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Chapter 1

INTRODUCTION

1.1 General

The study described in this report is a continuation of the study

reported by Heuer and Hendron (1969) and Heuer and Hendron (1971). In the earlier

phases of this study the similitude requirements for model tests of tunnels in

rock were set forth which required that a special model material be developed in

* order to conduct tests at reduced stresses in the laboratory. A material with

the desired characteristics was developed on this study (Heuer and Hendron 1969,

1971) and represents a significant step forward in the elimination of a

factor which had violated similitude conditions in model tests of previous investi-

gators. After the strength and stress-strain properties of the model material

were fully documented under various states of stress, techniques were then developed

for constructing solid models which contained unlined tunnels. Concurrrut with

the development of techniques for constructing the model, methods for instrumenting

the models were developed to measure the strains and displacements in the model

as it was loaded in a plane strain loading frame developed on this study (Heuer

and Hendron, 1971). After the required techniques were developed for constructing

mid testing these models, a series of model tests 'vas conducted on lined and

unlined tunnels in solid models of the artificially prepared model rock material.

The behavior of the unlined tunnels is reported by Heuer and Hendron (1971).

The test variables investigated in this study include the principal 4Lress ratio

and the liner stiffness. A summary of all tests conducted on solid blocks is

shown in Table I.

Arter the touts;t on soliAd tnade1s were compn1leted a considerable effort on this

study was directed toward the construction of Jointed models containing lined

tunnels. uccessful techniques were eventually developed for constructing Jointed
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models and a test series was conducted where the liner stiffness, the ratio of

Joint spacing to tunnel diameter, and the direction of the applied principal

stresses with respect to the Joint pattern were varied. A list of the tests

conducted on jointed models is given in Table 2.

1.2 Scope

In this report an analysis and comparison of the tests on lined tunnels in

solid blocks is given in Chapter 2.

The techniques for constructing and instrumenting jointed models is given

in Chapter 3.

The results of initial tests on lined tunnels in jointed models are presented

and discussed in Chapter 4.

In Appendix I a series of special tests on model silos in solid rock

modeling material is presented and discussed.
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Table 1

Tests on Solid Blocks

Test Block Tunnel Liner N=ah/a Maximum
Number Diameter Pressure

psi

TB #1 No tunnel -- 1 1000

TB #2 No tunnel -- 1 1000

TB #3 4" unlined 1 1000

TB #4 4" unlined I/4 1000

TB #5 4" unlined 1/4 1000

TB #6 4" unlined 2/3 1000

*TB #7 4" steel 1/4 I000
t = 0.065"

r. EI/R 3 = 86 psi
Et/R = 975.000 psi

TB #8 2 1/2" wulinod 1/4 1000

*TB #9 1" steel " 1000
t - 0.120":

13-/3 = 54O psiE~t/11 =,C001,000 psi

*TB #10 4" steel 1 1000
t - 0.0651"
3 - 06 p-'

Et/R 975 ,00 psi

TB #11 4" 2/3 1000

T13 #12 a ion1 1000
t w 0.035

Et/H X.V,000 1i

"TO #13 h"alu.mblum 2/3 1.30
t = 0.03S' -

* ~jj ~ 'or l RI~ nort.50O
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CHAPTER 2

RESULTS OF SMALL SCALE MODEL TESTS OF LINED TUNNELS IN INTACT ROCK

2.1 Gen a!

During this study 6 tests were conducted with lined openings of

varying stiffness in intact modea rock material. The models were pro-

pared in exactly the saue manner as the intact models described by

Heuer and Hendron. 1971, except that an instrumented tunnel liner

was inserted and grouted with sufaset as described in Chapter three.

In these tests (tests 7, 9, 10, 11, 12, and 13) both the liner stiffness

and the ratio of the applied principal stresses were varied as show

in Table 1. In the following sections a detailed discussion is given"

of the sweaureffents made in somW of the tests and wapavisons are ad

which reflect thei nfluenco of the liter stiffness and -the princizipal

-stress ratio on the behavkr Cxtparison are also Madte between the-

observed diait cha"Yes nd the diat a e changst calculated fro* both.

olaitiC d elsw-plastk calculation, in Seetini 2.

