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To investigate the effects of offset notch on the fracture properties of rock beam under bending load, granite beam specimens with
“one single offset notch” and “central and offset double notches” are made. A series of three-point bending beam tests on the
specimens are carried out by controlling the displacement rate of central notch. The whole load-displacement (P-CMOD) curves
are obtained. Experimental results show that the larger the distance between the offset notch and beam central is, the larger are the
peak load and nominal strength of the specimen. The peak load and nominal strength for the “central and offset double notches”
specimens are both larger than those for the “single central notch” specimen. A fracture model considering the effect of offset
notch is developed, and the relationship between the offset notch parameter, tensile strength, and fracture toughness is established.

1. Introduction

Rock fracture is one of the most important topics on rock
mechanics, which dominates rock projects failure such as
dam instability, landslide, and tunnel collapse [1-3]. The
macrofailure of rock mass is caused by microcracks initia-
tion, coalescence, and propagation. The fracture properties
of rock are attracting more attention for understanding the
fracture behaviors of different rock types under different
external loads.

There are three typical experimental methods for
obtaining the fracture parameters for rock: the Brazilian disc
test, direct tensile test, and three-point bending test [1, 4-6].
The Brazilian disc test is the most popular method for
measuring the rock tensile strength because the disc spec-
imen is easy to make [1]. However, whether the strength
from the disc test is the true tensile strength is unknown.
Also, it is hard to know the postpeak behavior of rock
through the Brazilian disc test. The direct tensile test is an
ideal method for obtaining the whole stress-displacement
curve for rock [4, 5]. However, it is difficult to control the
crack mouth opening when holding the top and bottom of

the rock specimen for tension. Through the three-point
beam beading test, stable crack propagations in quasibrittle
materials (e.g., rock and concrete) can be achieved by
controlling the crack mouth opening displacement [6, 7].
Therefore, the three-point bending beam test has been an
effective method for obtaining rock fracture properties
through the whole load-crack mouth opening displacement
(P-CMOD) curve [6-9].

Fakhimi et al. [7] studied the development of fracture
process zone of rock by the three-point beam test. Guo et al.
[8] investigated the fracture process of rock by acoustic
emission monitoring by the three-point beam test and found
that the events of acoustic emission exhibited four stages
such as gradually increasing, fastly increasing, suddenly
increasing, and gradually decreasing with the development
of load. Wang et al. [9] investigated the effect of temperature
on granite mechanical behavior by adapting the three-point
bending test and found that the elastic modulus of granite
decreased with increasing temperature. Huang et al. [10]
employed a numerical method to simulate the dynamic
fracture of rock under the three-point bending test and
found that the crack pattern of the rock beam was changed
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by the notch location. Xi et al. [11-13] modelled mesoscale
mixed-mode cracking of concrete and found that corrosion-
induced concrete cracking is dominated by tensile fracture.
Liao et al. [14] tried to eliminate the effect of beam gravity in
the bending test by applying horizontal forces to the beam
and obtained the fracture toughness of rock. Cheng et al. [15]
modelled the cracking of asphalt concrete with offset notches
by the three-point bending test and found that the larger the
distance between the offset notch and beam central span, the
larger the maximum load is. Wang et al. [16] formulated the
relationship between the deflection and CMOD and
employed a numerical method to parametrize the formu-
lation. [17] developed a numerical method to investigate the
effect of particle size on rock fracture under the three-point
bending test.

For geotechnical projects, the natural fractures in rock
mass significantly affect the fracture behavior of the rock
structure, and the external load direction is more likely not
in a straight line with the pre-notch. However, most existing
research studies on the three-point bending test were carried
out on single notch beam, and the effect of initial cracks on
rock fracture was rarely evaluated [11-19]. The knowledge
on the effect of offset notch on fracture properties of rock
beam is limited. This paper proposed a three-point bending
beam test method for rock beams with offset notches at
different locations. The rock beam specimens are made as
two types, i.e., one single offset notch” and “central and offset
double notches.” The whole P-CMOD curves from 18
notched granite samples are obtained. Furthermore, the
effects of offset notches on maximum load are analyzed.
Finally, the relationships between the tensile strength and
fracture toughness and offset notch parameter are
formulated.

2. Experimental Program

Granite specimens are firstly made as beams of the di-
mensions 145mm  (length) x50 mm (height) x 18 mm
(width). As shown in Figure 1, the span length is 127 mm
and the notch height is 10 mm. There are two types of the
notched granite beams: specimens with one single offset
notch (Figure 1(a)) and specimens with central and offset
double notches (Figure 1(b)). The distance between the offset
notch and beam center at the bottom is named as offset
distance C. Furthermore, the offset rate describing the offset
degree for a beam is expressed as follows:

2C
N = T x 100%, (1)

where L is the length of the beam.

