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Influence of Rock Inhomogeneity on the Static Tensile Strength of Rock
Sang Ho Cho”, Hyung Sik Yangz) and Katsuhiko Kaneko”
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Abstract. The fracture processes under static tensile loading were simulated using a proposed numerical simulation
method, based on finite element method and fracture mechanism, and analyzed to verify an influence of rock
inhomogeneity on static tensile strength. Static tensile strengths for the specimen models with different spatial
microscopic tensile strength when #=5 and m=50 were estimated. These analyses revealed that the static tensile
strength becomes closer to the mean microscopic tensile strength at a higher uniformity coefficient and the scatter
of the strength data decreases in increasing the uniformity coefficients. Therefore, it could be concluded that rock
inhomogeneity has an effect on static tensile strength.
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1. Introduction 1986 and Tedesco et al., 1995), the dynamic tensile
test (Ma, 1998) based on Hopkinson effect with

Rock is less resistant to tension than to compression spalling phenomena, etc. The transition of the
or shear and tensile behavior of the rock often dynamic and static tensile strengths exists at the

cevelops before compression or shear failure. Thus, range of 0.1~1 (s'l) in strain rate (Jung et al,, 2001).
tznsile strength of rock has been considered as important It is well known that there are significant differences
parameter influencing rock deformation and fracture. between dynamic and static tensile strength and the
The tensile strength can be categorized into dynamic tensile strengths increase in increasing stress rate or
and static tensile strength. The static tensile strength strain rate. Bacon (1962) determined the dynamic
is generally measured by Brazilian, uni-axial tension, tensile strength of rock using a pendulum to impart
and point load tests using-material tester such as energy, in the form of a sharp pulse, to the end of
raaterial test systems (MTS) and the dynamic tensile a long core suspended from overhead supports by
strength is often measured by using the split Hopkinson fine wires. His results showed that the dynamic
pressure bar (SHPB) (for example Reinhardt et al., tensile strength was one to four times the static
_ tensile strength. Rinehart (1965) reported that the
" Graduate School of Eng., Hokkaido Univ., Sapporo, Japan dynamic tensile strength was six to ten times the
* Dep. Geosystem Eng,, Chonnam Nat'1 Univ., Korea static tensile strength. Birkimer (1970) pointed out

a4 20039 349 12 . . .
21AF k29 20039 49 189 that the dynamic tensile strength of rock is not constant
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and varies with the straining rate. Ma (1998) showed
that tensile strengths obtained by the technique based
on Hopkinson's effect were 1.2 to 3.3 times larger
than those obtained with the Brazilian test. Cho et al.
(2002) identified the inhomogeneity of the microstructure
strength of rocks as a contributing factor to the
difference between the static and dynamic tensile
strengths.

In this paper, to simulate fracture process in a rock
specimen model subjected to static loading in tension,
a numerical simulation method, based on finite element
method and fracture mechanism, is proposed. In order
to verify an influence of inhomogeneity of rock on
static tensile strength, static tensile strengths of the
specimen models considering the microstructure strength
of rock were determined using the proposed simulation
method. At the accompanying paper (Cho et al,
2003), an influence of inhomogeneity of rock on
dynamic tensile strength is discussed and compared
with the static tensile strength.

2. Numerical Simulation Approach

2.1 Microscopic strength of rock

Rock is an inhomogeneous material, and the in-
homogeneity plays a significant role in the fracture
process. The strength and elastic modulus may be
used to model the rock inhomogeneity. The strength
of the rock is more sensitive to the fracture process
than the elastic modulus. It is therefore reasonable to
consider the strength of the rock as a function of the
microstructures to account for the inhomogeneity,
while using a constant elastic modulus.

Consider a microstructure that consists of a set of
k microstructure elements. S is the strength of the jth
element, and g; is the stress in the jth element. The
fracture criterion of the microstructure may be described
as S/g; (j=I~k). The apparent strength S’; of the jth
element subjected to a homogeneous stress is S',:(S,/
g) x 0, where 0 is the mean stress in the rock specimen.
In this study, the apparent strength S‘j is treated as a
microscopic strength x;.