* 2.2 IW'1n Tye. il l poia TI~N Lt~ied Opetwni& in S-lid Ttsr *

ThWll wat woited with a tnedliner1of thickneos O0069' 4ta

principal tdi ratio (N = ho/V) of 2/3. The 019K3 value of the

liner was'86 pil per lileial iich of lie and wth EtIl/ value was 1 106

psi. In thi test the liner was instiuaeted witli twdty-four 51-4

strain 9a,;os, twlew on the insolde and tw d v ot th outside of the

tuntinl linsor. Sit e en o( these SaVge were located at Section 1, ad

. the reemainint eight were located at S-.,.ilon it. At S-I.tiI 1 tie

mii• •m tl4i • I I • • i 1 N
•

I
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gages were spaced 450 apart on the circumference whereas at Section 11

they were spaced at 900 as shown in Fig. 1. Sections I and 11 were

spaced 2" apart at the midlength of the tunnel (Fig. 2). Each gage

was identified by specifying the section and location at which it was

placed. These gages were used to estimate the moments and thrusts

induced in the liner as it was loaded by the medium during the test.

The changes in the diameter of the tunnel liner were also measured

during the test using berrylium-copper clip gages located at the spring-

line, crown-invert section and at the 450 lines, as show in Fig. Ia.

These clip gages have been described previously (Heuer and Uendrtn,

1969). Th e model medium was not instrwuinted to riasure free-fleid

strains. Ant estimato of the free-fleWd strins11 was Math? using thol

dato fr m W06 which was tested at the %a m N val ut with an unlined

The diauteal 0Wtvr tf obsievod in TII~l ' it*naa

pltt of dipawrkcal strainiO, vesus aiiplkd~ vert ical stress,

61 Fig. 3. ,Shrtet tlergilhogt tIVe t3 ,.

Ak& itSud undejr the iifl1u ie of thve app1iWO loading, At I~w

Atel of applhzd -tuven, t1w tpwitig itw. dia~otet also butass Io

343 the loading Is 'Wceaivd, thewrnlediatr atin

At hi.gh st rcett tp sivIlie diaicter it Coatsldeab] longtlwtcd.

it is alsio t.ciw that iiitt oras to the cruwn-Invrt aad sipril*1 Inc

dianeters, the two 45~ diametoes essgr-el'icd coatsideirilbl st.aMer 4mots

of straitt. Even thaoh diametrcA exteontols 03 and 05 0hou1

theoreticallyV qle Oct sawo.aknhu there is a ioajtl .$aoonl Ut

stter ite test results' obtajined4. but the, deoreeV Of S'cattvr lb

". .• .. .. . . . . ,
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well within the range that is usual in model tests of this type.

Thrusts and Moments in the Liner

Thrusts, T, and Moments, M, in the liner were calculated from the strain

readings of the gages placed on the inside and outside of the liner, using

the following equations:

T = + ~E 1

2

Et

( ' Et2 (2)

where eI and e0 are the circumferential strains at the 'inner' and 'outer'

fibers of the liner, E is the-modulus of elasticity of the liner material

and t is the liner thickness. The modulus of elasticity of the steel

liner was assumed to be 30 x 106 psi. The-maximum measured fiber strain

did not at any time exceed the yield straiin of the liner material, in-

dicating that the liner remained completely etastic throughout the test.

The thrusts and moments calculated for the different gage locations were

then plotted In dimensionless form as , and T Rsus the applied

pressure, a. . Compressive thrusts were considered to be positive. Moments

were considered positive when they produce compression In the outer fibers.

The variations of thrusts with applied pressure at different positions

of the liner of TB#ll are shown In Figs. 4 through 7. At most of the gage

locations the average dimensionless thrust increased approximately

linearly with Inc-easing stress level. Ninety percent of the thrust

measurements fell into a relatively small band as shown in Fig. 7. The

average dimensionless thrusts varied from approximately 0.5 at v 100 psi

to approximately 0.8 at av 1000 psi. This means that the lincr

was not as stiff as the model rock mass adjacent to It so



that a portion of the load applied over the tunnel was arched around

the liner. At lower stress levels approximately 50% of the load was

arched around the liner. As the free-field stress level increased, the

stiffness of the model rock material decreased and therefore the liner

picked up an increasing percentage of the load applied on the tunnel.