The specimen number “B10%-1" denotes the first beam
of one single offset notch with N=10%. The specimen
number “BC30%-1" denotes the first beam of central and
offset double notches with N=30%. A closed loop servo-
controlled testing machine MTS810 is employed for loading
the specimen. A clip gauge was mounted on the bottom of
the beam to measure the crack mouth opening displacement
(CMOD). The tests are performed under the CMOD control
mode with a rate of 0.5 ym/s. More details on the three-point
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beam test can be found on the standard ASTM C78 [20] and
other publications [7, 21].

3. Experimental Results

3.1. Specimens with One Single Offset Notch. Eighteen
specimens with one single offset notch were divided into six
groups whose offset rates were 0%, 10%, 20%, 30%, 40%, and
50%, respectively. There are three specimens for each offset
rate. The peak loads for the specimens with one single offset
notch are listed in Table 1.

Figure 2 shows the P-CMOD curves obtained from
experiments. The load-displacement development can be
classified as three stages. At the first stage, the load linearly
increases with increasing CMOD, which can be regarded as
the linear elastic stage. The difference of the linear elastic
stage in the figures is mainly caused by the different po-
rosities of the samples. Also, the test for B40%-3 was failed,
which was excluded in the further analysis. Furthermore,
with the development of displacement, the load keeps in-
creasing but with a smaller slope, which can be seen as the
nonelastic stage. Finally, after reaching the peak load, the
load gradually decreases, which is the post-peak stage. The
average peak loads for specimens with offset rates 0%, 10%,
20%, 30%, 40%, and 50% are 2.57, 2.87, 3.12, 3.51, 4.14, and
4.20, respectively. The larger the offset distance is, the larger
the peak load is. The effect of the offset notch on the peak
load is almost the same when the offset rate is larger than
40%. It is probably because the fracture mode has been
changed from mode I to mixed mode with increasing offset
rate.

3.2. Specimens with Central and Offset Double Notches.
Three specimens with central and offset double notches were
made, and the offset rates are 30%, 40%, and 50%, respec-
tively. The number and peak load of the specimens are listed
in Table 2. It can be seen that the larger the offset distance is,
the larger the peak load is. Figure 3 shows the P-CMOD
curves of the specimens with central and offset double
notches. It can be found that the load gradually increases
with the displacement. After the peak point, the load de-
creases in a slower rate than that for specimen with one
single notch. The larger the offset rate is, the larger the crack
mouth opening displacement to the peak load is. The peak
loads for the doubled notched specimens BC30% (2.71 kN)
and BC40% (2.92kN) are smaller than those for the single
notched specimens B30% (3.44kN) and B40% (4.14kN)
while larger than that for the single notched specimen B0%
(2.5722kN).

4. Analysis and Discussion

The relationship between nominal strength of the specimen
and the peak load can be calculated by the following
equation:

3SP

T W - ag) @

Opn



Advances in Materials Science and Engineering

P p
@ 6¢c
£ g ; = =
= S g g
= _ S R
E = c g =
on
® S 127[.#. ) ) D F8mm
i S127mm
L 145mm I 145mm
(a) (®)
FIGURE 1: Specimens design and experimental setup. (a) Specimens with one single offset notch. (b) Specimens with central and offset double
notches.
TaBLE 1: Peak loads for the specimens with one single offset notch.
Specimens Offset distance (mm) Peak load (kN) Average peak load (kN)
B0%-1 2.5086
B0%-2 0 2.2371 2.57
B0%-3 2.9709
B10%-1 3.2326
B10%-2 7.25 2.6326 2.87
B10%-3 2.7414
B20%-1 2.9811
B20%-2 14.5 3.1984 3.12
B20%-3 3.1866
B30%-1 3.5656
B30%-2 21.75 3.4409 3.51
B30%-3 3.5373
B40%-1 41714
B40%-2 29.00 4.1164 4.14
B40%-3 N/A
B50%-1 4.1903
B50%-2 36.25 4.1959 4.20
B50%-3 4.2000
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FicUre 2: Continued.



3.5 -
3.0 -
2.5 -
é 2.0 -
3
g 15 -
—
1.0 |
0.5 -
0.0 : ; ; ; :
0.00 0.03 0.06 0.09 0.12 0.15
COMD (mm)
—— B20%-1
-~ - B20%-2
—.— B20%-3
(©)
45 -
40 - ~
3.5 1 / N
3.0 - !
—~ ) N--
Z 25 ] JRETE e S
= l ./. \.
E 204 1 v N \
R I A \
) ./ A
104/, \
054// \
0.0 . . . . A ;
0.00 0.02 004 006 0.08 010 0.12
COMD (mm)
—— B40%-1
-~ B40%-2
—.— B40%-3
(e)

Load (kN)

Load (kN)

Advances in Materials Science and Engineering

0.0 T T T T T |
0.00 0.03 0.06 0.09 0.12 0.15 0.18
COMD (mm)
—— B30%-1
- -~ B30%-2
.- - B30%-3
(d)
0.0 T T T T T
0.00 0.04 0.08 0.12 0.16 0.20
COMD (mm)
—— B50%-1
--- B50%-2
-—-= B50%-3
()

FIGURE 2: P-CMOD curves for the specimens with one single offset notch. (a) Offset rates 0%. (b) Offset rates 10%. (c) Offset rates 20%.
(d) Offset rates 30%. (e) Offset rates 40%. (f) Offset rates 50%.

