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SUIINARY

This project had two goals: (1) develop a large—scale testing

machine for laboratory experiments on scale model deep—based structures ,

and (2) perform a theoretical and laboratory study of deep—based

structures in support of the MIGHTY EPIC structures test. Paralleling these

V these goals , the f inal repor t is divided into two vol umes: Volume I:

Triaxial Machine for Static and Dynamic Testing of 12—Inch—Diameter Rocks ,

V and Volume II: Model Tests and Analysis of MIGHTY EPIC Structures .

Volume I: Triaxial Machine for Static and Dynamic Testing of 12—Inch
Diame ter Rocks

The first volume describes the design, fabr ica tion , and developmen t

of a large—scale testing machine capable of testing specimens 12 inches

tO.3 in) in diameter and 12 to 18 inches (0.3 to 0.45 m) in height , three

V 
times larger than the specimens for the smaller testing ma chine developed

for DNA at SRI. The large—scale machine incorporates most of the design

and operational features of the smaller prototype , bu t its larger size

perm its study of more de tailed scale model struc tures and use of more

comprehensive instrumentation . Like the small machine , the large—scale

testing machine consists of a series of stacked rings and pla tes secured

by 12 high—s trength stud s that span the distance between pla tes a t the

bottom and top of the machine. Using a number of rings and plates rather j
than a single chaither gives the machine maximum flexibility: static and

dynamic testing configurations m ’ke use of the same parts in both iso-

tropic and triaxial configurat ~~~ although the functions and location

of the parts in the machine stack may be quite different. Another

feature , also developed with the small prototype , is the provision of

ports in the testing machine that permit visual and physical access to

the tunnel in the rock specimen during the test , allowing instrumentation

and photographic coverage of the tunnel deformation.

1
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The testing machine may be used to apply a range of static and

dynamic triaxial loadings, among which are those that simulate symmetric

and side—on loadings of deep—based structures in the field . Static

loading pressures are applied by two independent ly operated , air—driven

hydraulic pumps ; dynamic loading pressures are applied by two separate

explosive gas sources . The maximum vertical pressure that can be applied

is about 2 kbar (0.2 GPa) statically and about 1 kbar (0.1 GPa) dynamically .

For bo th sta tic and dynamic tests, the maximum lateral pressure is 1.5 kbar

(0.15 GPa).

Volume II: Model Tests and Analysis of Mighty Epic Structures

The second volume describes laboratory experiments performed on

4—Inch— (0.l—m) diameter specimens containing reinforced tunnels. Theo-

retical analyses are also included to aid interpretation of the experi-

mental results.

The specimens were made of SRI RMG 2C2, a tuf f  simulant, and included

scale models of five different direct—contact structures fielded in

MIGHTY EPIC. The pressures applied to the specimens simulated both

side—on (uniaxial strain) loading and symmetric (Isotropic) loading of

deep—based structures in the field . Both loading types were applied

statically and dynamically .

The results of the laboratory tests for each structure are summarized

in Figures S.l through S.4 The first three figures give plots of tunnel
closure as a function of applied pressure for three 6061—TO aluminum

monocoque liners of different strengths; the fourth gives a plot of

tunnel closure as a function of applied pressure for two 1015 steel

liners of equal radius— to—thickness ratio. One steel structure was a

monocoque liner and the other was a liner stiffened to resist buckling.

loading only. The data in these four figures show that the reproducibility

of the tunnel closure measurements is good .

~~ Specimens containing steel structures were subjected to uniaxial strain

2
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Results of the tests on the Al 6061—TO liners indicate that:

(1) Vertical tunnel closures measured under static isotropic loading
are less than those measured under static unlaxial strain
loading.

(2) This difference in vertical tunnel closure increases as the
strength of the tunnel liner increases.

(3) Tunnel springline motion under static uniaxial strain loading
is outward at low pressures and then becomes inward at higher
pressures, eventually crossing over to give a final inward closure.
The pressure at which springline closure changes sign increases
as the strength of the liner increases.

(4) Vertical tunnel closures obtained under dynamic loading are con-
siderably smaller than those obtained under static loading.

Results from the uniaxial strain loading tests with 1015 steel liners

support this last observation. Also, springline tunnel motion in the

static tests on steel liners tend to follow the pattern observed for the

aluminum liners, but the loads at which outward motion ceased are so large

that the final springline motion remained outward.

The first result, that static isotropic tunnel closures are smaller

than static uniaxial strain tunnel closures, is expected because closure

is resisted more efficiently by the symmetric stress field produced by

isotropic loading than by the asymmetric stress field produced by uniaxial

strain loading . Also, because of the low strength of tuff and the tuff

sitnulant, yielding occurred in the free—field for uniaxial strain loading.

This further reduced resistance to closure under uniaxial strain loading

because the confining pressure provided by the liner did not significantly

control the plastic flow of the rock.

Pursuing this further provides an explanation for the second result,

that the difference between static isotropic and static uniaxial strain

tunnel closures increases with increasing liner strength. Analysis shows

that, for isotropic loading, plastic flow in the rock is localized around 
V

the tunnel and that the size of the plastic region is determined by the 
V

strength of the tunnel liner; stronger liners better confine the rock,

increase its strength, and therefore, permit less plastic flow and closure.

7
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However, for uniaxial strain loading of weak materials like tuff , free—

field yield occurs at relatively low pressure. Tunnel closure is still

dominated by plastic flow, but since flow is not localized around the

tunnel, the role of liner strength in controlling closure is greatly

diminished . In fact, our test results show that liner strength has

negligible influence on tunnel closure for uniaxial strain loading of the

weak tuf f—like simulant. This is in contrast with uniaxial strain tests

performed on the stronger 6B rock simulant in the previous laboratory

program , in which increases in liner strength resulted in systematic to—

ductions in tunnel closure because the material in the f r ee—f ie ld  did not

yield . Thus, in deep basing applications it is important  to select a site

material strong enough to remain elastic in the free field .

The third result, that springline motion is outward at low pressures

and then inward at high pressures, and that the pressure at which this

motion changes sign increases as the liner strength increases , is In agree-

ment with NONSAP calculations for unlaxial strain loading of tunnels with

various internal pressures. The steel liners tend to follow this same

pattern, but the load at which the outward motion ceases is so large that

net motion remains outward . The reason for the different behavior of the

steel liners needs further Investigation .

The fourth result , that dynamic tunnel closures are s i g n i f i c a n t ly

V smaller than static tunnel closures, suggests that porewater pressure

has a significant influence on the amount of tunnel closure obtained in

tests on saturated rocks. The static tests were performed under drained

conditions (zero porewater pressure), while in the dynamic tests loading

times are so short that porewater drainage can be neglected .

A theoretical tunnel closure curve for isotropic loading is plotted

in each of the first three figures. These curves were calculated with

the closed form symmetric loading solution worked out by liendron and

used in designing the MIGHTY EPIC structures. Yielding in the theory

L 
Is treated with the Mohr—Coulonib yield function and associated flow rule ,

and strain hardening of the aluminum liner material Is accounted for .

The theory also assumes that the out—of—plane (along the tunnel axis)

-~~~~ 
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plastic and elastic strains are both zero. It is shown in the main text

that, for the low friction angles of tuf f—like materials, this last

assumption is violated. Nevertheless, the reasonably good agreement be-

tween theory and experiment in Figures S.l through S.3 supports use of

the simple theory for preliminary design analysis, Comparisons with more

elaborate theoretical results that take account of out—of—plane plastic

strain and also model the laboratory experiment loading more closely are

given in the main text.

The results relating tunnel liner strength to the static load—

carrying capability of the combined rock and tunnel struc ture, and also

the agreement between theory and experiment for symmetric loading, are

the same as results obtained from the previous program at SRI with a

stronger rock having higher internal friction . These consistent results,

over a range of material parameters, indicate that we are correctly re—

lating the response and the most important strength properties of the

liner and rock materials.

A series of special tests was also performed . The loading in these

tests was static , but it differed from the static monotonic, isotropic ,

or unlaxial strain loading of the other tests. Results of these tests

are shown in Section 6 of Volume II (Fi gures 6.1, 6.2, 6.3, and 6 . 6 ) .

In two of the tests, one isotropic and the other uniaxial strain, the
V loading pressures were removed and then reapplied . The results of these

two tests show that the reinforced rock cavity shakes down , I.e.,

during subsequent loading, tunnel closure does not increase until the

applied pressure exceeds the maximum pressure applied during previous
loadings . In the third special test, the specimen was subjected to uniaxial

strain loading followed by isotropic loading to simulate the repeat loading

of structures fielded in both MIGHTY EPIC (side—on loading) and DIABLO

HAWK (end—on loading). The results of this test show that the structure ’s
V load—carrying capability under isotropic loading is not degraded by the

initial uniaxial strain loading . Further , the vertical tunnel closure

during the isotropic loading portion of the test does not exceed the

V 
maximum vertical tunnel closure achieved during the unlaxial strain loading

9
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until the loading pressure is greater than the maximum vertical pressure

applied during the uniaxial strain loading. In the fourth special test,

a uniaxial strain—like loading test, the lateral confining pressure was

held at 0.5 ksi (3.45 MPa) and the specimen was allowed to expand radially

until the lateral strain reached 0.1 percent. Results from this test show

that the tunnel closure is greater than for uniaxial strain loading, and

we conclude that the magnitude of the tunnel closure for a given vertical

pressure is sensitive to small deviations from uniaxial strain loading.

We also report on the fabrication of four tunnel reinforcing structures

that were tested at Waterways Experiment Station in the static, 30—inch—

(O.76—m) diameter testing machine.
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1. INTRODUCTION

This report describes the design, fabrication and operation of a

large—scale machine which can be used to test large—scale models ot~
deep based structures in the laboratory . The testing machine is shown

in Figure 1.1. It consists of a series of stacked rings and plates,

which are secured by tightening the nuts on the studs at the bottom and

the top of the machine . Use of a number of rings and plates rather than

a single chamber gives the machine maximum versatility and flexibility

for improvement: by adding and removing a limited number of parts , the

machine can be used to perform either static or dynamic tests. In the

static tests the specimen is loaded hydraulically . In the dynamic

tests the specimen is loaded exp losively . The d i f f e r ence  in loading

rates is more than five orders of magnitude .

1.1 BACKGROUND

For dynamic testing, the design and operation of the testing machine

is similar to those of a smaller testing machine in current use in the

deep—basing laboratory program at SRI. The development of the small

machine demonstrated the feasibility of techniques that are fundamental

to performing dynamic tests on rock specimens containing reinforced

tunnels. For example , such tests require ports for visual and instrumen-

tation access to the tunnel during the test and sealing systems at these

ports and between the vertical and lateral loading fluids. In addit ion
to development of these sealing techniques, work with the small machine S

also demonstrated that explosive gas sources can provide adequate dynamic
*loads. The development of the prototypical small testing machine gave

*Testing machine rise times can be as short as 0.1 nisec, close to an
appropriately scaled value for modeling underground tests. However, with
a model rock of finite length, loading times are increased to several
milliseconds in order to eliminate overshoot and oscillations through the
column of oil used to apply lateral pressures. This produces psuedo—
static response of the tunnel, but at appropriate high strain rates (up
to 10 per second at the tunnel boundary) and short loading times to pro—
duce dynamic rock skeleton and porewater behavior. Discussions of how
this provides adequate simulation are given in references 1 and 2 of
Volume I,
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us a means to test scale—model deep—based structures in the laboratory .

However , to obtain realistic modeling in more complex scale model tests
requires rock specimens larger than the 4—inch (0.1—ni) diameter possible

— in the small machine.