At the highest free-field stress level tested (av = 1000 psi), the

liner carried about 80/0 of the applied load on the tunnel.

The variations of dimensionless moments at different gage locations

for TB#ll are shown in Figs. 8 through 11. Dimensionless moments at

the crown and invert remained almost constant throughout the loading at

-2an average value of 0.05 x 10- . At the springline also, the dimen-

sionless moments remained almost constant throughout the test and had

an average value of about .025 x 102. At the 450 sections, the dimen-

sionless moment values increased almost linearly with increasing stress

-2 -2
level from approximately 0.05 x 10 at a,,= 100 psi to about 0.15 x 10

at av = 1000 psi. Ninety-five percent of all the moment measurements

fell within a horizontal band as shown in Fig. 11 with'an average value
I2

of about 0.05 x 10-2.

- -Heretofore (Tests 7, 9, and 10) all the liners tested had about the

same or a higher-stiffness than the medium. It was considered desirable

to conduct tests with liners having a circumferential stiffness less

than that of the medium. Accordingly, two tests (TB#12 and 13) were

conducted on solid test blocks wit' aluminum liners having an Et/R

value of about 1/5 of the modulus of the medium.

Test Block #12

1'B#12 was tested with an aluminum liner of thickness 0.035" at a
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principal stress ratio of 1. The El/R3 value of the liner was 5 psi

per lineal inch of liner and the Et/R value was 175,000 psi. Radial

displacements and strains were measured by means of buried extensometers

and strain gages as had been done in the earlier tests. The diametrical

changes and circumferential strains in the liner were measured by means

of st-rain- gages and diametrical extensometers located as shown in Figs.

1 and 2. The performance-of all the strain gages and extensometers

was quite satisfactory.

For TB#12 the free-field strains were estimated from three independent

monitoring systems: (1) using internal rosette strain gages located

within the block (Heuer and Hendron, 1971); (2) using an extensometer

which was positioned within the tunnel and-which measured the distance

between two 5/32" diameter drill rods extending back through the tunnel

and anchored into the test block; and (3) having two extensometers

-located outside the block to measure the relative movements of two

points located in the medium. Figure 12 shows the arrangement of the

extensometers for measuring free-field strains. The extensometers

were positioned along the crown and invert of the tunnel.

The diametrical movements observed In TB#12 are presented as plots

of diametrical strain, zD/D, versus applied stress, a'v (Fig. 13).

Since the loading is hydrostatic, theoretically the diameter changes

along the crown-invert, springline and the 450 lines should be equal.

But the test data show some scatter, especially at higher levels of

loading. The exact reason for this scatter is not known; however, the

degree of scatter:is not very large and the average of the four dia- A

metrical extensometer readings may be taken as the most probable value
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of the diametrical strain of the liner. This average value of dia-

metrical strain is plotted against applied vertical stress in Fig. 14.

The average diametrical strain of the tunnel liner :an also be plotted

against the vertical free-field strain, cvff in the medium, a. shown in

Fig. 15. The solid line showing the relationship obtained-from test

measurements is essentially linear, thus suggesting an essentially

elastic behavior of the lined openings. An elastic analysis of the

lined opening has been made using Savin's elastic solution and the

results are shown by the dotted line in Fig. 15. It is clearlycapparent

that the actual measurements are very nearly the same as those predicted

by theory.

The plots of dimensionless quantities T/av.R and M/a vR 2 against

the average model pressure have been presented in Figs. 16 through 18.

