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After the testing machine modifications and calibration tests, we performed static and
dynamic structure experiments, mostly with a rock simulant having an unconfined
compressive strength of about 4300 ps! and a friction angle of 33 degrees. Structures
consisted of direct-contact steel liners of three different radius-to-thickness ratios
(a/h = 50, 25, 12.5) and backpacked steel liners with a/h = 25 and a/h = 12.5 steel
liners and with a backpacking having a radius-to-thickness ratio of R/H = 4.5. After
discussing the efficacy of laboratory experiments as a reasonable representation of
actual field conditions, we performed a series of isotropic (equal stress in all three
directions) and uniaxial-strain loading tests on models in water-saturated rock, fol-
lowed by uniaxial-strain loading tests on similar models in dry rock.

In the isotropic loading experiments, the load-deformation relationship for the direct-
contact liners agreed with pretest theoretical curves from the elastic-plastic analysis
and showed substantial increase in strength with increasing liner thickness. At the
higher loads, the a/h = 50 and 25 liners buckled and the deformations became larger
than predicted from the theory. The a/h = 12.5 liners did not buckle, even at tunnel
closures of five percent. With backpacking, the load was increased until the backpack-
ing was severely crushed; the steel liners sustained negligible deformation. Similar
behavior was found in uniaxial- strain loading experiments, but 30 to 50 percent less
load was required to cause five percent tunnel closure than under isotropic loading.
In the uniaxial-strain loading experiments in dry rock, the response was similar to
that in saturated rock but with slightly smaller deformations. In cyclic loading experi-
ments (both isotropic and uniaxial-strain) on a direct-contact liner in dry rock, the
final deformation of the tunnel was not seriously affected by repeated unloading and
reloading (i.e., the tunnel closure system shakes down).

A structures experiment was performed as add-on to the Dining Car Event at NTS,
Twelve structures, a factor in ten larger in size than the laboratory models, were
fielded. These structures have been recovered, and the results of the test are
presented in POR No. 6887.
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SUMMARY

The goal of this project is the development of efficient structures
for deep basing. Our approach has been to continue the investigation of
the response of deep based structures through static and dynamic scale
model experiments started under a previous contract and reported in
[1].* The model tests are used to relate structural response to the
surrounding rock properties, thus making it possible to design struc-
tures that are optimally matched to their environments. The scale-model
experiments were guided by analyses of structure and rock response

assuming a Mohr-Coulomb rock strength characterization.

The two loading machines developed during the previous program [1]
were modified to extend their capabilities and improve their perfor-
mance. One is a hydraulic static loading machine that can test 4-inch
(10.2 cm)-diameter rock models with 5/8-inch (1.59 em)-diameter tunnels,

* X
under both isotropic and a wide range of triaxial loading conditions.

The other is an explosive dynamic loading machine to test similar models,

also under isotropic or triaxial loading. The modifications to the
machines produced improvements in the four following areas: (1) tunnel
access, (2) sealing between vertical and lateral pressure chambers,

(3) dynamic pressure pulses, and (4) general test procedures. Approxi-
mately sixty static and thirty dynamic experiments were performed in

the course of the testing machine development phase of the project.

*
Numbers in brackets designate references at the end of the report.

*k
The term isotropic loading is used throughout this report to denote

loading with equal stresses in all three directions. In the static
case it is synonomous with hydrostatic loading, but there is no
standard equivalent term for the dynamic case.
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After the testing machine modifications and calibration tests, we
performed twenty static and three dynamic experiments on rock specimens
to explore the basic response of monocoque direct-contact and backpacked
liners as hardened buried structures., Most of the experiments were con-
ducted with a rock simulant (6B rock) having an unconfined compressive
strength of about 4300 psi (29.6 MPa) and a friction angle of 33 degrees
(0.576 rad). In addition to the laboratory tests, a structures experi-
ment add-on to the Dining Car event at NTS was performed. Twelve struc-
tures, a factor of ten larger in size than the laboratory models, were

fielded. The results of this test are reported in POR 6887.

Before we began the laboratory study of direct-contact and back-

packed liners, we performed a series of preliminary tests to check the

validity of the experiments. These preliminary tests addressed questions

concerning boundary effects, reproducibility, the effect of porewater
pressure, and the effect of the absence of a liner. After these studies
of laboratory experiments as a representation of actual field conditions,
we performed the twenty-three test matrix of experiments on dircct-
contact and backpacked liners. The remainder of this summary presents

a brief description of the results of isotropic and uniaxial-strain
loading tests on models in water-saturated rock, and uniaxial-strain

loading tests on models in dry rock,

Isotropic Loading Experiments in Saturated Rock

Six static isotropic loading experiments were performed on models
in water-saturated rock, with water permitted to drain from the rock
during the test so that no porewater pressure developed. The direct-
contact liners were made from mild steel [yvield strength o 2 40,000 psi

y
(275 MPa)] with three different radius-to-thickness ratios: a/h = 50, 25
12.5 (see Figure 1-1, page 26). The two backpacked models consisted of

steel liners (with a/h = 25 and 12.,5) surrounded by polyurethane foam

2




backpacking (with a radius-to-thickness ratio R/H = 4.5), which has a
crush strength of about 550 psi (3.79 MPa) up to a strain of 40 percent.
Plots of tunnel closure versus pressure for these tests are shown in
Figure S-1. We see that the results of the two repeat tests on the

a/h = 50 direct contact liners (upper two curves) are in close agreement,
demonstrating the reproducibility of the experiment. Both liners buckled
during the test, as did the a/h = 25 direct contact liner. The deforma-
tion of the thicker (a/h = 25) direct contact liner is less than that in
the a/h = 50 liner because it applies greater confining pressure to the
rock and also buckles less severely than the thinner liner. Similarly,
the deformation of the a/h = 12.5 liner is smaller still, since it does
not buckle at all, In the backpacked liners, the backpacking was severely
crushed during the test but the steel liners were relatively undeformed
because the backpacking had absorbed most of the rock cavity deformation

without applying excessive pressure to the steel liners.

Figure S-1 also shows theoretical predictions from an elastic-plastic

analysis assuming the Mohr-Coulomb vield c¢riterion and associated flow

rule. For the a/h = 25 liner and the a/h = 12.5 liner, the agreement
between theory and experiment is surprisingly good. For the a/h = §0
liner. the theory underestimates the amount of closure. This is attrib-

uted to liner buckling. which caused the internal pressure applied to the
cavity wall to be significantly less than the simple hoop yield value

used in the calculations.

A dynamic isotropic loading test was performed on the a/h = 50
direct contact liner in saturated rock. In the dynamic test, water was
not permitted to drain from the rock during the test so that porewater
pressure did develop. The result is also plotted (star symbol) in
Figure S-1. \1though this liner buckled like its static counterpart,
we sece that the deformation in the dynamic case is about 40 percent

less than in the static case. This difference can be attributed in
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part to the presence of porewater pressure in the dynamic loading test,

which carries part of the load (see Section 2.4).

4 \ Uniaxial Strain Loading Experiments on Saturated Rock

i Five static uniaxial-strain loading experiments were performed on

the direct-contact and backpacked liners in saturated rock, again with
water permitted to drain during the test as in the static isotropic
tests. Figure S-2 shows plots of vertical tunnel closure ADV/D as a
function of vertical pressure PV from these tests. For the direct-
contact liners, we observe. as for the isotropic tests, that for a

given load the tunnel closure decreases as the thickness of the liner
increases. However, the difference in closure from one liner to the
next is not nearly as great as it was for isotropic loading (Figure S-1).
The apparent reason is that for isotropic loading, the liner resists
deformation through hoop compression, which is the most efficient means
of resistance for a thin-walled shell., Thus. for isotropic loading,

the liner carries a significant part of the total load; i.e., the sur-
rounding rock does not carry all the load. However., for uniaxial-strain
loading, the liner resists deformation through a combination of hoop
compression and bending, which is a less efficient means of resistance.
Thus, for uniaxial-strain loading, the liner carries a smaller part of
the load, with the major part being carried by the rock. Since the rock
carries most of the load. the type of liner used has little effect, and
hence, the reduction in deformation from one liner to the next is small,
considering that the liner wall thickness is doubled and then doubled

] again,

Liner deformation is reduced substantially when backpacking is
added. However, under uniaxial-strain loading, the liners now have de-
formations of a few percent, in contrast to less than one percent through-

out the entire loading range under axisymmetric loading (compare Figures S-1

and S-2)., The S shape of the load-deformation curves under uniaxial strain
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loading (Figure S-2; the aectormation rises, then remains at a plateau, and
then rises again) is probably a reflection of the shape of the stress-
strain cur'® of the foam as it crushes. During early deformation the
finite initial modulus of the foam gives rise to a radial stress differ-
ence around the circumference of the steel liner as the rock cavity closes
asymmetrically under uniaxial-strain loading. This causes the liner to
deform into an oval shape. At larger cavity closures, this stress dif-
ference can no longer increase because the foam begins to crush at con-
stant stress at the crown and invert, where the rock closure is largest.
Thus, during this period the curve has a plateau, where the steel liner
deformation remains constant as the external loading increases, even
though the rock cavity continues to close. At still larger external
loading and rock closure, the foam begins to lock up so that the stress

again rises and the steel liner once again deforms with increasing load.

