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An Update on the Fracture Toughness Testing Methods Related
to the Cracked Chevron-notched Brazilian Disk (CCNBD) Specimen

R. J. FoweLL,! C. Xu,! and P. A. Dowp!

Abstract—This paper reviews the use of the cracked Chevron-notched Brazilian disc (CCNBD) for
fracture toughness testing. Theoretical and experimental backgrounds of the method are described. Some
issues regarding the current development (i.e., recalibration) of the specimen geometry are presented and
discussed. A number of geometries related to the CCNBD proposed recently for fracture toughness testing
of rock are then introduced and commented on.
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1. Introduction

Due to the great popularity of using Brazilian disks in the rock mechanics
community, the introduction of the CCNBD specimen for rock fracture toughness
testing (FOWELL and Xu, 1994; CHEN, 1990) did not encounter any difficulty in
gaining wide acceptance. Compared with the Chevron bend (CB) and short rod (SR)
specimens, the CCNBD has numerous advantages which include easier sample
preparation, much higher failure load, simpler testing procedure and it is easily
adaptable for mixed-mode fracture toughness testing. Some selected publications
about the use of the specimen include CHANG et al. (2002), DWIVEDI et al. (2000),
AL-SHAYEA et al. (2000) and KRISHNAN et al. (1998).

2. Background

The basic CCNBD testing configuration is given in Figure 1. The relations between
the geometrical entities are expressed in Equation (1) below.
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Figure 1
Basic configuration of CCNBD fracture toughness testing.
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where o , o; and oz are dimensionless and are calculated as: oy = ay /R, oy = a; /R
and ag = B/R. The ISRM suggested that standard specimen dimensions are given in
Table 1 (ISRM, 1995).

In practical experiments, the dimensions of CCNBD specimens obtained will
deviate from the standard figures. To obtain the stress intensity factor (SIF) for

Table 1
Standard CCNBD geometrical dimensions (Fig. 1)

Descriptions Values Dimensionless Expression
Diameter D (mm) 75.0
Thickness B (mm) 30.0 ag = B/R = 0.80
Initial chevron-notched crack length ay (mm) 9.89 oy = ap/R= 0.2637
Final chevron-notched crack length a; (mm) 24.37 a; = a;/R = 0.65
Saw diameter Dy (mm) 52.0 o, = Dg/R = 0.6933
Cutting depth h, (mm) 16.95
Y in (dimensionless) 0.84

Critical crack length a,, (mm) 19.31 on = ay,/R = 0.5149
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different dimensions, the specimen geometry is analyzed theoretically using the
combination of compliance method, dislocation method and superimposition
technique. The SIF for a CCNBD specimen with crack length o can be calculated
as (Xu and FOWELL, 1993):

1

o) = | %) ]
o= [t ) 2
where
2 o 2
m(a)=(a?—aé)+°§f—\/(a%—aZ)-a§+(a§—ag_°if>
L) 1 [mga)
L {B’E'C(oc) BE J, c(é)’dé} 5

2 Y(2)-gi(x) (1—ck) galo)
(BE)*  C*) BE C(u)
o0 - o

ga(o) =
4 \/(“? — o) af + (o — of — a3 /4)’

g3(a) =

The results are then validated using the finite element method (FEM) and the
boundary element method (BEM) (XU and FOwELL, 1993). For fracture toughness
testing, the important SIF value for the specimen is the minimum SIF, denoted as Y,
as it corresponds to the failure load recorded during the testing. From them the
fracture toughness value can then be calculated as:

Pmax *
KC _B \/E Ym' (4)
Note the above calculation only depends on the compliance C(a) of the
corresponding cracked straight-through Brazilian disc (CSTBD) and is independent
of fracture mode, i.c., if the correct compliance is supplied the above fracture
toughness is equally applicable to mode I, II, III or mixed mode fracture testing.
However, due to the plane strain constraint, not all geometries of the CCNBD are
valid to be used for fracture testing. Studies (XU and FOWELL, 1993, 1994) showed
that CCNBD geometries must fall within the range outlined in Figure 2 to yield valid
fracture toughness results. These ranges can also be expressed below:

o > 0.4, Line 0
oy > op/2, Line 1
ag < 1.04, Line 2
o <0.8, Line 3

o > 1.1729 - (2;)*?, Line 4
og > 0.44, Line 5
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Valid geometrical ranges for fracture toughness testing.