At all gage locations the average dimensionless thrust increased

approximately linearly with increasing stress level, from approximately

0.28 at a = 100 psi to approximately 0.62 at ov = 1000 psi. This

may again be explained by the fact that the stiffness of the liner

relative to that of the model rock material increased with increasing

free-field stress level because of the nonlinear stress-strain properties

of the model rock material. Since the loading was hydrostatic (N = 1)

the average dimensionless thrust values should be about the same at

crown and Invert, springline and 450 sections. This was found to be

true. Similarly a hydrostatic loading should theoretically produce no

bending moments In the liner, and this situation was approximated very

closely. The dimensionless moment values at all gage locations were

very small. At the springline, crown, and Invert, the observed moments
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were negative.

Test Bjock #13

TB#13 was tested with an aluminum liner having a thickness of 0.035"

at a prinicipal stress ratio of 2/3. The diameter of the tunnel was 4".

The E1/R3 value of the liner was 5 psi per lineal inch of liner and the

Et/R value was 175,000 psi.

The diametrical changes and the circumferential strains in the

liner were measured, as in the previous tests, by means of diametrical

extensometers and strain gages located as shown in Figs. 1 and 2.

The free-field strains were measured by means of external extensometers

located in the test block as shown in Fig. 19. A total of sixteen

extensometers were used: eight were placed in the simulated vertical

stress direction and the other eight, in the simulated horizontal

stress direction. The free-field strains were estimated by measuring

the changes in length of two sets of lines having gage. lengths of 14"

and 18"1 respectively. There were eight measurements of free field

stralns, four in the vertical direction and four In the horizontal

direction.

The diametrical strains measured in TB#13 are plotted versus the

applied vertical pressure as shown In Fig. 20. This is the first test

In the series where the applied vertical pressure was Increased to 1300

psi before unloading. Figure 20 shows that the tunnel liner undergoes

a decrease In the diameter at all sections. The diameter decrease Is

a maximum at the crown and Invert section and Is a minimum at the

springlines. The diameter decrease along the 450 sections is inter-

mediate between those two extreme values.
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Figure 21 shows a plot of diametrical strain versus vertical free-

field strain. This plot also illustrates that the decrease in diameter

is a maximum at the crown-invert section, a minimum at the springlines.

and an intermediate value at the 450 sections. Figures 20 and 21 also

indicate that the diametrical strains are almost proportional to the

applied pressure at low levels of loading and that with increasing stress

lev-l the behavior becomes more and more 'nonlinear. For the given

test conditions the rate of decrease of diameter is a maximum at the

crown-invert and a minimum at the springline.

The plots of dimsionless thrusts T/Ov.R against the average:vertical

model pressure a v have been presented in Figs. 22 through 24. These

plots show that the dimensionless thrusts at all sections of the liner

increased almost linearly with Increasing model pressure. The dimen-

sionless thrusts are much lower for TB#13 than they were for T8ill

(Fig. 4 through FIg. 7) which was also tested at a principal stress

ratio of N 2/3. The thrusts in the liner in TB#13 were lower than

for TB#ill because the circumferential stiffness of the liner (Et/R

175,000 psi) was lower than the circumferential stiffness of the liner

in T8#il (Et/R = 975,000 psi). Comparisons between Figs. 22 through

24 show that the highest thrusts are at the springline and the lowest

thrusts are at the crown and invert with Intermediate thrust values at

the 45 sections. Test block #12 had an aluminum Iiner of the :same

stiffness as TB#l3; the only difference between the two tests was that

TB#12 was tested at N I and TIWII3 was tested at N = 2/3. 1he dimen-

sionless thrusts in TBII12 increased linearly with loading from about

H i0.25 at 50 psi model pressure to 0.6 at 1000 psi model pressure
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(Figs. 16 through 18); whereas, the dimensionless thrusts in TB#13

increased from only about 0.15 to.0.3 over the same range of vertical

model pressure. Thus, it appears that the ovaling due to bending

stresses In the liner tested at N = 2/3 (TB#13) resulted in some arching

which tended to reduce the thrusts in the liner to values below the

case for N = 1 (TB#12).

2.3 Behavior of Lined Openings

Based on the results of tests on lined openings it is poss~ole

-to make some comparisons and to draw a few pertinent conclusions re-

j :< :arding the behavior of lined openings, under plane strain conditions.

