
A more troublesome question is that of the effect of scale' is a larger tunnel
more prone to damage and collapse than a smaller one at the same range, i.e.,
at the same free-field motion and stress level? Some analyses published in
the 1970s assert that there is a monotonic and fairly regvlar decay of t.unnel

"strength" with increased size. A recent re-examination of this question has
concluded that field test results do not support such a conc!Jsion, because

' there exist data giving opposite results: large tunnel sections in tuff, for
examole, withstood shocks better than immediately adjacent smaller sections
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ROCK MECH ANICS CONTRIBUTIONS FP.)M DEFENSE PROGRAMS

Francois E. Heuze

. Lawrence Livermore National Laboratory

ABSTRACT: An attempt is made at illustrating the many contributions to
rock mechanics from U.S. defense programs, over the past 30-plus years.
Large advances have been achieved in the technology-base area covering
instrumentation, material properties, physical modeling, constitutive
relations and numerical simulations. In the applications field, much progress
has been made in understanding and being able to predict rock mass
behavior related to underground explosions, cratering, projectile penetra-
tion, and defense nuclear waste storage.

Ali these activities stand on their own merit as benefits to national security.
But their impact is even broader, because they have found widespread
applications in the non-defense sector; to name a few: the prediction of the
response of underground structures to major eatahquakes, the physics of the
earth's interior at great depths, instrumentation for monitoring mine
blasting, thermo-mechanical instrumentation useful for civilian nuclear
waste repositories, dynamic properties of earthquake faults, and transient
large-strain numerical modeling of geological processes, such as diapirism.

There is no pretense that this summary is exhaustive. It is meant to high-
light success stories representative of DOE and DOD geotechnical activities,
and to point to remaining challenges.

1. INTRODUCTION

The defense programs of the United States have made many contributions to
geotechnology over the past three decades. Although the field comprises
diverse materials such as ice, rocks, snow, soils, etc.. we will focus the
discussion on rocks, in the spirit of this symposium. Even for rocks and rock
masses, this state-of-the-art article does not constitute an exhaustive
summary; so many workers have contributed on so many projects that this

• paper can, at best, offer a representative sampling of the knowledge gained.
Salient features of problems faced by the geotechnical communities in the
Department of Energy (and its predecessors, ERDA and AEC) and the

. Department of Defense are the high stress levels, the high rates of loading,
and/or the large scale of the problems.

For convenience, the discussion has been regrouped under two major
headings: technology-base, and application areas. Under the first title are
included the subjects of instrumentation, material properties, physical
modeling, constitutive relations, and numerical simulations. The applications
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field includes examples concerning the containrtaent and the effects of
underground explosions, the nature of cratering, the penetration of
projectiles, and the behavior of defense waste storage caverns. Where
applicable, the non-defense spinoffs also will be outlined.

2, TECHNOLOGY-BASE

2.1 Instrumentation

Unlike most civil and mining projects where the response of rock and rock
mass is monitored over periods from hours to years, many defense projects
view one second as a long time, and accelerations easily reach hundreds of
g's. Thus, specialized instrumentation has evolved lD4, R2]*, to measure
highly transient rock mass motion at high stresses; GPa stress levels are not
uncommon in the vicinity of explosions.

Figure 1 is an attempt to summarize how far instrumentation has progressed
for the purpose of describing the effects of chemical and nuclear explosions
in the ground. Taking stress measurement as an example, there are gages
such as shown irl Figure 2 which can provide estimates of total stress at levels
exceeding 10 GPa's (100 kbars). But the rock mass response is controlled by
effective stress, whether in the rock blocks or the discontinuities. This

requires that transient pore pressures be obtained; and such measurements
are still very much experimental. In addition, the fact that a stress gage is an
inclusion in the medium raises questions as to what exactly is measured; that
is a well-known problem in conventional geomechanics. Both numerical
modeling and field tests are being used to better resolve the inclusion
question [$2]. By and large, velocity measurements are better at hand, and
most velocity gages are based on well-understood electromagnetic principles
ICl, D4]. Figure 3 shows a recent development designed for ruggedness and
simplicity. Whereas the integration of velocity records can provide estimates
of displacement histories, the direct measurement of motion, and in
particular late-time motion, is often questionable. This is an area of concern
because motion is a desirable type of information; it is easily understood,
and, unlike "stress" for example, it is not a d_tived quantity. The non-
defense monitoring of blast vibrations typically uses conventional
seismographs in order to estimate potential damage to neighboring
structures [F1]. But understanding the near-source blasting phenomenology,
to control and optimize explosion effects, requires the type of instruments
discussed above.