1.2 NEED FOR THE LARGE MACHINE

The rock specimens tested in the small testing machine are right

circular cylinders 4 inches (0.1 m) in diameter, and 4 inches (0.1 m)

high , whereas those tested in the large testing machine are 12 inches

(0.3 m) in diameter and 12 to 18 inches (0.3 to 0.45 m) high , three

times larger. Data obtained from tests performed on the smaller specimens

is limited because the small size limits the kind and amount of instru— S

mentation that can be used to obtain data . Also , the small—scale struc—

tures that line the tunnel must be fairly simple because to include great

detail in models of this size would be expensive and for some designs

impractical.

A large scale testing machine was therefore needed to reduce size

effects in the rock specimen , to improve modeling of the tunnel reinforcing

structure , and to permit more comprehensive instrumentation.

1.2.1 Rock Specimen —

The 12—inch (O.3—m) diameter rock specimen has three advantages

over the 4—inch (0.1—rn) diameter specimens. First , developmental tests

S can be performed with a reduced ratio of tunnel diameter to rock specimen

diameter. This allows us to examine the influence of the specimen bound—

aries on the deformation of the rock in the vicinity of the tunnel by

performing a series of tests in which the ratio of tunnel diameter to

rock specimen diameter is varied . The second advantage is that any grain—

size effects are reduced . Because the grain size does not scale , when

testing with real rock, any influence of grain size on the tunnel de—

formation is reduced with larger specimens. A third advantage of testing

— 
with the larger rock specimens , and the most important, is that loints

and bedding planes surrounding an underground structure can be modeled.
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Accurate simulation of the deformation of a structure in jointed rock

requires that the joint spacing in the specimen be small compared to the

tunnel size but large compared to the rock grain size. Clearly, these

constraints require a large rock specimen.

1.2.2 Tunnel Reinforcing Structure Model

The larger rock specimens permit study of large—scale tunnels

and tunnel reinforcing structure models. Tunnels in these specimens can

be as much as 2 inches (50 mm) in diameter, allowing structural elements

such as joints and stiffeners to be incorporated into the model . The

larger scale models also admit the possibility of modeling structures

fabricated from reinforced concrete or other composite materials.

1.2.3 Instrumentation

In the 4—inch (0.1—rn) diameter rock specimens of the smaller

V 
machine, the tunnel diameter is 5/8 inch (16 mm), which precludes

the use of extensive instrumentation. At present , data collected from

a dynamic test on these small specimens consists of measurements of the

crown—inver t  and spr ingl ine  diameters before  and a f t e r  the test , and

records of the vertical and lateral pressures and the radial displacement

of the spec imen ’s lateral surface as functions of time . For static tests

on the small specimens , the data are more complete. The applied lateral

pressure and the radial displacement of the rock specimen ’s lateral surface

are recorded as functions of the applied vertical pressure . The crown—

invert and springline diameters are measured after each increment in the

vertical pressure to yield a curve of tunnel closure as a function of

applied verLical pressure. This is in contrast to the single point

(residual tunnel closure versus peak vertical pressure) obtained in the

dynamic test.

For many cases, however , even more comprehensive data are
required . Testing larger tunnels and tunne l reinforcing structures per—

mits more detailed tunnel deformation data to be obtained . For example ,

the tunnel is large enough to accommodate several closure transducers so
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that a record of tunnel closure as a function of time can be obtained at
V 

several angular orientations. Still more detailed deformation of the

tunnel reinforcing structure can be studied by placing strain gages at

several locations. For the 2—inch (50—mn) diameter structures placed

in the tunnels of the 12—inch (0.3—ni) diameter rock specimens, strain

gages are commercially available that permit the measurement of strain

over an area small enough to be usef ul. If the area covered by the

strain gage is large compared to the gradients in strain, as would be

the case in the smaller specimens, the output of the strain gage will
not give useful information.

Testing of the 12—inch (0.3—rn) diameter rock specimen also permits

the insertion of gages in the rock itself to determine the stress and

flow f ie lds  around the tunnel. At this larger scale , for  examp le , it

may be possible to place small ytterbium stress gages at several positions

in the rock specimen to determine the character of the stress f ie ld around

the tunnel . Passive grids can also be introduced to observe the geometry

of the flow field.

An advantage of 12—inch—diameter specimens over larger diameter

specimens is that they can be sectioned more easily after testing.

Post—test sectioning of the specimen is important because by studying

the cross section of the structure and surrounding rock we can investigate

mechanisms that contribute to structural failure.

1.3 OVERALL MACHINE CAPABILITIES

The testing machine can be used to perform both static and dynamic

tests. In the static tests, the vertical and lateral confining pressures

are applied hydraulically with two separately controlled air—driven pumps.

In the dynamic tests, the vertical and lateral confining pressures are

applied by separate explosive gas sources. Peak pressures are controlled

by the size of the explosive charges used. By selecting explosive charges

k of suitable size, any desired combination of peak vertical pressure and

peak lateral confining pressure can be obtained.
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Since the vertical and lateral pressures can be controlled separately,

the testing machine can be used to apply various triaxial loadings.

Figure 1.2 shows several standard load paths that can be followed by the

testing machine. The load path designated isotropic has the lateral
pressure 

~~~ 
and the vertical pressure (P

V) increasing at the same rate.
V 

The loading on the specimen is hydrostatic; however, since this load

pathcan be followed in both static and dynamic tests, this type of loading
will be called isotropic to allow consistent nomenclature . This load path

is significant because it gives a symmetric pressure around the tunnel, as

occurs in end—on loading of a deep—based structure.
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FIGURE 1.2 SCHEMATIC SHOWING SEVERAL STANDARD LOAD PATHS
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The load path designated uniaxial strain in Figure 1.1

follows a trajectory in the 
~H 

— 
~~ plane such that the strain in the

specimen far from the tunnel is entirely in the vertical direction ,

i.e., the lateral pressure , 
~H’ 

is just large enough so that the

specimen does not expand radially under the applied vert ical  pressure.

This type of loading is important because it  simulates side—on loading

of a deep—b ased s t r u c t u r e . In the s t a t i c  tes ts , this path can be followed

exact ly  since pumping rates fo r  the vert ical  and lateral  pumps can be

changed independently dur ing the tes t .  In the dynami c tes ts , however ,

th is path can be followed only approximately , since the shapes of the

pressure  pulses determine the t r a j e c t ory  of the load path  in the  —

p lane . However , loading states near the peak lateral and vertical

pressures, where most deformation takes place, can be made to fall on

the uniaxial strain line .

The load path in Figure 1.2 designated triaxial is isotropic in

the beginning of the test , i . e . ,  the la teral  pressure , 
~H ’ is equal to

the vertical pressure , ~~~ (hydros tatic c ompression phase). Then, dur ing

the second por t ion  of the tes t , the la teral  pressure  is held cons tan t  and

the ver t ica l pressure is increased (shear phase) . This t ype  of test  is

commonly used to determine the f a i l u r e  p roper t i es  of geological  ma te r i a l s .

The load path in Figure 1.2 designated un i ax i a l  st ress  is a special

case of the  t ra ix ia l  load path in which the hy d ros t a t i c  compression phase

is omitted and the  ve rt i ca l  pressure is applied to the  specimen w i t h  no

lateral pressure .  En rock mechanics , this  is more commonly called an

unconf ined compression t e s t .  Although a special  case of the triaxial

test , it is designated separntely because it is a simple , common test

that  is o f t e n  per forme d on conventiona l m a t e r i a l  t e s t ing  machines.

Another load path, not shown in Figure 1.2, can also be applied to
V the specimen with the larger—scale testing machine. Initially, the
L. specimen is subjected to a relatively small static loading. Then the
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specimen is loaded dynamically . The dynamic loading may follow an iso-

tropic , uniaxial strain, or some other more general triaxia l trajectory

in the — plane. This load path is important because it simulates

the overburden loading of a deep—based structure and a subsequent weapon

loading .

The testing machine was designed so that the maximum vertica l

pressure that can be applied to the specimen in static tests is 2 kbar

(0.2 GPa). This limit is obtained from simple strength and force balance

calculations presented in Appendix A. In dynamic tests , the maximum

vertical pressure that can be applied is about 1 kbar (0.1 CPa). The

dynamic limit is based on calculations of machine stresses and fatigue

limits also presented in Appendix A. The maximum lateral pressure that

can be applied in either test is 1.5 kbar (0.15 GPzi). The maximum static

pressures that simulate overburden stresses are about 0.2 kbar (0.02 CPa).

1.4 REPORT ORGANIZATION

The report is presented in two volumes. The remainder of this firs t

volume describes the design and operation of the larger—scale testing

machine . chapter 2 deals w i t h  the machine design and operat ion for

dynamic testing , including discussions of specimen preparation and

testing machine assembly . Chapter 3 deals with machine design and

operation for static testing. Part of this chapter describes the remote—

operation control system that is used for static testing. Two appendixes

conclude the first volume . Appendix A describes the determination of the

maximum vertical pressures that can be app lied in the dynamic tes ts ,

discusses explosive requirements of the testing machine , and presents an

estimate of the maximum static pressures. Appendix B is a table of the

testing machine parts. S

The second volume discusses the results of a theoretical and

laboratory study of scale model deep—based structures. In this study

both closed—form and numerical solutions are compared with experimental

measurements of tunnel closure in 4—inch (0.1—rn) diameter laboratory

specimens of SRI RMG 2C2, a tuff simulant.

V.. - .

~~~~~

.V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- V V~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2. MACHINE DESIGN AND OPERATION FOR DYNAMIC TESTING

2.1 OVERVIEW

The larger—scale testing machine can be used to perform both static

and dynamic tests. For dynamic testing , the machine can be stacked in

either of two ways . In the dynamic triaxial configuration , the lateral

and vertical pressures are applied separately . A cross section of the

testing mach ine in this configuration is shown in Figure 2.1. There are

charge chambers at the top and bottom of the machine to provide the

vertical and lateral loading, respectively . The specimen is located

approximately midway between the two charge chambers . The explosive

gases from the top charge chamber load the top of the specimen direc tly

to provide the vertical loading. The explosive gases from the bottom

charge chamber pressurize the oil across the Bellofram , and the oil

transfers the load to the lateral surface of the specimen . The pressure

in the oil surrounding the specimen is measured by three pressure gages ,

at stations 3, 4, and 5. The pressure in the gas above the specimen is

measured by two pressure gages , at stations 1 and 2. The pressure in the

oil under the specimen , which reacts the gas pressure above the specimen ,

is measured by one pressure gage, at station 6. The figure also shows

one of the two tunnel access ports that permi t high—speed photography

and instrumentation access during the test. The hydraulic nuts at the

bottom of the machine are used to compress the machine before a test.

Their operation is discussed in greater detail later in this chapter .

The second dynamic configuration , the isotropic configuration , is

shown in Figure 2.2. In this configuration , only the charge chamber at

the top of the machine is used and the specimen is completely surrounded
V by oil. The oil is loaded by the explosive gases across a Bellofram

under the charge chamber. The pressure in the oil surrounding the top

and lateral surfaces of the specimen Is measured by pressure gages at

stations 3, 4, and 5. The pressure in the oil under the specimen is

measured by the pressure gage at station 6.
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2.2 SPECIMEN ASSEMBLY

The specimen is a right circular cylinder 12 inches (0.3 m) in

diameter and 12 to 18 inches (0.3 to 0.45 m) tall. Figure 2.3 shows a

12—inch (0.3—rn) tall specimen and a typical model tunnel reinforcing

• structure . The rock tunnel in this specimen is 2 inches (50 nun) in

diameter . The centerline of the tunnel is along a specimen diameter at

the midheight of the rock.

The initial procedure in specimen assembly is rock preparation ,

which is carried out in three steps: drilling the tunnel, moisturizing

the rock, and taking pretest rock measurements. The tunnel is drilled

with a diamond coring tool. In some early tests on a tuff simulant, the

tunnel was cast into the specimen at Waterways Experiment Station. 
~ 

)
However, the residual stresses caused the specimen to crack around the

tunnel. Results from preliminary tests indicated that these cracks

grossly influenced the rock deformation. Therefore, the tunnels are

drilled in both rock and rock sitnulant samples.

