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SYNOPSIS

The testing method of rock toughness is proposed by the international society

of rock mechanics (ISRM), but the results may be influenced by the test pieces,
and the details of the crack propagation and the stress intensity factors are
not clarified through the testing. Also the experimental test requires tedious
works for the preparation of test specimen and economical responsibility. The
present study aims to simulate numerically the rock toughness testing which is
proposed by ISRM. For this purpose, the authors propose a numerical method
which can simulate the experimental testing, and they show the propriety of
the proposed method by comparing the results with the experimental and
other numerical methods. At the same time, they clarify the details of crack
propagation behaviors in rocks, and show the change of the stress intensity
factors. The proposed method is based on the displacement-type finite element
method, and several techniques are introduced to obtain accurate solution of
the mechanical behavior near the crack-tip area.

1. INTRODUCTION

ISRM (International Society for Rock Mechanics) proposed a standard testing method of the
fracture toughness of rocks, and the specimen for the testing is called Chevron bend specimen.
Using this specimen, fracture toughness of various rocks has been tested. The requirement of the
numerical simulation is, however, increasing, since the results of the fracture toughness depend on
the specimen, and the structural experiment requires tedious works to prépare the specimen and

long period, and it also requires economical responsibility.
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Recent advances in fracture mechanics and computational mechanics allow us to develop a
software which enables us to analyze the fracture mechanics of rock materials. But there are still
serious problems to be resolved for the development of the numerical simulation of the fracture
toughness testing. The first problem is how to obtain accurate stress distribution which appears
near the crack-tip area. The second problem is the geometrical modelling of the three dimensional
specimen with complex boundary geometry. The last problem is that the anisotropic property
must be taken into consideration at the analysis.

The finite element method has been used to solve problems mentioned above[l]. Using the
displacement-type FEM, stable solutions can be expected to show the crack opening deformation,
and the introduction of the solution into the expressions proposed by Ingraffea can directly lead to
the estimation of the stress intensity factors[2]. For getting accurate stress distribution {or more
precisely the crack opening displacement), there exist singular isoparametric elements which can
sufficiently express the characteristics of the crack. Then, at the geometrical modelling of the
specimen, we introduce the elements at the crack-tip domain.

The material used for the numerical analysis is rock, and, therefore, the anisotropy must be
introduced to express the constitutive law of the material. In this investigation the transversely
isotropic body is dealt instead of the general anisotropy, since the number of independent param-
eters is too many in case of the general anisotropy.

Summarizing above items, the authors show the numerical simulation of the rock toughness
testing of ISRM, which is based on the displacement-type finite element method, and the propriety
of the method is investigated by comparing the result with the experiments and other numerical

results.

2. ESTIMATION OF STRESS INTENSITY FACTORS

It is known that accurate solutions using the finite element method can be obtained if an
appropriate type of element is prepared to express the stress distribution at the crack-tip and
sufficiently fine meshes are set in the domain. For the former, we introduce a 15-node singular
isoparametric element which is obtained from a 20-node isoparametric element by condensating one
rectangular face of the hexahedron and by moving mid-nodes on edges adjacent to the condensated
surface to quarter-points. As a result, the singular isoparametric element becomes a triangular
prism, and this element is placed as to envelope the crack-tip as shown in Fig. 1. The residual
domain is modelled using 20-node isoparametric elements.

The stress intensity factors can be estimated using the nodal displacements facing to the crack-
tip. In case of the isotropic body, the stress intensity factors, Ky, Krr and Ky; for Mode I, II and

IIT are evaluated using the nodal displacements as follows(2].
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Figure 1: Modelling at crack-tip area.

where matrices [B] and {A} are expressed as
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In above equations, E and v show the Young’s modulus and the Poisson’s ratio, and u,,v, and
w, show the displacements at the node a{a = B,.C’, ..., see Fig. 1 ) along z, y and z axes of the
local coordinates. 7 is equal to —(2z/Ls + 1), and L, expresses the length of the element along
the crack-front.

Now, we rewrite the above equations which can be applicable to anisotropic material with the
stress-strain relationship expressed by ¢; = a;jo; or o7 = cije; (3,7 = 1,2,...,6). Assume that
all axes of the coordinates coincide with the axis of the anisotropic material. The stress intensity
factors for anisotropic materials can, then, be evaluated using eq.(1) on the condition that eq.(2)
is replaced by

Re
[B] = | Re

i (s1p2 — sap1)| Re |2 (p2 —p1) 0
55 (5192 — s2q1)| Re|;i-(e2 — @) 0 . (4)
0 0 (C44C55 - Czs)—l/z
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Figure 2: Chevron bend specimen.
Here, 5, and s; in eq.(4) are the solutions with positive imaginary parts for the following equation;
a8 — 2a165° + (2a12 + aes)s? — 2a265 + az = 0. (5)
Two parameters, p; and g;, are given by

2
Pi = @us;+ a1z — G16S5, (6)

q; a8 + a22/3]' — dgg. (7)

3. NUMERICAL RESULTS FOR ISOTROPIC MATERIAL

The geometry of the Chevron bend specimen and its testing method are illustrated in Fig. 2.
As obvious from the geometry of the specimen, the specimen has two symmetric surfaces. We
may, therefore, treat only a quarter of the specimen as its numerical model. Fig. 3 shows the finite
element model for a quarter of the Chevron bend specimen. Finer meshes are located near the
domain of the crack-tip, and rather coarse meshes for the residual.