For CCNBD specimens within these ranges, an easier version (compared to Equation
3) to calculate the minimum dimensionless SIF values is given in (ISRM, 1995):

Yo o=u-e’, (6)

min
where constants # and v are listed in ISRM (1995). A selected portion for some
common configurations is given in Table 2 below:

WANG (1998) introduced a correction factor to account for the compliance of
uncracked disc in the SIF evaluation of CCNBD specimens and the results of full-
scale calibration using FEM are presented in WANG et al. (2004).

3. Geometry Related to CCNBD: 1 — Flattened Brazilian Disc (FBD)

The uncracked Brazilian disc was used by GuUO ef al. (1993) directly for mode I
fracture toughness testing. This configuration was revisited by WANG et al. (2004) by
introducing two parallel flat loading planes as shown in Figure 3(a). The geometry is
analyzed by WANG et al. (2004) using the FEM and Figure 3(b) shows the
dimensionless SIF for the configuration for different stages of the crack propagation.
The experiment using this testing method can only be performed in a displacement
controlled loading system and a typical load-displacement curve is given in
Figure 3(c). The mode I fracture toughness K;c- can then be calculated as:

P min

K =
IC \/E[

’ q):;lax’ (7)
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Table 2

Selected valuesof u and v

ol 0.200 0.250 0.275 0.300 0.325 0.350 0.375 0.400

u

oB
0.680 0.2667 0.2704 0.2718 0.2744 0.2774 0.2807 0.2848 0.2888
0.720 0.2650 0.2683 0.2705 0.2727 0.2763 0.2794 0.2831 0.2871
0.760 0.2637 0.2668 0.2693 0.2719 0.2744 0.2781 0.2819 0.2860
0.800 0.2625 0.2657 0.2680 0.2706 0.2736 0.2772 0.2811 0.2845
0.840 0.2612 0.2649 0.2672 0.2699 0.2727 0.2763 0.2801 0.2831
0.880 0.2602 0.2642 0.2668 0.2691 0.2723 0.2754 0.2793 0.2816
0.920 0.2598 0.2634 0.2658 0.2684 0.2716 0.2747 0.2782 0.2811
0.960 0.2593 0.2633 0.2655 0.2685 0.2710 0.2746 0.2767 0.2799
1.000 0.2591 0.2630 0.2653 0.2679 0.2709 0.2738 0.2768 0.2786

0.680 1.7676 1.7711 1.7757 1.7759 1.7754 1.7741 1.7700 1.7666
0.720 1.7647 1.7698 1.7708 1.7722 1.7693 1.7683 1.7652 1.7617
0.760 1.7600 1.7656 1.7649 1.7652 1.7662 1.7624 1.7593 1.7554
0.800 1.7557 1.7611 1.7613 1.7603 1.7596 1.7561 1.7525 1.7512
0.840 1.7522 1.7547 1.7551 1.7548 1.7535 1.7499 1.7469 1.7473
0.880 1.7487 1.7492 1.7478 1.7487 1.7463 1.7452 1.7403 1.7434
0.920 1.7423 1.7446 1.7443 1.7432 1.7411 1.7389 1.7360 1.7363
0.960 1.7370 1.7373 1.7372 1.7346 1.7344 1.7309 1.7343 1.7331
1.000 1.7308 1.7307 1.7306 1.7297 1.7273 1.7270 1.7258 1.7302

*

where Py is the local minimum load reading as shown in Figure 3(c), @}, is the
maximum dimensionless SIF as shown in Figure 3(b). The main attraction of this
method is the even simpler sample preparation as no slot needs to be cut at the center
of the disc. However extensive analytical, numerical and experimental validation of
the method is needed. A sensitive displacement loading requirement and low success
rate for tests are also some of the disadvantages of this specimen geometry.

A geometry closely related to the flattened Brazilian disc is the modified ring
(MR) configuration reported in FISCHER et al. (1996). The geometry is depicted in
Figure 4 and the mode I fracture toughness value is obtained from the test graph
shown in Figure 5. Finite-element analysis of the geometry is also presented by
FISCHER et al. (1996).

4. Geometry Related to CCNBD: 2 — Semi-circular Specimen under Three-point Bend
(SCB)

This geometry was proposed by CHONG (1987) and received extensive study by Lim
et al. (1994 a,b,c) and experimental attention from KRISHNAN ef al. (1998) and
FUNATSU et al. (2004). The specimen and configuration for testing are shown in
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Figure 3
Flattened Brazilian disk, a) Geometrical dimensions, b) SIF ¢) L-D curve (WANG et al., 2004).