This scquence of events is consistent with the plateaus in Figure S-2

extending over the same loading range for both the a/h = 12.5 and

a/h = 25 liners, but with the plateau at a larger deformation for the

a/h

i

25 liner. Being thinner, the a/h = 25 liner must oval more than

the a/h = 12.5 liner to resist the stress difference around its circum-
ference. We would expect these plateaus of deformation to be reduced

for a foam with more nearly rigid-perfectly plastic stress-strain behavior
(as in cellular concrete), rather than elastic-plastic behavior (as in

the polyurethane foam used here),

Comparison of the uniaxial-strain and isotropic loading results for
saturated rock shows that deformation for a given structure under isotropic
loading is considerably lower. For example, for the a/h = 50 direct
contact liner, the load required to cause 5 percent tunnel closure under
isotropic loading is Pv = 12,000 psi (82.7 MPa) while under uniaxial

strain loading, it is Pv = 8,500 psi (58.6 MPa). Thus, for the a/h = 50

s B f‘“““‘uma_*—d




liner, the load-carrying capacity between isotropic loading and uniaxial-
strain loading is reduced by about 30 percent. This reduction in load-
carrying capacity is even larger for the thicker liners. This is another
aspect of the increased efficiency of liners under isotropic loading as
compared with uniaxial-strain loading. Thus, as the hoop strength of

the liner becomes more significant compared with the strength of the

rock (a/h decreasos), the difference in critical loads hetween isotropic

and uniaxial-strain loading becomes larger.

Uniaxial-Strain Loading Experiments on Dry Rock

Five static uniaxial-strain loading experiments were performed on
the direct-contact and backpacked liners in dry rock for comparison with
the saturated rock experiments described above. Figure S-3 plots vertical
tunnel closure as a function of vertical pressure from these tests. The
general behavior of the structures in dry rock is similar to that in
saturated rock, and the same conclusions hold. We note, however, that
the dry rock results show reduced deformation compared to the saturated
rock. This is because the dry rock maintains a larger friction angle at

high load than does the saturated rock.

In addition to the monotonic loading tests just discussed, a static,
cyclic, uniaxial-strain loading test was performed on an a/h = 12,5 stecl-
lined tunnel in dry rock. The results of this test are shown in Figure S-4,
where vertical tunnel closure is plotted against vertical pressure. During
the initial loading to a pressure PV = 9.5 ksi (65.5 MPa), the tunnel
closure reached 2.25 percent. Upon unloading to 1.1 ksi (7.58 MPa),
the tunnel expanded slightly to a closure of 1.95 percent. Reloading to
9.5 ksi (65.5 MPa) brought the closure to 2.35 percent, a very slight
additional strain. Similar behavior was observed during unloading and

reloading in the vicinity of 4 percent closure, as shown. Also shown
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are the monotonic loading test results, The loading part of the cyclic
loading results is very close to that of the monotonic loading results.

We conclude that the final deformation of the tunnel was not seriously

affected by repeated unloading and reloading and that the tunnel closure

i system "'shakes down." Similar behavior was obscrved in a cyelic. isotropic

loading test.
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Conversion factors for U.S. customary

to metric (SI) units of measurement.

To Convert From To Multiply By

angstrom meters (m) 1.000 000 X E -10

atmosphere (normal) kilo pascal (kPa) 1.01325 XE +2

bar kilo pascal (kPa) 1.000 000 X E +2
bam meter? (m?%) 1.000 000 X E -28 ,
British thermal unit (thermochemical) joule (J) 1.054 350 X E +3 }
calorie (thermochemical) joule (J) | 4.184 000 i
cal (thermochemif:al)/rcm2 mega joule/m2 1MJ/m2) : 4.184 000 X E -2 |
curie *giga becquerel (GBq) | 3.700 000 XE +1 |
degree (angle) radian (rad) ‘ 1.745329 X E -2 ‘\
degree Fahrenheit degree kelvin (K) | e = (t°f + 459.67)/1. 8 1
electron volt joule (3) 1.60219 XE -19 |
erg joule (J) 1.000 000 X E -7 |
erg/second watt (W) 1.000 000 X E -7 }
foot | meter (m) 3.04% 000 X E -1 |
foot-pound -force | joule (J) 1. 355 818 !
| gallon (U.S. liquid) meter> (m%) | 3.T85412XE -3 f
| inch meter (m) | 2.540 000 X E -2 i
| jerk | joule (D [ 1.000000XE +9 !

| joule/kilogram (J/kg) (radiation dose |

[ absorbed) Gray (Gy) 1.000 000 |
: kilotons terajoules ! 4.183 1
‘\ Kip (1000 1bf) | newton (N) | 4.448222 XE +3 I
| kip/inch? (ksi) | kilo pascal (kPa) | 6.894757 X E +3 ;‘
ktap | newton »second/mz i
(N-s/m?2) 1.000 000 X E +2 [
micron meter (m) : 1 000 000 X E -6 ‘}
mil meter (m) 2.540 000 X E -5 “

mile (international) meter (m) | 1.609344 XE +3
| ounce kilogram (kg) ’ 2.834 952 X E -2 ;
! pound -force (Ibs avoirdupois) newton (N) ‘ 4. 448 222 1
pound-force inch newton-meter (N-m) \ 1.129 848 X E -1 :

pound ~force /inch \‘ newton/meter (N/m) ' 1.751 268 X E +2
pound-force/footz | kilo pascal (kPa) \ 4.788 026 X E -2 |
pound-inrce/in('h2 (psi) § kilo pascal (kPa) ; 6.894 757 :
pound-mass (Ilbm avoirdupois) l kilogram (kg) | 4.535 924 X E -1 }
pound -mass —font2 (moment of inertia) I‘ kiIo;:r:u:n-mo:-mr2 | ‘

| (kg-m?) {  4.214011XE -2
pound-m:m.«x/foot3 kilogram/mcters " }

(kg /m3) | 1.601846 XE 41
rad (radiation dose absorbed) «sGray (Gy) | 1.000 000 X E -2 i
roentgen coulomb /kilogram ! |
(C/kg) ‘l 2.579760 X E -4 l
shake second (s) 1 1.000 000 X E -8 |

| sl kilogram (kg) | 1.459 390 X E +1
| torr (mm Hg, 0°C) kilo pascal (kPa) 1 1.33322 XE -1 1

*The becquerel (Bq) is the S1 unit of radioactivity; 1 Bq - 1 event/s.
**The Gray (Gy) is the SI unit of absorbed radiation.
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L. INTRODUCTION

-

1.1 Background

The goal of this work is the development of efficient structures
for deep basing. Our approach has been to continuce the investigation of
the response of deep based structures through static and dynamic scale
model experiments, which was started under a previous contract and

#
| . = )
i reported in Yl_. The model tests are used to relate structural re-

sponse to the surrounding rock properties, thus contributing to the de-

sign of structures that are optimally matched to their environments.

Deep based structures are needed to protect command. countrol., and
communication centers from nuclear attack. Because of the high cost of
building these structures. efficiency is important, the most efficient

structure being one that provides the required volume and hardness at

least cost. The best structure for deep basing will depend on the |
required volume, type of contents, local geology, and hardness level.
Hence, the best type of structure for one range of conditions may not

be the best tvpe for another range of conditions.

