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[ Abstract] When a crack is subjected to shear force, crack branching usually occurs. Theoretical study shows that the

crack branching under shear loading is caused by tensile stress, but not caused by shear fracture. The co plane shear frac

ture could be obtained if compressive stress with given direction is applied to the specimen, subsequently, calculated shear

fracture toughness, K jjc, is larger than K [¢. A prerequisite of possible occurrence of mode Il fracture was proposed.

The study of shear fracture shows that the maximum circumferential stress theory considered its criterion as a parametric

equation of a curve in K 1, K j plane is incorrect; the predicted ratio K ¢/ K 1¢= 0. 866 is incorrect too.
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1 INTRODUCTION

Classical fracture mechanics always distinguish
three basic modes from point of crack surface dis-
placement view: mode I (opening mode), mode II
(sliding mode) and mode III ( tearing mode). The
stress intensity factors and fracture toughness assocr
ated with each mode are labeled K 1, K 1, K rand
K 1c, K 1c, K e respectively. Thus there are three
modes of fracture. All references relate three modes
of fracture with loading modes as shown in Fig. 1''l.
When the study of mode I fracture under tensile
loading conducted, fruitful results were obtained.
Numbers of study works and papers are associated
with mode [ fracture. There are standard test meth-
ods to explain how mode I fracture test should be
conducted and how to calculate mode [ fracture
toughness. The Suggested Method for Determining
the Fracture Toughness ( K 1¢) of Rock was firstly
published in 1988 by International Society of Rock
M echanics.

Fig. 1 Three basic modes

However, the study of mode II fracture was
quite different. Using three different methods (A
large plate with a central straight crack subjected to

equal and opposite concentrated shear loads applied to
the crack surface, a thin-walled tube with a longitudi
nal crack under torsion and a large plate with a central
crack subjected to shear at infinity) Erdogan and
Sih!? conducted shear tests and discovered that the
fracture angles measured were around 70° with very
small scatter and calculated K 1¢c was less than K ¢,
the ratio K 1¢/ K 1¢ was 0. 87. From 1970s to 1990s
shear tests were conducted off and on using different
methods. Besides above three methods' >, for shear
fracture testing the specimens used were antrsym-

metric four point bending beam'”™*!| compact ten-

[10]

siomrshear specimen' ', short beam compression

specimen' ' and edge cracked Arcan specimen. All
test results showed that fracture deviated from origi-
nal crack plane, the fracture angles varied in range of
60°~ 76°, depending on test methods and shear frac
ture toughness, K jc, was less than K |c.

Petit''?! tried to conduct shear test using a large
plate with central inclined crack (30°) subjected to
uniaxial and biaxial compression. The test results
could not change situation of crack branching from
original crack plane. Based on theoretical study,
Melin' ! considered that a high confining pressure
promotes mode II growth, but no tests have been
conducted.

114" ysed shear box and

To do shear tests Izumi
Tsangarakis' ! designed a special shear device. Their
tested results showed co-plane fracture and calculated
K 1 being larger than K jc. But they were not self-
confident with their results: Tsangarakis' ! could not
explain why K jc obtained by Shah'*! was less than

his, when material used was of the same, only test
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methods were different. Their methods were not rec
ognized and have not been noted for mode II fracture
tests.

Present fracture theories of mixed loading, for
example, the maximum circumferential tensile stress
theory'”, the maximum energy release rate theo-

ry! ' and the minimum strain energy density theo-

ryl'7l, predicted crack fracture angle under shear

loading being — 70.5°, — 75.6°, — 70°~ - 80° apart
from original crack plane and predicted the ratio of
K 1¢/ K 1¢, equal to 0. 866, 0.63'" and 0.92!"" re-
spectively.

Shear fracture and determination of shear frac
ture toughness are vital important for geology and ge-
ological engineering. Unfortunately there is not clear
reply to a series of questions appeared in shear tests
and fracture theories. For example, Is crack branch-
ing caused by shear fracture? Should shear fracture
extend along original crack plane and does it can?
Why predicted K ¢ by fracture theory is less than
K 1c, calculated K 1c based on shear tests was less
than K 1¢ too? Should K jc be larger than or be less
than K 1¢? How proper shear fracture test should be
conducted? etc. Based on theoretical study of stress
state around crack tip under shear loading and com-
parison of maximum dimensionless tensile stress in-
tensity factor with maximum dimensionless shear
stress intensity factor this paper gives a clear answer
to above-mentioned questions.