Figure 6(a). The fracture toughness for mode I and II is then obtained by Equation
(8) below (Lim et al., 1995).

P
KIC = —-V7na- Y]*
2rt (8)
P L
KHC Z% VvV a - Y]I

where Y;" and Y}; are dimensionless SIF values for the specimen with crack length a, ¢
is the thickness, r is the radius and P is the recorded failure load. Figure 6 (b) gives
the dimensionless SIF Y; for pure mode I loading fixture and the dimensionless SIF
Y;and Y;; for mixed conditions are given in Figure 6(c). A typical load-displacement
curve for the testing is shown in Figure 6(d).

This geometry, although retaining some merit such as being easily adaptable for
mixed mode testing, loses some advantages of the CCNBD specimen. The most
notable one is the low failure load which can sometimes be difficult to implement in
practical experiments and is error prone, as it will be more difficult to obtain accurate
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Figure 4

load-displacement recordings. Another disadvantage will be the possible need for a
pre-cracking process prior to testing although this can be easily overcome by
introducing a Chevron-notch instead of a straight-through crack.

5. Geometry Related to CCNBD: 3—Double-edge Cracked Brazilian Disc (DECBD)

This geometry has been recently proposed by CHEN ez al. (2001) for mode I fracture
toughness testing. The specimen and loading configuration is as shown in
Figure 7(a). The specimen is studied in CHEN et al. (2001) using a weight function
and the FEM method. The dimensionless mode I SIF for the specimen for different
crack inclination angles is given in Figure 7 (b).

In the authors’ opinion, this geometry has great potential. An initial impression
of the specimen is that it will retain most of the merit of the CCNBD specimen, with
the improvement of an easier sample preparation. The specimen, if configured
properly (i.e., certain crack inclination angle), will act like a shear box which will
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Fracture toughness determination using MR testing (FISHER ef al., 1996).

make it extremely suitable for mixed modes I and II fracture toughness testing.
Certainly the geometry is still in its early stages of development and we cannot be
sure at this stage if these claims will be correct. Some work for this geometry is
imminent, for example, mode II SIF evaluation and extensive experimental testing

validation.

6. Conclusion

Since its introduction, fracture toughness testing using the CCNBD specimen has
attracted considerable attention in the rock fracture research community. Advan-
tages of using the method have started to be realized, which include, easier sample
preparation, much higher failure load, and hence simpler and less error-prone testing
procedure. Another superb advantage of the specimen is that it can easily be adapted
for pure Model II and mixed Modes I and II fracture toughness testing, which has
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attracted extensive research in the past decade and is expected to remain as a very
active research topic for the foreseeable future. It may be necessary to revise the
dimensionless SIF values for a future release of the suggested method to incorporate
some recent developments. More research and input from different sources need to

be coordinated.
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Figure 7
Double edge Brazilian disk - DECBD a) Geometry b) Mode I SIF (CHEN e al., 2001).

Several specimen geometries closely related to the CCNBD have also been
developed and used, however in the authors’ opinion, none of them have the same
unique desirable combinations of features and advantages as the CCNBD geometry.
The DECBD specimen, however, is believed to have great potential for further
development.

REFERENCES

AL-SHAYEA, N.A., KHAN, K., and ABDULJIAUWAD, S.N. (2000), Effects of confining pressure and
temperature on mixed-mode (I-1I) fracture toughness of a limestone rock, Int. J. Rock. Mech. and Min.
Sci. 37, 629-643.

CHANG, S.H., LEE, C.I., and JEON, S. (2002), Measurement of rock fracture toughness under modes I and IT
and mixed-mode conditions by using disc-type specimens, Engin. Geology 66, 79-97.

CHEN, F., SUN, Z., and Xu, J. (2001), Mode I fracture analysis of the double edge cracked Brazilian disk
using a weight function method, Int. J. Rock. Mech. and Min. Sci. 38, 475-479.

CHEN, J.F. (1990), The development of chevron-notched Brazilian disk method for rock fracture toughness
measurement, Proceeding of 1990 SEM Spring Conf. on Experimental Mechanics, Albuquerque, USA,
pp. 18-23.

