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Abstract
The axial-ratio of lim estone and granite pebbles in the Ut aro Conglomerate differs from
the result of three-axial compressive tests. Observation of the fracture surface by S.E.M.
revealed that the intragranular and intergranular normal ruptures develop in the limestone
pebbles. On the contrary , in the granite pebbles many types of fracture are observed. If the
difference of thei r initial sta tes is negligible , the propaganda of fracture can be discussed by
assuming the condition under which the applied stress remains constant.
In the case of limestone, the apicies of fractures look stair-like form due to generation
of punched dislocation. This phenomenon probably indicates that the critical strength is
smaller than E/ I 0 and plastic relaxation is ge nerated at the apicies of fractures. On the
con trary , th e granite pebble behaves as a brittle (i .e. Oc > E/ I 0) , and is deform ed elastically
during stress acted. Therefore, the fractures are well developed and megascopicai axial-ratio
is increased.

Introduction
The Utaro Conglomerate near the Cape Erimo, southern end of central
Hokkaido, is famous for the deformed granite pebbles which are extremely
elongated. It is noted that the pebbles of different lithology have different
axial-ratio , though the general stresses acting on them should have been equal
throughout the conglomerate layer. The deformed granite pebbles attain up to
12 in axial-ratio (the maximum va lue; the longest axis of pebble is divided by
the shortest one), whereas the limestone pebbles are generally small in this ratio
(Uda, 1973, 1976). This phenomenon contradicts to the result of three-axial
compression tes ts on granite and limestone.
In general, since gran ite has low ductility and higher yield strength , it must
be easily destructed under higher differential-stress. On the other hand ,
limestone has high ductility and low yield strength. Accordingly, the generation
of flowage is apt to occur rather than break down. From these facts, it is expected
that the axial ratio of granite pebble is smaller than that of lim estone. This.
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notable difference in the axial-ratio between field occurrence and three-axial
test attracts our attention.
According to the fracture mechanics of structural materials (Telelman and
McEvily, 1967), a specific type of fracture has a characteristic pattern on the
surface. By means of observation of this characteristic pattern, it is possible to
restore the fracturing process and also to estimate the cause of fracturing.
In order to clarify the problem mentioned above, the scanning electron
microscope observation was carried out, and the formation mechanism of
fracturing pattern is discussed in this paper.
Types of Fracture
On the basis of fracture mechanics, it is possible to decide condition of
nominal fracture strength, length of fracture, and fracture toughness (i.e. the
critical elastic work with an unstable fracturing). Types of fracture are classified
as follows;
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Megascopic (A) and microscopic (B) fractures. I. Cleavage fracture; a.continuous
cleavage fracture . b.discontinuous cleavage fracture, 2. Shear fracture; a.sIant-shear
fracture, b.chiseI-point fracture , 3. Normal (a) and shear (b) ruptures.
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(I) Cleavage fracture (Fig. I , I ) - This type forms when the cleavage crack
develops within the material subjected to tensile component of extern al stress .
As shown in Fig. I (I , 8-a) the continuous cleavage fracture form s when the
bond of every grains are failed to be normal to the fracture plane. The
discontinuous cleavage fracture (l , B-b) generates when cleavage fractures
develop in some grai ns and shear failures in other grains.
(2) Shear fracture (Fig. I , 2) - This type generates when the atomic bond of
material is failed parallel to the fracture plane. The slant-fracture generates
parallel to interface of material. The chisel-point fra cture occurs due to the
shear in two directions.
(3) Normal and shear ruptures (Fig. I , 3) - Trace o f fracturing is normal to
the tensile stress, but marked notches are observed on the fracture surface
under the S.E.M. The fracture is developed by the connection of boids. Each
boid is shear failure found within the fracture plane and slants 30° - 45° to the
tensile stress.
Under certain condition , the boundaries between neighbouring grains in
polycrystalline aggregate are weaker in coherence than the intragranula r
surface. In this case, fracturing occurs rather on the grain boundaries than in
the intrior of grai n. Accordingly , fractures can be classified into the following
six types; (i) intragranular cleavage fracture, (ii) intragranuiar shear fracture ,
(iii) intragranular normal rupture, (iv) intergranular cleavage fracture, (v)
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Normal rupture in limestone pebble. A fracture with marked not ches plane (a), and
mutually crossed planes (b).
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intergranular shear fra cture, and (vi) intergranular normal rupture. Each type of
fractures produ ces depending upon the environm ental condition and state of
nominal stress and strain.
Method
Pebble specimen were cut into thin slabs, I x I em sq uare. These slabs were
emb edded in epoxy resin and polish ed with #3 000 abrasive and finally
chrome-ox ide abrasive on woolen cloth. These samples were rinsed with
distilled water and dried.
The polished limestone was imm ersed into 20°C, 10% hydrochlori c acid for
20 seco nds, and the granite was imme rsed into 20° C, 10% hydrofluoric acid for
a few seconds (Minoura, 1975) . After e tching all samples were immediately
rinsed with distilled water, and comple tely dried. Then, the carbon coating and
gold shadowing were treated by the vacuum evaporation apparatus, JEOL
LEE-4B. Observation was made using a JEOL JSM-S I scanning election
mi croscope in Historical Museum of Hokkaido.

