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I SUMMARY

The failure mechanisms in rock, despitc a long history of study,
are still only poorly understdod. In this program we are studying
dynamic tensile failure in rocks through flatplate impact cxperiments

using a gas gun and ytterbium stress gages.

The research program is divided into three phases:

I. Stress-Time Measurements: Determination of stress

histories of rock specimens during tensile failure.

II. Damage Measurements: Use of optical and scanning

election microscope techniques to describe damage
to impacted 1ock specimens that have fatled in tension.

IIT. Model Development: Development and substantiation of

a model for dynamic tensile failure in rocts,
During the first year, the main emphasis will be on Phases I and II.

The initial experiments are on Arkansas novaculite; the second mater;al

to be studied will be Sioux quartzite.

Six dynamic experiments have been performed on novaculite with
successful specimen recovery. A small ytterbium strezs gage has been
designed and used to record the stress history at the specimen-plexiglass
interface. The record obtained is in fair agreement with the profile

predicted by a computer run.

The virgin novaculite and the recovered specimens have been examinei
by optical microscopy. Spall cracks normal to the impact direction and
other cracks whose planes roughly contain the impact direction are the
main cracks formed. The spall cracks tend to be large and few in number.
The other set of cracks is thought to be caused by bending, but a
detailed analysis has not been performed. Examination of the fracture

surfaces has shown that fracture proceeds intergranularly. Segments of



several fracture surfaces are being prepared for more detailed

examination by scanning electron microscopy.

The expanded ring test (hoop-stress loading) has been used to
obtain the quasi-static tensile strength of novaculite. Results for 27
specimens gave a tensile strength of 6,400 * 440 psi. No significant

difference was found between tests conducted in air and under vacuum.

At present it appears that novaculite fails by the following

fracture mechanism:
(1) Simultaneous activation of a number of preexisting
structural defects
(2) Growth of the activated flaws radially outward
(3) Coalescence of the expanding cracks

(4) Complete sepsration of the specimen into two or more parts.




I1 DESCRIPTION OF SPECIMENS PRIOR TO TESTING

A. Microstructure

Arkansas novaculite--a natural-occurring, polycrystalline quartz--
is o mineralogically simple rock, consisting of a chemically simple
mineral, and is therefore a suitable material with which to begin these
studies. Metallographic examination of polished and etched surfaces at
1000X shows that novaculite consists of equisized, equiaxed, and randomly

oriented quartz grains having an average diameter of about 10 u.

Figure 1 shows a polisiied surface which has becen etclhed for 2
minutes in 40% HF at room temperature to reveal the grain structure.
Black areas are holes where natural flaws intersect the surface or
where grains have been pulled out during the polishing process. Bright

areas are caused by reflected light from internal surfaces.

B. Defect Structure

From casual observation of polished surface with the unaided eye,
it is appesrent that natural novaculite has a defect structure. Morcover
the defects are strongly oriented. Cioser examination with a micro-
scope shows that defects are present on essentially two distinguishable
size levels; namely, larger defects having dimensions of a few hundred

microns, and smaller ones on the order of the grain size.

By exploiting the translucency of novaculite and focusing into the
material to a depth of about 100 u, the lurger flaws are found to exist
ir two dominant shapes--plates and rods. Figure 2 shows a rodlike and
a platelike flaw slightly below the surface of polish and inclined at
an angle to it, so that only a section of c¢ach i8 in focus. The planes
of the rather homogeneously distributed platelike flaws are roughly
parallel with respect to one another, and the rodlike defects are
inclined at about % 450 to these planes. (Rodlike flaws possibly

originate from tiny bubbles of water rejected during crystallization
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of the rock, which coalesce to form capillary tubes [Khvorova and

Dmitrik, 1969]).) The size distribution of these flaws was not determined,
but the mean plate diameter or rod length was of the order of 200 pu.

(The largest flaw observed was ~ 2 mm.) The plates would appear to be
particularly effective crack starters, and their strong preferred
orientation is expected to result in highly anisotropic fracture

proparties.