Rock testing systems also are required that can reach high temperatures,
loading rates and stress levels. Laboratory capabilities adapted from
conventional rock testing [D5, L3, T3], as well as other equipment such as the
Split Hopkinson Pressure Bar (SHPB) do provide high-pressure equations-of-
state (constitutive relations) [B8]. The defense capabilities developed for
testing rocks at very high temperatures and pressures are of direct use in
tectonophysics studies of rocks and minerals at great depths in the earth's
crust.

In the field, some high explosive rock tests of the 1970s pioneered the use of
large flat-jacks in the U.S., for the purpose of rock mass mechanical
characterization lP2, P4]. In turn, large flat-jacks have been used in rock
block tests on civilian radioactive waste research projects.

*This particular reference system was adopted for flexibility purpose,
because of the large number of citations.
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2.2 Rock Properties

The acquisition of small-scale (laboratory) rock properties has been
extensive, and covers several aspects of rock behavior, such as

compressibility under very high stresses (Hugoniots), ultimate strength at
various loading rates, creep, fracturing, and strain-softening. Figure 4 shows

' Hugoniot data for Nevada Test Site (NTS) granite, and Figure 5 for NTS tuff.
The effect of loading rate on unconfined compressive strength is
dramatically demonstrated in Figure 6; there is a sharp increase at strain

• rates between 10 and 100. Results for Lance sandstone are shown in Figure 7,
which indicates a zone of transition between brittle and ductile failure.
Rock-salt creep data [K2], stress-wave attenuation in SHPB tests on sandstone
[B8], and dynamic compression and release tests on limestone [F4] and calcite
[G6] are but a few of the results obtained because of defense projects. Some
databases provide a broad picture of the data gathered [K3].

In field characterization, the DOD was an early supporter of work relating to

the now 23-year old Rock Quality Designation, or RQD [D1], which has
ubiquitous applications in rock engineering. For dynamic rock strength on a
large scale, data are scarce; but it is known that, in the absence of large block
motion, some rock masses are remarkably resistant to high stresses. For
example, it has been reported that no new microfracturing in NTS granite
was created by tile 61-kiloton PILEDRIVER explosion at distances where the
free-field stress stayed under 700 MPa [G4].

2.3 Physical Modeling

The development of ever more realistic numerical tools has diminished the
interest in scaled physical modeling. However, such models have been used to
good advantage to illustrate some 3-dimensional phenomenology that is
cumbersome to simulate numerically, such as the interaction of bolts and

joints around tunnels [H6]. It has also provided good insight in the
potentially strong influence of well-lubricated joints on the amplitude of
transmitted ground motion [F2]. Scaled physical models remain an asset to
defense projects because they use real materials, as opposed to constitutive-
law concepts, and because their design and instrumentation diagnostics can
be controlled much better than those of field structures. The Underground

Technology Program (UTP) of the Defense Nuclear Agency (DNA) is such a
project which proposes to use "precision" physical tests to validate
numerical modeling developments [D3].

2.4 Constitutive Relations and Numerical Models

Once test-specific material properties data are at hand, they must be folded
into a mathematical framework to generalize their applicability. These

analytical formulations are then incorporated into numerical models, i.e.,
computer programs, or codes. The DOE and DOD projects have been a source of
much progress in this field, as illustrated by several examples. Some attempts
at modeling the dynamics of rocks containing fluids (water and air) have
simply used equivalent medium approaches, based on mixture theory [B9,
B 11]. This !has been only partially successful. More realistic representations

• have been obtained from formulations where the dynamics of the various

solid and liquid phases are treated explicitly and are coupled analytically;
with dilatancy anti fluid flow accounted for, one obtains estimates of effective
stresses [K1, $3]. As regards failute, there are operational models for tensile
and shear ['racturing in continuum-based formulations [Ali, and on-going
efforts on slLrain-softening [C3], and localization of deformation [W1].