After the tunnel has been drilled, the moisture content of the rock

is adjusted so that the desired level of saturation is obtained . Typically,

the specimen is to be tested in the fully saturated state since most geo-

logical environments suitable for deep basing are nearly 100% saturated .

When the desired saturation level has been reached , the rock is

measured and then stored in a suitable environment. Fully saturated rocks,

f or example, are comp letely submerged in water at atmospheric pressure.

The diameter of the rock is measured at 30° (0.52 tad) intervals at the

top , bottom , and midheight. The height of the rock is also measured at

its center , and at its circumference in line with the tunnel axis and

90° (1.57 tad) from the tunnel axis. These dimensions are recorded and

compared with those taken after the rock is tested .

The second step of specimen assembly is to install the model tunnel

reinforcing structure. A typical model structure , shown in Figure 2.3,

is a thin cylindrical shell with circumferential stiffeners . Direct—

contact structures such as this are grouted into the tunnel. Backpacked
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FIGURE 2.3 TWELVE-INCH DIAMETER SPECIMEN OF TUFF SIMULANT AND A TYPICAL
TUNNEL REINFORCING STRUCTURE
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structures (with a crushable backpacking material between the liner and

rock opening) are simply pressed into the tunnel. The tolerance between

backpacking and rock opening is taken up with a small amount of backpacking 
V

crush. With the structures in place, the end fitting assemblies are grouted

into the counterbores in the rock at each end of the tunnel. Figure 2.4

shows an end fitting assembly and the adaptor assembly that is used to con-

nect the tunnel with the ports in the machine. The cross section drawing

in Figure 2.5 shows how these two assemblies connect the tunnel to the

ports in the testing machine. The end fitting slips over the end of the

tunnel reinforcing structure. In an undrained test, this £ it is sealed with

an 0—ring. A stiffening ring is placed inside the end of the tunnel struc-

ture so that the structure will not deform locally and break the 0—ring

seal. Later, when the specimen is placed in the testing machine, the tun—

nel entry tube slips into the end fitting and butts against the reinforcing

structure . This joint is also sealed with an 0—ring. The tunnel entry

tube extends from the end fitting in the rock to the entry por tal in the
tes t machine. The joint between the tunnel entry tube and the entry portal

is sealed with an 0—ring. The tunnel retaining ring is threaded into the

entry portal until in contacts the tunnel entry tube . The end fitting

assembly is generally stiffer than the rock, but experimental results show

that, nevertheless, tunnel deformation is surprisingly uniform along its

length.

After the tunnel reinforc ing structure is emp laced , each end of the

rock specimen is seated into a 4—inch (0.1—rn) deep , 12—inch (0.3—rn)

diameter copper can. Figure 2.6 shows one copper can in place on the

rock specimen and the other copper can before assembly . The walls of the

copper cans are 25 mils (0.64 nun) thick and do not contribute appreciably

to the strength of the rock . The Wilson sea l, a rubber membrane used to

seal the specimen around the end fitting at the end of the tunnel , is

also shown.

Because of the difficulty in fabricating both the rock and the copper

can to size so that the rock just slips into the copper can , the rock is

purposely made undersize by about 60 mils (1.5 mm). To fill the resulting
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gap, a thin grout slurry is poured into the annulus between the rock and

the wall of the copper can. The composition of the grout is such that it

expands as it cures, holding the rock firmly in the copper can.

Figure 2.7 shows both copper cans on the rock specimen and the

Wilson seal in place. Also shown are two copper cups , 12 inches (0.3 m)
in diameter and 1 inch (25 mm) deep, which along with the 0—rings comprise

the seal between the vertical and lateral loading fluids in the testing

machine. The copper cup and 0—ring above the specimen separate the ex-

plosive gases that apply the vertical load above the specimen from the

oil that applies the lateral load . Similarly , the copper cup and 0—ring

below the specimen separate the oil under the specimen that reacts the

vertical loading from the oil that applies the lateral load to the

specimen.

Description of one step in the specimen assembly has been postponed

until now so that the general features of rock preparation and specimen
assembly could be presented succinctly . This step was introduced after

the first few tests because large oscillations were observed in the oil

pressure under the specimen~ Analysis of these oscillations suggested

that the specimen was accelerated downward by the gas pressure above it

and impacted the pool of oil below. The specimen rebounded after the

impact and was again accelerated downward by the gas pressure. This im-

pact and rebound sequence gradually damped out near the peak of the pressure

pulse. The analysis showed that an initial gap of only a few mils was

sufficient for this process to be initiated . One source of this gap could

be a small amount of air trapped in the pool of oil under the specimen.

This will be discussed in greater detail in the following section . Another

source of the gap could be deviations from flatness of the bottom of the

copper can that seals the specimen and the copper cup that seals the pool

of oil under the specimen. Because the specimen rests on this copper cup,

if either the copper can or the copper cup is not exactly flat , the specimen 
V

will not be properly seated and a gap will exist.

*A detailed description, example pressure pulses, and the cure to
eliminate these oscillations are given in Appendix C of Volume II. 
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Whatever the source of the gap, it could not be eliminated entirely .

To soften the impact and to facilitate the damping of the Impact—rebound

sequence, 0.3—inch (7.5—mm) diameter lead shot are placed in the copper

can under the specimen. The shot are fairly compliant and soften the im-

pact of the specimen on the pool of oil. The impact—rebound sequence then

damps out very quickly because the energy is dissipated during the plastic

deformation of the lead shot. Figure 2.8 shows the lead shot , a copper

can , a w ire mesh to hold the shot uniformly separa ted in place , and a thin

steel plate that is placed between the lead shot and the bottom of the

specimen. Figures 2.9 and 2.10 show the preparation of the bottom copper

can with the lead shot. The wire mesh is placed in the bottom of the can

and the lead shot are distributed uniformly in the mesh. The amount of

shot is half that which can be put in the bottom of the can using the most

dense packing possible without the mesh . After the lead shot are in place ,

a thin , 30—mu (0.75—mm) thick steel plate is placed on top of the assembly

and is sealed around its circ umference to the side of the copper can wi th
a silicone rubber compound . The steel plate is used so that the specimen

does not sit directly on the lead shot , eliminating problems associated

with point contacts . The silicone—rubber seal is necessary so that water

doe s not dra in from the spe cimen , reducing its level of saturation. The

silicone rubber compound cures quickly , and the rock is then placed in

the copper can and assembly of the specimen continues as described before .

2.3 MACHINE ASSEMBLY FOR DYNAMIC TESTING

The machine is assembled using an electric 2—ton hoist to lift each

part from its storage cart , over the tops of the s tuds , and onto the stack.
Stacking the test machine takes about 20 hours and requires two technicians .

Before discussing the actual assembly of the testing machine , the

foundation supporting the test machine will be described briefly . At

the SRI remote test site , an area 8 feet (2.4 m) square was excavated to

a depth of 3 feet (0.9 m) through an existing concrete pad . Reinforcing

steel , shown in place in Figure 2.11, was lowered into the pit before

the concrete was poured . The long bolts, which are welded to the rein—

forcing steel, anchor the testing machine in the concrete pad with the
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FIGUR E 2.11 REINFORCING STEEL PLACED IN THE CONCRETE PAD UNDER THE TESTING
MACHINE
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thin ring shown. A short cylinder was welded to the inner diameter of

this ring, and a circular plate was welded to the top of this cylinder
to form a spool—like structure , the assembly mounting pad , part 37~*

This structure supports the testing machine as well as anchoring it in

the concrete pad.

In the remainder of this section, we will describe the testing

machine components, their functions, and the order in which they are

stacked i.n the machine . The description of each par t will include a
photograph , and the status of the testing machine stack will be reviewed

at several points in the stacking sequence .

2.3.1 Machine Assembly for Triaxial Testing

Figure 2.12 shows the state of the testing machine stack between

shots. A number of parts are already in place. The spool end plate ,

(part 16), the upper and lower backup nut spacer plates (parts 18 and 19),

and the bottom end plate (part 14), are stacked on the assembly mounting

pad . The diameters of these plates vary to accommodate the studs (part 33),

the hydraulic nuts (part 101), and the mechanical backup nuts (part 100).

The studs, hydraulic nuts and mechanical backup nuts are initially in place

as shown. These parts, in conjunction with the upper mechanical nuts

(part 100), form the reaction frame and are used to preload the testing

machine and to hold it together during a test. The preloading sequence Is

discussed later , after stacking of the machine has been described completely .

Also shown in their places in the stack are the upper and lower

lateral charge chamber rings (parts 10 and 11) and the lateral chamber vent

— ring (part 56), which is between the bottom end plate and the charge chamber

rings.

The lateral charge chamber rings and the lateral chamber vent

ring can be cleaned adequately of the corrosive explosive residue without

being removed from the stack. However, occasionally these three parts are

lifted from the machine and cleaned more thoroughly.

*The part numbers given in the text may be used to locate the part in the
cross section of the testing machine stack shown in the foldout of
Figure B.l, Appendix B. Also, further information regarding part names,
part numbers, etc., is given in Appendix B at the end of the report.
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FIGURE 2.12 TESTING MACHINE STACK CONDITION BETWEEN SHOTS
No further unstacking is needed to install new charges and specimen
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The lateral chamber vent ring, shown in Figure 2.13, allows the
explosive gases to escape to the atmosphere through twelve 11/16—inch

(17.5—mm) diameter holes. A number of these holes can be constricted or

blocked completely to vary the rate at which the gas escapes . The primary

ef fec t of changing the to tal area of the holes in the vent ring is to

change the length of the press ure pulse , i.e., reducing the total area

increases the length of the pulse . Also , reducing the total area of the
holes in the vent ring increases the peak pressure slightly . However , the

peak pressure is controlled primarily by the size of the explosive charge.

Figure 2.14 shows an internal view of the two lateral charge

chamber rings stacked on the lateral chamber vent ring. The charge chamber

is 12 inches (0.3 m) in diameter and 9—3/4 inches (0.25 m) deep . With the

charge chamber rings in place , as shown in Figure 2.12, the first step in

stacking the testing machine is to p lace an explos ive charge in the lateral
charge chamber . The explosive used is a low—density mixture of PETN and

microsphe res in the ra tio 9:1 by weigh t. Microspheres are tiny inert

plas tic spheres that slow the detonation rate in the PETN and therefore

red uce the detonation pressure from over 200 kbar (20 CPa) to about 7 kbar

(0.7 GPa). The PETN/microsphere mixture is loaded into a cylindrical paper

canis ter whose aspec t ra t io is roughly unity. The charge has a 36—inch

(0.91— m) long Primacord lead . (The Primacord leads for both the lateral

and vertical charges are 36 inches (0.91 m) long and are connected to a

common detonator to ensure simultaneous detonation of both charges.) The

charge is placed in the charge chamber , and the Primacord lead is threaded
through one of the open holes in the vent ring. The charge is centered in

the charge chamber with Styrofoam spacers.

Af ter the charge has been placed in the lateral charge chamber,

the lateral chamber orifice plate (part 28, Figure 2.15) is lifted onto

the stack. The plate is 16 inches (0.4 m) in diameter and 3 inches (75 mm)

thick and has eight 5/8—inch (15—mm) holes equall\ spaced on a 10—inch

(0.25—rn) diameter . By reducing the area of these holes, the rate at which

the explosive gases load the specimen , and hence the rise t ime of the

44
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FIGURE 2.13 LATERAL CHAMBER VENT RING. PART NUMBER 56. SIX OF THE 12 VENT
HOLES AR E PLUGGED TO LENGTHEN DURATION OF THE LATERAL
PR ESSURE PULSE
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pressure pulse , can be reduced. Constric ting these holes decreases the

peak pressure slightly, but as mentioned before , peak pressure is deter-
mined mainly by the amount of explosive charge.