.4 ' Diameter Changes

• A liner generally increases the stability of an opening and the

opening under the same loading conditions. For loadings at a principal

'..stress ratio N 1 the liner Is In compression without significant.1 ..heidizg d the liner in turn exerts a compressive radial pressure on

the-edium surrounding the tunnel. This causes an Increase In the

sradial 't-resses throughout the medium and a decrease in the circum-

.ierop:Oal stresses near the tunnel. Thus the principal stress difference

I-I~s loWered (especially near th. tunnel) and thereby the severe stress

condi/tion which would have developed in the unlined case, Is eliminated.

Irk general, the stiffer the liner, the smaller Is the diametrical strain

of the liner as shown in Fig. 25. The curves for TB#3 (unlined tunnel)

and TOM-I2 (EI/R 3 = 5 psi) almost coincide until av 600 psi; thereafter

tthey diverge. Thus, it appears that the aluminum liner In TO#12 was
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not effective in reducing the diametrical strain until a stress level

of 600 psi was reached. Above this stress level the diameter changes

in the unlined opening increased at an increasing rate with pressure

because of the dilatancy associated with local failure of the material

at shallow depths behind the tunnel wall. The confining pressure provided

by the liner apparently was sufficient to considerably reduce the depth

to which the material was failing and thus reduce the diameter changes

due to the dilatancy of the failed rock material around the opening.

Below 600 psi both the liner and rock were behaving almost elastically

and the liner in TB#12 was not stiff enough to reduce the diameter

changes to values below those measured in the unlined tunnel (TB#3)

at pressure levels below 600 psi. This behavior is very reasonable

because the circumferential stiffness of the aluminum liner in TB#12

was only 175,000 psi while the stiffness of the model was about 625,000

psi.

The diameter changes shown In Fig. 25 for TB#1O definitely show the

effect of a stiffer liner In reducing the deformations. For TB#1

the value of Et/R of the liner was 975,000 psi (Table 1) as compared

to lhe stiffness of the model of about 625,000 psi.

For a loading at N l, the liner deforius into an elliptical shape

where the diaeter parallel to the timximum free-field stress shortens.

The change in the diameter at right angles to the maximum free-field

stress depends on the value of the principal stress ratio, N, and the

stiffness of the liner used. In general the lower the value of N, the

greater is the tendency for the springline diaimeter to increase in

length as illustrated in Fig. 26. Figure 26 shows the relationship
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between diametrical strain at springline and the applied vertical

pressure, for three different tests (TB#IO, #11, and #7) conducted at

N-values of 1, 2/3 and 1/4 respectively. The characteristics of the

liners used in all these three tests were the same (Table 1). The

springline diameter for the hydrostatic case (TB#10) continued to de-

crease in length with increasing stress level. On the other hand, for

TB#7 (N = 1/4), the springline diameter lengthened throughout the test.

The increase in the length of the springline diameter was also much

more for TB#7 with N = 1/4 than for TB#10 with N = 1. For the inter-

mediate case of TB#li with N = 2/3, the springline diameter decreased

in length at low stress levels but at high stress levels the trend

reversed and the springline diamete! increased. At a pressure level

of 1000 psi on TB#ll, the diametrical strain at the springline was of

the order of 2000 a-In/in.

Figure 27 shows the variation of diametrical strain between the

crown and the invert, for the three tests discussed above (TO/17,

TB/tO, TB/Ill), with increasing stress level for three values of N

(N I, 2/3, and 1/4). In the case of hydrostaLic loading (N 1)

the diametrical movement Is minimal. At any given pressure, as the value

of N decreases, the shortening of the crown-invert dianeter becomes

greater. The diametrical strain at the crown-Invert section for TB//7

with N 1/4 was found to be about 27 times greater than that for

TBitO wiLh N 1. The corresponding dia~ti.trlcal strain for TB/ll

with N 2/3 was approximately 5 times as great as that for TW1/O with

N 1.