Metallographic examination at higher mangification (500X - 1000X)
reveals the presence of a population of smaller flaws on the order of
10 u. Evidence can be seen for example, in Figure 1, where the bright
spots on the micrograph can only be explained as reflection of light
from internal surfaces. Since the :izes of these surfaces compare well
with the grain size, it is likely that these cracks are at grain
boundaries where imperfect adhesion of two grains occurs. The presence
of microcracks at grain boundaries indicates that fracture in novaculite

will be mainly intergranular.
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II1I QUASI-STATIC TENSILE TESTS

The tensile strength of novaculite was determined using the SRI
expanded ring test [Sedlacek, 1968; Sedlacek and Halden, 1962]. In
this test hydrostatic pressure acts radially against the internal wall
of a cylindrical specimen to create a uniform tangential tensile stress
in the specimen wall. Nonaxial stresses caused by misalignment and
localized stress concentrations, which normally arise from gripping or

supporting the test specimens, are eliminated in this method.

Specimens were diamond ground from oversized blanks to the following

dimensions:
I1.D. 2.00 £ 0.0005 in.
0.D. 2.300 %+ 0.0005 in.
Height 0.300 £ 0.0005 in.

All strength measurements were made at a stress rate of 3000 psi/sec.

Measuremenfs were taken both in air and under a vacuum of 10"5 torr.

Some materials show higher strengths under vacuum, even at these high
stress rates [SedlaceP, 1970], indicating that stress corrosion is an
important factor. No significant difference was seen for novaculite.
Results of 15 tests in ailr gave a tensile strength of 6,400 % 440 psi,
and 12 tests under vacuum gave 6,500 + 480 psi. The extremes measured
were 7500 und 5400 psi. These strengths are considerabiy higher than
those reported by Hardy and Jayaraman (1971] for a variety of rocks,

such as Barre granite 1280 psi; Crab Orchard sandstone, 1030 psi; and

Leuders limestone, 680 psi.



IV FLAT PLATE IMPACT STUDIES

A. Recovery Experiments

The main objective in the recovery experimeats is to apply a known
stress wave of one-dimensional compression and tension to the specimen
and to recover it without further damage from boundary release waves,
reverberations, or secondary impacts. Flat plate impact was attained
in SRI's gas gun. Specimens were kept relatively thin (diameter:
thickness ratio of 5:1 or greater) to reduce boundary effects. The
specimens were mounted in 1145 aluminum rings set in an aluminum target
plate (Fig. 3). The rings were machined with an 8o taper and press-fit
so that the ring and specimen would easily pop free from the plate. As
the specimen flies from the target plate, it passes through a hole in
a rigid steel plate and falls into a container lined with soft rags.
The projectile and the rest of the assembly are stopped by the steel
plate. This reéovery method was found to be quite satisfactory for

these experiments.

Tension was introduced into the specimens by designing impact
experiments such that release waves originating at the back of the thin
projectile head meet release waves coming from the free surface at the
center of the specimen. Six such experiments have been performed and
are described in Table I. It should be noted that the calculated peak
tensile stress is higher than the actual tensile stress produced in the
specimen because the calculation assumes that spall does not occur.

Spall damage was observed in all specimens except io. 6.

B. Stress Gage Measurements

Piezoresistant stress gages made of ytterbium have recently been
developed at SRI for use in the sub- and low-kilobar stress range
(Keough, 1970; Ginsberg, 1971]. For this project we designed a small

gage covering a square area 0.2 inch on a side and 0.002 inch thick.
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It is in a grid pattern with a resistance of about one ohm. So far,
the goge has been u3ed as a back-surface gage at the interface between
the novaculite specimen and a plexiglass plate. In future experiments

the gage may also be used between two novaculite disks.

Triggering and noise problems, respectively, ruined the first two
attempts ot dynamic measurements (Shots 4 and 5); specimen recovery,
however, was successful. The noise problems, presumably piezoelectric
in origin, were overcome by using a differential recording scheme
(Fig. 4) and by separating the gage from the rock by a thin (0.010 inch)
plexiglass layer. With these improvements a good record was obtained

for Shot 6 (Fig. 5).

The main features of this record are the three peaks that precede
the large stretching signal. This record indicates that no spall
occurred, and sectioning of the specimen showed no spall cracks.

Figure 6a shows'a computer run similar to Shot 6 in which spall does

not occur. The stress-time profile is very similar to the experimental
record. The slopes and rounding of the experimental record are caused

by tilt, whereby one part of the gege sees the peak stress before

another part. The peaks on the record correspond to 0.08, 0.10, and

0.08 kbar, according to our present calibration (Ginsberg, 1971). (It
should be noted that the measurements are of the stresses in the plexiglass
backing material, not the novaculite.) No correction has been made for
tilt. The corresponding peaks in the computer run are 0.14, 0,09, and

0.06 kbar. The experimental peaks are separated by 1.5 usec, and the

computed peaks are separated by 1.6 usec.