P Typical deep based structures consist of cylindrical or spherical
cavities in rock, hardened with liners of steel and concrete. These
structures also may have a crushable backpacking material between the
liner and the cavity wall, as indicated in Figure 1-1. Reasonable

design pressures for a structure of this type are on the order of 1 kbar

EO'. Since a shell structure designed to support the full l-kbar pressure

would be impractical, it is apparent that the native rock must carry most

+
Numbers in brackets designate references at the end of the report.
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of the load, Therctore, the most efficient structures for deep basing
will be those that best enhance the load-carvrving capacity of the native

rock.

Several design concepts for deep basing weye investigated in
HARD HAT and PILE DRIVER, and additional designs will be tested in the
MIGHTY EPIC and DIABLO HAWK underground tests. These tests provide
much usceful information ol a general nature. However, more detailed
observations over a wider range of geologic conditions and loads are
required to determine quantitative limits on the applicability of the
various design concepts. Only from such obscervations are new design

concepts likelv to arise,

The ability to apply loads on a laboratory scale is the key to
developing efficient structures for deep basing. In the laboratory,
detailed observations can be made economically for various deep basing

coneepts over a wide range of geologic and loading conditions. From

such observations will come an understanding of response mechanisms that
may lead to new concepts for deep basing. The laboratory method can
then be reapplied for rapid and cconomical evaluation of new concepts

as they are developed.

Previous experiments on scale models of deep based structures have
been devoted almost exclusively to static testing. Danicl. Rowlands,
and Singh l_({l performed static experiments on unlined and lined tunnel
models in limestone and marble. Heuer and Hendron '_,\; tested unlined
openings using a weak rock-matching grout as their rock material.
Hendron, Engeling, and Aiyer | 5] extended this work to inelude experi-
ments on lined tuniels in both jointed and intact rock, as did Hendron
and Engeling 16J. In all these experiments, damage levels were kept

fairly low (i.e., tunnel closure of only a few percent ), and many of




these tests were plagued by specimen cracking not associated with the

cavity.

The response of deep based structures was studied at SRI fll
through experiments on scale models, guided by analyses of structure
and rock response assuming a Mohr-Coulomb rock strength characteriza-
tion. Most of the experiments were dynamic. with the loading pulse
scaled to simulate a long duration ground shock from a nuclear burst.
Two new loading machines were designed, fabricated, and developed into
working laboratory tools. One is a hydraulic static loading machine
that can test 4-inch (10.2 cm)-diameter rock models with or without
5/8-inch (1.59 cm)-diameter tunnels, under both axisymmetric and a
wide range of triaxial loading conditions. The other is an explosive
dynamic loading machine to test similar models of the same size under

dynamic triaxial loadings that closely simulate nuclear loading environ-

ments with various flow conditions (e.g., uniaxial or diverging flows).

After testing machine development and calibration tests, we performed
16 dyvnamic experiments on rock specimens to explore basic response of
simple unlined and lined tunnels. All the experiments were conducted
with a rock simulant having an unconfined compressive strength of
8500 psi (158.6 MPa). a friction angle of 30 degrees (0.523 rad) ,
vertical loading pressures ranging from 8500 psi (158.6 MPa) to 20.000 psi
(138 MPa). and horizontal pressurcs in most experiments adjusted to give
a uniaxial-strain loading condition. Eight of the experiments were
performed on unlined tunnel models in intact rock. The mode of failure
in these specimens was the formation of shear cracks., which originated
at the springlines of the tunnel and then spiraled to become vertical
cracks extending far into the rock medium. Damage levels ranged from
negligible to severe. Four of these ecight experiments were repeated on

tunnels with steel liners in direct contact with the tunnel cavity.
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In cach case, the effect of the liner was to cause a considerable
reduction in the amount of closure sustained by the tunnel and less

extensive fracturing of the rock.

The final four experiments were performed on unlined tunnels in
jointed media with two tunnel diameter-to-joint-spacing ratios, D/S =5
and 10. The joints were introduced in the models as parallel plancs
oriented parallel to the axis of the tunnel and perpendicular to the
vertical direction of primary loading. The jointed models were more
highly damaged than their intact counterparts at the same loadings.
Also, the models with D/S = 10 sustained more damage than those with

D/s = 5.

1.2 Approach and Scope of Investigation

In this investigation, the response of deep based structures to
nuclear ground shock loading was studied by continuing the scale model
experiments just described. Our initial approach was to develop for
each geologic condition of interest an understanding of the damage
mechanism and controlling parameters for two present design concepts:
tunnels with direct contact liners and tunnels with backpacked liners.
Six different structures were tested. The first structure was an unlined
tunnel. This is the simplest tunnel and serves as a baseline for com-
parison with more sophisticated tunnel structures. The next three
tunnels had direct-contact steel liners of different radius-to-thickness
ratios |a/h = 12,56, 25, 50 (see Figure 1-1)|. With these liners of
different thicknesses, we evaluated the eftect of internal pressure on
tunnel response | the internal pressure between liner and tunnel is at
the yield pressure of the liner throughout much of the response of in-

~

terest, and can be estimated as p = ¢ h/a, where 0 is about 40,000 psi
1 y v

(276 ‘.Tl’.n)l. 'hese models also showed the influence ol a/h on monocoquec

tunnel buckling. Finally, two structures with backpacking (R/H = 4.5)




P

as well as tunnel liners (a/h = 12,5 and 25) were tested to investigate

the effect of backpacking in preventing tunnel closure.

The structures were tested in a rock simulant representing medium
strength rock under both dry and water-saturated conditions and under
static and dynamic conditions so that any dynamic effects on the response
of the structures could be studied. Two types of loading were used:
isotropic (axisymmetric with respect to the tunnel axis) and uniaxial-
strain loading. The isotropic loading

(1) Simulates the type of loading experienced by the structures
in the Dining Car experiment described later (the Dining Car
loading is bounded between isotropic and uniaxial strain)

(2) Provides a means of correlating experimental results with
current design procedures which assume isotropic loading

(3) Provides a comparison with the uniaxial-strain experiments
to ascertain the importan e of load asymmetry.

The test matrix is shown in Table 1.1. Since most of the experiments
reported in [11 were dynamic, this work concentrates primarily on static
testing. These experiments were supported by a theorctical effort in
which currently available elastic and clastic-plastic theories were used
to design structures, plan experiments, and interpret the experimental

results,

During the course of the work, additional funds were granted to
broaden the scope of the project to include performing a structurcs
experiment as an add-on to the Dining Car event at NTS (reported in
POR 6887). Twelve structures, a factor of ten larger in size than the
laboratory models, were fielded along with their small-scale counterparts
which serve as a tie-in to the laboratory tests and also to demonstrate the

effect of scaling., The laboratory tests will be used to support this experi-

ment and other planned underground tests of large-scale structures.
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1.3 Organization of Report

The remainder of this report describes the planning of the experi-
ments, the experimental results, and an interpretation of these results
with accompanying theoretical analyses. Chapter 2 deals with the
theoretical considerations used in the design of the specimens and
testing machines and in the planning of the experiments. Chapter 3
presents a brief description of the current operation and capabilities
of the testing machines. Chapter 4 presents the results of a series of
experiments used to validate the experimental procedure. Chapter 5
describes the results of static and dynamic isotropic loading tests on
tunnels with direct contact liners and with backpacked liners. These
are scale models of the structures tested in the Dining Car experiment.
Chapter 6 presents the results of static uniaxial-strain loading tests
on similar structures. The uniaxial-strain loading results are compared
with the isotropic loading results. Chapter 7 presents a discussion of
the planning and fielding of the Dining Car structures experiment.
Chapter 8 gives the theoretical analyses and comparison with experimental
results. Appendices A through D give detailed discussions of the
theoretical analyses, rock modeling. test machines, and cxperimental

data, respectively.




2. THEORETICAL BASIS FOR LABORATORY INVESTIGATION

In this chapter we discuss the theoretical background for the
design and planning of the experiments. This includes a dimensional
analysis, discussions of boundary effects. wave propagation cffects,
porewater pressure, the rock simulant, and the effect of the relation-
ship between rock and liner properties., and a description of the test
specimen. The first three of these topics were addressed in (1], For
continuity, the results reported in [lj are repcated here in abbreviated

form along with the new results f{rom the present program.

