‘ —_S.CUBED
“ SSS-R-83-5906

RCCK STRENGTH UNDER CONFINED
SHOCK CONDITIONS

AD-A221 820

Cctober 1982

T DISTHA A

e

Ap

P. O. Box 1620, La Joila, California 92038-1620
(619) 453-0060




ARPA Order No. 4332, Program Code No. 1D60
Contract No. F49620-81-C-0093
Effective Date of Contract: 10 August 1981
Contract Expiration Date: 9 August 1982
Amount of Contract: $221,975.00
Principal Investigator and Phone No.

Or. J. Bernard Minster, (714) 453-0060, Ext. 337
Program Manager and Phone No.

Mr. William J. Best, (202) 767-2908

This research was supported by the Advanced Research Projects Agency
of the Department of Defense and was monitored by the Air Force
Office of Scientific Research under Contract No. F49620-81-C-0093.

The views and conclusions contained in this document are those of
the authors and should not be interpreted as necessarily
representing the official policies, either expressed or implied, of
tne Defense Advanced Research Projects Agency or the United States
Government.

W/0 11179




UNCLASSIFIED

SECURITY CLASSIFICATION QF THIS PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE BEFORE PR L aONS e
1. REPQRT NUMBER 2. GOVT ACCESSION NOJ ). RECIPIENT'S CATALOG NUMBER
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED
OPICAL REPORT
ROCK STRENGTH UNDER CONFINED T
SHOCK CONDITIONS 6. PERFORMING ORG. REPORT NUMBER
SSS-R-83-5906
7. AUTHOR(a) 3. CONTRACT OR GRANT NUMBER(s)
C. H. Scholz F49620-81-C-0093
9. PERFORMING QRGANIZATION NAME ANO ADDRESS 19. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS
g‘chEgox 1620 . ARPA Order No. 4332
- . n
La Jolla, California 92038 -Program Code No. i"60
11, CONTROLLING QFFICE NAME AND ADDRESS 12. REPORT DATE
Defense Advanced Research Projects Agency October 1982
1400 Wilson Boulevard 13. NUMBER OF PAGES
Arlington, Virginia 22209 46

14, MONITORING AGENCY NAME & AODRESS(If different from Controlling Oftice) IS. SECURITY CLASS. (of this report)
Air Force Office of Sc1ent1f1c Research ..
if

Bolling Air Force Base Unclassified

Washington, D. C. 20332 TSa. DECL ASSIFICATION, OOWNGRADING
SCHMEDULE

16. OISTRIBUTION STATEMENT rof this Report)

Approved for public release, distribution uniimited.

17. DISTRIBUTION STATEMENT (of the ebatract eatered in Block 20, Il ditferent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WQROS (Continue on reverse side if necessary and identily by block number)

Rock strength
Underground explosions
Seismic coupling fracture

20. ABSTRACT (Continue aon reverse side (f necessary and identily by block number)

This report addresses the laboratory measurements of the static strength
of rock needed to simulate the response of rock to an underground explosion.
The approach is to 1dent1fy the variables that affect the strength of rock and
to discuss each effect in terms of the underlying processes that cause it.

Most of the report is the result of a literature rev1ew although some new
analyses and concepts are presented.

DD ,"SR%, 1473  Eeoimion oF 1 nov 63 15 OBsOLETE : UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Enternd)




TABLE OF CONTENTS

Section

I. INTRODUCTION. . v v v v v v v v v v e e e e e e e e
1.1 SCOPE OF THE REPORT. . . . . . . . . . . . . ..
1.2 MODE OF PRESENTATION . . . . . . . . . . . . ..
II. LOW POROSITY BRITTLE ROCK . . . . . . . . . . . . ..
2.1 NATURE OF THE PORE STRUCTURE . . . . . . . . . .
2.2 THE BASIC FRACTURE PROCESS . . . . . . . . . ..
2.3 THE EFFECT OF SPECLIMEN SIZE ON ROCK STRENGTH . . . .
2.4 DYNAMIC VERSUS STATIC STRENGTH . . . . . . . ..

III. HIGH POROSITY BRITTLE ROCK

3.1 PORE STRUCTURE . . . . . v v v v v v v v v v v

3.2 DIFFERENCE FROM LOW POROSITY ROCKS . . . . . . .

Iv. DUCTILE ROCKS . . « v v v v v v v v v e v v v e e e
4.1 INTRODUCTION . . . . &« v v v v v v v v v v v

4.2 THE BRITTLE TO DUCTILE TRANSITION. . . . . . . .

4.3 THE EFFECT OF STRAIN RATE. . . . . . . . . . . .

V. COMPARISON WITH OBSERVATIONS. . . . . . . . . . . . .
5.1 SUMMARY OF OBSERVAT tNo. v v v v v 0 v 0 v v W

5.1.1 Tuff. . . . o o v v v v v v v s

5.1.2 Salt. . . . . . ¢ o o oo v e s e e

5.1.3 Granite . . . . . . . . .. .00

5.2 DISCUSSION . . . . . . o v v v v v v v v v v v

5.2.1 Tuff. . . . . . . o 000 oo 0

5.2.2 Salt. . . . . . . ..o o000 s




TABLE OF CONTENTS (continued)

® Section Page
5.3 ALTERNATIVES . . . . . v v v e e e e e e e e e e e 37
VI. RECOMMENDATIONS . . & . & & i i v e e e e e e e e e e e 41
@ VII. REFERENCES. . . & & & v e e e e e e e e e e e e v e e v 42
A°°°351°1E!.———K-—J
TNTIS GRA&I
® PTIC TAB
Unannounced 0
Justification — i
By
e Distrib“f'iqn/_

I
Avaiinhility Codes
Gi,a1) ang/or
prat Poevelal
‘ |
i ! |

. Al

ii




LIST OF ILLUSTRATIONS

Idealized stress-strain curves . . . . . . . . . . . ...
Maximum stress versus specimen size. . . . . . . . . . . .

Pressure dependence of fracture, sliding and
dilatation stress (C') of Westerly granite . . . . . .