CHONG, K.P., Kuruprru, M.D., and KuszmMAUL, J.S. (1987), Fracture toughness determination of rocks with
core-based specimens, Proceedings of SEM/RILEM Internat. Conf. on Fracture of Concrete and Rocks,
Texas, (Shah S.P. and Swartz, S.E. eds.), pp. 13-25.

Dwivebi, R.D., Soni, A.K., GOELL, R.K., and DUBE, A k. (2000), Fracture toughness of rock under sub-
zero temperature conditions, Int. J. Rock. Mech. and Min. Sci. 37, 1267-1275.

FIsCHER, M.P., ELSWORTH, D., ALLEY, R.B., and ENGELDER, T. (1996), Finite element analysis of the
modified ring test for determining mode I fracture toughness, Int. J. Rock. Mech. and Min. Sci. 33, 1-15.

FoweLL, R.J. and Xu, C. (1994), The use of the cracked Brazilian disc geometry for rock fracture
investigation, Int. J. Rock. Mech. and Min. Sci. 31, 571-579.



Vol. 163, 2006 Update on Fracture Toughness Testing Related to CCNBD Geometries 1057

Funatsu, T., SETO, M., SHIMADA, H., MATsul, K., and Kuruprpu, M. (2004), Combined effects of
increasing temperature and confining pressure on the fracture toughness of clay bearing rocks, Int. J. Rock.
Mech. and Min. Sci., 41, 927-938.

Guo, H., Aziz, N.I., and ScuMIDT, L.C. (1993), Rock fracture toughness determination by Brazilian test,
Engin. Geology 33, 177-188.

KRrISHNAN, G.R., ZHAO, X.L., ZAMAN, M., and ROEGIERS, J.C. (1998), Fracture toughness of a soft
sandstone, Int. J. Rock. Mech. and Min. Sci. 35, 695-710.

ISRM CoMMISSION ON TESTING METHODS (1995), Suggested method for determining Mode 1 fracture
toughness using cracked Chevron-notched Brazilian disc (CCNBD) specimens, R.J. FOWELL (co-
ordinator), Int. J. Rock. Mech. and Min. Sci. 32, 57-64.

Lim, L.L., JounsToN, I.W., CHol, S.K., and BOLAND, J.N. (1994a), Fracture testing of a soft rock with semi-
circular specimens under three-point bending part 1-mode I, Int. J. Rock. Mech. and Min. Sci. 31, 185-
197.

Lim, I.L., JounsToN, I.W., CHol, S.K., and BOLAND, J.N. (1994b), Fracture testing of a oft rock with semi-
circular specimens under three-point bending part 2-mixed modes, Int. J. Rock. Mech. and Min. Sci., 31,
199-212.

LiM, I.L., JoHNSTON, I.W., and CHol, S.K. (1994c), Assessment of mixed-mode fracture toughness testing
methods for rock, Int. J. Rock. Mech. and Min. Sci. 37, 265-272.

Xu, C. and FOWELL, R.J. (1994), The crack chevron-notched Brazilian dist test—-geometrical considerations
for practical rock fracture toughness measurement, Int. J. Rock. Mech. and Min. Sci. 30, 821-824.

Xu, C. and FoweLL, R.J. (1993), Experimental validation of the cracked chevron-notched Brazilian disc
geometry specimen for rock fracture toughness testing, LUMA Magazine, Leeds University Mining
Association, pp. 57-68.

WANG, Q.Z. (1998), Stress intensity factors of the ISRM suggested CCNBD specimen used for mode I
fracture toughness determination, Int. J. Rock. Mech. and Min. Sci. 35, 977-982.

WANG, Q.Z., 1A, X.M., and Wu, L.Z. (2004), Wide range stress intensity factors for the ISRM suggested
method using CCNBD specimens for the rock fracture toughness tests, Int. J. Rock. Mech. and Min. Sci.
41, 709-716.

WANG, Q.Z., Ji1a, X.M., Kou, S.Q., ZHANG, Z.X., and LINDQVIST, P.-A. (2004), The flattened Brazilian disc
specimen used for elastic modulus, tensile strength and fracture toughness of brittle rocks: analytical and
numerical results, Int. J. Rock. Mech. and Min. Sci. 41, 245-253.

(Received March 18, 2005, revised September 19, 2005, accepted October 21, 2005)
Published Online First: May 12, 2006

To access this journal online:
http://www.birkhauser.ch