Figure 6b shows a similar computer profile for which spall occurs.
In this case, a gage in the position we used would see the compressive
stress pulse followad by a lower compressive pulse, the spall signal.

In future experiments we expect to record this type of signal.

11
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STRESS — kbar
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(a) SHOT NO. 6
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FIGURE 6 COMPUTER PREDICTION FOR SHOT NO. 6 WITH NO SPALL AND
SHOT NO. 4 WITH SPALL
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V DESCRIPTION OF FRACTURED SPECIMENS

The fracture damage produced during the impact experiments consisted
of a number of cracks in essentially two main orientations; namely, cracks
lying perpendicular to the impact direction which we will call spall

cracks, and those whose plane roughly contains this direction.

The first three specimens were oriented so that the large preexisting
platelike flaws lay perpendicular to the impact direction; in the remaining
three the flaws 1lay parallel. It is not yet possible to say which orienta-
tion is the weaker. In either case, only a small number of spall cracks
were activated (the maximum was eight) and, in two specimens, complete
spall separation was apparently achieved by the propagation of spall
cracks. These spalled specimens were unusual in that the midplane,
where spalling was expected to be heaviest, was rather free of cracks,
the main spalling cracks lying close to the specimen surfaces. It could

be that these cracks initiated at the specimen periphery.

Spall cracks are expected to see the higher tensile force and,
moreover, experience tension somewhat earlier than the latter type.
Therefore, spall type fracture is expected to occur first and also to
predominate. This is indeed the case for more ductile materials such
as Armco iron [Barbee et al., 1970) and Lexan (Curran and Shockey, 1971 ]
However, significant cracking on planes containing the impact direction
has been observed in novaculite in this work, (one specimen, in fact,
showed this crack-type exclusively) as well as in polymide, a more
brittle polymer (curran and Shockey, 1971 . The origin of these cracks
is currently being investigated, but it appears to be dependent on the
ductility of the specimen and the specime:n geometry. Their formation
merits closer investigation, since these cracks greatly increase the
connectivity of spall cracks and thereby heavily influence particle size

and general comminution characteristics.

15



Damage is often in the form of a two-dimensional network whose
density decreanses with increasing radial distance from the center
(Fig. 7). Usually this type of cracking can only b observed on one
side of the specimen; the cracks do not propagate through to the free
surface. This can be seen more directly by sectioning a specimen on a
chord as in Fig. 8, which shows that the cracks extend from the impact
surface into about the midplane, where branching sometimes occurs. Since
crack propagation generally occurs under tension and crack arrest occurs
in compression, we assume that the specimen half near the impact face
saw lateral tension and the other half saw lateral compression. A
similar stress state arises in bending tests, except in this present
case it is the hoop stresses which apparently change sign at some sort
of neutral axis. Thus, specimen geometry probably plays a role in

producing the cracks which form normal to the spall plane.

Examination of the fracture surfaces with the light microscope has
shown that fracture procecds intergranularly in novaculite. The broken
surface consists of countless, well-defined, equisized polygonal blocks--
quartz grains exposed by the passage of a crack along the grain boundaries.
Thus the measured fracture strength is really the strength of the ''cement’

holding individual grains together, and not of the quartz itself.

The light microscope, however, proved unfruitful in yielding further
information about the fracture mechanism. Jt is difficult, for example,
to identify any crack initiation sites, propagation mﬁrkings, or arre~t
lines. Such features are, of course, valuable clues in understanding
the fracture process. Scanning electron microscopy could be helpful here,
and several fracture surface segments are currently being prepared for

examination.

16
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FIGURE 7

LOW MAGNIFICATION VIEW OF SPECIMEN
NO. 3 SHOWING SEVERAL CRACKS ON
THE MAIN SPALL PLANES AND SEVERAL
TRANSVERSE CRACKS EXTENDING FROM
THE IMPACT SURFACE TO ABOUT THE
MIDPLANE
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| MP-1087-10 |

FIGURE 8 LOW MAGNIFICATION VIEW OF THE
IMPACT SURFACE OF SPECIMEN NO. 6
SHOWING THE RADIAL PATTERN OF"
CRACKS TRANSVERSE TO THE MAIN
SPALL PLANES
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VI FRACTURE MECHANISM OF NOVACULITE UNDER A SHORT-TIME TENSILE PULSE

On the basis of metallographic examination of the first six novac-
ulite specimens impucted with the gas gun and of similiar experiments
carried out on a transparent polymer, it is likely that novaculite fails

by the following fracture mechanism:

1. Simultaneous activation of a number of preexisting structural

defects--These include channel-like pores, large voids and planar
fissures, and grain boundary seams (see Section I1.B). Since the stress
required to activate a flaw decreases with increasing flaw size and
decreasing root radius of the crack periphery, the largest and sharpest
flaws are expected to be the most influential in instigating the fracture
process. Thus, in the case of novaculite, the distribution of irregular
plate-like flaws about 200y in diameter by 10u thick probably control
internal spall initiation. Fractographic examination with the SEM will
be helpful in checking this.