The next part stacked onto the machine is the lateral mixing

chamber ring (part 9). This ring, shown in Figure 2.16, prov ides a small

volume for the explosive gases that jet through the holes in the ~rif ice

plate to mix before passing through the holes in the lateral chamber baffle

plate. The baffle plate (part 30), is shown in Figure 2.17. This par t,

which is stacked in the machine on top of the lateral mix ing chamber ring,
is 19 inches (0.48 m) in diameter and 4—1/4 inches (0.11 m) thick . It

has 16 holes on two circles : the outer eigh t holes are on a 9—inch

(0.23—rn) diameter and have 3/4—inch (19—mm) diameters; the inner eight

holes are on a 6—inch (0.15—rn) diameter and have 11/16—inch (17.5—mm)

diameters . All 16 holes lie inside the diameter on which the holes through

V the orifice plate are located . Therefore, the explosive gases cannot jet

direc tly through aligned holes in the orifice plate and the baffle plate ,

but rather must mix in the chamber between the two plates . If direct

je tt ing were permi tted , the aluminum plate that protects the rubber

Bellofram would be unable to withstand the locally high tempera tures and

pressures of the je ts , and the Bellofram would be ruptured .

Figure 2.18 shows the Bellofram , the Bellofram protector plate ,

the Bellofram ring , and the Bellofram clamping ring (parts 109, 59 , 34 ,

~‘-~d 35), respectively . The Bellofram is a thin rubber membrane across which

the explosive gases pressurize the oil that surrounds the latera l surface

of the specimen . The Bellofrarn protector plate is a thin A16061—T6

circular plate , 15—1/2 inches (0.39 m) in diameter and 3/8 inches (9.5 mm)

thick. This plate is cemented to the side of the Bellofram that faces the

explosive gases and preven ts the hot explosive gases from rupturing th~
Bellofram . Typically , neither the Bellofram nor the Bellofram protector

plate is damaged during a test , and t h e Bellofrarn protector plate is re—

used . The Bellofram itself , however , is not reused because the deleterious

effect of the oil on rubber may cause failure in subsequent tests .
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FIGURE 2.17 LATERAL CHAMBER BAFFLE PLATE. PART NUMBER 30
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V FIGURE 2.18 BELLOFRAM , BELLOFRAM PROTECTO R PLATE , BELLOFRAM RING AND
BELLOFRAM CLAMPING RING. PARTS 109, 59, 34, AND 35.
RESPECTIVELY
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The Bellofram has a li p around its circumference, which fits

into a matching groove in the Bellofram ring and is held in place by the

Bellofram clamping ring . When these parts are assembled and lifted into

the machine, a 17—1/4—inch (0.44—rn) 0—ring is placed in an 0—ring groove

on the face of the Bellofram ring that mates with the lateral chamber

baffle plate. A similar 0—ring is placed in a groove on the face of the

Bellofram clamping ring that mates with the specimen receiver plate , the

plate above the Bellofram and Bellofram rings .

The specimen receiver plate (part 20), is shown in Figure 2.19.

This plate supports the specimen in the test machine. The twelve

1—3/8—inch (35—mm) diameter holes through the plate permit transmission

of the pressure from the pool of oil below the receiver plate into the

chamber surrounding the specimen . A problem arose with this system

because of oscillations in the oil pressure surrounding the specimen ;

details regarding this problem and its solution are presented in Appendix C

of Volume II of this report , which gives results of similar tests in the

smaller machine. This prob lem was also present in the smaller—scale

machine which, because of the lower cost of performing tes ts , was used for

the diagnostic and calibration tests required to resolve the difficulty .

Briefly , the solution is to Introduce a large amount of damping in the oil
by reducing the area of the holes through the specimen receiver plate .

The plate , with this change incorporated , is shown in Figure 2.20.
Six of the 12 holes have been blocked and the other 6 have been constricted .

Also shown are the copper cup and 0—ring that seal the pool of oil under

the specimen from the oil in the chamber around the specimen. (These

are the same cup and 0—ring shown with the rock specimen in Figure 2.7.)

In the previous section , where the specimen assembly was descri’bed ,

the problem of oscillations in the oil pressure under the rock was outlined .

The oscillations result from the specimen ’s being accelerated through a

short distance by the gas pressure above the specimen and then impacting

~~~ the pool of oil under the specimen. Part of the reason that the specimen

can be accelerated through this short distance is that some air is trapped

with the oil under the specimen. The scheme devised for removing the

52
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FIGURE 2.20 SPECIMEN RECEIVER PLATE WITH SIX HOLES BLOCKED AND
RE MAINING SIX CONSTRICTED TO DAMP OUT OSCILLATIONS
IN THE LAT ERAL PRESSURE

- form an oil-filled reaction chamber under the rock

I 

The copper cup and 0-ring (foreground) f it into the recess shown to

54

.b~ •V

— - —V. - V - V-V~~VVV ~V V - 
_______________



_ _  
___ -~~ - -- - - - - - -

trapped air is shown in Figures 2.20, 2.21, and 2.22. The specimen re-

ceiver plate is placed in a holder with the gage port at the top as shown

in Figure 2.20. The copper cup and 0—ring are inserted into the plate to

form the chamber for the oil. Figure 2.21 shows the oil being poured

into the chamber through the gage port. Heat lamps are directed onto the

plate and the entire assembly is heated . The copper cup is flexed and

the level of the oil rises and falls in the gage port. The motion of

the oil helps to float bubbles of trapped air to the top of the chamber

and out the gage port . Heating the oil also helps to remove the trapped

air. Since the viscosity of the oil decreases with temperature , the air

bubbles meet with less resistance while floating to the top of the chamber.

Also , the heat expands the trapped air much more than the oil , so that the

buoyant force pushing the bubbles up increases . When no more bubb les can

be made to float out through the gage por t , the pressure gage is inserted .

This seals the chamber , and the spec imen receiver plate is hoisted onto

the stack.

Figure 2 . 2 3  show s the s t a tus  of the machine at this point in the

stacking sequence. The explosive charge has been placed in the lateral

charge chamber , the orif ice and b a f f l e  pla tes have been ho isted on to the
machine , the Bellofram assembly has been stacked above the b a f f l e  pla te ,
the specimen receiver plate has been filled with oil and placed onto the

machine , and one pressure gage is in place.

The next machine part to be stacked is the lateral chamber re-

ducer ring (part 21), shown in Figure 2.24. This is the first of three

rings that form the lateral chamber around the specimen. The lateral

chamber reducer ring reduces the diameter of the lateral chamber from

15—3/4 inches (0.4 in), which encompasses the holes through the specimen

receiver plate , to 13—1/2 inches (0.34 m), 1—1/2 inches (38.1 mm) larger

than the specimen diameter. The interface between the specimen receiver

plate and the lateral chamber reducer ring is sealed with a face—seal

0—ring , as are all the interfaces between rings that make up the lateral

chamber. The lateral chamber reducer ring has a single gage port , in

which a gage is inser ted to measure the lateral pressure applied to the

specimen near the bottom of the lateral chamber.

55
I

V V ~~~- V V V
- - - __ _ _ ___ t____ __ __ _ __ _ --



F— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- V - 

~~

V-V

~ 

-

/

ii. V 
~~~~ ~~~~~.

~
.. v~’

S

I

MP-4121-11B
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[ FIGURE 2.22 COPPER CUP BEING FLEXED TO HELP REMOVE TRAPPED AIR FROM
REACTION CHAMBER
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At this point In the stacking sequence, a pressure gage is put 
-~ 

V

into the gage port and oil is poured into the holes in the specimen re—

ceiver plate. Oil is added until it fills the space above the Bellofram ,

rises through the holes and is about one inch deep above the copper cup
on which the specimen sits. Next , the specimen is hoisted into the

testing machine . Figure 2.25 shows an aluminum dummy being lifted with

an eye—bolt that threads into the top. To lift an actual specimen , however ,

a sling is put through the tunne l and each end is slipped over the hoist

above the specimen. The specimen is lifted over the top of the studs and

is lowered down into the oil above the copper cup . Before the specimen 
V

is lowered completely , it is rocked slightly to remove air trapped under

the specimen. The specimen is then lowered onto the copper cup and the 
V

sling is removed from the tunnel.

If specimens that are 18 inches (0.45 m) high are tested , the

lateral  chamber spacer ring (part  8) ,  is placed on top of the lateral

chamber reducer ring. Then the lateral chamber tunnel ring (part 13), is

stacked on the spacer ring . Another lateral chamber spacer ring is then

stacked on the lateral chamber tunnel ring . The stacking sequence that

is described here , however , is for specimens that are 12 inches (0.3 in)

high , and the two spacer rings are omi t t ed .  In th is  case , the la tera l

chamber tunnel  r ing is stacked into the machine immediately af ter the

la te ra l  chamber reducer r ing .  The lateral  chamber tunnel  r ing ,  shown in

— Figure 2.26, has two diametrically opposed holes that accommodate the

tunnel adap tor assembly from the specimen . The two holes through the

— ring have 100 ( O . l 7 — r a d )  tapers through the thickness of the r ing . These

tapers allow for sligh t misalignment of the specimen in the machine and

for movement of the tunnel during the test. There is a gage port in this

r ing  90° (1.57 rad) from the diameter defined by the two tunnel ports .

The pressure gage that is put in this port is used to measure the lateral

pressure applied to the specimen at midheight. At this time, the tunnel

adaptors are put in place and the entire assembly is secured by t igh ten ing

the tunnel retaining rings as described in the previous section. After

~~~ the rock is secured in the machine , the leads from the four strain gages

mounted on the specimen copper cans to measure lateral strain are soldered

into the signal conditioning circuit.
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F I G U R E  2.26 LATE RAL CHAM BER TUNN EL R I N G . PART NUMBER 13
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The next part to be stacked into the machine is the lateral

chamber top ring (part 25), shown in Figure 2.27 .  There is a gage port

in this ring to measure the lateral pressure near the top of the specimen .

In summary , we see that each of the three rings that comprise the lateral

chamber has a single gage port. These are used to verify that the con-

fining pressures at the bottom , midheight , and top of the specimen are

identical. With the pressure pulse rise times that are imposed , the

pressure records obtained from gages in each gage port are indeed identical ,

as will be shown later. It is, however, possible to apply loadings with

very short rise times so that the pressures recorded at the three gage

locations are not identical because of wave propagation effects in the oil.

These effects, which were observed by the three gages in early develop—

mental tests , served to guide our understanding of machine operation and

led to modifications that gave uniform , smooth pulses.

After installing pressure gages into the gage ports in the lateral

chamber tunne l ring and the lateral chamber top ring , more oil is added

to the lateral chamber until it just covers the top of the specimen .

The next ring to be stacked is the specimen vertical/lateral

sealing ring (part 12). This ring is shown in Figure 2.28 along with the
copper cup and 0—ring that seal the gases that apply the vertical loading

above the specimen from the oil that applies the lateral loading on the

side of the specimen . (Again, these are the same as shown earlier in

Figure 2.7.) This ring has six standpipes that are used to finish filling

the lateral chamber with oil and to purge any air trapped In the lateral

chamber. Each standpipe is connected to a 1/16—inch (1.6—mm) diameter

hole in the lower face of the specimen vertical/lateral svaling ring

through a hi gh—pressure valve. One of the 1/16—inch (1.6—mm) diameter

holes is shown in Figure 2.29. To completely fill the lateral chamber ,

V four of the six valves are closed. Oil is pumped into the lateral chamber

through one of the open valves and air escapes through the other . When

the chambe r is full , oil flows out the escape valve . Oil flow through

this valve is permitted for a few minutes to allow trapped air to escape .

Then , the escape valve is closed and an adjacent one is opened and oil is

V 
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FIGU RE 2.27 LATERAL CHAMBER TOP RING. PART NUMBER 25
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FIGURE 2.28 SPECIMEN VERTICAL/LATERAL SEALING RING. PART NUMBER 12

V 65

_ _ __ __ __ __ _  V. ~~~~~~~~~~~~~~~~ ~. V



V 
—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

:Q~~~i2. I

V 
~~~~~

~.BOTTOM~.
V~~~~~~~~ 

~~~~~~~~~ .-~~ - 
____

• 

~~~V.