Assume that the rock fractures are governed by
latent cracks. Weibull's distribution (Weibull, 1951)
can be used to account for the microscopic strength.

Using Weibull's distribution, the cumulative probability
distribution G(n,x,) and the mean microscopic strength
x; of the nth latent crack are

Ginx, )=1-expfox,™ ) )
x,(n)=(an)™"’m I“(l +i)

m,

@
where I is the Gamma function, and ¢ and m; are
material constants. The cumulative probability distribution
G(V,x) can be rewritten as

m

rm (1 +LJ
m

where «x, is the mean strength in a volume V. The

GV ,x,)=1-exp|-| - ol
Xz(V)

3)

strength decreases with increasing size due to the
existence of cracks or flaws. To consider the size
effect, the mean strength x(¥%) in a volume ¥ can be
rewritten using the mean strength (¥p) in a reference

volume Vj,

O]

-1/my
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where m; is a material constant related to the size
effect of the material. The constants m; and m; with
respect to Equations (3) and (4) have been evaluated
for various rocks (Kaneko, 1995); m; is ranging from
15.2 to 17.4 in Kimachi sandstone and 7.9 to 15.5 in
Inada granite, and m. is 21.68 in Kimachi sandstone
and 1832 in Inada granite. In this analysis, the
relationship between m; and m, is used as m;=2m;,
here m; is defined as the coefficient of uniformity m.
Random numbers satisfying Weibull’s distribution were
generated to give the spatial distribution of the
microscopic strengths in the analysis model.

2.2 Numerical simulation method for the fracture process

To simulate the fracture process under static loading,
the increment displacement form of a finite element
method was used. The Incomplete Choleski Decom-
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1. Generatian of a crack

3. Connection of cracks

Fig. 1. Remesh process for tensile fracture.

position and Conjugate Gradient (ICCG) method was
employed to decrease the required computational
memory (Kaneko, 1995). In this analysis, a re-meshing
algorithm was used to model the crack propagations,
assuming that tensile fractures, i.e., crack initiations,
propagations and interconnections, occur at element
boundaries as shown in Fig. 1. Thus, the cracks were
modeled as separations from the clement boundaries
without changing the shape of the elements. At each
element boundary, the fracture potential was checked
al every step. The fracture potential was calculated
from the ratio of the normal stress and tensile strength
at the element boundary. If the fracture potential of
two elements was greater than 1, the node between
the elements was separated into two nodes.

In rock fracture mechanics, the behavior of the
fracture process zone in front of the crack tips can be
simulated with a tensile softening curve (Hillerborg,
1972). Assuming that the mechanical behavior in a
fracture process zone during dynamic crack growth is
s.milar to that in static or quasi-static crack growth,
the )4 model (Whittaker et. al, 1992) illustrated in
Fig. 2 can be used as the relationship between the
crack opening displacement h and the crack bond
strength S.

v

h

Fig. 2. Tensile softening curve,

To simplify the fracture process, the fracture energy
was assigned to zero in this study. Because the cracking
and fracture processes were treated as separations of
an element, contact problems, i.e., overlapping of the
separated elements, may occur due to the perpendicular
compression stress that is applied to the separated
elements. The problem was solved iteratively to
prevent meshing overlaps when the separated elements
were in contact with each other. At each iteration, the
algorithm checked for crack opening displacements at
all of the separated elements. Where these occurred,
a contact force was applied until the opening crack
displacements became zero.

3. Model Description and Fracture Process
Simulation

Brazilian, uni-axial tension, and point load tests are
generally used to determine the static tensile strength
of rock. In this study, to simulate the fracture process
under static loading in direct tension, the uni-axial
tension test was modeled and analyzed using the
proposed finite element method. The static analysis
model is illustrated in Fig. 3, and the parameters and
calculation conditions are listed in Table 1. The models
were divided into 6000 triangular elements consisting
of 3131 nodal points. Random numbers satisfying
Weibull's distribution were generated to give the
spatial distribution of the microscopic strengths. Figure
4 shows the microscopic tensile strength distributions
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Fig. 3. Geometry of model subjected to static loading.