Maximum stress o7 as a function of strain rate for
Solenhofen limestone . . . . . . . . . . ... ...

Unloading process in cylindrical specimen. . . . . . . . .
Schematics of drained and undrained test conditions. . .

Volumetric compression for a typical low porosity
FOCK & & v o e e e e e e e e e e e e e e e e e e e

Generalized dependence of strength on strain rate
for a given pore fluid . . . . . . . . . . .. ..

Stress in the axial direction as a function of axial
L35 v o Y 1

Comparison of permanent volumetric compaction with
initial high-porosity rock . . . . . . . .. . . .. o

Stress versus axjal strain and volumetric strain
versus axial strain for marble deformed under
several confining pressures. . . . . . « « « « ¢ . . .




I. INTRODUCTION
1.1 SCOPE OF THE REPQORT

The problem to be addressed may be stated as follows: given
laboratory measurements of the static strength of rock, what is the
appropriate value to be used in simulating the response of rock to
confined shock loading, as in an underground explosion?

This is a complex problem which cannot be answered unequivo-
cally at the present time. It is, rather, the scope of this report
to attempt to properly state the problem by separating it into its
relevant parts, discussing each in appropriate detail, and pointing
out the unresolved problem areas.

1.2 MODE OF PRESENTATION

The approach tnat will be used in this report is to separate
out variocus variables that affect the strength of rock and to dis-
cuss each effect in terms of the underlying processes that cause
it. It is only by understanding these processes that a coherent and
predictive understanding of rock failure can be achieved. Since it
is intended that this report be readable by nonspecialists as well
as specialists in the field of rock mechanics, the discussion begins
at a fairly elementary level. Most of the report is the result of a
Titerature review, although some new analyses and concepts are
pesented.

Attention is directed at three basic rock types: low porosity
brittle rock such as granodiorite, high porosity brittle rock such
as volcanic tuff, and a rock that may be ductile under the relevant
conditions, salt. These three rock types are sufficiently different
that scmewhat different constitutive laws may have to be used to
model their behavior. We consequently discuss them separately.
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Following these discussions of the basic physics of the prob-
lem, we turn to some actual observations of the response of rock to
underground nuclear explosions in an attempt to reconcile the
expected and observed behavior.
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II. LOW POROSITY BRITTLE ROCK
2.1 NATURE OF THE PORE STRUCTURE

These rocks differ from high porosity rock not only in the
degree but also in the nature of their porosity. The porosity of
those rocks, which includes crystalline digneous and metamorphic
rocks and well consolidated sedimentary rocks, is usually less than
one percent and is almost entirely in the form of high aspect ratio
cavities, i.e., cracks (Brace, 1965; Tapponier and Brace, 1976;
Kranz, 1979). Therefore, the porosity of these rocks is typically
readily closed, reversibly, by confining pressure (Walsh and Brace,
1966; Brace, 1965). Furthermore, studies of the effect of pressure
on rock properties such as permeability (Brace, et al., 1968) and
elastic wave velocity (Hadley, 1975; Scholz, 1978) have shown that
the crack porosity in such rocks constitutes an almost completely
connective network. Therefore in this type of rock all cracks will
be in communication with any pore fluid present. This latter fea-
ture has important consequences on the mechanical behavior of <the
rock.

2.2  THE BASIC FRACTURE PROCESS

The microscopic phenomena that lead to the macroscopic brittle
fracture of rock in compression can be understocd through examina-
tion of the stress-strain behavior, as shown schematically in Figure
2.1 (after Brace, et al., 1966). It is particularly instructive to
study the plot of volumetric strain versus stress. The curve is
divided into four parts. In Stage I, the volume of the rock
decreases faster than would be expected from elasticity and is
nonlinear: cracks are closing under the influence of the applied
stress, In Stage II, the rock behaves nearly linearly elastically.
In Stage I[II, the rock exhibits dilatancy, i.e., it increases in
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Idealized stress-strain curves. (a) Stress versus linear

(axial) strain; (b) stress versus volumetric strain.
Behavior in each of the four regions, I, II, III, and

IV, is discussed in the text. (B8race, et al., 1966)
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volume greater than would be expected from elasticity. The stress
at which dilatancy begins is called C', or the dilation stress. In
Stage IV, *vere is a rapid acceleration of dilatancy, which leads to
ultimate failure of the rock.

Dilatancy is accompanied by acoustic emissions that occur at a
rate proportional to the rate of dilatant strain,Aindicating that
the dilatancy is caused by the dynamic propagation of microcracks
within the rock (Scholz, 1968a). During stage IV the microcracks
coalesce to form a macroscopic fault which leads to failure of the
specimen (Scholz, 1968b; Mogi, 1969). The mechanism of crack coal-
escence during this stage is poorly understood, but what is known is
that it leads to a loss of strength of the rock which results in a
dynamic instability (for a discussion of the post-yield behavior of
rock see Wawersik and Brace, 1971; and for a discussion of this type
of instability see Rice, 1979).

In early literature on this subject, it was thought that a
moditied versicen of the Griffith theory (McClintock and Walsh,
1962), for a general state of stress and which took into account the
friction acting across crack walls, could be used to predict the
fracture strength of brittle rock (8race, 1960). However, this
theory is a weakest link theory, i.e., it assumes that when the
single "most critical" crack exceeds the Griffith energy balance,
the crack propagates through the specimen, causing failure. The
observation, nowever, is that a great many cracks propagate within
the specimen prior to macroscopic failure.

The principal explanation of the failure of the theory is that
it assumes that the rock is a homogeneous elastic solid, whereas the
rock is nighly heterogeneous. As a result the stress which is
locally applied to a crack may be significantly different from the
stress applied to the sample. Although the crack will propagate
because it locally exceeds the Griffith energy balance, it does not
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propeqate through the sample tecause it does not globally meet the
energy balance (Scholz, 1968a). As a consequence, macroscopic fail-
ure does not occur until pervasive fracturing results in a loss of
strength such that the criterion for dynamic instabiiity within the
rock-loading machine system occurs (the rock loses strength faster
than the loading system can unload).