'II
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A gr!_at challenge is to provide theoretical descriptions for the comminution
of rocks. Probably the best work to date relates rock fragment size to strain-
rate, fracture toughness, density, and wave speed [G5], Figure 8 shows an
example of a comparison between calculations and experimental results for
oil-shale comminution. Once the medium is fragmented, continuum models

• clearly are no longer capable of describing the mechanics involved. Here,
the discontinuum models, such as discrete elements, show their merit [H5].
Work on discontinuum-based models has received steady support from the

, defense community. We need to strive towards developing a continuous chain
of methods of analysis capable of starting with a jointed continuum and
ending with a fragmented, discontinuous medium, in 3 dimensions. A
corollary of this is the need to understand better the transition between
micromechanics and macromechanics [H1],

As i_t last example of development on new frontiers, one can note the support
of ihe DOD for probabilistic computational methodologies in ground shock
calcl:tlations [B1]. The multiplicity of discontinuities in rock masses, and the
extril_me difficulty in characterizing these irl a fully deterministic fashion,
mak_" it clear that stochastic approaches must be pursued. Note also that a
significant exchange of information takes piace in forums open to the
defense and civilian communities, as exemplified by the DNA computational
symposia [D2]. In that area, the geomechanical field must take advantage of
themajor advances in computational science. For example, it seems that
massively parallel algorithms are well suited to handle the mechanics of
systems with large numbers of individual particles, such as blocky rock
masses.

,,,

lo2 J J
_, _ Calculation

lo
E
-g

E --4 _
o3 Experiments
u.. 100-

0,

r
1°1of'1 lo2 103 lo4

Strain rate (see "1)
k_

Figure 8: Comparison of Calct, lated and Observed Fragment Sizes, as a
Function of Strain-Rate, for Oil Shale. From [G5].
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3. APPLICATION AREAS

3.1 Underground Exp|osions

A convenient way to look at rock mechanics questions raised by under-
. ground explosions is in terms of distance from the source. In its immediate

vicinity, the concern is containment of the explosion products, In spite of
spectacular failures such as BANEBERRY IT2], and more recent releases [H10],
the containment of nuclear events generally has been successful, The pre-I

test containment assessments are a mix of empiricism and calculations [O1,
U2], but there have been only modest efforts in attempting to measure the
post-test ground conditions such as stress, and compare them to pre-test
calculations. More work in this area would be appropriate, to enhance the
credibility of the computational models used to support containment
assessment. The near-source region still offers some unresolved challenges
such as estimating the extent of chimney development due to the collapse of
explosion cavities [B7], or explaining the large difference in cavity volumes
for nuclear explosions of equal yields (i.e. power) in U.S. and French granites
[H3]. Another challenge is related to the desire for non-intrusive
verification of the yield of nuclear explosions, by other than seismic means.
A prevalent approach is the CORRTEX method, which builds on the concept of
time-domain reflectometry [L2, U1]. The time of arrival of the explosion-
induced shock wave, at distances within the ultimate cavity region, is
estimated from the crushing of electrical cables. Typical ranges of
measurement from the device are 2 to 20 m, for yields between 1 and 150 kt.
Thus, from a rock mechanics point of view, the successful analysis of
CORRTEX data requires an understanding of the response of the rock at
pressures which can reach 10 to 100 GPa (0.1 to 1Mbar). The more frequent
use of the method, combined with new high-pressure loading and unloading
data will help reduce tile uncertainty of CORRTEX-based yield estimates.