Fig. 3

Fracture surface in limestone (a), and the crystallographic from of calci te on the
fracture surface (b).
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Observation of Fracture

Limestone Pebble
Most of the fractures are intragranular and intergranular normal ruptures.
Calcite has a perfact rhombohedral cleavage 110111, and sometimes parting is
parallel to 101121 which is due to twin-griding. The fracture propagates not
only in the same direction as megascopic fracture but also in the opposite
direction. The fracture detours around the grain as an intergranular fracture,
where the crystallographic cleavage plane crosses the direction of fracture. The
fracture observed under the S.E.M. has a certain width and its plane is notched
(Fig. 2a). Under higher magnification, the minute planes of notches cross
obliquely each other (Fig. 2b). Boids are formed when no fracture is developed.
The crystallographic form of calcite observed on the fracture surface under
further higher magnification is shown in Fig. 3. Fig. 4a shows fractures of
which apicies do not reach the neighbour one. The apex of fracture looks
stair-like form due to the heterogeneous generation of punched dislocation
loop , and many smaller pits by dislocation were observed around the apex
(Fig.4b). These phenomena probably suggest that the plastic relaxation of
strain occurs at the apex of fracture .
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Fig. 4

Apicies of fractures which do not reach the neighbour (a), and the stair-like form of
apex (b).

L

496

T. Uda

Fig. 5

Fig. 6

Parallel cleavage fracture in feldspar grain (a), and in quartz grain (b).

Quasicleavage fract ure in quart z grain (a), and its smooth and ge ntle swerved
surface (b).
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Fig. 7

shear fracture in quartz grain . The fracture with displaceme nt alo ng its plane (a) and
a set of crossed fractures.

Fig. 8

The belt which consists of numerous minute fractures en echelon (a), and clossed
belts (b).
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Granite Pebble
Various types of fracture were observed under S.E.M. In feldspar grains,
many parallel fractures were found (Fig. Sa). Plagioclase has perfect cleavage of
101 11 and twining plane (0 I 0), but it was difficult to decide which plane was
fractured . Cleavage fracture was also found in quartz grains (Fig. 5b). This
fracture develops linearly and has a smooth surface, so that it is easily
distinguished from the normal rupture. Quasicleavage fracture was found in
quartz grains' (Fig. 6). This fracture has a gently swerved surface formed by
high concentration of infinitesimal cracks.
Throughout the present observation, shear fracture traverses obliquely
quartz grain and the grain was displaced by this fracture (Fig. 7). Under higher
magnification, this fracture is seen as a belt consisting of numerous minute
fractures en echelon (Fig. 8). In quartz, although the basal-plane is weakest, no
basal-plane griding observed .
Normal and shear ruptures are predominant in the granite pebbles. Fig. 9
shows a surface of normal rupture which is characterized by the presence of
isometric dimples. These are formed by development and connection of boids.
Fig. 10 shows elongated dimples developed on the surface of shear rupture.
Such elongated dimples may be formed as the result of sliding parallel to the
shear stress.

Fig. 9

A surface of normal rupture (a), and isometric dimples on the surface (b).

MICROFRUCTURE IN PEBBLES

499

Fig. lOA surface of shear rupture (a), and elongated dimples on the surface (b).

Discussion
It is clear that the type of fracturing in limestone pebble is entirely
different from that in granite pebble. Microfracture in limestone pebble is more
simple than in granite, in the latter fractures become complex by the
combination of various types of fracture. This difference is probably caused by
the following factors; intitial state of material, homogeneity of applied stress,
presence of Griffith's (potential) cracks, mechanical properties of material, etc.
With regard to the initial state of material, limestone pebble was produced
as a nodule, so that it is similar to a clean material*. Granite pebble was, on the
other hand, derived from its country mass and subjected to weathering during
transportation and sedimentation. Therefore, this behaves as dirty material**
(Fig. II). Homogeneous microscopic structure of clean material behaves
resistance against the generation of fractures, but heterogeneous distribution of
impure grains causes less resistance.
Assumming that stress is applied homogeneously and that difference of
initial state is negligible, the propaganda of fracture can be discussed.
According to the jorce-separation law (Gilman, 1962), the value of critical

*
**

Clean moten"ol consists of homogeneous sigle phase and when another phase is involved, it distributes
homogeneously in the material.
Dirty material involves heterogeneously many impure grains.
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Fig. 11

Microphotograph of limestone pebble (a) and granite pebble (b).

strength, a c , is given as:
ac =

E

10

and then, the true surface energy. 1's, is given by
_ Ea o
1's

- 20

where E is Young's module and ao is an equilibrate distance between atoms
without stress (Appendix I).
If the yield strength, ay, is larger than the bonded force (nearly equal to
E/lO), the material behaves as a perfect elastic body and the formulae given by
Griffith (1924) can be applied, which gives a condition of fracture propaganda.
If ay is smaller enough compared to E/l 0, the fracturing generates plastically
(Irwin, 1957). Without continuous cleavage fracture, the remaining types of
fracture belong to the category of local plastic deformation. The local plastic
flowage causes the increase of toughness (crack-resistance force of material).
These relationship is shown in Fig. 12 (Appendix II). Fracture begins to
propagate elastically under the condition of C = CF and then, it
becomes dully at C = Cx by the plastic deformation when 1'p > 1's. The curved
line DE in Fig. 12 shows the stress, aM , under the condition mentioned above.
If a (applied stress) remains constant during propaganda, even enough C = Cx ,
the fracture grows up because of a > aM. However, if plastic work, 1'p, is large
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enough and aM is shown as the curved line FG in Fig. 12, the fracturing
becomes slow and stops at last.
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Fig.12 An effect of plastic relaxation on plastic work, 'Yp, according to the modification of
Griffith's criterion.