As a result of the above mentioned developments, the modified
Griffith theory was abandoned and has been neglected in the more
recent literature., However, for reasons that will become clear
later in the text, its gqualitative successes should not be forgot-
ten. It predicts, for example, that the compressive strength of
rock is about ten times the tensile strength, and that the strength
of rock increases nearly Tlinearly in compression with confining
pressure, both of which are borne out by the observations.

These successes led Brace and Byeriee (1966) and Brace and
Riley (1972) to suggest that, while the modified Griffith theory
does not predict the failure strength, it may predict, say, the
dilation stress. While this is probably not correct either, it is
nossible to understand the qualitative success of the theory. Con-
sider two cases, one of a rock loaded triaxially under a certain
confining pressure and another loaded similarly but subject to a
much higher confining pressure. In the second case, because o7
heterogeneity, we can expect that the normal stress across each
crack in the rock to be not equal to the confining pressure, put to,
on average, be proportionally greater than in the first case. Hence
gach crack in the second case can be expectad to propagate at a pro-
portionally higher deviatoric stress than in the first case. There-
fore, the microstructural state at which failure occurs in the
second case is achieved at a proportionally higher deviatoric stress
than in the first state. Thus, the gross process can be understood

S-CUBED




in terms of the theory, although no quantitative link can be
achieved since we cannot guantitatively describe the state of stress
within the rock.

It should be emphasized, as was pointed out by Nur (1975),
that the dilatancy of the large scale rock mass may not be the same

-~

as the microcrack dilatancy, described above, o laboratory speci-
mens. The large scale rock mass will certainly dilate before fail-
ure, but the relationship between stress and dilatant strain may not
be the same as in iaboratory samples. Nur discussed various simple

possibilities.
2.3 THE EFFECT OF SPECIMEN SIZE ON ROCK STRENGTH

When scaling laboratory strength data to large scalz applica-
tions, it is very important to take into account the dependence of
rock strength on specimen size. Although early work on this subject
producad conflicting results, the thorough study of Pratt, et al.,
(1972) on granodiorite appears reliable, is consistent with the
independent work of Brown and Swanson (1970), and will be taken as
essentiaily correct.

Their results are shown in Figure 2.2. They found that rock
strength decreased by about one order of magnitude as specimen size
was increased about two orders of magnitude. For blocks above 1 m
in size, a plateau was observed in which strength was found to no
longer diminish with size.

The unusual explanation for such a size effect on strength of
brittle materials is that of Weibull (1939). In 1its essence
Weibull's analysis holds that it is simply a consequence of contain-
ing larger cracks in the larger samples. The Weibull theory, like
the Griffith theory, is a weakest link theory, and Pratt, et al.
(1972) argue that it is not applicable to their results because
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Figure 2.2 Maximum stress versus specimen size. (Pratt, et al.,
1972).
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rock strength does not show the scatter implicit in the theory.
Their objection is Jjustified; virtually an identical argument as
that made above concerning the inapplicabiliity of the Griffith
theory can be used to show why the Weibull theory should not be
strictly applicable as well. After all, the Weibull theory is
simply a corollary of the Griffith theory. The reason little
scatter is observed in rock strength data is because, as we dis-
cussed above, many cracks propagate before failure occurs, so the
effect of individual cracks is averaged out.

Nonetheless, the basic assumption underlying it, that the size
of the largest cracks increases with sample size, is probably still
valid. By analogy with our use of the Griffith theory to understand
qualitatively the strength behavior of the rock, we can use the
Weibull model to understand qualitatively the size effect.

Suppose we assume that strength depends primarily on the
iargest flaws, and that the mean length x of the set of largest
flaws is proportional to sample size D,

X=alb (2.1)
The mean stress intensity factor at the tip of this set of cracks is,
K = avX (2.2)
where ¢ is the mean stress, which from equilibrium is equal to the
applied stress. A statement equivalent to the Griffith energy

balance is that a crack will propagate instably when the stress
intensity factor reaches a critical value, Kc’ the fracture

S-CUBED




toughness of the material (see, e.g., Lawn and Wilshaw, 1975).
Therefore, the mean critical state for the set of largest cracks is,
combining (2.1) and (2.2),

e (2.3)

——

o

-~ O
[}

which we identify qualitatively with the strength, P

Equation 2.3 indicates that strength should be proportional to
0'1/2. A line of slope -1/2 has been drawn in Figure 2.2, and
fits the data as well as could be expected. Notice that we are
assuming that the strength is determined by the net effect of a set
of cracks, so that we do not expect to see wide scatter in the meas-
urements. Tnis model emphasizes the fact that Kc is a fundamental

material property, while the macroscopic strength is not.

How, then, do we explain the plateau in strength for large
sample sizes since our model would not predict it This probably is
because Pratt, et al. were studying the strength of unjointed rock,
so that for the largest samples they were specifically searching for
sites in which there were no macroscopic fractures. This selection
procedure probably had the effect of 1limiting the size of the
largest flaws in the largest specimens.

There is, however, a minimum strength for the rock mass. This
is the limit when the rock is completely broken into blocks. 1In
that case the strength is determined by the frictional strength,
which is,

T - 0.85 0 (2.4)

where T is the shear stress and o the normal stress applied to

10
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the frictional surface. Egquation 2.4 is applicable at low normal
stresses (<1-2 Kb ). At higher normal stress the applicable law is,

1 =0.5+0.6 9, (2.5)

expressed in kilobars (Byerlee, 1979). For reasons discussed by
Scholz (1977) Equations 2.4 and 2.5 are independent of lithology,
temperature ( <500°C) and scale. There is a weak negative time or
rate dependence, in which the frictional strength decreases a few
percent per decade of increase in sliding velocity (see e.g., Scholz
and Engelder, 1976; Dieterich, 1978). At low normal stress there is
a scale effect (Bandis, et al., 198l) which is probably a masked
roughness effect (Byerlee, 1967).