2.1 Dimensional Analysis

Since the usefulness of this investigation depends on the similitude
of the scale models, the variables that have a dominant effect on the
response of our structures must be appropriately scaled. The dimensional
analysis is similar to that in [1] but with several differences that are

discussed later. The following variables are considered significant:
Applied Loads

P
4

1}

peak vertical pressure

P
H

peak horizontal pressure

Material Propertics

E = Young's modulus of rock
v = Poisson's ratio of rock
0 = density of rock
4“ = unconfined compressive strength of rock

w
(9]
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pr— ’ o—
Ul = tensile strength of rock
@ = angle of internal friction of rock
EL = Young's modulus of liner
|
Y VL = Poisson's ratio of liner
i p. = density of liner
j L
| 2.3 vield strength of liner material
Tbé = c¢rush strength of backpacking material
ebp = locking strain of backpacking material

Geometry

D = tunnel diameter
h = liner thickness
H = backpacking thickness
Systems Response
u ’ u . . 3 . . .
r ¢ = radial and circumferential displacement of rock
e , ey = radial and circumferential strain of rock
r =
iy ca = radial and circumferential stress of rock
4 v
g, u = radial and circumferential displacement of liner
rL AL
e L’ e”L = radial and circumferential strain of liner
ri, e,
c L’ GQL = radial and circumferential stress of liner
T S
u s N = radial and circumferential displacement of backpacking
rbp Sbp
€ s S = radial and circumferential strain of backpacking
rbp Abp
) ¢ 0 = radial and circumferential stress of backpacking
rbp Abp

This selection of 35 significant variables leads to the following set
of 32 dimensionless groups:
P lo, Bl cjo, BE ., Blo, v %, ole, plo, oo
V. s H u i u s U L y u L bp u
By €. 4 l)/h, D/H, u /D, n_,‘/l). €, &, 0 /G YT O D, u__/D,
bp r a ' roou & m rL L
€ _, .'/'.'/'.u /D, u e . € = /3
rL AL rlk u AL u rbp Abp rbp “bp rbp  u,
Sbp u
34
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In our experiments, the tunnel diameter D is 5/8 inch (1.59 cm).
Consequently, for a 10-foot (3.05 m)-diameter prototype tunnel, this
represents a scale factor of about 200. Thus, h, H, u o M s

; : » Vet Vot Ver? Var
u , and u must .also be scaled by this same factor for similarity.
rbp Sbp
The rest of these variables in our model are identical to those in the

prototype.

The rise time and duration of the loading pulse are not scaled

in these experiments as they were in [17. A longer rise time and dura-
tion were used in the current experiments to minimize undesirable wave
propagation effects in the loading (this is discussed in more detail in
Section 2.3). This change in the pulse shape is not expected to have
any significant effect on the response of the structure since the
response is essentially quasi-static in nature, as will be discussed in
Section 2.3. Other variables not scaled are grain size, pore size, and
strain rate. Although these variables are not believed to be dominant.

more research is needed to ascertain their importance.

2.2 Stress Field

In our experiments we seek to veproduce the stress field that
exists around a cavity in an infinite body. Since our specimen must
have finite dimensions. the question arises as to how close the boundaries
can be to the cavity without significantly altering the stress field.
In 17 it was shown that clastic perturbations in the stress fiecld caused
by the hole extend only to about 4 radii into the medium. Consequently,
our specimens were originally designed so that the boundaries were more
than 4 radii away from the cavity. After plastic flow takes place, the
elastic calculations are no longer valid. To determine whether the
boundaries of the specimen were sufficiently far removed from the cavity

to simulate the infinite body case. under plastic flow conditions., a
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series of experiments was performed on samples with different hole sizes.
It was again found that the 4-radii criterion was sufficient for damage

levels of intevest. Details of these experiments are given in Section 4.1.

2.3 Wave Propagation Effeccts

For our dynamic experiments a possibility of undesirable wave
propagation effects exists. Since our specimens are finite and our
pulse durations long compared with the transit time of a wave across our
sample, the waves resulting from the applied loads will reverberate
through the specimen several times instead of passing through the struc-
ture only once as in the actual case in the field. Therefore, the ques-

tion of overstress at the cavity wall due to wave effects must be resolved.

A typical experimental pulse is shown in Figure 2-1 (ramp rise to a
broad maximum followed by a roughly cxponential decay). The rise time is
about 1 ms and the total duration is 10 ms. This rise time and duration
arc longer than those required on a 1/200 scale of a surface nuclear

*
burst. The justification for the use of a pulse with a rise time and

duration that are longer than the scaled pulse is based on calculations
given in :1:. There, a pressure-impulse plot for tunnel closure showed
that the response of the tunnel in the range of interest is quasi-static
in nature) i.e,, the amount of closure is sensitive to the peak pressure
of the pulse but not to the duration of the pulse. Consequently, our

model experiments should be a reasonable representation of the response
of deep based structures cven though the loading pulses are not closely

scaled. The use of a long rise time and duration also eliminates the

two undesirable wave propagation cffects described next.

*

Extrapolation of underground data to a 100 MT burst and ranges of a

few thousand feet gives rise times and duration of the order of 30 msec
and 300 msec, respectively, in full scale. These translate to 0.15 and

1.5 msec in 1/200 scale,
36
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As discussed in il:, the diffraction of a plane wave by a cylindri-
cal cavity results in an overstress at the cavity wall, For a step wave
with zero rise time, the increase in stress over the static value is
about 15 percent. For a wave with a long rise time, as occurs in the
actual case in the field, this overstress is less than 15 percent.,

Thus, wave diffraction effects arc not significant in the field nor in

our models.

The long rise time also alleviates the problem of overstressing
from reflection of the waves at the boundaries of the specimen. This
overstress depends on the impedance mismatch between thb rock specimen
material and the testing machine material that holds the specimen, For
a rise time of 1 ms, this overstress is negligible in our rock.
Finally, the long rise time and duration reduce the problem of over-
stressing due to wave reflections in the fluid that surrounds the
specimen., This is discussed in detail in Appendix C. The important
effects simulated in these dynamic tests that are not simulated in static
tests are the dynamic material properties of the rock, including pore-
water pressurc. Porewater pressure often cannot be properly simulated
in static tests with tunnels because¢ unrecalistic porewater migration

causes the tunnels to bulge (sce Figure 4-4 and discussion).

2.4 Porewater Pressure

All rocks contain voids that are usually filled with water at the
depths of interest for deep basing. The material may be viewed as
being composed of a solid rock skeleton traversed by a network of
capillaries filled with water. When the rock is loaded, part of the
load is carried by the rock skeleton and part by the water. The distri-
bution of the load between the rock skeleton and the water depends on

the structure of the skeleton and the relative compressibilities of
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the rock grains and the water. The porewater pressure is that part of
the load carried by the water.

In performing an analysis of the response of a material with
porewater pressure present, the concept of "effective stress" is
commonly used. The effective stress is the total stress minus the
porewater pressure. The porewater pressure is subtracted from the
total stress because it is assumed to have no influence on deformation
or failure. A typical Mohr failure envelope for water-saturated rock
is shown in Figure 2.2. The dashed circles represent triaxial states of
stress. including porewater pressure. at loading conditions under which
rock specimens fail (o.;:., the dashed circle on the right gives stress
states for loading by a vertical pressure 3, and confining pressure fjl\'r.
From these data, the total-stress Mohr envelope. indicated by the dashed
line, is constructed. If the Mohr circles are replotted with the
porewater pressure subtracted (e.g.. the solid circles represent a
vertical pressure ‘.)/ =g, =D and a confining pressure -ll = '1 - P
where p i1s the pore })l‘(‘SSlll‘C\‘. we obtain the effective-stress Mohr
failure envelope indicated by the solid line. The assumption of the
effective-stress concept is that the effective-stress ilohr envelope is
the same as that obtained if the specimens were allowed to drain water
during the triaxial tests. The effect of the porewater pressure is to
shift the circles to the right and cause a lowering of the Mohr failure

cnvelope.