MP-41 21-1 26
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allowed to flow out for a few minutes . Each valve is opened in turn and

oil is allowed to f low out , releasing any trapped air. After each valve

has been opened and closed , all six valves are opened and the standp ipes

are filled with oil. The valves remain open until just before the shot is

fired so that any remaining air can escape .

The specimen vertical/lateral sealing ring has two diametrically

opposed gage ports. Pressure gages are put into these ports after the

ring has been stacked into the machine . These two redundant gages measure

the press ure in the exp losive gases tha t apply the ver tical pressure
loading to the top of the specimen.

It is important in these tests that the rise times and peaks of

the vertical and lateral pressure pulst~s coincide. Although the general

magn itudes of the rise times are set by chang ing the area of the holes
through the orifice plates , it is impractical to match the rise times V

precisely with this technique. To fine—tune the timing of the vertical

pulse to that of the lateral pulse , a small amount of inert , claylike

material (Duxseal) is placed in the copper cup above the specimen , re—

ducing the volume that the explosive gases must fill and consequently

shortening the rise time . This material is added to the copper cup before

the specimen vertical/lateral sealing ring—copper cup assembly is hoisted

onto the stack.

V Nex t , the vertical chamber baffle plate (part 29), is lowered
onto the stack . This plate , shown in Figure 2.30, has the same hole
pattern as the lateral chamber baffle plate but is 16 inches (0.41 in) in

diameter and 2—1/8 inches (54 mm) thick. It serves the same purpose

as the lateral chamber baffle plate , namely , to preven t the explos ive
gases from jetting directly onto the loading surface , which in th is case

is the top of the rock .

Figure 2.31 show s the s tatus of the testing machine stack at

this po in t .  Since the last photog raph of the testing machine status in

Figure 2 . 2 3 , the specimen has been loaded into the machine and the three
lateral chamber rings have been stacked around the specimen . The leads
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FIGURE 2.30 VERTICAL CHAMBER BAFFLE PLATE . PA RT NUM BER 29
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FI G U R E  2.31 TESTING MACHINE STACK AFTER VERTICAL CHAMBER BAFFLE PLATE
IS IN PLACE
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to the four specimen lateral strain gages have been soldered into the power

supply/amplifier circuits. Then the tunnel adaptors , which connect the

tu nnel in the specimen to the por ts in the lateral chamber tunnel ring

we re put in place , followed by the three pressure gages used to measure

the pressure in the oil around the specimen . The lateral chamber has

been f i l led  wi th  oil and the spe cimen ver t ical/ la teral  sealing ring has
been hoisted onto the stack . The last two pressure gages , which meas ure
the explosive gas pressure above the specimen, have been placed in the

gage ports in the specimen vertical/lateral sealing ring. Also, a small

amount of iner t material has been placed in the copper cup above the

specimen to adlust the rise time of the vertical pressure pulse , if

necessary ; and , finally , the vertical chamber baffle plate has been

stacked on the specimen vertical/lateral sealing ring.

The next two parts to be placed on the machine stack are shown

being hoisted together over the top of the studs in Figure 2.31. The

lower part  is the ver t ica l  mixing chamber ring (part 7 ) ,  which is shown in
Figure 2 .32 .  This r ing has the same func t io n as its lateral chamber
counterpa r t , name ly , to provide a vo lume between the or i f ice  plate and
the b a f f l e  plate where the explosive gases that jet through the holes
in the or i f i ce  plate mix before  flowing through the holes In the b a f f l e
plate.

The second part shown being hoisted into the machine in

Figure 2.31 is the vert ical  chamber orifice plate (part 31). The closeup

view of th is  p late in Figu re 2 .33  shows the same hole pattern as that in
the lateral  chamber or i f ice  pla te .  The hole pat terns in the or i f ice  plate
and the b a f f l e  plate , both lateral and vertical , are such that  the ex— V

plosive gases cannot jet directly through both plates. Just as the

rise time of the lateral p ressure pulse can be lengthened by reducIng
V 

the a rea of the holes through the lateral chamber or i f ice  plate , the
rise time of the vertical pressure pulse can be lengthened by reducing
the area of the holes through the vertical chamber orifice plate.
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FIGURE 2.33 VERTICAL CHAMBER ORIFICE PLATE . PART NUMBER 31
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Figure 2.34 shows the lower vertical charge chamber ring (part 6),
which is l i f t e d  in to the stack and mated with the vertica l chamber orifice

plate . This is followed by the upper vertical charge chamber ring (part 5),
shown in Fi gure 2 .35.  The vertical charge chamber is the same size as the

lateral charge chamber: 12 inches (0 .3  m) in diameter and 9—3 /4 inches
(0.25 m) deep .

The ver t ical  chamber vent ring (part 57) , is stacked on top of

the uppe r vertical charge chamber ring. This vent ring, shown in

Fi gure 2.36 , is similar to the lateral chamber vent ring discussed pre-

viously . By reducing the area of the 12 holes that  allow the explosive
S

gases to escape from the chamber , the dura t ion of the ver tical pressure

pulse can be increased .

The last of the machine parts to be hoisted onto the stack is

the top end plate (part 15). Figur e 2.37 shows this plate and the tri-

angu lar shield tha t pro tec ts two strain gages moun ted at the cen ter of

its upper surface . The output of these strain gages is used to determine

the stress in the plate during a test. The top end plate has twelve

3—5/8—inch (92—mm) diameter holes , which must be fitted over the 12 studs .

The p la te  must  be aligned ca re fu l ly  so tha t  the studs are not twisted .

Figure  2.38 shows the  top end pla te being lowered over the studs on to
the stack .

Figure  2 .39  shows the completely assembled machine . The 12

nu ts above the top end pla te are tigh tened by hand and malle t beca use

there is not enough clearance between the nuts to use a wrench . Hydraulic

nuts are used to tension the studs. Pressure is supplied to the hydraul ic
nuts by a pumping system moun ted on a car t, shown next to the testing

machine in Figure 3.5 (page 105). Because the pressures in the hydraulic

nuts reach 30 ksi (0.21 GPa), sh ields are bolted into place around the

bottom of the test machine . These shields are shown in Figure 2.39 ,

offset from their functional positions so that the hydraulic nuts can be

seen.
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FIGURE 2.36 VERT ICAL CHAMBER VENT RING, PART NUMBER 57
Six of the 12 vent holes are plugged to lengthen duration of
the vertical pressure pulse
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Figure 2.40 shows a close—up of the hydraulic nuts. As pressure

is applied to the hydraul ic nuts, they tension the studs . When the pres-

sure in the hydraulic nuts is 30 ksi (0.21 GPa), the tensile stress in

the studs is approximately 45 ksi (0.31 CPa), meas ured by stra in  gages

at a stress—relieved diameter near the threads. Mechanical backup nuts ,

below the bottom end plate (part 14) at the bottom of the functiona l

ma ch ine stack , are tightened against plate 14 and then the pressure in

the hydraulic nuts is released so that they are not loaded by the test

firing . The transfer of load from the hydraulic to the mechanical nuts

results in a drop in tensile stress in the studs from 45 to 36 ksi (0.31

to 0.25 GPa), about 20%. The stress—relieved diameter of the 12 studs is

3.20 inches (81 mm), so that the total force holding the machine together

is 3.4 million pounds (15 million newtons).

The in s t rumen ta t ion  cab les are hooked up to the  s ix  pressure

gages and are shielded from the  escaping exp losive gases by 1 /2—inch

(12.7—mm) diameter f l e x  condui t  as show n in F igure  2 .41 .

Before  proceeding to a d e s c r i p t i o n  of the ins trumen tat ion and
the f i r i n g  of the tes t , d i f f e r e n c e s  in the s t a c k i n g  sequence be tween  the

dynamic t r i a xia l  con f igu ra t ion , ju s t desc r ibed , and the  dynamic  i so t rop ic

configuration will be discussed.

2 . 3 .2  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Tes t ing

In the  i sot rop ic loading tes ts , the  l a t e r a l  c o n f i n i n g  pressure

is equal to the  v e r t i c a l  loading pressure , and only one explosive charge

is necessary to provide a single loading pulse . Only the v e r t i c a l  charge

chamber at the top of the tes ting machine  is used , so that the machine

need only be unstacked to the level of the specimen receiver plate. This

~;ives considerable time stacking and unstacking the test machine d u r i n g

~ series of tests. The changes that accompany these major alterations

wi l l  ht. discussed as the stacking sequence is described .

The t e s t i n g  machine  s tack  s t a r t s  w i t h  the l a t e ral  charge

• r ~nd v e nt  rings in place . No explosive charge is put into the

-“ .‘r , I ch .. rge , Vh . I m h (, r  The lateral chamber orifice plate is stacked
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FIGUR E 2.40 CLOSE-UP VIEW OF THE HYDRAULIC NUTS THAT ARE USED TO TENSION
THE STUDS
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on top of the charge chamber as in the triaxial configuration . Next ,

however, the vertical mixing chamber ring and the vertical chamber baffle

plate are stacked Instead of their lateral counterparts . The lateral

chamber b a f f l e  pla te and lateral mixing chamber r ing are needed later  to

allow the Bellofram to be placed above the specimen ra ther  than below

as in the triaxial configuration .

The next part to be stacked is the specimen vertical/lateral

sealing ring. In the isotropic configuration , this ring serves as a

spacer ring and no pressure gages are put into the two gage ports. The

specimen receiver plate is stacked on top of the specimen vertical/lateral

sealing ring. The oil chamber under the specimen is not sealed with a

copper cup and 0—ring since the oil pressure under the rock is the same

as that  around the rock. A pressure gage is inserted into the gage port

in the specimen receiver plate.

The next part to be stacked is the la te ra l  chamber adaptor

close—off ring (part 23). This ring, shown in Figure 2.42, blocks the 12

holes through the specimen receiver pla te and seals the bo ttom of the

lateral chamber . The interface between the specimen receiver plate and

the lateral chamber close—off ring is sealed by two 0—rings. The inter-

faces between all the rings that comprise the lateral chamber have single

0—ring seals, just as in the triaxial configuration.

At this point , oil is poured into the lateral chamber until it

reaches a depth of a few inches . Then the specimen is hoisted into the

machine . Before the specimen is seated in the bottom of the lateral

chamber , i t  is slowly rocked to release any a i r  trapped under  i t .

Next , the lateral chamber tunnel ring is lowered onto the stack

and the tunnel adaptor assembly is put in place . Then the lateral chamber

and lateral chamber reducer rings are stacked onto the machine . The

lateral chamber reducer ring opens the lateral chamber to the same diameter

as the Bellofram , and the Bellofram assemb ly is the next component stacked

on the machine .
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FIGURE 2.42 LATERAL CHAMBER ADAPTO R CLOSE-OFF RING , PART N U M B E R  23
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However , before the Bellofram assembly is stacked on top of

the lateral chamber reducer ring, pressure gages are put into the gage V

por ts of the lateral chamber tunnel, lateral chamber , and lateral chamber

red ucer rings . Then the lateral chamber is filled with oil to cover the

specimen .