The variation of diametrical strains at 450 sections is shown in'
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Fig. 28 for TB#10 (N = 1), TB#11 (N =2/3) and TB#7 (N =1/4). In

general, the diametrical strains at 450 sections remain smaller than

those on the crown-invert and springline diameters for the same liner

stiffnesses and loading conditions. In TB#7 with N = 1/4, the 450

sections showed an increase in diameter at all pressures while in TB#l0

with N = I, the 450 diameters decreased during the entire loading from

0 to 1000 psi. In TB#ll with N = 2/3, the 450 diameters increased

at low free-field stress levels but decreased In diameter as the stress

level was increased. In Figs. 29 through 31 are shown the comparisons

of the model pressure-diametrical strain relationships at N = 2/3 for

different values of the liner stiffness. The data for these plots

have been obtained from test results of TB#11 and TB#13 which have

been tested at N = 2/3, with liners having stiffness values (El/R
3)

of 86 psi and 5 psi respectively. The results of the test at N * 2/3

on TB#6 with an unlined tunnel have also been plotted in these figures

for comparison.

These plots in 9eneral show the considerable reduction in diametrical

strains due to the provision of a liner. When the tunnel tends to close

in due to the applied free-field pressures the liner is strained and

the liner In turn exerts a radial pressure on the medium which increases

its strength. This changes the pressure distribution around the tunnel

toward a more stable distribution. The resulting dianetrical strains

are considerably smaller than those of an unlined tunnel.

In Fig. 30 It is shown that T8/Ill increases in diaioter at the

springline (after an initial decrease) whereas TS#13 with a thinner

liner decreases in diameter at the springline throughout the loading.
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springline diameter but the magnitude of the deformation is much smaller

because of the higher bending stiffness of the liner.

On Fig. 32 the diametrical changes along the crown-invert diameter

are plotted for the same three tests (TB#5, 7 and 9). All tests show

a decrease of the crown-invert diameter for the N = 1/4 loading. As

would be expected, the stiff liner in TB#9 deformed much less along the

vertical diameter than did the more flexible liner in TB#7. However,

the unlined opening did not strain as much along the crown-invert

diameter as the flexible liner (El/R3 = 86 psi) in TB#7. This behavior

probably results at lower pressures because the circumferential stresses

around an unlined opening at the crown and invert are small for a loading

ratio of N a 1/4. At higher pressures the unlined tunnel should deform

more than the lined tunnel In T6#7 (EI/R 3 - 86 psi). It appears from

the increasing rate of change of diameter with Increases In vertical

model pressure shown In Fig. 32 for the unlined tunnel at a stress level

of 800 psi that the unlined tunnel (TO#S) would have experienced larger

3
diameter changes than the flexible tunnel li neor in U 7 (ElIR3  86.

psi) If the test on MI 5 had been conducted to higher pressures.

The magnitude of the doamotrical strains along 4S sec.tiouts is

much smaller than those at the crin-lnvert or springlite (Fig. 34).

For the unlined oponing the 450 dimeter decreases in length viie that

of the lined openings (TW-7 and Ti9) increase in length. As can be
expected, the stiffer liner (TM 9) results in a smaller ont of di-

.ctrocal strain at the 45° sectiots,

it htos been observed that the stress-strain rolationiship of the

model material Is nonlonear, and that the effective ,moulus of the
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This is because the stiffer liner under vertical loading has a large

enough bending stiffness to push the medium outward at the

springline. The thinner liner has a small flexural stiffness

and thus all diameters decreased in length as dictated by the

movements of the surrounding medium. In Fig. 29 it has been

observed that. the diametrical strain at the crown-invert section for

the stiff liner is slightly greater than Lhat for the thinner liner,

This results primarily because the thinner liner is subjected to more

uniform pressures and both the vertical and horizontal diameters show

- a decrease in diameter rather than the oval) ing experienced by the

stiffer liner which apparently is subjected to more nonuniforw pressure.