Porewater pressure will have an effect on the responsc of our
structures. [f we consider the clastic response of a body with a

cyvlindrical cavity subjected to a free field pressure P . an internal
(8)

~

‘avity pressure P, and a pore pressurc p. we find from straight forward
i
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clastic analysis (sce Timoshenko and Goodier | 771) that the radial dis-

placement u is

2
1+ v) ass 1 +v) (1 - 2v)
W = ( (P =P ) — + ( ( (P - p)
E [¢) i r E O
where E is Young's modulus., and vV is Poisson's ratio. We sce that as

p increases, u decreases. Thus. the effect of porewater pressure is to
make the material appear stiffer, since the deformation for a given free
field pressure is smaller with porewater pressure than without. This
cffect can only be examined in a dynamic test as will be discussed in
Section 4.2,

The ceffect of porewater pressure on asymmetrically loaded tunnels
is more complicated. [ the free field load is asymmetric, then the
load applied to the liner by the rock skeleton will be asymmetric.
However, the load applied to the liner by the water will be axisymmetric.
Therefore, the responsce of the liner will depend strongly on the distri-

bution of load between the rock skeleton and the water.

2.5 Selection of Rock Simulant

In testing a laboratory model of an underground structure, careful
modeling of the surrounding rock is important. The rock can be very
difficult to model because faults and joints should be scaled. Moreover,
water content is important and overburden pressure may be significant at
the depths of interest. Reliable values of these parameters arve diffi-
cult to obtain, especially for a large volume of rock at great depth.
Even if rock can be adequately modeled, the wide range of possible
conditions will require simplification.

Rather than attempt to model details of rock structure and texture,

we used a grout especially designed to simulate the general character-

istics of a rock of interest. Waterways Experiment Station (\\TIS\




provided us with grout specimens (called 6B rock simulant) with strength,
modulus, and friction angle representative of medium strength (or jointed
high strength) rock. Tunnel experiments werc performed on the rock in
both the dry and fully water-saturated conditions. The 6 designates that
the rock was made from commercial grade sand but with large grains re-
moved by a number 6 sieve. The B designates that it is the second formu-

lation studied by WES., We also used the 6\ simulant, which is stronger.

Material property tests were performed on samples of the rock
by both WES and SRI. Stress-strain curves for the saturated rock are
shown in Figure 2.3. The curve on the left is taken from data provided
by WES. The dashed line represents a secant or average clastic modulus.
The curve on the right is from tests done at SRI. The curve is offset
from the WES data because of the large amount of fictitious strain
required to secat the specimen. The unconfined strength and average
modulus from the curves are in good agrecment. Both curves indicate an
unconfined strength of 4000-4500 psi (27.6-31.0 MPa) and an average

6
elastic modulus slightly over 2 x 10 psi (13.8 GPa).

Mohr failure envelopes for the saturated rock at various test ages
are shown in Figure 2-4. The rock was kept moist during aging. As
the test age increases, the moisture content and degree of saturation
increase. This causes the amount of porewater pressure that develops
during the test to increase since the specimens are undrained during
the test. In the bottom diagram, the specimen is fully saturated and
the Mohr circles are shifted a considerable distance to the right
because of the porewater pressure. It appears that the angle of
internal friction for the effective Mohr failure envelope would be
between 30 and 40 degrees (0.523 and 0.698 rad) for low stress levels.
For high stress levels [ normal stress above 10 ksi (69.9 MPa)l the

friction angle is considerably less.
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Figure 2-5 shows a stress-strain curve for dry (~20% saturation)
rock. The elastic modulus and unconfined compressive strength are
slightly lower than the values for the saturated rock. This is probably
due to differences in curing between the saturated rock and dry rock.
Figure 2-6 shows a Mohr failure envelope for dry 6B rock. Since no
porewater pressure is present. the friction angle is high., ¢ =

36 degrees, for normal stresses up to 2 kbar.

The model rock properties for the laboratory tests have been
selected to be representative of either medium strength rock in the
intact condition or high strength rock in the jointed condition. The
relationships between the model rock propertics and in situ rock proper-
ties are conveniently displaved in a modulus/strength plot as used by
Deere in Chapter 1 of Ref. fSW. Figure 2-7. In this plot, intact rocks
are characterized by two basic quantities obtained from unconiined
compression tests: Young's modulus £ and unconfined compressive strength

’ Rocks arc then classified into five strength categorics as shown at
u

the top of the graph. from A {very high strength, -~ > 32 ksi (220 MPa )l
u
to E | very low strength, ~ < 4 ksi (27.6 MPa)l. Theyv are also classified
u

into three modulus categorics, conveniently specified by a modulus ratio
M = E/‘ . Constant values of modulus ratio lic on diagonals, as shown

u
by the lines M = 200 and 500. These values separate the three modulus

categories of high (M > 500), medium (200 < M < 500), and low (M - 200).

Categories into which common rocks fall are shown on the plot.
These include granite., f(low (busult. andesite, dacite. rhyolite) and
sedimentary (limestone and dolomite; sandstone) rocks. The granites
all fall into the single category of hard rock with medium modulus ratio.
Limestone and dolomite range from medium to high strength with wmedium
to high modulus ratio. The flow rocks range widely in strength, f{rom

low to very high. but all have medium modulus ratio. Sandstone ranges
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most widely of all, from virtually no strength to high strength, with

medium or low modulus ratio.

The intact 6B model rock propertices are indicated in Figure 2-7
by the point at E = 2 x 10° psi (13.8 GPa) and 5, = 4300 psi (29.6 MPA).
This point lies near the low strength extreme of the intact flow rock
properties. Interpreted as a model of in-situ jointed rock., however. it
models rocks near the high strength extremes. This follows from field
observations that the eflective modulus of jointed rock is about 1/5
that of intact rock. Thus the jointed rock that the 6B rock models lies
some place along the horizontal dotted line drawn at a factor of 5
increase in modulus above the 6B rock point. We know that the strength
of the jointed rock will also be less than that of the intact rock, but
no quantitative data are available. If we assume that the strength ratio
of jointed and intact rock is also about 1/5, then the jointed rock that
the intact 6B rock models is represented by the point plotted at the
intersection of the dotted line and a 45 degree (0.785 rad) line through
the intact properties point. This interscection point E‘u = 21,500 psi
(148 YPa). E = 10 x 10G psi (68.9 GPa)l falls in the high strength region
where properties of all the rock types overlap. Hence it is representative

of properties likely to be found at a wide range of potential sites.

The relationship between the moduli of intact rock and in situ
jointed rock was determined from in situ plate jack (uboul 1-m dia.)
and pressure chamber (;1!)0(1( 1.7-m dia.) deformation tests l_87 These
tests give an eflective modulus for rock masses measuring several tens
of feet in size. This modulus is related to the intact rock modulus by
taking NX core samples from drill holes to a depth of 20 ft (6.1 m)

and performing unconfined compression tests on intact specimens. The

corings were also used to measure joint spacing, cxpressed in terms of




"rock quality designation” (RQ])V. Data taken from many tests at many

sites throughout the world are summarized in Figure 2-8 in a plot ol

/

3 r’l-ll l versus RQD.  The important obscrvation is that the median
5 ab

E l-‘,1 : from all the data is about 1/5. Two -thirds of the data points
v ab

fall in the range 1/10 < 1/3. Rock quality is in the range

E /B

r’ lab
0.1 RQD 0.9 for virtually all of the data. (The Onodera Dam and

the heavily jointed quartsite from the Kariba Dam are the only exceptions.

. . . . - - . { o
Corresponding average joint spacings range from about 3.5 inches (8.9 cm

to 20 inches (50,8 cm).

2.6 Effect of the Relationship Between Rock and Liner Properties

Our liners in rock simulant are models of tunnels in a rock mass.
When the rock is loaded, either the liner or the rock will flow plasti-
cally first, depending on the relationship between rock and liner pro-
perties. Since the final response of the structure depends on the history
of the loading, it is important that the sequence of failures in our
models be as close as possible to that in the prototype. Results of an
analysis (based on results in [11]) to examine the incipient yicld se-
quence are summarized in Figure 2-9 as a plot of rock-modulus-to-liner-
modulus ratio E_/E_ versus rock-strength-to-liner-strength ratio C© c

kL i uR  vL
for liners with various radius-to-thickness ratios. Each curve repre-
sents points at which plastic flow occurs in the rock and in the liner
simultancously (an internal friction angle of 30 degrees was assumed
for the rock). For points below the curve, the liner always vields

first) for points above the curve, the rock vields first.