Table 1. Mechanical properties and calculation conditions
for the analysis model.

Parameter Value
Density p (kg/m’) 2500
Elastic modulus £ (GPa) 10
Poisson’s ratio v 025
Average compressive strength S. 60

(MPa)
Average tensile strength S, (MPa) 4.0

Fracture energy Gr (Pa - m) 0
Coefficient of uniformity m 5, 50 and o
Time step 4d (xm) 32.56

when m=5 and m=50. Here, the mean tensile strength
is 4 MPa, m=5 corresponds to inhomogeneous materials,
and m=50 corresponds to comparatively homogeneous
materials. The loading condition was simulated by
displacement instead of a pressure to observe crack
propagations and the specimen behavior after the peak
value of the stress. The 32.56-um displacement was
applied at the right side of the specimen and increased
with every step.

Figures 5(a) and (b) show the axial stress distribution
and crack propagations under static loading when
m=5 and m=50, respectively. The stiffness matrix
calculations become unstable when a finite element
model is completely separated; thus, the calculations
were stopped when the model specimens failed.
Microcracks were initiated at many separate locations
when m=3, while microcracks were generated densely
at a location when m=50. The generated stress
concentrations around the microcrack tips accelerated
microcrack propagation, which led to specimen failure,
in particular, the concentrations develop strongly
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Fig. 4. Distribution of the microscopic tensile strength in the
analysis model when (a) m=5, and (b) m=50

when m=50.

Figure 6(a) shows the complete stress-strain curve
and the crack frequency when m=5. The cracking
started when the stress was 1.60 MPa, and increased
with the stress in the specimen. The specimen failed
at the peak value of the curve, which was slightly
higher than the minimum microscopic tensile strength
shown in Fig. 4(a). The cracking frequency increased
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rapidly near the peak value of the curve, and continued
until the specimen failed. The cracking was related to
acoustic emission (AE) events, which were caused by
the release of elastic energy. To investigate the
inhomogeneity effects on the static fracture process, a
stress-strain curve with the crack frequency when
m=50 is shown in Fig. 6(b). The curve contains a
break after the peak value, ie., the curve shows a
brittle response in the specimen. The crack generation
frequency rapidly increased after the initiation of
cracking near the peak value of the stress, and the
specimen failed immediately after the peak value of
the stress.

ot = 1.61 MPa
a = 1.77 MPa
oo = 1.89 MPa
ot = 2.00 MPa
o = 3.15 MPa
o = 3.40 MPa
o = 1.41 MPa
o = 0.08 MPa

0 MPa 5 MPa (Tension)

(b) m = 50
Fig. 5. Distribution of the axial stress and crack propagation
under static loading when (a) m=5 and (b) m=50.

4. Determination of Static Tensile Strength

To determine the static tensile strength and the
inhomogeneity effects, the fracture processes were
simulated using specimens with ten different spatial
microscopic strength distributions for m=5 and m=50.

Figures 7(a) and (b) show the crack patterns in
specimens with different microscopic strength spatial
distributions when m=5 and m=50. The figures just
show five results when m=5 and m=50 respectively.
The positions of the fracture plane varied with the
microscopic strength spatial distribution.

The static tensile strengths were determined from the
stress at the peak value of the stress-strain curve for
each specimen models. Table 2 gives the static tensile

4 . 50
(a) m=5
é‘i 40
3
2
& 30
Aj
€ 120
5
[=9
< 1 g
Cracking 10
e ‘ﬂl" J' _T—_—_?—‘L O
0 100 200 300 400 500
Axial strain (x 10%)
(a) m=5
4 50
(b) m=50

40
3 yd

A .
pp%ss \ 30

2 ¢
/ 120

Apparent axial stress (MPa)

110 ¥
Cragking
0 ]
0 100 200 300 400 500
Axial strain (x 10°)
(b) m=50

Fig. 6. Average axial stress-strain curve and frequency of
cracking for static loading conditions: (a) m=5 and
(b) m=50.
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(a) m=5

Fig. 7. Fracture and crack patterns with various spatial microscopic strength distributions when (a) m=5 and (b) m=50.