In Figure 2.3 we compare the strength of intact rock with the
frictional strength. If we consider the frictional strength to be
the lower limit of the size effect, it can be seen from the figure
that it is much lower than the strength of an intact sample at low
normal stress but at high normal stress { >1-2 Kb) the frictional
strength becomes comparable to the intact strength. Therefore it
appears that the size effect cannot be significant at high confining
pressures. This is pfobab]y because Equation 2.3 is appropriate for
the results of Pratt, et al., which were uniaxial ccmpression tests,
but is not valid at high confining pressures where large frictional
tractions act across the crack faces. Equation 2.3 is a fracture
criterion that considers only the stresses at the crack tip. It can
be tied to the Griffith energy balance through a path independent
integral around the crack tip (Rice, 1968) but to calculate the
complete energy balance that includes frictional work on the crack
faces requires a global integration around the entire crack, which
has not proven to be mathematically tractable (Kostrov, 1974).

One can quantitatively guess the result, however. The crack
tip stresses, and hence the work done by them, depend critically on

11
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Figure 2.3 Pressure dependence of fracture, sliding and dilatation

stress (C') of Westerly granite. Filled circles are
from Hadley, (1973); open circles from Brace et al.,
(1966), Byerlee (1967), and Mogi (1966). Vertical bars
are stress for sliding from Hadley, (1973); dashed-dot
line is from Byerlee (1967). (Hadley, 1973)
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the length of the crack, whereas the frictional work on the crack
faces does not (expect insofar as the area of the crack increases).
Hence, at high confining pressure the frictional term in the energy
balance becomes large with respect to the crack tip term, and the
length of the crack becomes much less c¢ritical in the energy
balance. As a result, the size effect becomes small.

In summary, for rock mechanics applications involving low
normal stresses, the size effect on strength is important and must
be taken into account. For applications at high confining pressures
it can be neglected.

2.4 DYNAMIC VERSUS STATIC STRENGTH

In attempting to predict rock strength under shock conditicns
from static strength data, it is clearly important to consider the
effect of strain rate on strength. There are three different mech-
anisms that lead to a strain rate dependence of strength. The most
well studied of these is subcritical crack growth due to stress cor-
rosion (e.g., Scholz, 1972; Atkinson, 1979). It is a small effect
and is oniy important in very low strain rate applications. The
other two effects are strong and only occur under dynamic loading
conditions. We will therefore restrict our discussion to the latter.

In the early literature on the dynamic strength of rock it
appears that there was an implicit assumption that the rock failed
in compression under conditions of uniaxial strain, i.e., the condi-
tions imposed by a plane compressive shock wave. Quasistatic uni-
axial strain experiments showed an equation of state that agreed
very well with that deduced from shock wave studies, but the so-
called "Hugoniot elastic limit" was not found to correspond to the
lTocus of dilation stresses (Brace and Jones, 1971; Brace and Riley,
1972; Schock, et al., 1973). Thus, the inertial confining pressure

13
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that results in uniaxial strain conditions in a plane shock wave is
just sufficient to prevent any dilatancy from occurring. Since
other work (e.g., Kumar, 1968) has shown that the processes that
lead up to rock failure, as outlined in Section 2.2 above, are
essentially identical under dynamic as under static conditions, it
seems evident that it is not possible for a rock of this type to
fail under uniaxial strain conditions. We are left then with two
possibilities: either the rock fails during the release of the
shock wave or under the actual conditions the shock wave is suffi-
ciently nonplanar that the conditions of uniaxial strain are not
imposed. The latter will be particularly important at small radii,
the rock may fail in extension, rather than in compression.

In Figure 2.4 we show a typical example of the effect of
strain rate on the compressive strength of rock (see Kumar, 1968;
Green and Perkins, 1969; Perkins, et al., 1970). At strain rates
below about 102 sec:"1 (for this rock) the effect of s*rain rate
is rather small and is due to stress-corrosion cracking as alluded
to above. At higner strain rates, however, a very steep rise in
strength is observed. This rapid strengthening at high strain rate
has been interpreted as being due to a transition to a new more
highly rate-dependent mechanism of crack growth (Perkins, et al.,
1970), or to a change in the stress state from uniaxial stress to
uniaxial strain with increasing strain rate (Green and Perkins,
1969). 8race and Jones (1971) favored the latter. The argument is
that at sufficiently high strain rates where uniaxial strain condi-
tions are approached, an inertial confining pressure is imposed on
the rock that leads to an increase in strength. Later work has
shown, however, that both mechanisms operate. Blanton (1981)
recently suggested that the observed effect was an artifact of in-
correctly accounting for inertial effects in the loading apparatus.
Whereas that is a problem with the type of apparatus Blanton used,
it is not a valid criticism of the results we are discussing, which
were obtained using the Hopkinson bar technique.

14
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Blanton's experiments were not conducted at a high enough strain
rate to observe the behavior we are discussing.

The work Lundberg (1976) and Janach (1976) confirmed the
mechanism implicit in the discussion of Brace and Jones, which was
described above. They both showed that dilatancy occurs prior to
failure of rock in dynamic compression. Janach called it "bulking".
Janach essentially solved the problem posed earlier: how rock fails
in compression under shock conditions. The mechanism he proposed is
shown in Figure 2.5, which shows the split Hopkinson bar apparatus
used in his experiments. Immediately after the loading shock front
the rock is under a state of uniaxial strain, and immediately behind
it an unloading wave propagates from the free surface into the
sample at a much slower velocity than that of the shock wave. Just
inside tnis "bulking wave" the material is subject to radial iner-
tial stress imposed by the material outside it, which is literally
exploding outwards (a process that may be considered to be "dynamic
dilatancy"). The radial stress in the interior of the sample will
not drop to zero until the failure process is fully terminated.
Thus Janach reached the "conclusion discussed above: failure in
shock compression does not occur during loading, but during unload-
ing, and the rapid increase of strength at high strain rates is
caused by a transition from uniaxial stress to uniaxial strain.
JUnfortunately his results also point out the importance of the free
surface in a Hopkinson bar test and that leads to another kind of
size effect. In dynamic tests, the "strength" of the material is
actually the stress level it can sustain for some relevant amount of
time. The implication of Janach's work is that this depends on the
distance to the nearest free surface from which an unlcading wave
can propagate. This means that "strength" is not a fundamental mat-
erial property but depends on the size and geometry of the speci-
men. In this case strength would be expected to increase with
sample size. In the case of an underground nuclear explosion, the
only relevant surface from which an unloading wave may propagate

16
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appears to be that of the cavity. The geometry of this problem is
sufficiently different from that of a Hopkinson bar experiment that
it is not clear how relevant the experimental strength data are to
the problem.