Beyond the immediate cavity region, records have been obtained in ali kinds
of rocks: granite, basalt, tuff, salt, etc.. [C2, G3, H2, M6]. Estimates of time-
histories for acceleration, velocity, displacement, or stress have been
derived, and their peak values have been expressed as best-regression
functions of range, lt has been emphasized [C2] that, even in the same rock
type, significant scatter is possible in two ways: (1) peak panicle velocities
have been shown to vary by a factor of four, at the same range scaled by
yield, for different events, and (2) large differences can be found for the
same range of a given event, but at different azimuths. These results are
attributable to the non-homogeneity of the rock masses and their jointing or
faulting. This makes the development of reliable instrumentation to capture
event-specific diagnostics ali the more essential. As regards joints and faults,
the motion of discrete blocks has been the object of field observations and
analytical developments [B2, B5, B6]. The knowledge gained in dynamic field
properties of geologic discontinuitJ'_, is of direct relevance in earthquake
fault mechanics studies. Although good predictions of movements along
specific discontinuities have been obtained analytically [B2], it appears that

" discontinuum methods such as the discrete element approach offer the best
capability today for predicting ground motion in the vicinity of explosions in
blocky media.

As distance from the source further increases, the explosion I, _:,_mes
characterized through seismic records, which also can be used for yield
estimation. This is an area of overlap and potentially fruitful cooperation
between the fields of geomechanics and seismology IT1].



3.2 Dynamics of Underground Structures

The defense community has generated much data on the response of tunnels,
chambers, shafts, and silos to explosions [L1, R1], The results for specific
structures around tests of particular yield usually are not available in the

, open literature. But, some data have been released, and broad conclusions can
be drawn. As an example [P3], a 6x6 m rock-bolted and fibercrete-lined
tunnel segment was built at the elevation of and 500 m away from a nuclear

, explosion in a non-welded tuff, with a yield resulting in a seismic bodywave
magnitude Mb of 5. (.Ls a gauge, a tamped 1-kiloton explosion in granite will
correspond to a Mb of about 4 IU1]). The maximum motions of the free-field
and the tunnel walls, and the permanent displacements of the tunnel, were
calculated from acceleration records. The tunnel lay-out and the results are
shown in Figure 9, and Tables 1 and 2, The tunnel was characterized as
having experienced only "minor damage". This particular study was
specifically designed to transfer knowledge gained in the defense area to the
estimation of the response of underground structures to major earthquakes.
More such transfers can be expected to non-defense dynamics problems.

Back

1.,' k',Loadln_

Right Rib 6.1 cm_ _11 5.2 cmLeft Rib

I tnvert I l L-....- --L .... m --

i 5£ cm9.1 rv_

_Free Field

a) Lay-out of the Tunnel. The Black Dots b) Permanent Displacements
Show 3-Component Accelerometers. on the Tunnel Surface.

Figure 9 lP3]

Table 1: Maximum Free-Field Ground Motions [P3]

• Component Freq. of Max. Acc. Vel. Disp.
Power (H z) _ (g) .... (m/s) (cre) .

Radial (positive is to the right) 27 27.6 2.3 13.0

Vertical (positive is up) 50 8.8 0.6 -9.7

Transverse 20 4.3 -0.5 -8.5
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Table 2: Ratio of Maximum Tunnel Surface Motion
to Maximum Free-Field Motion

Locati.on , Component ..... Acc. Vel. Disp.
Back Vertical * 1.5 0.9

Radial * 0.8 1.3
, Transverse * 0.6 0.6

Left Vertica! 2,1 1.3 0.8
Rib Radial 1.3 1.4 1.1

• Transverse 6.4 1.4 1.4

Right Vertical 0.8 1.0 0.8
Rib Radial 0.7 0.8 1.0

Transverse 0.8 1.0 0.7
Invert Vertical 3.5 5.2 1.1

Radial 1.2 0.8 1.0
Transverse 5.2 1.2 0.4

• Maximum accelerations from this station were questionable.