2. Growth of the activated flaws radially outward--Similar impact

experiments on a transparent plastic where individual cracks could be
directly observed revealed that damage was in the form of penny-shaped
cracks which grew by radial expansion (curran and Shockey, 1971]. The
path of the fracture is determined by two factors; namely, the direction
of the maximum tensile stress and the local structural discontinuities

in the vicinity of the crack periphery. Strain energy release per unit
crack advancement is greatest for crack extensison normal to the direction
of maximum tension. This tends to maintain crack growth on a level

plane rince the stress pulse in these experiments is constant in direction.
The fact that smooth planar cracks are not observed in novaculite is a
result of the micro and defect structure. Since the strength of the
quartz grains is greater than the strength of the bonding between them,

the microstructure determines the small scale roughness of the fracture
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path, because the advancing crack must pass around the grains rather
than through them. In a similar manner the defect structure causes
both small and large scale deviation from the planar fracture path
favored by the maximum tensile stress. The crack intersects inherent
pores, fissures, and voids as it grows, and incorporates these into the

crack. Such flaws do not generally lie in the tensile plane, however,

and thus result in larger scale irregularity of the fracture surface.
Moreover, since the crack prefers to follow a least-resistance path,
it is not even necessary that structural discontinuities intersect
the plane of preferred propagation; rather it is often sufficient when
a'large flaw lies somewhat out of the preferred plane, for an interaction
of the stress fields can cause the crack to turn into the flaw. Consi- |
derable roughness also results from a splitting-up of the main crack
into two or more branches as a consequence of the defect structure or
of high fracture speeds. Secondary branches may run a distance and
stop, or they may join up with other cracks, which sometimes produces
free chips of material. Crack branching is responsible for the shattering
phenomenon in brittle materials.

The fracture path then is not simply determined by the direction of
the maximum tensile stress o;ax' but rather by the ratio of oﬁax to
the local strength of the material Sloc' Fracture propagation occurs
on those planes which are normal to the direction in which ¢© is a

max

S
loc

- —

maximum. Notice that since Sloc varies strongly with position in the
material, the fracture path will not be constant but will wander haphazard-

ly through the specimen along the course of least resistance.

3. Coalescence of the expanding cracks--Two radially expanding

cracks on nearby planes will eventually approach each other to the point
where the concentrated stress fields associated with the crack tips

overlap. The material between the two cracks is subjected to magnified
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stresses, and due to the proximity of two free surfaces (in which the
stress has fallen to zero) the maximum stress direction is altered.
Accordingly, the direction of crack extension is altered, usually causing
one or both cracks to turn in to one another. This process, carried to
completion so that the two cracks join up, 1s called crack coalescence,
and is an important stage in the fracture process. Inability of cracks
to coalesce, would be manifested by a significant increase in the
toughness of rocks. Coalescence accelerates fracture since crack size
discontinuously increases, resulting in a sudden reduction in the availa-
ble load=-supporting area and a corresponding reduction in the material
strength by about 30%. The cross-sectional area capable of bearing load
diminishes at an ever—accelerating rate, and leads to the final stage

of fracture.

4. Complete separation of the specimen into two or more parts--

The connectivity of individual cracks on at least one fracture path is
complete and the cracks have run to the outer surfaces. Cracks on

other planes stop gorwing because the stress is relieved.
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VII FUTURE PLANS
Further impact experiments will be performed on novaculite with
the aim of recorcing spall signals and obtaining accurate measuremenis
of tensile strengths and assoclated times of fracture. In these experi-
ments specimens will also be recovered and examined. We plan to use
the scanning electron microscope for more detailed study of fracture
surfaces, including comparison of specimens from gas gun experiments

with ones from the expanded ring experiments.

We have recently received a shipment of Sioux quartzite.

An experimental program similar to that for the novaculite will be
followed except that specimen sizes will probably have to be increased
because of the larger grain size. SRI's 4-inch-diameter gas gun will

be used instead of the 23-inch gun being used for the present program.
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