In conventional blasting applications it is wusually thought
that transient waves or the interaction of transient waves with
local free surfaces carry regions of the rock into tension, and that
rock fails by tensile failure. Many studies, beginning with the
work of Reinhart (1965) have shown that the dynamic tensile strength
of rock may be as much as ten times the static value. Golasmith, et
al., (1976), for example, studied both the dynamic tensile and com-
pressive strength of a granite, using a Hopkinson bar arrangement.
They found that at a strain rate of 103 s - that both tensile
and compressive strength were about twice their static values. The
latter result agrees with that of Lundberg (1976) and Janach (1976),

also for granite.

Shockey, et al., (1974) and Grady and Kipp (1979) studied the
tensile strength of novaculite (a very fine grained quartzite) at
higher strain rates, using the impact method. They found that
aithough cracking initiated at tensile stresses of about 50 MPa, the
rock had a tensile strength of 70-100 MPa at strain rates of about
104 s'l. Grady and Kipp found that at these rates the strength
increased with the cube root of the strain rate. They showed that
this occurred because the stress intensity factor at a crack tip
cannot instantly attain its static value because of inertia of mate-
rial near the crack tip (Achenbach and B8rock, 1973; Freund, 1973).
This then is the second strong strain rate effect that occurs in
dynamic loading: the one that had been hinted at by Perkins, et
al., (1970). This effect, of course, will also occur during com-
pressive tailure too, so it must be included with the effect dis-
cussed by Janach.
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There is yet another effect that has not been discussed by
those authors. It results from the fact that the rupture velocity
of a crack is limited by an elastic wave speed of the medium. This
will be either the P, Rayleigh, or S wave velocity, depending on the
mode of propagation (see e.g., Lawn and Wilshaw, 1975). This will
limit the distance a crack can grow within a given time interval,
and will result in enhanced strength at very high strain rates.

In chemical explosions a gas pressure is produced in the
cavity, which, while being of considerably smaller amplitude than
the detonation pulse, is of longer duration. The gases vent into
cracks, enhancing the fragmentation (see Ourney, et al., 1975). If
a similar phenomenon occurs during a nuclear explosion it may lead
to enhanced seismic coupling over a limited range of frequencies.

2.5 PORE PRESSURE EFFECTS

When the rock contains a fluid within its pore structure at an
internal pore pressure, p, it is known that the properties of the
rock do not depend on the externally applied stress, but on the

effective stresses, defined as:
G:: = Gs: = A8: P (2.5)

where % j are the applied stresses and A is a coefficient less
than 1 (Garg and Nur, 1973; Nur and 8yerlee, 1972). For both frac-

ture strength and frictional strength A = 1 so Equations 2.4 and 2.5

should be written more completely as:
T=0.85 (cn -p) (2.7)

and,

T=0.5+*0.6 (¢ -p) (2.8)

n

and these properties are hence said to obey a "law of effective

stress.”
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In general, there will be an interaction between the applied
stresses and the pore pressure. In Figure 2.6 are illustrated two
extreme cases in which stress (in this case hydrostatic pressure) is
applied to a rock containing a pore fluid. In Case A it is assumed
that the confining pressure is applied very slowly as compared to
the hydraulic time constant of the sample. In this case the fluid
is squeezed out of the rock as the cracks close, as symbolized by
the standpipe, and the internal pore pressure is not changed. In
Case B, the pressure is applied very rapidly with respect to the
hydraulic time constant, there is not time for the fluid to flow and
the pore pressure increases to a value p < Pc’ where PC is the
applied confining pressure. In soil mechanics these are referred to
as drained and undrained conditions, respectively. As a result of
this the rock takes on a viscoelastic rneology similar to a standard
linear solid, in which Case A is the relaxed state and Case B is the
unrelaxed state. The elastic moduli will be higher in Case B than
Case A,

For the present application we can safely say that the condi-
tions will, at all relevant times, be undrained, so that if the rock
is saturated, compressive shock loading will induce a pore pres-
sure. We could assume some geometry for the cracks and calculate
the pore pressure induced, using the analysis of Eshelby (1957).
However, for simplicity we will assume the cracks are very long and
thin: in this case the pore pressure induced will be very nearly
equal the applied pressure. Hence the effective confining pressure
during shock loading will be zero.

If the rock is partially saturated, slightly different
pehavior will occur. We show in Figure 2.7 a volumetric compression
curve for a typical low porosity rock (see B8race, 1965). At low
pressure, cracks are closing which produces the pronounced "toe" in
the curve. At a sufficiently high pressure, P1 (nsually 1-2 Kb)
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Figure 2.7 Volumetric compression for a typical low porosity rock.
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all cracks are closed and the behavior becomes linearly elastic. An
extrapolation of the elastic part of the curve intersects the vol-
umetric strain axis at e the crack porosity. Now suppose the
saturation is 50 percent. Then upon loading a pore pressure will
not be induced until the pressure Py is reached (obtained by