Two further examples illustrate arguments which are still alive concerning
the dynamic response of tunnels. The first is whether dynamic analyses are
required for deep tunnels, as opposed to doing static evaluations. Figure 10 is
at the center of the discussion, lt shows that at more than a 300-m range in
hard rocks the rise time of the velocity pulse in most situations will be at
least 10 msec. For a 5-m diameter tunnel in a rock mass with a compressional

wave speed of 2,500 m/sec, the transit time of the ground shock is 2 msec,
only 1/5 of the rise time. Some analysts argue that for such a small ratio the
tunnel response is quasi-static. The author leans towards including the
dynamics because doing so is more realistic, particularly if a time-scale is
introduced by the motion of interstitial fluids.
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A more troublesome question is that of the effect of scale: is a larger tunnel
more prone to damage and collapse than a smaller one at the same range, i.e,,
at the same free-field motion and stress level? Some analyses published in
the 1970s assert that there is a monotonic and fairly regular decay of tunnel

"strength" with increased size. A recent re-examination of this question has
conclude_ that field test results do not support such a conc,'asion, because

• there exist data giving opposite results' large tunnel sections in tuff, for
example, withstood shocks better than immediately adjacent smaller sections
[G2]. Minor geologic details may play a good part in the demise of some

' tunnels by allowing the initial failure from which further damage evolves.
A single shear fracture can greatly modify the motion field, as was illustrated
in the STARMET near surface chemical explosion in granite [Figure 11],
Based on personal observations in the field, the writer thinks that larger
openings tend to be weaker than smaller ones, but not in a r,ionotonic
fashion• The strength decrease may be more of an abrupt phenomenon when
a threshold size is approached; i.e., in a given geology, there is a limited
range in size over which stability deteriorates rapidly, Because data on size
versus strength of full-scale tunnels under explosive loading are costly and
difficult to obtain, this question remains an open challenge.
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Figure 11' Influence of a Major Shear on the Velocity field, for a Chemical
Explosion in Jointed Granite, From [B4].

3.3 Cratering Explosions

Once, it was thought that nuclear explosives could be used for large civil
projects such as excavating new canals IN1]. Numerous cratering tests were
performed in the U.S and abroad• For a given yield, those in the Pacific atolls
were much larger than those on land, due to liquefaction and soil failure
[B10]. On land, the need to understand cratering rock mechanics relates both
to verification matters and to vulnerability of underground structures to
surface bursts• Whereas, the centrifuge has shown its merit for scaled

cratering studies iri soils [H9], it has not been useful for analyzing explosions
' in rock. On the other hand, the discrete element approach has been applied

effectively to cratering in jointed hard rock• This is illustrated in Figure 12
[H5] showing a simulation of the SULKY detonation of 90 tons of nuclear

• explosive buried 27 m in a dry basalt, at NTS IV1], From the verification point
of view, a significant result obtained from analyzing hard-rock U.S. craters
is the linear dependence of lip-crest radius scaled to 1/4 power (gravity
......1;.,._ .... ,, cl,..lh c_f h.r_i ,_eale+d to 1/3 power (enerl_y scaling); this is

i o,_, _,t a ,,t _ / ,i, _1 -'_ .... 1" .................

shown in Figure 13.
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3.4 Projectile Penetration

A good description of the state-of-the-art in penetration mechanics of
geologic materials is given il_ [H4] and [Pl]. For predictive purpose, both
empirical methods and analytical models have been used.

Figure 14 is one example of the use of empirical data [B3]. The depth of
penetration (Z) is expressed in terms of projectile mass (M), cross-sectional

• area (A), initial impact velocity (V), rock density (p), uniaxial rock
compressive strength (ctc) and rock mass RQD.

In a subsequent study, a refined correlation was proposed, which accounted
for the shape of the penetrator's tip [B4]. That study also showed that
penetration test data on concrete fit well with data for rock_. This similarity
indicates that defense-related penetration data can be useful for estimating
the effect of missiles impacting civilian structures such as nuclear power
plants.

The calculational approaches have included analytical methods such as
spherical arid cylindrical cavity expansions lP5, F3], continuum-based
numerical models such as finite elements [R3] and finite differences [YI],
and discontinuous models such as discrete elements [G1]. Fo, perpendicular
(axial) impact, a series oi" comparisons of several model predictions with
penetration data on tuff was recently made [H7]. As shown in Table 3, the
predictions from the various methods are ratl.er consistent with each other
and with the data, thus providing a measure of validation for the models.