Five stages of crack propagation are considered for the estimation of the stress intensity factors,
and the finite element meshes facing the crack surface are illustrated in Fig. 4. In these five
cases, we assume the crack-front B (see Fig. 2) always lies along the 3-axis, and locations of the

crack-front are given as follows;

Casel: a—~ay=005D Case 2:a-— ao = 0.10D
Case3:a—ay=0.15D Cased: a—ag=10.20D
Case 5:a—ag=0.25D

Following numerals are used for determining the Chevron bend specimen.
D =100mm, S =333mm, a=15mm, 20 =90°, t=0mm

The results of the stress intensity factors are shown in Fig. 4, in which the stress intensity factors
are evaluated using eq.(1). Note that A in the figure show the non-dimensional stress intensity
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Figure 3: Finite element model for a quarter of the specimen.

Table 1: Average stress intensity factors A.

Case 1 | Case 2 | Case 3 | Case 4 | Case 5 | Case 5’

a— ag 0.05D | 0.10D | 0.15D | 0.20D | 0.25D | 0.25D
<1 > Quchterlony][1] 10.548 | 10.031 | 9.889 | 10.305 | 10.935 —
< 2 > With singular elements | 10.191 | 9.691 | 9.640 | 9.956 | 10.433 | 10.436
<3 > W/O singular elements | 9.632 | 9.172] 9.076 | 9410 | 9.839 —

factor defined by A = K;/[F//D"%]. Symbols in Fig. 4 are defined as followings.

< 1> O: The results by Ouchterlony][1]

< 2 > @: The results of FE analysis with the singular isoparametric elements

< 3 > A: The results of FE analysis without the singular isoparametric elements
Due to the geometry of the crack front, the distribution of the stress intensity factor along the
crack front shows the highest value at the corner where the crack front bends. The analysis using
the 15-node singular isoparametric elements shows good coincidence with the result by Quchterlony
comparing to the value obtained by the FE analysis without the singular elements. Table 1 shows
the average value A of the non-dimensional stress intensity factors along the crack front B. The
rows, < 1 >, < 2 > and < 3 >, show the average values of the symbols, O, @ and A in Fig. 4. In
order to find the influence of the meshes, a different mesh pattern is prepared as shown in Fig. 4(f)
and used for the analysis. The result is shown in the column ”Case 5’ ” of Table 1. Comparing
the results of Case 5 and Case 5°, no difference between them is found. Hence we may conclude
that the models using the 15-node singular isoparametric elements as shown in (a) through (e) of
Fig. 4 are valid for our numerical investigations. Fig. 5 shows the comparison of our result with the
ones by other investigators. From the figure we find that the stress intensity factor becomes the
smallest for ¢/D = 0.3, i.e. @ —ag = 0.15D. This characteristic is originally due to the Chevron
bend model.
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Figure 4: Finite element meshes and calculated stress intensity factors. (a) - (e) correspond to
cases 1 — 5, respectively. (f) shows finite element meshes for case 5.
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Figure 5: Comparison of non-dimensional average stress intensity factors. < 1 > O, < 2 > @,
< 3 > A : results shown in Table 1; other results : reference [1].

4. NUMERICAL RESULTS FOR TRANSVERSELY ISOTROPIC MATERIAL

The aim of this section is to investigate the stress intensity factors of the Chevron bend model
in Case 3 under the condition of the transversely isotropy. The analysis is achieved using the
displacement-type finite element method using the 15-node singular isoparametric elements along
the crack front, and the stress intensity factors are evaluated using the formula proposed by Saouma
and Sikiotis[3].

‘In case of the isotropic body, we may treat only two parameters, i.e., the Poisson’s ratio and
the Young’s modulus. Six parameters are, however, required for the transversely isotropic mate-
rials. We firstly examine the number of parameters and decrease it as small as possible, since all
combinations of selected parameters are too many for numerical tests.

Assume that the relation between strain and stress is expressed as ¢; = a;;0;. Then, most of

2-D anisotropic body cases can be analyzed using following two parameters|4];

)= _ 2a12 + ags
= —, == ___ 2
a22 2\/311-922

The above equations can be rewritten using engineering quantities of Young’s modulus, Poisson’s

(8)

ratio and shearing modulus as following;

E. VvVEE
A= —2, p= L VVizVa. (9)
E, 2G1,

On the other hand, following characteristics are observed from experiments of various rocks([5];

1. For the Young’s modulus, we find the tendency of E; = E, > Es.

2. For the Poisson’s ratio, we find o3 = »33 > vy3. The Poisson’s ratio has the value of
0.06 < v < 0.45.
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3. We find the relation for the shearing modulus; Go3 = Ga1 < Gs.