Table 2. Static tensile strength.

Length L Static tensile strength Ss (MPa)
(m) m=5 m=50 m=00
ot 21240088  3.58+0.062 4
0.2 2.11+0.067 3.57+0.052 4

strengths of the specimens with ten different spatial
microscopic strength distributions when m=5, m=50
and m=oco. The mean values of the static tensile
strzngth are 2.12+0.088 MPa when m=5 and 3.58+
0.062 MPa when m=50. These are slightly greater
than the minimum microscopic strengths, and increase
with the uniformity coefficient m. The tensile strength
of the homogenous specimen, ie. when m=co, was
4 MPa.

5. Influence of Rock Inhomogeneity and
Discussion

Figures 8(a) and (b) show the distributions of static
tensile strengths when m=5 and m=50. The static
tensile strength becomes closer to the mean tensile
strength at a higher uniformity coefficient and the
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Fig. 8. Distribution of the static and dynamic tensile
strengths when (a) m=5 and (b) m=50.
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scatter of the strength data decreases with increasing
uniformity coefficients. These results imply that rock
inhomogeneity has an effect on static tensile strength
and causes the scatter of static tensile strength.

When the static tensile strengths in Figs. 8(a) and
(b) are compared with the microscopic tensile strengths
i1 Figs. 4(a) and (b), the static tensile strengths are
slightly higher than the minimum microscopic strength
shown in Fig. 8(a), and are similar to the minimum
microscopic strength shown in Fig. 8(b). We could
realize that despite microfractures were generated
with the applied stress correspond to the minimum
microscopic strength, the failure of the specimen was
generated with a little increasing of the applied stress
when m=5. While when m=50 the failure of the
specimen occurred under the applied stress correspond to
the minimum microscopic strength. The cracking
frequencies when m=5 and m=50 as shown in Figs.
6(a) and (b) support the fracture phenomena described
above.

The scatter of the static tensile strength decreased
with increasing uniformity coefficients as shown in
Figs. 8(a) and (b). For this reason, we could point out
the significantly different crack patterns in specimens
with different spatial microscopic strength spatial
distributions when m=5 and m=50 as shown in Figs.
7(a) and (b). These are related to microfractures and
a failure caused by the microfractures. The micro-
“ractures are affected by the stress concentrations and
redistribution mechanisms with respect to different
spatial microscopic strength distribution as shown in
Figs. 5(a) and (b). Therefore, it can be concluded that
rock inhomogeneity has an effect on static tensile
strength.

Additional calculations using the specimen of 0.2 m
in length were carried out to investigate a variation
of the static tensile strength with respect to a specimen
size. The mean values of the static tensile strength
were 2.08 £0.106 MPa in m=5 and 3.5210.053 MPa
in m=50 as listed in Table 2. The mean static tensile
strength increased with length increasing of specimen.
It was confirmed that the analysis approach proposed
could be capable to the fracture simulation considering
the size effect of a specimen.

6. Conclusion

The fracture processes under static loading in tension
were analyzed using a proposed finite element method
to verify the influence of rock homogeneity on static
tensile strength. Static tensile strengths were estimated
in specimens with different spatial microscopic tensile
strength when m=5 and m=50. The mean values of
the static tensile strengths were 2.12+0.088 MPa
when m=5 and 3.58:0.062 MPa when m=50. These
were slightly greater than the minimum microscopic
strengths, and increased with the uniformity coefficient
m. The tensile strength of the homogenous specimen
was 4 MPa. The static tensile strength became closer
to the mean microscopic tensile strength, 4 MPa at a
higher uniformity coefficient and the scatter of the
strength data decreased with increasing uniformity
coefficients. It was concluded that rock inhomogeneity
has an effect on static tensile strength.
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