extrapolating from the 50 percent n_. point on the volume strain

o
axis along the elastic slope). Above P, pore pressure will be

induced and to a first approximation will be Pe = Pp-

From these considerations one might at first conclude that
under shock loading the pore pressure will equal the confining pres-
sure for a fully saturated rock, hence the correct value of strength
to be used is the uniaxial compressive strength. [t turns out, how-
ever, not to be that simple. If dilatancy occurs there will be an
increase in pore volume which will lead to an increase in the effec-
tive stress and a consequent increase in strength, a phenomenon
known as dilatancy hardening (Frank, 1966). This is illustrated,
for low porosity rocks, in Figure 2.8 (from Brace and Martin,
1968). The solid line in the figure shows the strength of dry or
saturated unconfined rock as a function of strain rate. The dashed
lines indicate the strength of a rock in which the pore pressure
initially equals confining pressure and the pore pressure in the
rock is connected to a large reservoir by means of a tube. At low
strain rates the strengths correspond: dilatancy occurs slow enough
such that the conditions are completely drained. There is suffi-
cient time for fluid to flow into the rock from the reservoir to
maintain the pore pressure at its initial value. A critical strain
rate is observed, the value of which depends on the hydraulic dif-
fusivity of the rock, above which the pore pressure begins to fall
and the strength correspondingly rises. At higher rates there is a
second break in the dashed 1line, above which pore pressure falls to
zero, dilatancy hardening is complete, and the rock takes on a
strength appropriate to the confining pressure. Above this point,
the condition of the sample is completely undrained. Under shock
conditions, we can expect that this will always be the case.
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In conclusion, while the shock front can be expected to
produce high pore pressures on loading, dilatancy hardening would
completely nullify this effect. If dilatancy occurs, then the pore
pressure effects would not significantly influence rock strength,
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III. HIGH POROSITY BRITTLE ROCK

These rocks, which include poorly consolidated sedimentary
rocks and vesicular igneous rocks, principally differ from the rocks
discussed in Section II in their pore structure. This difference
leads to very strong differences in the strength behavior.

3.1 PORE STRUCTURE

In contrast to the low prosity rocks, most of the void volume
in these rocks is in the form of nearly equant void spaces which we
will call pores to contrast them with cracks. Under the action of
ccmpressive stress, their behavior is unlike that of cracks, which
close reversibly; i.e., pores may crush, producing permanent strains
and a net decrease in volume.

The other important difference occurs in the vesicular rocks,
such as volcanic tuff. In these rocks, unlike the low porosity
rocks, the pore space is not generally connective. The clearest
demonstration of this is to note that pumice will float indefin-
itely: it does not eventually become waterlogged and sink. As a
result, such rocks may retain a considerable amount of aijr-filled
porosity even when totally saturated, the amount depending not only
on the degree of vesicularity, but also on how much the rock has
been fractured (since cracks in general increase the connectivity of
pores).

3.2 DIFFERENCE FROM LOW POROSITY ROCKS
There are two important differences that arise because of the

difference in pore structure. The first, is unlike the low porosity
rocks, these rocks will yield under uniaxial strain conditions by
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the mechanism of pore crushing. In Figure 3.1 are shown the stress
strain behavior of a variety of rocks under uniaxial strain (after
Brace and Riley, 1972). On the left of the figure are the results
for some low porosity rocks, such as granites. They behave nearly
linearly elastic, with little or no irreversible strain. Contrast
this with the behavior of the rhyolite tuff, a rock of about 40
percent porosity. That rock yields under these conditions, and
large permanent strains occur. Volume compaction will occur in
these rocks, the amount proportional to their porosity (Figure
3.2). Thus, even if significant cracking occurs, the dilatancy it
causes will be small compared to the volume reduction due to pore
collapse, so that the volumetric constraint discussed in reference
to low porosity rocks will not be valid for these rocks. The effect
this has on the dynamic behavior of these rocks has been discussed
in detail by Crowley (1973). They basically exhibit very Tlow
strength and highly attenuate the stress wave.

The results of Crowley (1973) show that the behavior of these

rocks is highly dependent on the amount of air-filled porcsity.
This is because water filled pores will tend to crush at much higher
pressures than air filled pores, since the compressibility of water

is only about three times that of rock while the compressibility of
air is very large compared to that of rock. Because of the noncon-
nectivity of pores in vesicular rock such as tuff, the percentage of
void space that 1is air filled is likely to be high in such rock,
even when it is beneath the water table. Hénce such rock should
exhibit low strength under most conditions.
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IV. DUCTILE ROCKS
4.1 INTRODUCTION

Salt and marble are rocks that behave cataclastically at
standard temperature and pressure. .That is to say, pervasive micro-
fracturing occurs within the rock, but the typical features of brit-
tie failure, formation of a macroscopic shear fault and dynamic
instability, do not occur. Rather, the rheology of the rock, in
general aspect, resembles that of a ductile material.

Cataclastic behavior is typical of materials that are very
close to the brittle-ductile transition. Although salt, for exam-
ple, is brittle under ordinary experience, it is ductile at low
strain rates under room pressure and temperature conditions and it
is also ductile at slightly elevated temperatures and preésures.
This 1is because cataclastic behavior results from the internal
deformation being a mixture of brittle processes involving crack
growth and intracrystalline plasticity involving dislocation motion.

4,2 THE BRITTLE TO DUCTILE TRANSITION

In order to demonstrate the brittle to ductile transition for
such rocks we consider some results for marble in Figure 4.1 (from
Scholz, 1968a, see also Edmund and Paterson, 1972). This rock is
somewhat more brittle than salt, which will exhibit lower strength
and undergo the transition at lower pressure.

In the upper part of the figure is shown the stress-axial
strain curves for this material at various confining pressures.
Notice that the stress-strain curves at all pressures appear macro-
scopically like that of a ductile material, but that the yield point
and degree of strain hardening (slope of the post-yield stress-strain
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curve), Dboth increase with pressure, featues not expected for a
purely plastic material. True plasticity is insensitive to pres-
sure, to first and second order.