Af ter the Bellofram assembly has been put in place , the lateral

chamber baffle plate is hoisted onto the stack. The lateral chamber

b a f f l e  pl ate is used her e rather than the ver tical chamber b a f f l e pla te
because its larger diameter is compatib le with that of the Bellofraui and

the Bellofram ring . Similarly , the la teral mixing chamber ring is used
instead of the vertical mixing chamber ring because its diameter is corn—

pa tible with that of the lateral chamber baffle plate. After the lateral

mix ing chamber r ing ,  the vert ical chamber orifice plate is lifted onto

the machine . This is followed by the two vertical charge chamber rings .

The explosive charge is placed in the charge chamber , and the vertical

ch amber vent ring is lowered onto the stack .

The top end plate is hoisted into place VIUSt as in the triaxial

confi guration , and the nuts are placed on the studs and hand tightened

against the plate. Pressure is app lied to the hydraulic nuts to tension

I the studs. The backup nuts are tigh tened , and the pressure is relieved

V 
in the hydraulic nuts.

When the Bell of ram assembly was put in p lace at the top of the
la teral  chamber , th e Bel l of ram was perm itt ed to sag under the weig h t of

the Bellofram protector plate. This sagging allowed the Bellofram and

Bellofram protector plate to be floated on the oil in the lateral chamber .

Since the Bellofram was in contact with the oil in the lateral chamber , V

no air was trapped below the Bellofram . However, the sagging increased

the gap between the baffle plate and the Bellofram and therefore the

volume that must be filled by the expanding gases was increased. This

means that larger explosive charges are required to achieve the same

pressures and tha t  the rise time of the pressure pulse is lengthened .
To remedy this situation , more oil is pumped into the lateral chamber

V 
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through a port in the lateral chamber ring. This extra oil pushes the

Bellofram up until the protector plate contacts the baffle plate . The

pumping continues until the pressure in the oil is a few psi.

The stacking sequences for  the two dynamic tes t ing mach ine

configurations have been described and at this point the shot is ready to

be fired . However , before discussing the firing and recording procedures ,

the instrumentation will be described.

2.4  INSTRUMENTAT I ON

2.4.1 Pressure

The pressure applied to the specimen is measured by six pressure

gages in the tr iax ial conf igura tion and by four pressure gages in the iso-

tropic configuration . Figure 2.43 shows the locations of the six pressure

gages in the triaxial configuration . Stations 1 and 2 are diametrically

oppos ed , and the gages there are used to measure the pressure in the ex-

plosive gases above the specimen. The pressure gage at station 6 is used

to measure the pressure in the oil under the specimen. The three gages

at these stations provide independent measurements of the vertical pressure

applied to the specimen . The three gages at stations 3, 4, and 5 are used
to measure the pressure in the oil in the lateral chamber near the top ,

midheigh t, and bottom of the specimen. These three gages provide inde-

pendent measurements of the lateral pressure applied to the specimen . To

be assured tha t the specimen is being loaded uniformly , it is essential
that the pressure records obtained from the gages at stations 1, 2, and
6 be identical and that those obtained from the gages at stations 3, 4,

and 5 be identical also.

The locations of the four pressure gages in the isotropic con-

figuration are shown in Figure 2.44. The stations are numbered so that

the gage por t in a particular ring is assigned the same stat ion number
in both the triaxial and isotropic configurations . The four gages at

these s ta t ions prov ide independen t mea sureme n ts of the pressure applied
to the specimen. As in the triaxial configuration , the pressure records

obtained from the four gages must be identical to ensure uniform loading

on the specimen .
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A photograph of one of the pressure gages is shown in Figure 2.45.

The gages (model ll9A, supplied by PCB Piezo tronics , Inc.) have a pressure

range of 0—80 ksi (0—0.55 CPa) with an overrange to 100 ksi (0.69 CPa).

The gages are acceleration—compensated and have a resonant frequency of

500 kHz . The mode l 119A gages can be calib ra ted  s t a t i ca l l y, and such a

calibration is performed before and after each test to ensure that the

gage charac teristics have not changed.

2 .4 .2  Specimen Stra in

For uniaxial—strain tests, we measure the rad ia l  d isplacement

at the lateral surface of the specime n to monitor the accuracy with which

the pressures applied to the specime n prod uce uniaxia l  comp ression of
the specimen . To make this measurement , four strain gages are mounted on

the copper cans that contain the rock. The gages are located on diameters

perpendicular to the tunnel axis 2—1/2 inches (65 mm) above and below the

midheigh t of the specimen .

These four strain gages measure the hoop strain in the thin

copper cans. Sinc e the copper  cans d e f o r m  to fo l low the rock , the strain

is related to the radial displacement u by the relation r

where r is the radius of the specimen. A positive value for t~ indi-

cates that the rock is expanding radially and that the lateral confining

pressure is too low . Similarly , a negative value for indicates that

the rock is contracting radiall y and that the lateral confining pressure

is too high .

2.4.3 rest ing Machine Strain

There are 12 strain gages mounted on the testing machine to

measure strain In the machine before and during the test. The output

of the gages before the test is used to determine the m a g n i t u d e  ol the

pre load  that holds the machine together during the test. The output of

the gages d u r i n g  the  t es t  is recorded and used to d e t e r m i n e  the  peak

dynamic stress in several of the machine parts and hence  to e s t i m a t e  the

capability and life of these machine parts. An estimate of the machine

V life based on the strain gage records is presented in App endix A of this

volume .
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As described previously , two of the strain gages are mounted

in the center of the upper surface of the top end plate . The remaining

10 gages are located on 3 of the 12 studs. The strain gages are mounted

just inside the threaded ends of the studs , where the diameter of the

stud is stress relieved to the root diameter of the threads. On two of
these three studs , three gages are located 120° (2.09 rad) apart around

the stud at the top end , and a fourth gage is at the other end . The third

instrumented stud has a single gage at each end . Output from the two

three—gage groups is used to determint stud bending because of inevi tab le

imperfections in the nuts .

2.4.4 Tunnel Diameter

The diameter of the tunnel in the specimen is measured with a

standard bore gage. The gage , shown in Figure 2.46, is a Mi tutoyo
series 511 bore gage with a range from 1.4 inches (35.6 mm) to 2.5 inches

(63.5 mm). The dial indicator has gradations for every 0.005 inch V

(0.013 mm ) ,  so that for a nominally 2—inch (50—mm) diameter tunnel, clo-
sures can readily be determined to 0.05% accuracy. The scale on the dial

gage is adjusted so tha t a zer o reading corresponds to the diame ter of
the tunnel before the test. Therefore, after the test , the closure is

read direc tly from the gage .

The deforma tion of the tunnel during a test can be recorded

by high—speed photography. A Hycam camera , model 410004, havi ng a max imum

ra te of 10,000 frames per second (fps) provides pho tographs of the closure

at 0.1—millisecond intervals for the entire period of interest , approximately

30 milliseconds . To obtain data at shorter time intervals , the camera can

record half or quarter frames , in which case the time interval drops to

0.05 or 0.025 milliseconds. However, since pressure pulse rise times are

typically about 12 milliseconds , the full—frame lO,000—fps rate gives 120

pictures during tunnel deformation , which is more than adequate.
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2 .4 . 5  F u t u r e  In st r u m e n t a tio n

There are two areas in which instrumentation for the specimen

can be developed. Short—range p lans call for more comprehensive data
col lect ion in the tunne l , inc luding active measurements of tunnel  closure

and l iner strain . Longer—range plans inc lude  the measurement of the

stress and f low f i e l d s  in the rock .

2 . 4 . 6  Test ing , F i r i n g ,  and Record ing  Procedures

Wh ile the t e s t i n g  machine  is be ing  s tacked and the  i n s t rumen ta t i on

is being connected , the s ignal  conditioning circuits are patched into the

tape recorder and escilloscopes and then calibrated . As each gage is tied

[nto the system , it is checked to be sure that it is functioning. To check

the pressure gages , the sensitivity of an oscilloscope is increased and

the testing machine is tapped with a brass mallet near each gage . A sharp

spike in the s igna l  indicates that the gage is functioning properly . The

strain gages , both on the specimen and on the testi ng machine , are checked
by measuring the resistance of the s t r a i n  gage c i r c u i t .  A low resistance

indicates a short circuit and a v e ry  high resistance indicates an open

circuit. The latter is much more common than the former , and usually in-

dicates that the gage has loosened and burned  out  and mus t  be rep laced .

V T U S t  before  the shot is fired , the electronic detonator unit

(EDU ) and the d etona tor cable are checked out . The EDU supplies a power

surge (from a 5—)VL F capacitor charged to 4.1 kV) through an explod ing bridge—

wire , which in turn detonates the Primacord leads to the explosive charges.
V Af ter the EDU and de tona tor cable have been checked out , all site per-

sonnel go under cover in the b’inker and the explosive technician connects

the exploding bridgewire to the detonator cable and brings the Primacrod

leads into contact with the exploding bridgewire. Then the explosive

technician goes under cover and the shot is fired . The testing machine

can be watched throughout the test via closed—circuit television.

After the shot is fired , work begins on unstacking and cleaning

the testing machine in preparation for the next shot. It is important

that the machine be cleaned thoroughly within a day or so because the ex—
plosive residue is corrosive.
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Data from all the active instrumentation are recorded on tape

in analog form. The output from the pressure gages and the specimen

strain gages are also fed into oscilloscopes and the traces are recorded

photographically . In this way , if for some unforeseen reason the tape

recorder does not function properly , the oscilloscope traces provide

records of the most important channels. The photographs of the oscillo-

scope traces also permit the most significant results of the test to be

evaluated immediately after the test. Data recorded on tape are re-

trieved at the test site using a light—beam oscillograph . This allows

all the data to be stud ied in detail immediately after the test. The

results of the test may influence the choice of certain parameters in

the upcoming test , so having the data avM lable immediately after the

test is fired is essential.

Af ter a series of tests has been completed , the da ta on tape
are dig itized , and then scaled and plotted by computer. With the data

in digitized form , more complex da ta analy sis is performed , including
optimum filtering and plotting lateral pressure against vertical pressure

2.4.7 Examp le Test Results

Pressure records obtained in a uniaxial strain test , LDUX—lO ,

are shown in Figure 2.47. The vertical pressure in the gas above the

spec imen is shown in Figure 2.47(a), and the vertical pressure in the oil

under the speci men i~ sh own in Fi gure 2.47(b). With the exception of a

small  bl ip at the beg inning of the press ure pulse in the oil under the
specimen , the two vertical pressure records are identical. This indicates

tha t the loading of the specimen is uni form , i.e., there is no evidence
of wave propagation effects along the axis of the specimen . Figures 2.47(c)

and 2.47(d) show two of the records of the pressure pulse in the lateral

chamber . That these pressure records are also identical indicates that

L the lateral pressure loading is un i fo rm , with no wave propagation effects

in the oil surrounding the specimen . There is an oscillation superimposed

on the desired la teral conf ining pressure , but developments with the
smaller testing machine indicate that this oscillation can be reduced or
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removed entirely . The lateral pressure pulses shown in Figures 2.48(c)

and 2.48(d) are from a test in the small testing machine , DIJX—74 , in which

the holes through the specimen receiver plate were constricted . Subsequent

tests in the small testing machine showed that when these hoJes are con-

stricted further , the oscillation is nearly eliminated. A similar modi-

fication has been made to the specimen receiver plate in the larger scale

testing machine , but we had no rock specimen to perform further tests in

the current program .

Figure 2.49 shows the strain gage records from one of the four

specimen strain gages in test LDUX—L0 . The specimen is slightly over—

confined , because the hoop strain initially drops to about —0.125%. This

corresponds to an Inward radial displacement at the surface of 7—1/2 mils

(0.2 mm). Then, before the peaks of the pressure pulses occur , the hoop

strain returns toward zero and oscillates about a mean value of —0.05%.

This corresponds to an inward radial displacement of 3 mlls (0.08 mm).