At the 450,sections (Fig. 31), the diamtrical strains of the

lined tunnels are also considerably smaller than those of ite uilInod

tunnel, .Ie tunlel opening with the in lit r, (0W13). expecos.

sl iglhtly greater di amtrical strains .a t Oe 45-" lites, when ccxpred

tea tunool with a stiffer lie (1). '-

Figures 32 through .34 also siho ctpArliso similtar to dwshoe of

1Fis 2. through 31 for wolts. tited at at N va la of 1/4. 11w rest

data sww in- rhe figureto are for tests WS (Uhl Ind). YI (EIla3

36 psi) -and 109 (Clf 1 SA ^i)

As lthew in' Fig. 33 the sprItti dll tir.nr of the wtin Id opeonig

in TOWS "otliud to decre-to in legth .thr-uhot rho loading. 1110

ste.el liner ((l/ft l 36.pii) t sted io n lw or sthoed an intcese

in length of Ohe spriotjlitw dimete with incovasingq pressuro as, would

be, expected for a loadn§ig applied with N /4, lho data showt, fr the

stiff :it ;n lW$9 (E1i& 540 psi) also show a .lenotheing of the
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material decreases throughout the test. Therefore a more meaningful

cc ,iparison of the behavior of the lined openings can be made by plotting

I the diametrical strains against the vertical free-field strains in the

medium, rather than against the vertical mode) pressure. Thus the

variation of the modulus of the aedium with pressure level is indirectly

taken into account and the resulting plots are dimensionless.

Figure 35 shows such a plot of diamvtrical strain against vertical

free-field strain for tests of TBO3. TWdO and TB41Z. T8#3 conatained

an unlined tunnel whereas TIDlO and TtI2 cootained lined tunnels with

,Ell 3 values of 86 psi and 5 psi respectively, All three tests were

conducted at a principal stress ratio of N 1 I. The solid lines in

these plots denote the observed relatioaship bWeen the free-field

strain in the odol and the didtelcal strain of the tunnel. Since

the loAdisn ij shdrosttk, th di trk al stiis at the v rious

loca tinit inl11 thetwne lIersolrh rky be th fie -60.OdWever

in0 acatual wic~butewen A. %**I IaounWt of tatter wsoevd thervfore,

th aevrvalue ofrUdtrla trishv enfed ui eepai

thee pots to t Ih that the m*osttd~ di~wletrical !St eain"t fd

U-11te 4W)ke apcitgo Arei mAcb woe t40 those? predicted by nmn'14 ai

elastice theory.' The Cbhavi or of thed Wilined *~~~is tbiul

f inlastic espec IAIy at hle iOitlevels of loedlng anid thus the ute Of

iin elatic theory to predicat thle diaaoneical traint # i such A cas,

fW tw~ib gromly in error. it tcupriisoa it It set" fro" Fig. 3$j ~that the obseved and theaotca rtlatotiips (bsdot lsi

v tcct) bdtwegut Jiaavitdical sttoifl anid firee,-#ield 'itrain ini the *6&iI toe TWiIO "nd 18082, In toeetal shovw very VOod agreement1. Thi% indicatei
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that the lined openings in TB#1O and TB#12 wtre behaving almost elastically.

The difference between the observed behavior and the theoretical behavior

is well within the range of scatter in these tests. This figure also

illustrates the reduction in diametrical strain as a function of lining

stiffness.

An analytical investigation has bern carried out in an attempt to

correlate the non-linear behavior observed in these model tests on

unlined tunnels with existing uitethods for analying inelastic behavior

around tunnels. Newmark (1969) has given an elasto-plastic solution

to determine the stresses and strains around tunnels subjectud to a

hydrostatic free-field loading under plane strain conditions. The

diametrical strains as predicted by his solution, are plotted against

te estimated vercal free-fld strains as shus" II Fig, 36. In

the~se cacl tilte Stross-straill Properties of tho 'Intact odel

oaterial wore takonas E I x 10psi 0.d2. Tho aoolo of

: : iotro | i'ctlo wo o~oo 30° and the wiw ined czressive

itrength .aod was. SO pi. Th awcaiorod .d"o.etrical stEains 4Ad those

t usitt an el si theory dro also plottei on Fig. 36 tor purpo.es

e of tOliok. tek's solut iw 9it'f a closer fit to the o ,asured

data toit t he elastic ,udlutiu oo In Kwtmrk'tSsolution, the d Ilateucy

ffects* it the piostkc lone aJ iro a to be 11eo; In oth 4sr

the plastic 2041 4!s asswied to deoom withmu any Chang ttvlue

In 'os rctia£cassthis Gssiwbptiof 'I' oot valid. Itavarlably

theref i t. 4 cetin anoUt't ot iocrease itt the wolumew (dilatanty) of thw-

swdius around tW okning. Recently a solution was dvelped (keodrn

and Aiyet. £971) which takes into a ccouit the efficts o dilatancy in
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the plastic zone. The diametrical strain-free-field strain relationship,