2 STRESS STATE AROUND CRACK TIP UNDER
SHEAR LOADING

When a crack is loaded in shearing, as shown in
Fig. 2, the stresses at the crack tip are expressed

as[n
g = #—rsin 1= 3sin?
Gy = #—r(— 3sin gcosz i}) (1)
G = #_rcosg(l— 3sin” )

where K = T(Ta)"? is shear stress intensity fac
tor in original crack plane.
The dimensionless circumferential and shear

Fig. 2 Crack subjected to shearing

stress intensity factors, f¢ and f,9, can be derived
from Eqn. (1) as follows:

Sfo= O N2Te r/Kq
» 8

:—3%inﬂcoq
272

2
f.r9: Ore*‘z:r[. T/KH ( )

= cos g(l— 3sin’ 2)

Differentiating (2) with respect to 0, maximum
tensile and shear stress intensity factors could be ob-
tained. Differentiation showed that the tensile stress
intensity factor reaches its maximum at 0= - 70. 5°
and has maximum value in dimensionless form equal
to 1. 154 6 ( dimensionless tensile and compressive
stress intensity factor) while shear stress intensity
factor is equal to zero; shear stress intensity factor
reaches its maximum value equal to 1 at 0= 0 (origr
nal crack plane) while circumferential stress intensity
factor is equal to zero. Angular variation of circumfer
ential and shear stress intensity factors, f¢ and f o,
are shown in Fig. 3. Now question arises where the
fracture will occur: at 0= 0 or at 0= — 70.5°?

Sy

0 60 120 180
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Fig. 3 Angular variation of circumferential and
shear stress intensity factors in pure shear loading
(241 yunder mode 1I loading
proved that fracture was deviated from original crack

Many fracture tests

plane with angle close to 70°. Fracture occurred at 0
= 70" not at 0= 0° indicated that fracture was caused
by tensile stress, not caused by shear stress. Thus
fracture should be related to mode [ ( opening
mode) , could not be related to mode II. Recognizing
the fracture at 0= — 70.5° being mode I , the stress
intensity factor of mode [ in this plane under shear
loading could be derived from 0 of Eqn. (1) as
Kf=1.1546 T Teq)"? (3)
where superscript I denotes mode II loading.
Then shear stress intensity factor at 0= 0 is ex-

pressed as

Ky= Y oea)'? (4)
3 SHEAR MODEL

Fig. 3 shows when a crack is subjected by shear
load, tensile stress intensity factor in dimensionless
not only has maximum at 0= — 70. 5°, but also it has
value larger than 1 at angles - 90°< 0< - 50°. To
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restrain or eliminate high tensile stress around crack
tip at angles 0> | 501 , the compressive stress applied
normal to crack plane is insufficient. For example,
know ing tensile stress around crack tip based on nu-
merical study of beam, Swartz and Tahal "' applied
axial force during four point bending test, Petit' '
applied uniaxial compressive stress on a plate with
central crack of 30°, crack branching was discovered
again. Thus compressive stress parallel to crack plane
should be applied in opposite direction above and be-
low crack plane. This opposite compressive stress
firstly serves as a shear stress on the crack plane.

In addition, Fig. 3 also shows that there is ten-
sile stress intensity factor in dimensionless with lower
value at small angles 0< |50]. Thus compressive
stress normal to crack plane with smaller magnitude
should be applied to the specimen. Thus the shear

model shown in Fig. 4 is proposed.

|

e
A
[i—

b

Fig. 4 Shear model
4 SHEAR FRACTURE TEST

The fixture of shear test is shown in Fig. 5. The
rock type used in experiments is granite, marble and
sandstone. The mechanical properties of these rocks
are shown in Table 1.