In order to understand this behavior one needs to study the
lower part of the figure, which shows volumetric strain plotted
against axial strain. Since plastic deformation produces no volume
change, any dilation must be due to c¢racking. At the lowest pres-
sure, volume strain increases rapidly in the post-yield region,
indicating a substantial degree of cracking is occurring within the
material. At high pressures, this behavior is suppressed (recall
that the volume increase associated with cracking must do work on
the confining pressure), until finally, at 3 Kb, no volume change
occurs. Thus there is a gradual change in internal deformation from
a brittle mode to a plastic mode, during which the macroscopic
benavior can be said to be ductile. However, it is only above 3 Kb
can the internal deformation be considered to be fully plastic and
produced entirely by the motion of dislocations. Thus at 3 Kb and
above, deformation occurs without volume change, and there is no
further increase of yield point or the strain hardening index.

The discussion above illustrates how the brittle-ductile tran-
sition occurs with increasing pressure. Pressure inhibits cracking,
since the cracks must do work on the pressure, but has no influence
on dislocation motion, since no volume chante is invalvad, Simi-
larly, increased temperature will induce a similar transition, since
temperature has little influence on cracks but aids disiocation
motion. Strain rate has a more complex effect on the transition,
and, since it is important to our problem, needs to be discussed in
some detail.
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4.3 THE £FFECT QF STRAIN RATE

As discussed in some detail above, rock can sustain higher
loads at higher strain rates before undergoing brittle fracture and
this effect can be tied to several mechanisms involving crack propa-
gation. Similarly, the strength of plastic materials increases with
strain rate because of constraints on dislocation mobility. Unlike
crack propagations, dislocations do not (usually) move instably.
Therefore, the velocity of dislocation motion depends on the applied
stress. Dislocation velocity is usually a power law function of
stress, and, 1ike cracks, is 1imited to an elastic wave speed of the
medium (Gilman, 1960). The plastic strain rate is given by:

¢ = I'vb (4.1)

where [ is the dislocation density, b is the burgers vector, and v
is the dislocation velocity. It is clear that increased strain rate
#i11 requie increased dislocation density or dislocation velocity,
or both, and both of these will increase the strength of the rock.
An increase in velocity requires an increase in stress for reasons
given above, and an increase in dislocation density will produce an
increase in strain hardening because of pileups and tangles, leading
to increased strength.

Usually the strain rate effect is stronger for plastic flow
than for brittle fracture so that an increase in strain rate will
casue a shift in the brittle-ductile transition in P-T space: brit-
tle behavior 1is favored at high strain rates. This effect was
noticed by Schock, et al., (1973) for a sandstone, though to be
exact, from their description of the ductile behavior of the rock it
was deforming cataclastically and not plastically.

33

S-CUBED




V. COMPARISON WITH OBSERVATIONS
5.1  SUMMARY OF OBSERVATIONS

In this section we will discuss the results of attempts to
explain near field ground motion data with numerical simulation of
nuclear explosions. Our concern will be about the constitutive
bahavior that was assumed in the models as compared with that
implied by the data and how the two may be reconciled. What is
given below is abstracted from J. T. Cherry (1981). Both here, and
later we will discuss the rocks in increasing order of complexity.

5.1.1 Tuff

For this rock the importance of air-filled cavities in reduc-
ing the strength by the mechanism of pore collapse was recognized
early. A nonlinear constitutive model was developed to describe
this benhavior and simuiation using this model fit the data well.

Considerable scatter was observed -for shots in tuff beneath
the water table. This was ascribed to variations in air-filled
porosity, which it was assumed could exist even under totally satur-
ated conditions.

5.1.2 Salt
The response of salt was well modeled by using the static

compressive strength. The data show a small precursor, which was
modeled by assuming that the salt was saturated. However, following
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the precursor the data indicate tnat the strength greatly
increased. This was explained by invoking dilatancy hardening.

5.1.3 Granite

This rock presents the greatest difficulty. Initially the dry
compressive strength of the rock was usad in simulations, but the
fit was unsatisfactory. According to the data, the strength values
used were much too high. Then the strength of fractured granite was
used, which did not help much. Finally, it was assumed that the
rock was partially saturated, and that the pore pressure equil-
ibrated with the confining pressure at a pressure of approximately
one kilobar.

This worked well, but the French HOGGAR test in granite
exhibited apparently much higher strength than PILEDRIVER. HOGGAR
could be modeled using the dry compressive strengtn. The explana-
ticn for the difference was that the HOGGAR granite was dry, whereas
the PILEDRIVER granite was partially saturated, so that high pore
pressures were induced in the latter from shock compression,
weakening it.

5.2  DISCUSSION
5.2.1 Tuff

The assumptions that went into the constitutive model for the
tuff that was successful are essentially identical to those used for
PILEDRIVER granite except that the rock is very compressible because
of collapse of air filed pores. Air-filled pores will generally
constitute a high portion of the rock's porosity even under
saturated ;onditions because of the nonconnective nature of the pore
structure of vesicular rocks. It seems quite reasonable that
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variations in air-filled porosity causes the scatter in the data.
The grout used in the experiments described by Cherry and Rimer
(1982) was also a material of this type. The constitutive law which
they used to model the experiments was one in which fluid filled
pores were pressurized so that the uniaxial strength could be used
at high confining pressures. For this material the dilatancy
hardeing mechanism will be unimportant, for reasons discussed in
Section 3.2 and failure will occur by pervasive pore failure.
Hence, the constitutive law used in fitting the experimental data
was quite appropriate in this case.

5.2.2 Salt

For this material, it was assumed that the rock was initially
saturated and work hardened during loading. However, if one invakes
dilatancy hardening in the case of salt, one would also have to
invoke it for the granite, too.

5.2.3 Granite

As discussed in Section II, if the rock fails in compression
under conditions of high confining pressure, then neither the size
effect or dynamic effects can explain strength less than that given
by the "dry" static value, and would, in fact, predict higher
values. We also concluded that loading induced pore pressure could
not be the explanation either, because dilatancy hardening would
negate it.

These remarks are also relevant to the constitutive law
employed by Cherry and Rimer (1982) to model PILEDRIVER. Even
though the shock loading will increase the pore pressure in the
cracks, dilatancy during failure will reduce the pore pressure to
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zero, since the conditions are undrained, resulting in dilatancy
hardening. Hence, although the constitutive law that was assumed
fits the data well, some other explanation must exist to explain why
the strength was so low.