Records of the apparatus strain are presented in Appendix A

of this volume, where they are used to estimate the life of the testing

machine.

Figures 2.50 through 2.53 show four 12—inch (0.3—rn) diameter

rocks that were tested under dynamic uniaxial strain loading and then

sec tioned. The rocks are a tuff simulant , SRI RNG 2C2. The tunnels in

these rocks are reinforced with A16061—T0 monocoque cylinders having mean

radius—to—wall thickness ratios, a/h , between 4.0 and 11.5. The peak

pressures in each of the first three tests, LDUX—4, LDUX— 5, and LDUX—10,

were the same: = 7 ksi (48.3 MPa), = 4 ksi (27.6 MPa). The peak

presaures in the fourth test, LDIJX—9, were somewhat higher: 
~~~~ 

= 10.5 ksi

(72.4 MPa), ~ ‘ 7 ksi (48.3 MPa).

• Because of the imperfect rock specimens, the tunnel closures

~~~~~ in the first three tests do not follow the expected trend , namely , that

tunnel closure should increase as the strength of reinforcing structure

decreases. The weakest structure , tested in LDUX—lO, suffered the least

closure, less than 1%. The strongest structure , tested in LDUX—4, had

a tunnel closure of approximately 3%.
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97

________________________ - ~~~~~~~~~~~~~~~~~



- . - -

I J i l l  

A
~3o

T IME — msec
MA-2141 -92

FIGURE 2.49 SPECIMEN LATERAL STRAIN DATA
FROM UNIAX IA L STRAIN TEST LDUX-1O

_ _ _ _ _ _ _ _ _  -- 

98



~~ 1 :1
.. / .1JLDUX 4/

~

~ .1
MP-4121-142
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FIGURE 2.52 SECTIONED SPECIMEN FROM UNIAXIAL STRAIN TEST LDUX-1O
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FIGURE 2.53 SECTIONED SPECIMEN FROM UNIAXIAL STRAIN TES1 LDUX-9
= 10.5 ksi , 
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In Sect ion 2.2 we described the technique used to make these

specimens . The SRI RNC 2C2 grout was cast around a mandrel. When the

specimens cured , the mandrels were removed , leaving a 2—inch (50—mm)

diameter tunnel cavity through the specimen . However , because of shrinkage

during the curing period , the specimens developed cracks near the mandrel.

These cracks , which are evident in all four of the sectioned rocks shown ,

are believed to have influenced the tunnel closure . The influence of flaws

is especially evident when comparing the tunnel closures shown in Figures 2.52

and 2 .53. The tunnel reinforcing structures In LDUX—9 and LDUX—l0 were of

equal strength, but the closure varied from less than 1% to total closure.

The difference in the tunnel closure is attributed to the fairly large

cracks which weakened the rock tested in LDUX—9. In the future we will

drill the tunnels into solid grout specimens , as we have been doing suc-

cessfully for the smaller testing machine. The contribution for pre—

exis ting vlaws to the tunnel closure in LDUX—9 indicates the need for a

study of the influencc of joints on the response of deep—base structures.

____________  
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*3. MACHINE DESIGN AND OPERATION FOR STATIC TESTING

3.1 APPROACH

In the last chapter , the individual machine components and the stacking

sequence used for the two dynamic—test machine configurations were discussed .

For the static configuration , the same stacking sequence and machine parts

are employed , even though the loading techniques are very different. One

additional ring is needed; its function and position in the stack will be

discussed in the next section.

The dynamic tes ts are f ired wi th al l  pe rsonnel under cover in the

bunker , for obvious reasons . The static tests also are performed with all

personnel in the bunker , but for a somewhat different reason . Normal test

proced ures present no hazards , but the possibilit y of an 0—ring failure at

high pressure [up to 30 ksi (0.21 GPa)1 necessitates that all personne l

be under cover during a test. During testing of the ultimate capability

of our small static machine , a burst 0—ring sliced completely through a

plasterboard witness plate. The instrunentation and controls used for this

remote testing mode will be described in the last section of this chapter.

Figure 3.1 shows several of the standard loading paths that are possible

with the testing machine in the static cor?fi guration. One possib le load

pa th , denoted as isotropic , is the one for which the vertical and lateral

pressures are increased at the same rate , i.e., tile stress state is hydro-

static. This simulates tile symmetric pressure from end—on loading of a

deep—based structure . Another possible load pa th , denoted as uniaxial

strain , is the one f o r  which the ver t ical and la tera l  pressures are such

that the radial displacement on the latera l surfaces of the specimen is

zero. This simulates the side—on load ing of a deep—based structure , in

which the strain field in the rock is nearly uniaxial. A third possib le

pa th , denoted as triaxial , is one for which the loading is isotrop ic

initially , and then the latera l pressure is held constant and the vertical

pressure is increased . This load path is the same as that followed in the

standard triaxial test of geomechan ics . The final load path shown , deno ted

* The hydraulic system and the remote control and data acquisition unit for
static testing were paid for with SRI T nternational capital funds.
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FIGURE 3. 1 SCHEMATIC SHOWING SEVERAL STANDA RD LOAD PATHS
FOR STATIC TESTS

as uniaxia]. stress , is one in which the v e r t i c a l pressure  is increased

while the lateral pressure is held at zero. This load pa th is a special

case of the triaxial load paths , i.e., one in which the isotropic loading

portion has been eliminated .

For al.l but uniaxial strain loading, the load path is well determined

before the test starts , and the operator simply controls the lateral and

ver tical pressure pumps manualllv. For uniaxial strain loading, the load

pa th  is de termined  d u r i n g  the tes t  by the  d e f o r m a t i o n  of the  specimen .

If , f o r  example , at some po in t  the  specimen is unde rconf ined , i . e . ,  the

la te ra l  s u r f a c e  of the specimen has undergone an ou tward r a d i a l  displace-

men t , then the lateral confining pressure must be inc reased until the

radial displacement is reduced to zero.

For uniaxial strain loading in our machine , the ver tical and lateral

pressures may be controlled either manually or automatically . For manual

control , the outputs of two of the strain gages mounted on the specimen

are fed into BUt model 1200A digital strain indicators. The output of
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the strain indicators is averaged and then used to deflect a pointer—and—

scale meter . A positive deflection means that the specimen is under

confine d and the lateral pressure must be increased; a negative deflection

means that tile specimen is overconfined and the vertical pressure must be

increased . In the automatic control mode , the outputs of the strain gages

mounted on the specimen are fed into the BLH digital strain indicators

iust as in the manual control mode. However , in addition to deflecting

a meter , the average output of the strain indicators is fed into a com-

parator circuit , which compares the averaged output of the strain gages

with the upper and lower allowable limits of lateral strain selected be-

fore starting the test. If neither limit has been exceeded , the pumps

continue operating as they were before the comparison. If one of tile

limits is exceeded——for example , tile upper limit , indicating that the

radial expansion of the specimen is greater than desired——then the vertical

pressurc pump is stopped and t h e lateral pressure pump is allowed to con-

tinue . When the lowe r limit on lateral strain is reached , the lateral

pressure pump is stopped and the vertical pump is started . In tilts way ,

tile lateral and vertical pressures increase so that the load path in the

~H 
— P~, p lane oscillates between two curves that hound the uniaxial strain

load path from above and below . It is necessary that the upper and lower

limits be small so that the deviations from uniaxial strain do not si g-

nificantly influ ence the tunnel deformation.

3.2 MACH I NE ASSEMBLY FOR STATIC TESTING

An assembly drawing of tile testing machine in the static triaxial

confi guration is shown in Figure 3.2. For the most part , the machine

parts and stacking sequence are the same as for the two dynam ic con-

figurations. The only diff erence is that there is a new p lat e that re-

places the lateral chamber reducer ring and the Bellofram assemb ly , wh ich

are at the top of the lateral chamber in the dynami c isotropic configuration.

This change is necessary because of tile difference in load ing techniques

between the static and dynamic tests. The new part , the static top vertical !

latera l seal plate , part 27, is shown in i - ’igure 3.3. This plate has two

functions . The first is that , in conjunction with the copper cap and 0—ring
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shown , it seals the vertica l loading fluid from the lateral loading

fluid . Its second function is to provide f o r  the app l ica t ion  of the

vertical loading pressure through the small , 1/8— inch (3.2—mm) diamete r

port shown in Figure 3 .4 .  The latera l pressure  is applied through a

similar port in the lateral chamber ring .

Af ter the testing machine has been assembled , th e  pressure lines

from the h ydraul ic  system are connected to their respective ports in the

upper two rings of the lateral chamber. The hydraulic system is mounted

on a ca r t  f o r  mobi l i ty  on the test  pad .  The ca r t  and testing machine are

shown in Figure 3.5. The hydraulic system can he controlled from the

cart , but only to a limit of 5 ksi (35 MPa) by safety switches that cannot

be overridden by a remote operator in the bunker until tile loca l operator

at the cart relinquishes control.

3.3  INSTRUM E NTATION AND TEST PROCEDURES

The instrumentation used in the static tests is much the same as

that used in the dynamic tests. The major change is that different

pressure gages are used because of the long duration of the static tests.

The t ime constant of the charge amp lifiers tilat are used in conjunction

with the pressure gages in the dynamic tests is much too short for use in

static a p p l i c a t i o n s .  T h e r e f o r e , s t r a i n  gage r a t h e r  tilan piezoelectric

pressure cells are used to measure the pressures applied to the specimen

in the  s t a t i c  tes ts .

F igu re  3.6 gives a b l o c k  d iagram of the  remote  c o n t r o l  and da ta

acquisition system . The hunker contains power supp lies and amplifiers

for the instrumentation , data recording and disp lay un its , and an oil

pressure control panel (all of which w i l l  he discussed later) , as we l l

as an air regulator to control the air pressure ~‘pplied to tile hydraulic

pumps . O u t s i d e  the bunker , on the cart , there is another air regulator

that is used to control the air pressure supplied to the pumps when the

hy draulic system is being operated from the cart. The two pumps on the

c art are Sprague S—2l6C air—driven , r ec ip roca ting h y d r a u lic pumps wi th
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FIGURE 3.5 TESTING MACHINE WITH CART CONTAINING HYDRAULIC SYSTE M THAT
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a multiplication ratio of 300:1. These pumps are capable of supplying

pressures up to 30 ksi (0.21 CPa) wi th  a 100—psi (O.7—MPa) line pressure

at the test site .

The schematic  of the hy draul ic  system is also shown in Figure 3.6.

The two air—driven hydralic pumps are mounted on the cart as previous ly

mentioned. The pumps share a common 10—gallon oil reservoir that is also

mounted on the c a r t .  Pressures are t r ansmi t ted  f rom the pumps to the

testing machine by standard 65,000—psi (0.45—CPa) pressure tubing. The

pressure in the vertical and lateral pressure supply lines is determined

by standard dial gages mounted on the cart. Electronic pressure trans-

ducers mounted on the testing machine are used to measure the pressures

actually app lied to the specimen .

The lateral and ver tical pressure supply lines can be tied together

by a solenoid—pneumatic , piston—type valve that Is remotely activated .

In this way , either one or both pumps can be used to apply isotropic

loading to the specimen . To perform a triaxial test this valve is

initially open and the vertical and lateral pressures are the same. When

the desired level of confining pressure is reached , the valve is closed

and , if both pumps are operating , the lateral pressure pump is stopped.

The v e r t i c a l  pressure pump cont inues  to operate , inc reas ing  the ver t ica l

pressure to complete the test.

To relieve the pressure on the specimen , a solenoid—pneumatic ,

piston—type valve is opened in each line , and the high—pressure oil is

released into a common 5—gallon dump mounted on the cart. The flow

ra tes thr ough these valves are con t ro l led  b y t h r o t t l e s  so t h a t  the un-

loading can be con t ro l l ed .  This is especially impor tan t  i f  the load ing

on the specimen is to be cyclic , because the unload path can be selected

and automatically controlled as well as the load path .

