.523mm?. The plastic zone size and DIC strains within are asymmetric due to the specimen being under mixed mode loading
conditions. (c) Plastic zones and vertical displacement contours in micrometers associated with No.3 specimen, 70% load level of the
maximum load with a plastic zone area of 1.930mm?2. Asymmetry in the plastic zone and DIC strains is observed due to the mixed

mode loading.

4 Summary

The stress intensity factors, K; and Kj, at the crack
tipo f the anisotropic Dahurian Larch wood
specimens, which were under uniaxial tension, were
determined using full field DIC displacements. With
the cr ack an gle i ncreasing, t he SIFo f model in
unilateral crack i ncrease all al ong, butthe SIF o f
mode II in unilateral crack shows an initial increase,
followed b y ad ecrease. The u tilization of d igital
image correlation also provides for the strains around
the crack tip. The plastic zone was determined using
the stress field associated with the K; and Ky values
obtained f rom t he ex perimental an alysis, an d t he
development of the strain field inside the plastic zone
was observed.

By observing a nd a nalyzing the p lastic zo ne,
further insight ¢ an be g ained on ho w a nisotropy
affects the p lasticity ah ead o facr ack tip. W hen
studying mixed mode cases, the effects that varying
angles of crack growth have on the asymmetry of the
plasticz onea nds trainde velopment canb e
determined.

5 Conclusions

The main contribution of this work is the analysis of
mixed-mode stress intensity factor of Dahurian Larch,
the ef fect o f the an gle o finclination o f't he cr ack
plane on t he stress intensity factor and the shape of
the plastic zone around the crack tip.

The displacement fields in the vicinity of the
crack-tip of e dge-cracked specimen of Dahurian
Larch subjected to the tension loading of modes I
and II was measured by the DIC technique.

(1) The mixed mode stress intensity factors
fields were determined using displacements
found from digital image correlation.

(2) The p lastic zo ne si ze and sh ape, an d t he
associated st rain f ields were f ound f or
loading progress of a nisotropic specimens
with the varying angles of crack.
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