ROD » length of core pieces 1 inches 102 o or longer total 1o |
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Also shown on the graph is a region occupied by real rocks with

mild steel liners. The region is bounded by two values of the ratios of

rock-modulus-to-rock-strength Ep/' " This ratio for most rocks falls
1 u
‘h between E ,'/* = 200 and E /' = 500 (sco Figure 2-7). Points closest
R uR R° uR

to the origin are representative of weak or highly jointed rock. and
points far from the origin are representative of strong rock relatively

free from joints. For our 6B rock simulant. with mild steel liners, we

~

have E /E ~ 0,066 and ¢ /o = 0.1. On the graph this is represented
R L uR’™  vL

by point A, which falls on the upper boundary for real rock that is

either weak or highly jointed. Tihe important observation is that both

for our rock simulant and for real rock, the liner always yields first

under axisymmetric loading.

Results of similar calculations for uniaxial-strain loading arvre i
shown in Figure 2-10. These curves are more complicated than for the
axisymmetric loading case. On the straight. upper-right portion of

the curves, vielding takes place in both the liner and the rock at

t

the springlines = £ 90? from the uniaxial strain direction).

On the curving, lower-left portion of the curves, the liner yields at

the springline, but the rock yields at a point between the springline

and the crown or the invert. For our 6B rock simulant and most real

rocks, the liner vields first for a/h = 25 and 50, but for our 6B rock

simulant and weak rock, the rock vields first for a/h = 12.5. We must
f be aware of this in interpreting our uniaxial-strain experiments.

2.7 Description of Test Specimen

Test specimens were designed according to the requirements des-
cribed in the preceding sections. A photograph of one of the unlined
tunnel models is shown in Figure 2-11. The specimen is cyvlindrical with

a diameter of 4 inches (10.2 em) and a height of 3 to 6 inches (7.6 to

15.2 em). These specimens were cored from the center portion of a
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large block of grout. A 5/8-inch (1.59 cm)-diameter cavity runs through
the specimen at midheight perpendicular to the specimen's cylindrical
axis. The cavity simulates the unlined tunnel. In the experiments,

the outer boundaries of the specimen were loaded to reproduce in our
model the stresses that would exist around a buried structure undergoing
the effects of a nuclear ground shock in the field. Generally, for a
given vertical load, the lateral load is chosen to restrain any lateral
movement of the boundaries. This is the restraint that would be provided
by the surrounding rock in the field under uniaxial-strain flow. In
addition, several experiments were run under isotropic loading conditions

to study the effect of asymmetry in the load.
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3. TESTING MACHINES

-

In this chapter. we describe the static and dynamic testing machines
used to load our rock specimens. These machines were designed and built
on a previous DNA contract | 17. During the course of the current work,
several substantial modifications were made to the machines to improve §
their performance and extend their capabilities. A detailed description

of these modifications is given in Appendix C. The current status of

the machines is described below,

3.1 Dynamic Testing Machine

The basic operating technique of the dynamic testing machine is

the controlled release of explosive gases from a vented chamber charged

with low-density explosive. This technique was originally developed at

SRI in 1971 to simulate the sudden release of energy in a nuclear reactor
in a sudden-loss-of-coolant accident. In 1972, the technique was
successfully applied to simulate the intense underground pressures that
stem horizontal line-of-sight (HLOS) pipes in nuclear tests. The
original HLOS machince was capable of applyving only axisymmetric pressure

around a cylindrical specimen.

In 1974, a new loading machine was designed and built during the

initial buried structure program ['17. This machine has the capability
of applyving uniaxial strain and triaxial loadings such as occur on
horizontal deep buried tunnels under nuclear attack. During the current
program, modifications were made to improve its performance and give it

the capability of applving isotropic loadings (symmotric around the

tunnel ),




5 e o Triaxial Loading Configuration
\ A photograph and an assembly drawing of the dynamic tester in

the triaxial loading configuration are shown in Figure 3-1., The machine
} consists of a stack of thick rings with fluid passageways machined into

them. The rings are held together with end plates and 12 bolts around

the circumference. The rock specimen is 4 inches (10.2 em) in diameter

and can be from 3 to 6 inches (7.6 to 15.2 cm) long. It rests in the

center of the machine. as shown. The tunnel is bored completely through

the cvlindrical rock specimen along a diameter at midheight. Viewing
ports are provided in the machine at each end of the tunnel to allow
high-speed photography and access for instrumentation wires (one port

is shown on the left of the drawing).

Independent control of vertical and lateral pressures is J
provided because loading is applied by two separate explosive chambers.
The upper explosive chamber applies the vertical pressure and is simply
a4 cylindrical cavity into which an explosive charge (a mixture of PETN
and microballoons' and detonator are placed. The high-pressure ecxplosive
products are vented into the expansion chamber through the series ol
holes shown drilled through the thick orifice plate between the explosive
chamber and the expansion chamber. The expansion chamber has a baffle
plate to help mix the gas and prevent sudden localized concentrations of :
pressure due to the jetting of the gas through the orifice plate,. The
load is applied directly to.the specimen by the gas. The area 0of the
holes in the orifice plate determines the rise time of the loading pulse.
Fine adjustment of the rise time is provided by changing the expansion
chamber volume by inserting an inert solid (Duxsecal). Release venting |
and thercefore pulse decay time) from the explosive chamber is accom-
plished through holes in the vent ring between the explosive chamber

ring and the end plate.
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A similar arrangement at the bottom of the testing machine is
used to load the sides of the specimen. However, in this case the load
is transmitted by a fluid-filled lateral pressure chamber. A Bellofram
is located just above the baffle plate to act as an interface between
the gas and the fluid. The lower expansion chamber applies the lateral
pressure through ports (on the fluid side of the Bellofram) seen con-

necting the lower expansion chamber to the lateral pressure chamber.

The top and bottom vertical pressures are scaled from the lateral pressure
chamber by thin copper cups and O-rings above and below the specimen.

The cups are inverted so that the high pressure acts inside the cups and
presses them against the O-rings to seal the chamber. O-rings seal the
pressure chambers from the external ambient pressure, as shown. A 1
Wilson seal separates the lateral pressure chamber and the rock and

cavity (see Appendix C). r

Piezoelectric gages installed in any of seven tapped ports in
the machine monitor pressures in the various chambers and passageways.
A pressure pulse from the vertical loading chamber above the specimen
is shown in Figure 3-2(a). Figure 3-2(b) shows a pressure pulse from
the lateral loading chamber, around the specimen circumference. Rise
time in cach is about 1 ms, and total pulse duration is about 10 ms. E
The machine is capable of applying pressure as high as 1.5 kbar (150 MPa).
It is also capable of applying a static preload to simulate a lithostatic
stress in the specimen. A more detailed description of this testing
machine, its operation, and the modifications made to it during the

project are given in Appendix C,

% P A Isotropic Loading Configuration

Figure 3-3 shows a photograph and assembly drawing of the

dvnamic tester in the isotropic loading configuration. Operation of
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the machine in this configuration is essentially the same as in the
triaxial configuration. The main difference is that it has only one
explosive chamber and one expansion chamber. The specimen is completely
surrounded by fluid which transmits the load from the gas pressure in
the expansion chamber to the specimen. Again, a Bellofram acts as an

interface between the gas and the f{luid,

Pressures are monitored at various points in the f{luid by
piezoelectric gages as shown. Typical pressures at Stations 1 and 3 are
shown in Figure 3-4. We see that the pressure-time histories at both
locations are almost identical, indicating that undesirable wave propa-

gation effects are minimal.

3.2. Static Testing Machine

The static testing machine provides static triaxial loading of our
specimens while maintaining the tunnels at atmospheric pressure and
providing photographic and instrumentation access. The loads are applied
hydraulically by high-pressure hand pumps. Figure 3-5 is a photograph
and assembly drawing of the machine. Like the dynamic tester, this
machine consists of a stack of thick rings held together with end plates
and bolts around the circumference (ten in the static unit). The rock
specimen, 4 inches (10.2 cm) in diameter and from 3 to 6 inches (9.6 to
15.2 cm) long, rests in the center of the machine. as shown. Viewing
ports are provided in the machine (onc port is shown at the top of the
drawing) at the end of the tunnel to allow photographic coverage of the
deformation process and access for a hole gage to measure tunncl diameter

changes.,
To provide independent control ol vertical and lateral pressures
for triaxial loading tests, the loading is applied by two hand pumps.