Table 1 M echanical properties of rocks
G, g, ¢ E v Kic

/MPa /MPa /(°) /MPa/(GPa) /(MPa*m"?)
Marble A 3.1 79 41 25 25 0. 30 1.26
Marble B 17.6 202 37 51 78 0.35 2.21
Granite 10. 7 166 42 37 66 0.33 1.88
Sandstone __15.7 194 39 46 69 0.26 1. 67

*#  C —Cohesion

Rock type

Bevelled die

Fig.5 Shear box test set up

Tested specimens dimensions are 70mm X 70
mm X 35mm, and 70mm X 70mm X 70mm. The
specimens with single or double notch cut by diamond
saw were tested on a servo-controlled Instron 1342
press with a capacity of 100 kN, under position con-
trol.

The shear stress intensity factor for single

. . 18
notched specimens is expressed as! '™

o _O_m_ a
K 1c= F S
="y (W) (5)
where (), is maximum shear force on crack plane,

Quw= pmsinQ; pn is maximum load; F= [2. 138-
52(a/ W)+ 6.674(a/ W)*= 3.331(a/ W)*]/

N1- a/ W is the shape factor.

Considering the effect of normal compressive
force on shear stress, the effective shear force, (Q o,
is used instead of (), and expressed as

Qem= p m(sina— cosatan P (6)
where  ?is internal friction angle, H= tan ¢.

The shear stress intensity factor for specimens

with double notches is expressed as' '

K o= 3 [ar (24 (7
w here

F(%) = 1780+ 3.005(%2) -
2a 2 2a .3
10.559(%4)2+ 8. 167(24)

Tested results are given in Table 2. Dimension-
less crack length (a/ W), inclined angle, a, of test-
ed specimens, number of specimens are also enclosed.

In Table 2 there are two figures of K 1 for each
rock type. The former is results of specimens with
single notch, the latter for specimens with double
notches. When inclined angle, a, of tested specimens
is equal to or larger than 65°, shear fracture tough-
nesses, K 1, are basically equal to each other. Table
2 shows that shear fracture toughnesses for all rock
types are larger than fracture toughness of mode I of
corresponding rock. The ratio of K 1¢/ K 1¢c, for mar-
ble A is about 3, for marble B is 2. 7~ 2. 8, for
granite is close to 2. 6, for sandstone is 2. 7~ 3.2. In
Table 2 the data of concrete tested by Ref. [ 14] were
inserted, its ratio of K ¢/ K 1¢cis 1. 6~ 1. 8.

5 DISCUSSION

5.1 Ciritical review on maximum circumferential
stress theory

The maximum circumferential tensile stress the
Ol”y[2] states that crack extension begins when Oy
reaches a critical value as
08 K1 ,0 3 Kiu .
2(K1c° 27 2 K1e

For pure mode I loading, K = 0, and 6(frac
ture angle) = 0. K 1= 0(Ta)"?= K 1.

The theory let Eqn.(8) to be a parametric

"
[ = cos



< 290 + Trans. Nonferrous Met. Soc. China

Apr. 2001

Table 2 Parameters of mode I tests of rocks and concrete, K jc and ratio K ¢/ K |c

Rock type Marble A Marble B Granite Sandstone  Concrete Al Concrete B!
K ¢/ (MPa*m"'?) 1.26 2.21 1.88 1.67 0. 448 0.49
Ko/ (MParm"?)  3.73~ 4.26  6.01~ 6.20  4.87~ 4.85  4.56~ 5.26 0. 802 0.78
a/ W 0.47, 0.6 0.59, 0.68 0.6, 0.7 0.59, 0.71 0.6 0.6
a (%) 65, 70 70 65, 70, 75 70 70, 75, 80 65~ 80
Specimen number 8 6 34 6 8 11
K 1/ K 1c 2.96~ 3.28  2.72~ 2.81  2.59~2.58  2.73~ 3.15 1.79 1.59

equation of a curve in K1, K y plane. It is correct
from point of mathematical view. But it is incorrect
from point of fracture mechanics view. It misleads in-
to thinking that K 1, K y are stress intensity factors
at crack tip. Then attempt to predict ratio of K ¢/
K 1c followed: let K1 = 0, the ratio K /K 1¢c=
0. 866 was calculated by Eqn. ( 8) at the fracture an-
gle 0= — 70.5°. Then the theory simply makes K 11/
K 1c= K HC/K T¢= 0. 866.