Table 3' Differences Between Experimental Penetration Data in Antelope
Tuff and Calculations, After [H7]

Methods IrnpactVelocity Peak rigid body Penetration
(m/sec) deceleration (%) depth (%)

Empirical 488 < 5 + 8
503 < 5 + 7
518 + 11 + 5

Cylindrical cavity 488 - 20 - 12
expansion theory 503 17 17

518 + 9 16

Finite elements, PRONTO, 458 < 5 - 11
axisymmetric 503 - 8 - 11

518 - 9 < 5
533 < 5 - 13

b

Finite differences, HULL 619 - 10 + 30
Eulerian, axisymrnetric

More complex situations than the axial case are illustrated in Figure 15 where
oblique impact is modeled in 3-D with finite elements, and in Figure 16 where
the discrete element approach is used to evaluate the efficiency of boulder
fields as countermeasures to penetration.

!1
,f
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Figure 14: Projectile Penetration Data in Rock Masses, After [B3]

Figure 15' 3-D Finite Element Simulation of Oblique Impact, After [R3]
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Figure 16" Discrete Element Simulation of Projectile Penetration in a Field
of Boulders, After [G1].

3.5 Underground Storage of Defense Waste

The Waste Isolation Pilot Plant (WIPP) site near Carlsbad, NM, includes an

underground salt mine where extensive geomechanics studies have been
performed over the past decade, to predict the response of the ground to
excavation and subsequent thermal loading from defense nuclear wastes.

!/ii Figure 17 shows the extent of the activities, and the therrno-structural tests.
i,

Specific geomechanical tests have included the heating of an l l-m diameter
and 3-m tall pillar [M5], hydraulic fracturing stress measurements [W2], and
cross-hole velocity and attenuation measurements [H8]. The stresses were
estimated to be hydrostatic and close to those predicted from overburdev,
weight; and the cross-hole tests showed a rock mass disturbance likely due to
a porosity increase up to 3 m into the walls of 5.5 x 5.5 m rooms.

A significant rock mechanics aspect of WIPP is the formulation of new
constitutive laws for' the salt rock mass. Earlier numerical simulations lM1,
M4] had a factor-of-3 discrepancy with observed room closures (Figure 18); a
calculated matr;h to field data could be obtained, but with a reduction in
modulus by _, factor of 12.5. The discrepancy has now been reduced to less
than 20%, with the use of a new creep law and the substitution of a Tresca

' criterion for the original Von Mises failure criterion [M2, M3]. Figure 19
shows the, results of the newer simulations, which are part of on-going
validatior_ efforts.

Geotec, nnical defense projects such as WIPP and the UTP, which combine

experimental and analytical approaches, represent a systematic effort to
provide meaningful large-scale validation of numerical models. They carl
starve as examples for non-defense applications such as mine design, nuclear
waste disposal, and underground storage.

1
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4. DISCUSSION-CONCLUSIONS

lt is hoped that this brief, nonexhaustive overview, has impressed upon the
reader the extent of contributions that defense programs have made to the
field of rock mechanics. Progress has been achieved in many areas'

, instrumentation, understanding of explosier_ effects in the ground,
knowledge of material properties at very high stresses and strain rates,
insight in large scale thermomechanics of rock masses, etc...

' The benefits have accrued not only to the defense community but also to the
non-defense sector, as was highlighted on several occasions. This appiies,

for example, to the effect of large earthquakes on underground structures, to
the optimization of mine blasting, to the underground disposal of civilian
radioactive wastes, and to the physics of rocks deep in the crust of the earth.

A number of tough questions remain without satisfactory answers, as noted
during the course of this paper. They are: the understanding of the relation
between microfracturing and macrofracturing, leading to comminution, the
dynamics of rock formations containing fluids, and the large scale strength
of rocks and rock structures, to name a few.

By ali measures, there are enough tantalizing questions to attract the best
minds to this field and to challenge them.
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