TABLE 2: Peak loads for the specimens with central and offset

double notches.

Specimens (%) Offset distance

Peak load (kN)

(mm)
BC30 21.75 271
BC35 25.38 2.82
BC40 29.00 2.92

where 0, is the nominal strength [22]; S is the span length; T
is the beam width; W is the beam height; P,  is the peak

load; and g, is the height of the notch.

By substituting the average peak loads from experiments
on the specimens with one single offset notch into equation
(2), the nominal strengths of the specimens can be obtained.
Figure 4 illustrates the effect of the offset rate on the nominal
strength of specimens. It can be found that the larger the

offset rate is, the larger the nominal strength is.
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FIGURe 3: P-CMOD curves for the specimens with central and
offset double notches.
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FiGure 4: Effect of the offset rate on the nominal strength.
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Ficure 5: Calculation of the offset parameters.

However, the tensile strength and fracture toughness of
the specimen are regarded as the material constant
properties, which will not change with the offset notch
[22-24]. Therefore, we proposed a fracture model to cal-
culate the tensile strength and fracture toughness for the
offset notched rock specimens [25]. The nominal strength
can be expressed as a function of the tensile strength and
fracture toughness:

e

A1+ (ae/ago)’

2

K
al =0.25- (%) ,
t

where f, and K are the tensile strength and fracture
toughness, respectively; a’ is the length of the fracture
process zone; and a, is the equivalent crack length used

instead of the actual one, which can be expressed as

follows:
(-0 Y ()
e (112) o @

0, =

(3)

where « is the ratio of the notch height to the specimen
height and a, is the notch height. Y («) is a geometric pa-
rameter formulated as follows:

1.99-a- (1-a)- (2.15-3.93 - a+2.7a%)
Va-(1+2-a)-(1-a)*?

>

Y(a) =

fora<1.
(5)

Furthermore, the relationship between the nominal
strength and the tensile strength and fracture toughness can
be described as follows [26]:

1 1 1 1 4
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The abovementioned equation can be used to calculate
the tensile strength and fracture toughness of the specimen
with the single central notch (N=0%) [26-30]. The formula
for calculating the nominal strength of the specimens with
offset notches is the same as that of single notched speci-
mens. Furthermore, we introduced a parameter f3 as the ratio
of nominal strength of specimens with offset notches to
those with single central to describe the effect of offset notch,
which could be expressed as follows:

OnN

B=—= (7)

ano

where 0, is the nominal strength calculated by equation (2)
for the specimen with central notch (N=0%); o, is the
nominal strength calculated by equation (2) for the speci-
men with offset notch (N is not equal to 0%).

Figure 5 shows the offset parameter development as a
function of offset rate. It can be seen that the lager the offset
rate is, the larger the offset parameter is. By fitting the curve
by a linear function, the relationship between the offset
parameter 5 and the offset rate N is formulated as follows.

B =1.36182N +0.9777. (8)

Furthermore, 1/0? in equation (6) for using the nominal
strength of the central notched specimen can be expressed as
follows:

1
07 ((1.36182(C/(L/2)) + 0.9777)3,0)"

(9)

The tensile strength and fracture toughness for the
specimens with one single offset notch can be obtained by
the following equation:

1 1 4
=—+— -4, 10
((1.36182C/L/2 + 0.9777)0,0)"  fi Kic ° (10)

5. Conclusions

In this paper, comprehensive experiments on granite
specimens with “one single offset notch” and “central and
offset double notches” were carried out. The whole P-CMOD
curves for the specimens were obtained. Based on the



experimental results, the effects of the offset notch on tensile
strength and fracture toughness of granite were analyzed and
discussed. A fracture model for calculating the real tensile
strength of a granite specimen with the offset notch was
developed. It has been found that the larger the distance
between the offset notch and the beam bottom central is, the
larger the peak load is. The value of peak load for specimens
with “central and offset double notches” is between that for
specimens with “central single notch” and that for specimens
with “single offset notch.” The introduced offset parameter
can be used to calculate the tensile strength and fracture
toughness for the offset notched specimens.
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