The upper and lower chambers are pressurized by one pump, and the side
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fa) PHOTOGRAPH (TUNNEL IN-LINE WITH OBSERVER)

MP-3743-77A

FIGURE 3-3 DYNAMIC TESTING MACHINE ISOTROPIC LOADING CONFIGURATION
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FIGURE 3-4 TIME HISTORIES
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(a) STATION 1 (MIDHEIGHT OF ROCK)
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chamber is pressurized by another. Sealing between the side chamber and
the upper and lower chambers is accomplished by the cup and O-ring system

used in the dynamic tester. O-ring grooves are machined into the chamber

walls at various heights to accommodate different length samples.

For isotropic loading. the cups and O-rings are not used. so that
0il is free to flow from chambeyr to chamber. Only one pump is required.
The machine is capable of applying pressure as high as 2 kbar. Further

details are given in Appendix C.
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1. VALIDATION OF EXPERIMENTAL PROCEDURES

In this chapter, we present the results of tests to resolve
questions concerning the validity of our experimental procedures,
Subjects addressed arc: the eoffect of the specimen boundaries on the
response of the tunnel., the reproducibility of experimental results.
the effect of water saturation in static and dynamic tests, and the
offect of the absence of a liner on cavity response under isotropic

loading.

1.1 Reproducibility and Boundary Effccts

To demonstrate the validity of our experiments, we had to resolve
questions of reproducibility and boundary cflfects. To demonstrate
reproducibility, we repeated cach of two experiments and compared the
responses. We investigated the boundary effect (i.e., the effect of the
ratio of tunnel diameter to specimen diameter) by performing experiments
on tunnels with various diameters while Keeping the sample size constant

and then comparing the results.

For this serics of tests. we usced HARM grout as our rock simulant.
This material was used instcad of our 6B rock simulant becausce of its
small grain size. Small grain size was required for testing tunnels
! with diameters as small as 5/16 inch (0.79 em), where large grains might
have an effect on the responsc.  HARM grout has an unconfined compressive
strength of about = 1000 psi (6.89 MPa! and low internal friction.
Each test was performed on a sample with a tunnel having a steel liner

vield strength o = 40,000 psi (276 MPa)l with a radius-to-thickness

1 HARM is an acronym for Husky Ace rock-matching grout. This is the

1 material used to fill the DAC crosscuts in the Dining Car cvent.
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ratio of 12.5. Tests were performed on tunnels with diameters of 5/8.
7/16. and 5/16 inch (1.59. 1.11 and 0.79 cm) in our standard 4-inch
(l().2 cm’-diameter by 3-inch (7.6 cem) -long cylindrical specimens. All
the experiments were static. uniaxial-strain tests. Vertical closure as
a function of pressure was monitored with a small hole gage during each
test.

Figure 4-1 shows sectioned views of specimens with the three
*

: : " : . - . ~ \
different diameters. I'he terminal responsce levels of the :)/S-anh (1.;)9 cm

tunnel and the 7/16-inch (1.11 c¢m) tunnel arc almost identical. The

5/16-inch (().79 em) tunnel has less closure because it was subjected to

a smaller final load. Each of the 5/8—‘111(-11 (1.59 em) and 7/16-inch (1.11 cm)

tunnel eoxperiments was repeated. Plots of vertical tunnel closure versus

vertical pressure for all five tests are shown in Figure 4-2. We sece that

the amount of load required to cause a given amount of closure varies by
less than 15 percent cither between tests for tunnels with different
diameters or between repeat tests at the same diameter. This indicates
that our 5/8-inch (1.59 cm) tunnels are not significantly affected by
the closeness of the boundarices for tunnel closures up to 15 percent and

that our experiments are reproducible to within = 8 percent.

4.2 Drained Versus Undrained Testing

The majority of our experiments were performed on the 6B rock in
the fully saturated condition. e had to resolve whether it was more
appropriate to perform these tests in the drained (wilhmnl porewater
pressure ! or undrained (w’nh porewater prossur('\ condition. Static
isotropic loading tests were performed on samples with 6-mil (0.152 mm)-

(

liners (a/h = 50) for both these conditions.

*
In this figurc and in all posttest photographs of models from uniaxial-

strain tests presented throughout the report, the models are oriented
with the larger loading (Pv) in the vertical direction.
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(@) D = 5/8" (SUX-45)
% PVMAX = 4250 psi

e\ ) $ Pumax = 1880 psi
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Py

(b) D = 7/16" (SUX-46)
P

- VMAX - 4000 psi
PHMAX = 1690 psi
AD,,/D = 21%
- AD,,/D = -12%
¢ () D = 516" (SUX-42)
. PVMAX 3500 psi
‘ 3 J 1 Pumax ~ 1420 psi
AD,,/D 16%
ADy/D = -12%
MP-3743-8A

FIGURE 4-1 THE RESPONSE OF TUNNELS WITH VARIOUS DIAMETERS
TO STATIC UNIAXIAL STRAIN LOADING
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Figure 4-3 shows the results of the drained specimen test.  The
peak load was Po = 22,000 psi (152 MPa), and the final closure was
AD/D = 15 percent. During the test, buckling was obscrved to initiate
at about 7,000 psi (48.3 MPa). At this load, the surface of the liner
appearced mottled with high-order harmonic wrinkling. The buckles grew
as the load and deformation increased until thev rcached the severe

state of buckling shown in the photograph.

In the experiment just described. water was allowed to drain from
the rock so that no porewater pressurce developed. Generally, in the
field. water does not drain. and porewater pressure could play a signi-
ficant part in the stress field around a tunnel. A theoretical analysis
of the effect of pore pressure was given in Scction 2.4, To determine
its effect experimentally, we repeated the previous experiment but with
water not allowed to drain. The loading was static and isotropic as
before. Results of the test are shown in Figure 1-4. Buckles first
became visible in the liner when the load reached about 5000 psi (34.5 MPa '
within the range observed in the drained test (this incipient buckling is
difficult to observe accuratelyv). When the load was increased to 8000
psi (155.2 MPa). the buckles became more visible but were still very
small, The load was held at 8000 psi (55.2 MPa). but one of the buckles
continued to grow., To maintain the 8000 psi (;').’).2 MPa) load in the
presence of this growth, pumping of the hvdraulic fluid that loaded the
rock had to be continucd, The reason for the continued buckle growth is
that the pressure that acts on the liner results from the combination
of the deformation of the rock cavity (i.c., the pressure exerted by the
rock) plus the porewater pressurc., As the liner buckles. it separates
from the rock but the porewater follows the buckle and. hence. the
porewater pressurce component of the load continues to act on the liner,
causing the buckles to grow, As the load was increased. this buckle
continued to grow (over a time period of about 1 minute) until it reached
its final state shown in the photograph at I‘O = 12,000 psi (82.7 MPa).
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FIGURE 4-3

RESPONSE OF A STEEL-LINED TUNNEL TO A
STATIC, ISOTROPIC LOAD WITHOUT PORE

PRESSURE-—a/h 50, P 22,000 psi,

AD/D = 0.15
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RESPONSE OF A STEEL-LINED TUNNEL TO A
STATIC, ISOTROPIC LOAD WITH PORE
PRESSURE —a’h 50, P 12,000 psi

omax

76

bl DT ——




-

Since the growth of the buckle under constant load is a slow
process governed by the rock permeability., it probably would not occur
under the dynamic loading conditions that exist in the field. This
indicates that tests on undrained specimens (i.c.. with porewater
pressure prcscnl) should be dynamic rather than static., Consequently,
only drained specimens were tested in our static loader. Undrained

specimens were tested in our dynamic loader.