Follow ing a concept of a curve in K 1, K 1 plane
under mixed loading, other fracture theories, such as
maximum energy release rate theory and minimum
strain energy density theory, also considered that
“the critical values of K 1¢ and K 1¢ lie on a curve in
the K1, K H'plane”[m,
K jc< Kc.

Note K 1, K 11 under mixed loading in Eqn. ( 8)

made similar mistakes:

is specified to the loading modes I and II only.
They are not stress intensity factors at crack tip. For
example, Ky in the three equations of Eqn. (1) is
used to specify loading mode II only. Under any
loading the mode [ and II stress intensity factors,

K1 and K 11, should be expressed as' 2%

K1 = li2m) o J

K= lim(2mr)"?0,

(9)

It implies that shear stress intensity factor, K 1,
could be derived from Equation of G only.

Note differentiation of Gyin Eqn. (1) has the fol-
lowing relationship with O:

0% 3

00~ 2

Let Eqn. (10) be equal to zero, the fracture an-

%0 (10)

gle of maximum dimensionless tensile stress intensity
factor can be obtained, meanwhile shear stress, 0.,
is equal to zero and K jj is equal to zero too. Thus af-
ter shear tests calculation of K 11 by Eqn. (4) is incor
rect, because at 0= — 70.5°, Ky= 0; at 0= 0,
there is no fracture.

How K 1= 0. 866K 1¢ should be interpreted?
Substituting corresponding data into it gives K j= T
( T (1)1/2: 0. 8660( T+ q) Y2 then it leads to T=
0. 866 O.

It means that when mode [ fracture under pure
shear loading takes place at 0= — 70. 5°, applied

shear stress, T, is only equal to 0. 866 O ( tensile
stress in mode | loading) . Substituting this value in-
to Eqn.(3) yields K[ = 1.1546 [ Ta)"? =

1. 1546 x 0. 866 0( T*q) = of T q) 2= K

It implies that stress intensity factor of mode [
under pure shear loading at 0= — 70.5°, K {'is equal
to that of mode I wunder tensile loading, K 1. It
proves again that fracture in pure shear loading is
fracture of mode I . Thus the fracture toughness un-
der shear loading should be calculated using Eqn. ( 3)
instead of Eqn. (4).

It should be emphasized that all mixed mode the-
ories are impossible to predict fracture toughness of
mode I, K jc. The basic reason is that there is no
existence of prerequisite for mode II fracture in their
tensiorrshear loading mode, including pure shear
loading (see below). Thus no shear fracture could oc-
cur. In addition, the prediction of the ratio, K yc/
K 1c, by these fracture theories has only single value
(although this value is different by different theory) .
It does not agree with the facts, because the ratio of
K 1/ K 1c for different materials is different.

5.2 Can pure shear fracture be obtained?

The answer is definite. To form shear fracture it
is necessary to restrain tensile stress around crack tip
induced by shear force, especially at 0= - 70.5°.
The compressive stress normal to crack plane seems
ineffective. The compressive stress parallel to crack
plane, but in the opposite direction above and below
crack plane, Fig. 4, is more effective to restrain this
tensile stress. Note, this parallel compressive stress
should be uniformly distributed on the lateral side of
the block, instead of concentrated shear force.

Shah!*! conducted shear fracture tests on cylin-
drical tube specimen of 4340 steel subjected to torsion
loading. Here fracture surface showed crack branch-
ing with angle 70°~ 75°. The “fracture toughness of
mode 11”7, equal to 74 MPa* m"?'* based on crack
initiation is less than fracture toughness of mode I ,
K 1c= 80. 4 MPa*m”?* . A new shear fixture[ls],
corresponding to shear model, Fig. 4, was used to
conduct mode II fracture of 4340 steel. The expert
ments displayed fracture without branching and yield-
ed fracture toughness of mode II equaled 139 M Pa*
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m'?, which is larger than that of mode I . Note,

the ratio of K 1/ K 1c is equal to 1. 73.

Izum, et al''™, RAO'" and WANG! '™ 2! con-
ducted tests on concrete and rocks using compression-
shear box, corresponding to shear model, Fig. 4.
They obtained co-planar fracture and fracture tough-
ness of mode Il being larger than that of mode I,

Table 2.