On the basis of the result of observations and theoretical inquiry of fracture
mechanics, following conclusion is given to the difference of megascopic
features between limestone and granite pebbles. The difference of fracture type
probably depends on the initial state of pebbles and generation of plastic
defonna tion. In the case of limestone pebble, the fracture must be less
developed due to the plastic relaxation at the apex of fracture, and because of
clean material. On the other hand , granite pebble behaves as a brittle and dirty
material, and involves many potential cracks. Therefore, fracture is well
developed, fonning various types of fracture.
In short, in limestone pebble, plastic relaxation occurs only at the apex of
microfracture, and megascopic fracture is poorly developed. On the contrary,
in granite pebble, elastic defonnation occurs instead of plastic one, and
megascopic fracture is well developed.
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AJ1pendix I

The frac ture strength depends upon the bond strength between atom A and
A' . In order to convert this bond strength to distance, a o is ditlned as
equ ilibrate distance, a, between atoms with out stress (Orowan, 1959). The
stress, u , needed to pull apart in a (> ao ) distance increases until reaching a
critical strength , u c , and conseq uently the bond is distructed. At this time, an
atom can be displaced even if the stress decreased. The curved line of
stress-displacement can be approx imated as a sinusoidal curve with wavelength ,
A, and is given by
U

= U c sin (27rX/A)

(I)

where x = a-ao indi ca tes the displa cement from equilibrate position. When the
displacement is an infinitesimal, the approximati on for sin x '" x can be
permited, hence

Assuming that this infinitesima l displacement obeys the Hooke's low. the
equation on the stress-strain relation can be written as
u = E'C= -

Ex
ao

(2)

therefore,
U= -

A= -E

27r

ao

In order to discribe the related equations for fracturi ng energy, the true
sUiface energy , 'Y " (i.e. work done to form a new surface due to distructi on of
ato.mic bond) is defined as following equation (see Fig. 13):
1

2-astn
. (27rX)d
- - x = - AU- c
2-y=
soc
A
1T

f

(3)

Therefore, from eq. (2),

(4)
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Fig. t 3 The tensile stress needed to pull aprt in a> ao distance. ao : the equilibrate distance
between atoms at a = O. Fracturing occurs at a = ac'

Appendix JJ

Let consider a small ellipse of fracture wlDch has 2c in length. The
maximum tensile stress, am a x, is generated at the apex of fracture (MusknelishviIi, 1953), and is written such as
(5)

Stress is expressed by the curvature radius of fracture apex,
a curvature, p = h2 Ie, a max is rewritten as

p.

Since ellipse has

Therefore,
ka = a max =
a

2jpr

(6)

indicates the coefficient of stress concentration at the infinite acute fracture.
A necessary condition of propaganda shou ld be satisfied when the
ma ximum tensile stress reaches the critical bond strength, a c . According to
eqs. (4) and (6) , a nominal stress, a ~ aF, is given by

2a ~~jE"I '
F

P

ao

namely,

(7)
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This relationship is only applied to perfect elastic body, hence OF indicates the
fracturing stress (i.e. the load stress nee ded to generate complete fracture).
In plane-stress conditi on, the strain energy, WE, is given by

Since an internal fracture is propagated sy mmetrically, two surface of 2c in
length are formed and the surface energy, W" is given by
W, ; 20y,

.

(9)

In this case, the Griffith criteri on is rewritten from eqs . (8) and (9) as follows;

a

aC

(rr o'C' )

E

.;;>

a

ac (4C'Y , )

therefore,
(10)

When the plastic deformation occurs near the apex of fracture , plastic
work, 'Yp , must be done in addition to elastic work, 'Y" during fracture
propaganda. Under the plane-stress condition, the Griffith's criterion must be
modified as

; J 2ErrC'Y' (I + 2£..)
'Y ,

(11 )

When 'Yph,> I , eq. (II) is simplified,
OM

;J2E'YS( 'YP);J2E'Y
rrC Ys
"C p

(12)

where OM indicates the stress needed to development of fracture. When the
plastic deformation is generated near the apex, the fracture propaganda
becomes dully and the concentrated stress is relaxed. This phenomenon can be
easily understood when we compare eq . (7) to eq. (12), such as
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j2E'Ys (~) = j2E'Ys
rrC 3aO
rrC

(~)
'Y s

therefore,
p

3aO

= 'Yp

'Ys

(1 3)
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