5.3  ALTERNATIVES

As noted above the apparent low strength of granite deduced by
fitting data from several nuclear explosions with a constitutive
model cannot be explained by invoking the internal generation of
high pressure and hence low effective stress. Other possible
effects, explored in this report, also do not offer any reasonable
explanation for this problem. The basic conclusion is that if the
rock fails in compression, there is no way for the strength to be
much Tlower than would be calculated as the "dry" compressive
strength. Even if the rock is completely shattered, the frictional
strength should be used, which is not much lower.

One possibility is that the dilatancy hardening mechanism does
not operate under shock conditions because of some as yet unkonwn
reason. This possibility should be explored. Another is that the
bpasic assumptions concerning the mode of failure under the condi-
tions imposed is incorrect. That is, maybe the rock does not fail
in compression, or even more fundamental, maybe a stress fracture
criterion is not appropriate for this problem.

It was pointed out in Section 2.4 that an early assumption
that the rock failed under uniaxial strain conditions turned out to
be 1incorrect: rock cannot fail under those conditions. In any
case, uniaxial strain conditions only occur at large distances from
the shotpoint, when the radius of curvature of the shock wave is
large and hence the wave can be considered planar.

37

S-CUBED




At small radii from the shotpoint, where to first approxima-
tion the shock wave can be considered spherical, the state upon
shock loading will not be uniaxial strain. In this case, since the
velocities of adjacent particles diverge, extensional strains are
set up tangent to the shock front. Because of the very nature of
the atomic bond, no real brittle material like rock can sustain more
than a few percent of extensional strain relative to its equilibrium
conditicn. If subject to such a strain the material will fail, in
extension, even if the overall stress field is compressive. This
extensile failure will have the same general characteristics of what
is generally known as tensile fracture, but the new term is used to
avoid the connotation that an applied tensile stress is required for
failure.

Since the above statement seems contrary to conventional
wisdom about fracture, an illustrative example is useful to jog the
intuition. Bridgman (1931) reported an experiment in which, for
apparently inadvertent reasons, he slipped a rubber ring snugly over
a steel rod, placed both in a pressure vessel and subjected them to
high hydrostatic compression. On removal, he found that the ring
had split on a parting parallel to the axis of the rod. The behav-
ior was repeatable. The appearance of the ring was that it had
failed "in tension" but by any account both the rod and the ring
were subject to high ccmpressive stress throughout the experiments,
and furthermore, the strains in both ring and rod were also compres-
sive.

Bridgman's solution to this puzzle is very illuminating for
the present problem. He reasoned that the ring, being made of a
material much more compressible than that of the rod, when subject
to high pressure would have shrunk to a much smaller diameter than
the rod, had it not been constrained by the rod. Thus, relative to
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its equilibrium condition at high pressure, the ring was in exten-
sion, and it failed, even though relative to its initial condition,
room temperature and pressure, the strain in the ring was compres-
sive (equal to that of the rod).

A thought experiment is wuseful for fully understanding
Bridgman's solution. Imagine placing the ring and rod separately in
the pressure vessel énd subjecting them to high pressure. The inner
diameter of the ring will now be much smaller than the outer diam-
eter of the rod. Now imagine, by some means, stretching the ring in
order to slip it over the rod, and having it fail in the process.

The key to Bridgman's solution is realizing that for some
problems in fracture a stress fracture criterion is completely inap-
plicable. In those cases a strain fracture criterion is appropri-
ate, but in using it one must be careful to reference the strains to
the correct equilibrium state. The present problem appears to be
such a case.

Consider again the problem of the spherical compressive shock
wave. Since adjacent particles are forced to diverge, tangential
extensional strains (relative to the initial state) are developed on
ioading. Since there is insufficient time for elastic tangential
expansion to occur, the correct equilibrium state from which to
measure tnose strains is the initial state, and those strains are
thus extensional. If the tangential extensional strains exceed a
critical level, extensonal failure will occur by the propagation of
Mode I (opening) cracks radial to the shotpoint, and this may be so
even if all stresses are calculated to be compressive.

To the author's knowledge, all numerical simulations of under-
ground nuclear explosions have assumed that failure is in compres-
sion and have employed a stress failure criterion. The above
remarks suggest that failure occurs in extension and that a strain
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failure criterion should be employed. Since the dynamic tensile
strength of compact, crystalline rock is of the order of several
hundred bars, much lower than the compressive strength, it is quite
reasonable that in order to fit the data, seemingly artificially low
values for the strength of rock had to be used in the simulations.
In other words, the simulations were right but for the wrong reasons.

There is nothing in the above discussion that would explain
the apparentiy great difference between the HOGGAR and PILEDRIVER
tests. If the critical strain criterion approach is the correct
one, then there may be significant differences in the critical
strain for the two rocks, due to differences in weathering, fractur-
ing, etc. The overall results may be quite sensitive to this criti-
cal strain., Further simulations, using a strain criterion, can
check this. Otherwise, there appears to be nothing in the fracture
behavior of brittle rock that will readily explain the difference.
Other possibilities, of course, may be differences in the devices
themselves, or differences in the size or shape of the initial
cavity.
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VI. RECOMMENDATIONS

As stated in the introduction, it was not possible to unequiv-
ocally "solve" the problem posed. What was possible was to narrow
dewn the possibilities t- several, which can be tested by further
work. These have been discussed in Section 5.3.

The suggestion that the rock failure may be extension rather
than compression, and that a critical strain, rather than a critical
stress, failure criterion should be employed can be checked with
numerical simulations. Such simulations should be directed first of
all at determining whether or not such an approach works, and sec-
ondly at a parameter study to see how sensitive it is to varitions
in parameters such as the critical strain level.

The second possibility, that some mechanism inhibits dilatancy
hardening under shock conditions, can only be tested by experiment.
It is suggested that controlled experiments such as those described
by Cherry and Rimer (1982) on grout be carried out, but on granite
or a granite-like material under both saturated and dry conditions.
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