5.3 How to judge fracture mode under any load-
ing?

To judge the fracture mode means to judge what
fracture mode, mode [ or mode II, will occur under
different loading. As mentioned above, fracture me
chanics related fracture mode with loading mode,
Fig. 1, did not pay sufficient attention to fracture
mode. Considering fracture under shear loading as
shear fracture, references and handbook only provid-
ed equations for shear stress intensity factor calcula-

Thus

searchers'>™ ' had to use these equations to calculate

tion at original crack plane. many re
fracture toughness after shear tests, and led K 1 less
than K 1¢c. For examnvle. after testing a largze plate
with central crack subjected by shear, fracture tough-
ness calculated by Eqn. (4) will be certainly less than
that calculated by Eqn. (3). Unfortunately up to now
references and handbook have not provided the equa
tions similar to Eqn. (3) to calculate fracture tough-
ness of mode [ under shear loading at angle where
tensile stress intensity factor has maximum value.

The study of fracture under shear loading indi
cated that analysis of stress state around crack tip (-
180° ~ + 180°) is vital important to judge fracture
mode. Under any loading analysis of stress state at
crack tip requires to define maximum circumferential
tensile stress intensity factor and maximum shear
stress intensity factor and to compare them. When
maximum circumferential tensile stress intensity fac
tor is larger than maximum shear stress intensity fac
tor, only mode I fracture could occur for brittle ma-
terial. The ratio f omax/ f omax i proposed as a parame-
ter to do their comparison.

A prerequisite of possible occurance of mode I
fracture is maximum dimensionless shear stress inten-
sity factor, fromax, around crack tip should be larger
than maximum dimensionless tensile stress intensity
factor, fomax. But it is still insufficient for mode II
fracture. Fracture of mode II could occur under given
loading only if following inequality is satisfied:
S r0max/f omax > K 1/ K 1c. Finally, fracture of mode
IT begins when K jj of G.py. reaches a critical materi-
al constant value, K .

If above inequality is not satisfied, fracture of
mode [ will certainly take place even if f omax >
fomax- A more simple prerequisite for mode [ frac

ture is f romax/ f omax< 1, it happens under many load-

ing condition.
6 CONCLUSIONS

1) The fracture occurred under pure shear load-
ing should be related to fracture of mode [, should
not be related to mode II fracture. After shear test-
ing the fracture toughness should be calculated by
Eqn. (3).

2) Note, the mode of loading does not always
correspond to the mode of fracture. When the mode
of fracture under given loading is unclear, it could
lead to miscalculate fracture toughness of material.
The use of Eqn. (4) to calculate shear fracture tough-
ness under shear loading leads to lower fracture
toughness value is an extreme example.

3) To judge what fracture mode, mode I or
mode II, will occur under different loading, one
should study the stress state around crack tip (- 180°
~ + 180°) and find out maximum dimensionless cir
cumferential stress intensity factor, maximum dimen-
sionless shear stress intensity factor. Then according
follow ing criterion to judge fracture mode.

For mode II fracture a prerequisite is:

S romad [ omax> 1 and f romax/ f omax> K 11/ K 1c.

If above inequality is not satisfied, fracture of
mode [ will certainly take place. A more simple pre-
requisite for mode [ fracture is f omax/ foma < 1, it
happens under many loading condition.

If the prerequisite for mode [ or mode II is sat-
isfied, the criteria for crack extension initiation of
corresponding mode [ or mode II are

Ki=Kicor K = K 1.

4) The maximum circumferential stress theory
and other fracture theories predicted ratio K 1c/ K 1¢
being less than 1 is incorrect. Actually, all mixed
mode theories are impossible to predict mode II frac
ture toughness due to inexistence of prerequisite for
mode I fracture in tensiorrshear loading ( including
pure shear loading). Because [ omax/f omax < 1, the
mode I fracture could not occur.

5) Applied side compressive stress, the idea of
Fig. 4, is more important to restrain tensile stress
around crack tip and makes a favorable situation to in-
duce coplanar fracture in mode II.

6) . The pure shear loading applied to crack sur-
face is more dangerous than tensile loading, because
the applied stress to initiate crack extension under
shear loading is less than that under tension.

7) Fracture toughness of mode II is larger than
that of mode I, if experiment is conducted according
to a prerequisite for mode II fracture. The ratio,
K 1/ K 1c, is different for different materials.
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