Here it is supposed that the isotropic face of transversely isotropic material coinsides with the 1-2
plane.
Taking these results into consideration, we select following three parameters for an 3D anisotropic

body in this investigation.
i. Young’s modulus ; E; = E;, = v Es(y < 1),
ii. Poisson’s ratio ; vo3 = v13 = Yy 11y,
ili. Shearing modulus ; 1/G12 = 2(1 + v13)/E; and 1/Gy3 = 1/G3y = 1/E; + 1/Es +
293/ E,

where the shearing moduli, Gy3 and G3;, are approximate values using the equations by Lekhnitskii

[6].
In case that the axes of the transversely isotropic body coincide with the Cartesian coordinate

axes, we have to consider following three cases:

a) The isotropic face coincides with the 1-2 plane (E; = F, =77 1E;, v < 1),

b) The isotropic face coincides with the 2-3 plane (F, = E3 = vE;, v > 1).

c) The isotropic face coincides with the 3-1 plane (E3 = E; = A7'Ey, A= E,/E; < 1)

All necessary material constants for the cases of b} and c) are obtained by recurring subscripts of
the parameters for the case of a). Note that in case c), the parameter A defined by A = Ey/E; is
introduced instead of ~.

Summarizing above considerations, independent material constants are one Young’s modulus, v
{ or X ) and one Poisson’s ratio. We should notice that only two parameters, v (or A ) and one
Poisson’s ratio, can be used as independent variables for our investigation, since we treat only the
linear problems in this investigation and therefore the absolute value of Young’s modulus has no
influence to non-dimensional stress intensity factors.

Fig. 6 (a) to (c) show the average non-dimensional stress intensity factors A due to the various
combination of the Poisson’s ratio and the ratio of the Young’s modulus for above three cases of
a) to c), respectively. The results are normalized by the average non-dimensional stress intensity
factor A;,, for the isoparametric body with the Poisson’s ratio of 0.2. The logarithmic scale is
used for the abscissa. The Poisson’s ratio is changed between 0.1 and 0.4. Henceforth, we consider

mainly on the influence of E, and F5 to A under the condition of the constant E;.

In case of a) : Fig. 6 (a) shows that A increases in accordance with the increase of E3. Also, the

tendency of the increase is almost linear.

In case of ¢) : Fig. 6 (c) shows that A decreases in accordance with the increase of A. This
phenomenon may be explained as following; the Young’s modulus F,, which represents the
elastic constant in a normal direction to the crack face, becomes large in accordance with

the increasing of A, and hence the crack opening becomes small.
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Figure 6: Average stress intensity factors A vs. 4 (or ) for various Poisson’s ratios. (a) through
(c) correspond to cases a) — c) in the text.

In case of b) : Since E; = E3 = vE; and E; is constant, both of E; and E3 vary in accordance
with the change of 7. It indicates that the case of b) includes the effect as shown in both
cases of a) and c). Fig. 6 (b) shows that A decreases according to the increasing of 7, but
the decreasing is not linear as shown in the figures (a) and (c). The reason is that both
of the decreasing tendency of c) and the increasing tendency of a) occur at the same time,
since both of E; and E3 increase in accordance with the increasing of 4. We may conclude
that the influence of E, to A is larger than that of Ej, since the figure shows the decreasing

tendency as a whole.

As the material characteristic changes from the anisotropy to the isotropy, the influence of the
Poisson’s ratio to the stress intensity factor becomes large, but still smaller comparing to the effect
of the ratio of the Young’s moduli to the stress intensity factors.

The most important fact observed from Fig. 6 is that the change of the stress intensity factors
due to the parameters mentioned above is limited within several percents of the values in the
isotropic case. Then, according to the numerical experiments shown in this investigation, it can be
said that the anisotropic characteristics do not give large influence to the stress intensity factors.
But, at present we can’t conclude that anisotropic effects never appear to stress intensity factors,

since above results are obtained through a few numerical experiments.
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5. CONCLUDING REMARKS

Through this investigation the authors proposed a numerical simulation method of the standard
testing method, which is proposed by ISRM, and they showed several results of the fundamental
investigation on the crack propagation and the stress intensity factors. The numerical experiments
could not clarify the evident characteristics of the transversely isotropy of the material. The
transversely isotropic characteristic is introduced for the simplification of the analysis, but there
still remain a number of uncertain factors. It indicates that the proposed theory is one of the
approximations of the anisotropic characteristics. And, only a few test problems could be solved
through this study. '

In further investigation it is expected that the mutual relation among material properties of
the Poisson’s ratio, the Young’s ratio and so on should be clarified under the assumption of the
transversely isotropy and also the general anisotropy, and that more appropriate parameters should
be selected. In this investigation, only the Chevron bend model is considered. Another model called
the Short Rod Model will also be numerically treated in the successive investigation.
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