4.3. Unlined Versus Lined Tunnel Tests

During a previous contract :1:, an extensive study was made of the
response of lined and unlined tunnels subjected to uniaxial-strain loading.
This work was continued in the present program with the addition of iso-
tropic loading as well as uniaxial-strain loading. Figure 4-5 shows the
results of static and dynamic isotropic loading tests on unlined tunnels
in saturated 6B rock. In the static test, flaking takes place in a rela-
tively uniform way around the tunnel. Plastic flow in the rock tends to
make the opening shrink under load while the flaking tends to make it
increase in size. The net result is zero diameter change on the average
around the hole. For the dynamically loaded specimen, the flaking is
more severe at the top and bottom of the tunnel than at the sides. This
asymmetric response to a svmmetric load was probably caused by an
instability, whereby the failure of the tunnel in one location caused
the local loading to become more and more asymmetric as the failure
progressed.  The instability is probably caused by imperfections in the

rock rather than by differences in the type of load applied (static

versus dynamic ). Similar behavior was observed in the previous program
but the cavity ovalled in the opposite dircction. In the specimen in

Figure 4-5(b) the vertical diameter increased 0.8 percent while the

horizontal diameter decrcased 2.4 percent.
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(a) STATIC LOADING (SI-31)
Pmax = 15,500 psi
ADy/D = 0
ADy/D = 0

1

]

(b) DYNAMIC LOADING (DI-22)
Ppeax = 13,000 psi
ADy/D = -0.8%
ADy/D = 2.4%

MP-3743-9

FIGURE 4-5 A COMPARISON OF UNLINED TUNNEL RESPONSE IN 6B ROCK SUBJECTED
TO STATIC AND DYNAMIC ISOTROPIC LOADING
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‘ (a) STATIC LOADING (SI-35)
Pumax 20,000 psi
AVG. AD/D = 8%

(b) DYNAMIC LOADING
(D1-28)

PPLN\ 16,000 psi
AVG. AD/D 5.5

MP-3743-10A

FIGURE 4-6 A COMPARISON OF LINED (a/h 50) TUNNEL RESPONSE IN 6B ROCK
SUBJECTED TO STATIC AND DYNAMIC ISOTROPIC LOADING
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5 1 ISOTROPIC LOADING EXPERIMENTS

In this chapter. we present the results of isotropic {axisvmmetric)
loading experiments in saturated 6B rock. The tests include both static
and dynamic loading; the static tests are drained and the dynamic tests
are undrained. as discussed in Section 4.2. The structures tested were
models of the lined tunnels with and without backpacking fielded in the

Dining Car exoveriment, all made with 4-inch-diameter rock specimens.

In addition, we present the results of a dynamic, isotropic loading
test on a scale model of a structure fielded by CASES in Dining Car and
the results of a static, cyclic. isotropic loading test on a lined tunnel

in dry 6B rock.

5.1 Static Test Results

Six static isotropic loading experiments were performed on models
of the Dining Car structures. Table 5-1 gives a list of the structures
tested and the maximum loads that were applied. Figure 5-1 shows the
results of a test on a tunnel with a direct contact steel liner [s'iol(i
strength :\_ = 40,000 psi (276 MPa) and a/h = 50). The final closure was
AD/D = 15 Apct'ccnt. During the test, buckling was observed to initiate
at about 7,000 psi (48.3 MPa). At this load, the surface of the liner
appearcd mottled, with high-order harmonic wrinkling. The buckles grew
at the load and deformation increased until they reached the severe state
of buckling shown in the photograph. The result of a repeat test with the
same type liner is shown in Figure 5-2. Since the final load in this

test is higher [P = 28,000 psi (193 MPa’
(8]

, the deformation (AD/D =

26 ;u-rvvnl\ and buckling are more severe than in the previous case.
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Table 5-1

STATIC ISOTROPIC TESTS IN SATURATED ROCK
I\
omax
Test Number Structure (psi)

SIT-641
SI1-74
SI-61
SI-58

Steel a/h = 50
steel afh = 50
Steel a/h = 25
Steel a/h = 12.5
Steel afh = 25

with backpacking

Steel a/h = E2.5

with backpacking

22,000

28,000

29.000

25,000

23 .000

24,000
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FIGURE 5-1 RESPONSE OF A STEEL-LINED TUNNEL TO STATIC,

ISOTROPIC LOADING-
AD/D @15

——

a’h

50, P

omax

22,000 psi,




FIGURE 5-2

MP 3743 16

RESPONSE OF A STEEL-LINED TUNNEL TO STATIC,

ISOTROPIC LOADING—-a/h = 50, P, = 28,000 psi,
AD/D = 0.26
81
, ’ —~ —— 4




Here, buckling began at about 5,000 psi (193 MPa). A plot of deformation
versus load for these liners is shown in Figure 5-11. which will be

discussed later.

Figure 5-3 shows the results of a test on a tunnel with a direct
contact steel liner with a/h = 25. The final load was 29,000 psi (200 MPa
and closure was 12 percent. Buckling was first observed at a pressure of
8,000 psi (55.2 MPa), which is slightly higher than that for the thinner
liner. Also, the final buckled state is not as severe as in the thinner

liner. (Compare Figures 5-2 and 5-3).

The results of a test on a tunnel with a direct contact liner with
a/h = 12.5 are shown in Figure 5-4. The liner did not buckle as did
the thinner liners just discussed. The peak load was P = 25,000 psi

o
(172 MPa), and the final closure was AD/D = 5.1 percent.

Figure 5-5 shows the results of a test on a tunnel with a steel

5 / DE 5 S 5 A
liner (a/h = 25) surrounded by backpacking with a radius-to-thickness
ratio R/H = 4.5. The backpacking is made from 12-1b (5.44 kg )

»

polyurethane foam., which has n.vrnsh strength ol about 550 psi (3.79 MPa )
up to a strain of 40 percent. The backpacking is barely visible in the
photograph because it has been crushed between the cavity wall and the
liner during the test (crushup = 63 percent). The final load was

23.000 psi (159 MPa )., but the closure of the liner is negligible because
most of the deformation of the cavity was absorbed by the backpacking.
The results of a similar test with the same backpacking thickness but
with a thicker liner (u/h = 12.5) are shown in Figure 5-6. Again, the
closure of the liner is negligible up to a pressure of 24,000 psi

(165 MPa). In this case, the backpacking crushed to a strain of almost

70 percent.
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FIGURE 5-3 RESPONSE OF A STEEL-LINED TUNNEL TO STATIC,
ISOTROPIC LOADING-—a/h = 25, P - 29,000 psi,

AD/D = 0.12
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FIGURE 5-4 RESPONSE OF A STEEL-LINED TUNNEL TO STATIC,

ISOTROPIC LOADING-—a/h 125, ¥
AD/D = 0.051
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FIGURE 5-5 RESPONSE OF A STEEL LINER WITH BACKPACKING
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FIGURE 5-6

MP 3743 19

RESPONSE OF A STEEL LINER WITH BACKPACKING
TO STATIC, ISOTROPIC LOADING-—a/h = 125,
P 24,000 psi, AD/D = 0.0025, R/H = 4.5
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5.2 Dynamic Test Results

Two dynamic isotropic experiments were performed. One was on a
tunnel with a direct-contact (a/h = 50) steel liner in saturated 6B rock;
the other was on an aluminum model of the CASES structure, which was
tested in HARM grout. Figure 5-7 shows the results of the test on the
a/h = 50 liner. The peak pressure was Po = 10,500 psi (72.2 MPa) and
the final closure was AD/D = 2 percent. This liner is buckled, as was
its static loading counterpart discussed in the previous section, where

buckling started at 7,000 psi (48.3 MPa),

High-speed photographs of the response of the liner were taken
during the test. A transparent plastic tube filled with a crushable
plastic foam was inserted into the liner. Photographs were taken with
a Hycam camera using back lighting. Figure 5-8 shows the time history
of the responsc. The ring of light is the light transmitted through
the plastic tube that follows the deformation of the liner. We cbserve
the formation of a buckle in the lower right hand side of the liner
at t = 368 us. At t = 920 ps, the picture is completely obscured by

smoke from the loading machine.

A simple model of a CASES composite integral liner (Ref. 9)
was also tested. Rather than trv to model the details of steel and
reinforced concrete used in the composite integral liner, we decided to
use a soft aluminum (Al 6061-TO with a vield stress L= 15,000 psi

(103 MPa)) liner that would yield at approximately the same pressure
'P_L A 2,500 psi (17.2 MPa)l as the composite integral liner. Soft
aluminum was chosen as the liner material so that the radius-to-thickness
ratio (a/h = 6) would be low to inhibit buckling. The liner was tested
in HARM grout becausc this was the material that surrounded the structure

in the Dining Car experiment described in Chapter 7. Figurce 5-9 shows

the results of a dynamic. isotropic loading test on this structure where,

: i T - s i
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FIGURE 5-7 RESPONSE OF A STEEL-LINED TUNNEL TO DYNAMIC,
ISOTROPIC LOADING —a’h 50, P e 10,500 psi
AD/D 0.02
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FIGURE 5-9

MP-3743-42

RESPONSE OF AN ALUMINUM-LINED TUNNEL
IN HARM GROUT (CASES MODEL) TO DYNAMIC,
ISOTROPIC LOADING—a/h = 6.0, P
11,200 psi
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