Figure 3.7 shcws a schema tic diagram of the remote control and data

acquisition system . This Includes the power supplies and amplifiers for

the instrumentation and the data recording and display units. The loading

pressures are controlled through the pressure control panel in either
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FIGUR E 3. 7 SCHEMATIC DIAGRAM OF THE REMOTE CONTROL AND DATA ACQUISITION
SYSTEM
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the automatic or manual mode . Figure 3.8 shows a photograph of the
control panel. If the test is being run in the manual mode , the opera tor
increases the pressures simultaneously or independently. If the loading

path is to produce uniaxial s t ra in  in the specimen , the operator  must

wa tch  the meter  in the center  of the panel and control  the pressures

so that the needle does not deflect far from its null position. If the

tes t is being run in the au toma tic mode , the pressures applied to the
specime n increase along the load path required fo r  un iax ia l  s t r a in .

Should the objectives of a particular test require that after a certain

point the load path deviate from uniaxial strain loading , the automatic

control can be overridden and the pressures increased manually .

Data f rom the test  are handled in several  ways . Data  are displayed

by meters in normalized digital form (up to 16 channels) for evaluation

by the operator  as the test  proceeds . The da ta  are recorded in analog

form on tape (up to about 30 channels). From here the data can be

dig itized and reduced for complete analysis later. Limited data may also

be recorded in analog form using an X ,Y plotter. Typically , this migh t

be the applied la teral pressure or the tunnel closure as a function of the

applied ve r t i ca l  pressure.  Data are recorded in di gital form with a
d a t a — l o g g e r  tha t  p r i n t s  out the data (up to 20 channels) at regular inter-

vals or at the command of the  ope ra to r .
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APPENDIX A

MEASURED MACHINE STRAINS AND ESTIMATED CAPABILITIES

A . l  INTRODUCTION

This appendix presents a summary of several of the larger—scale

testing machine capabilities . The first to be discussed is an estimate

of the life of the testing machine based on records of strain in the

machine during several dynamic tests . The second capability is the

pressure that ~an be applied to tile specimen in a dynamic triaxial test

as a function of the mass of the explosive charges . Finally, the peak

vertical and lateral pressures that can he applied to the specimen in a

static test are estimated .

A. 2 MEASURED MACHINE STRJ\ [NS

Strain gage records from gages mounted on the testing machine during

a dynamic calibration uniaxial strain test , LDCUX—2 , are shown in

Figures A .1 and i.2. The peak vertical and lateral pressures app l ied to

the specimen in this test are 5 ksi (34.5 MPa) and 1.6 ksi (11.0 MPa),

respectively . The records shown in Figure A .l are from the two strain

gages mounted in tile center of the upper surface of the top end plate.

The zero level for tile testing machine strain gages in the dynamic tests

is tile s t r a i n  in duced  by t he  p r e l o a d i n g .  For t h e  two gages ~-:hose ou tp u t

is shown in  F igu re  A . l , ti le zero corresponds to a tens i le s t r a i n  of 0 .092 Z ,

determined from static readings taken before and after the mach ine pre—

loading sequence. Therefore , the peak s t r a i n  in tile center  of the upper

surface of tile top end plate during the test is about 0.2%. This corre-

sponds to a maximum stress of about 60 ksi (0.91 CPa), safely below tile

l00—ksi (0.69—CPa) yield stress of the T—l steel of which the p late is

made . Results from several tests indicate that the  strains in excess of

t i le s t a t i c  0 .092% prestress vary linearly with the app lied ver tical
pressure , as is expected for linear elastic response . Assuming this

t rend con t inues  to h igher  pressures , the top p la te  w i l l  not yield fo r

applied ve r t i ca l  pressures less than 11.2 ksi ( 7 7 . 2  MPa) .
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FIGURE A,1 STRAIN GAGE RECORDS FROM LDCUX-2. GAG ES
MOUNTED IN CENTER OF UPPER SURFACE
OF THE TOP END PLATE (

~ V = 5 ks i , 
~H = 1.6 ksi)
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The strain gage records shown in Figure A.2 are from gages mounted

at opposi te ends of a sing le stud . The zero level for these records is

the static strain induced by pre—tensioning the studs , 0.15% , de termined
from read ings taken before and after the machine preloading sequence .

The peak strain reached in the stud , then , is about 0.2%. This corre-

sponds to a maximum stress of 60 ksi (0.41 CPa) in the stress—relieved

diame ter leng th of the stud , well below the l8O—ksi (1.24—CPa) yield

stress of the 4340 steel used to make the s t u d s .  Resu l t s  f rom several

tests indicate that the dynamic component of the strain in the studs

varies linearly wi th the applied ver tical pressure , as did the strain

in the  top end plate . However , a t  the l l . 2—k si  (77—MPa) limit for

elastic response in the top end plate , the stress in the studs is only

80 ksi (0.54 CPa).

A . 3  ESTIMATE OF MACHINE LIFE

Analysis of similar strain data from this and other tests suggests

that , in addition to the s t r e s ses  in the top end plat e , low cycle fatigue

of the studs is a limiting constraint on operating pressures. As iust

described , the s tud  loading consists  of the s t a t i c  p r e — t e n s io n  p lus  an

oscillatory stress induced by the explosions in the cilarge chambers.

Since the maximum stress in the studs is well below the yield stress

of 180 ksi (1.24 GPa), any failure would be produced by fatigue at the

stress concentrations in the threaded lengths.

The peak dynamic stresses determined from tile strain records vary

l i n e a r l y  w i t h  appl ied  v e r t i c a l  pressure , as e x p e c t e d .  About  f i v e  cycles

of stress were near the maximum value in each test. The remainder of

the 100 or so oscillations had peaks less than half the maximum value .

Assuming a desired lifetime of 500 tests , the total number of cycles at

the maximum dynamic stress is 2500 and the number of cycles at less

than half th€ maximum dynamic stress is 50,000. When we plot the two

points 
~1)’ 

2500 and 0.5 
~D
’ 50,000 on a stress versus cycles—to—failure

diagram for high strength ste — l , we find that low cycle fatigue at 2500

cycles is by fa r  the more cr itic al cond it ion over hig h cycle fa ti gue f rom

the 50 ,000 low—stress oscillations .

___________
- 
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Figure A.3 shows a Coodman diagram for 4340 steel with ° lt 
= 185 ksi ,

(1.28 CPa). Assuming that the low cycle fatigue limit is 0.8 
~ult 

and

that the stress concentration factor at the bolt threads is k 3.5

(a reasonable value for American National threads), then the operating

point defined by the 45—ksi (0.31—CPa) stati c stress and the dynamic

stress 3.5 x 33 ksi (0.23 CPa) = 115.5 ksi (0.8 CPa) lies on the low cycle

fatigue limit. As mentioned in the previous paragraph , the vertical load-

ing pressure that corresponds to a dynamic stress of 33 ksi (0.23 CPa) is

11 ksi (76 MPa) . Therefore, the machine can be operated indefinitely

(perhaps a thousand or so shots) at the ll—ksi (76—MPa) level.

A.4 EXPLOSIVE REQUIREMENTS

The explosive used to provide the loading pressures in the dynamic

tests is a low—density mixture of PETN and microsphe res , 9 to 1 by weight.

Microspheres are tiny , inert plastic spheres that are mixed with the PETN

to slow the rate of detonation and reduce the initial explosive pressure

f rom more than 200 kbar  (20 CPa ) d own to about 7 kbar (0 .7  CPa ) .  The

PETN/microsp here mix tu re  is packed in to  cylindrica l paper canisters to a

dens i ty  between 0.235 mg/mm 3 and 0 .245 mg/mm 3 . The amount  of exp losive

that must be used to obtain  a spec i f i ed  loading pressure is shown in

Figure A.4 for both the vertical and lateral charge chambers .

The solid symbols in Figure A .4 are results of computer simulations

of the explosive gases f l o w i n g  f rom the charge chamber , through the

orifice p late, into the mixing chamber , througil the baffle plate , and

finally loading the specimen . The results indicate that the peak pressure

obtained increases linearly with the charge mass for both chambers , and

that the peak lateral pressure is slight ly higher than the peak ver tical

pressure for the same size explosive charge .

The open symbols in Figure A.4 are results from two dynamic uniaxial

strain tests , LDUX—9 and LDUX—lO . Results from tile firs t eigh t tests

are not plotted because in those tests the area of the unconstricted holes

through the orifice plates was much larger than that of the constric ted

holes in the last two tests. The calculated pressures are for the current
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hole configurations in the orifice plates and vent rings , and to compare

these calculated pressures with those obtained in the firs t eight tests

is not valid . Agreement between the calculated pressures and the ex-

perimental results is very good except for the vertical pressure in

LDUX—9 , where the experimental result is about 15 percent lower than the

calculated pressure . The difference is attributable to observed venting

of the vertical chamber , which reduced the applied pressure .

To be consistent with the constraint imposed in the previous section ,

namely , tha t the vertical pressure applied to the specimen should not

exceed 11 ksi (76 MPa) for extended machine life , then the larges t charge

that may be placed in the vertical charge chamber is 2.28 kg. Further ,

to achieve a vertical pressure equal to 1 kbar (100 MPa), the charge mass

required is 3.00 kg, assuming that the charge chamber does not vent.

A.5 ESTIMATED STATIC CAPABILITIES

The maximum pressures that can be app lied to specimens in static

tests are estimated by equating the force provided by the studs that hold

the machine together with the force due to the loading pressures tending

to separate the rings . The force holding the machine together after the

hydraulic nut preload is transferred to the mechanica l nuts is

F = 3.4 x 106 lb (15 x 106 N) (see Section 2.3). The maximum lateral

test chamber pressure that can be contained by this force (for example ,

in a hydros tati c test) is de term ined by tile area circumscribed by the

0—rings between test chamber rings . These 0—rings have a diameter of

14.2 inches (0.36 m). The chamber pressure to burst the 0—ring (separate

the test machine rings) is therefore p = 4F/-D = 21.8 ksi (0.15 CPa).

If the test is performed with the hydraulic nuts sti ll pressurized , tile

reac ti on force is 20% larger , so tha t the bursting pressure is incr eased

to 26.2 ksj (0.18 CPa). However, in ei the r  case , we would use a safety

factor of 1.25 (remote machine operation), so that the operating pressures

are 17.4 ksi (0.12 CPa) wi th mechanical nuts and 21.0 ksi (0.15 CPa) with

tile hydraulic nut pressure maintained.

1~
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For uniaxial strain and triaxial tests , the required lateral chamber

pressure is usually much less than the vertical chamber pressure , so that

vertical pressure is the controlling limit. The vertical chamber 0—rings

a’~e at the 12—inch (0.3—rn) diameter of the test rock; therefore , the

ver tical chamber burs t pressure is 4F/-rD’
5 

= 30.5 ksi = 2.1 kbar (0.21 CPa).

Thus, static uniaxial strain tests to the 2—kbar level are within the

machine ’s capability . This assumes, of course , that the lateral confining

pressure does not exceed the 1.2— or l.5—kbar (0.12— or 0.15—CPa) limit

of the lateral chamber .
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APPENDIX B

MACHINE PARTS

This appendix contains a list of all machine parts, the part numbers,

the drawing numbers , and a few other pieces of similar information. - -

Figure B.1 shows an assembly drawing of the testing machine in the dynamic

triaxial configuration. Each machine component is identified by its part

number , which may then be used to find information regarding that part in

one of the two parts lists included in this appendix. The first of these

lists (Table B.l) includes parts numbered 5 through 59; the second

(Table B.2) includes parts 100 through 112. The parts contained in the

first list were fabricated especially f or this testing machine , whereas

the parts contained in the second list are commercially available .

t
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