predicted by this elasto-plastic solution with dilatancy is also presented

in Fig. 36, and it is easily seen that the agreement with the observed

behavior is better than that of Newmark's solution or the

elastic solution.

Figures 37 and 38 show the diametrical strain versus vertical free-

field-strain relationships at the crown-invert and springline sections

for models loaded with a principal stress ratio of N = 1/4. These plots

have been prepared from the test data from TB#7 (El/R = 86 psi) and

3TB#9 (El/R = 540 psi). The corresponding relationship for an unlined

tunnel (TB#5) loaded at N = 1/4 is al-so shown for purposes of comparison.

Figures 37'and 38 indicate that the behavior of the unlined tunnel is

considerably nonlinear and inelastic. For the unlined tunnel the dia-

metrical strain remains positive (indicating a decrease in the length

of the diameter) at both .he springline and the crown-invert sections.

But for the lined tunnels, the diameter at the springli.ie increases in

- :eng-h whereas the crown-invert diameter undergoes a decrease in length.

The percentage increase in length of the springline diameter for TB#7

with a liner stiffness of 86 psi was greater than that for TB#9 with

a liner stiffness of about 540 psi. For TB#7 (El/R3 = 86 psi) the

di;)metrical strains at the springline and between-the crown and Invert

were about ten times the vertical free-field strains In the model.

The aiametrical strains at the springline and crown-invert sections

3of TB#9 (El/R 540 psi) were about four times the vertical free-field

strains.

A comparison of the diametrical strain versus vertical free-field-
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strain relationships for tests conducted at a principal stress loading.-

ratio of N = 2/3 is pres(ited in Figs. 39 and 40. Figure 39 shows

that the diameter between the crown and the invert shortens for the

unlined tunnel and the tunnel liners with bending stiffnesses of 86 psi

and 5 psi. At a vertical free-field strain of 3000 p in/in the dia-

metrical strain of the unlined opening -is about six times the free-field

strain whereas the lined openings show a diametrical strainof about

one and two-thirds times the free-field strain.

In Fig. 40 the model test data show that both the unlined tunnel

3
and TB#13 with the flexible liner (El/R 5 psi) decrease in diameter

at the springline. But the stiffer liner (El/R3 = 86 psi) in TB#ll

increased in diameter at the springline. At a vertical free-field

strain of about 3000 I in/in the diametrical strain at the springline

of the stiff liner was about equal to the free-field strain whereas

the unlined tunnel showed a diametrical strain of about six times

the free-field strain. These data definitely show that when the bending-

stiffness of a liner gets sufficiently low and the circumferential

strains in the rock medium approach failure the liner will- decrease

in length on all diameters for a loading at N 2/3. A stiffer liner

-however will decrease in length along a vertical diameter and increase

-. in length along the springline diameter.

In Fig. 41 the diametrical strain between the crown and invert

for TB#ll is shown plotted versus the vertical free-field strain at a

loading ratio of N = 2/3. For this test the liner had a bending

3
stiffness (El/R ) of 86 psi. The elastic solution for this case is

shown by the dashed line (Fig. 41) which was calculated from the

4 I
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solution given by Savin (1960). The experimental data agree well with

the elastic calculatilons for TB#ll even up to strains as large as

4000 t in/in which is well beyond elastic behavior for the rock model

materials.

] 7?



24

Chapter 3

GEOMECHANICAL MODELING TECHNIQUES FOR CONSTRUCTION

OF JOINTED MODELS

3.1 General

The same loading frame was used to test jointed models which was designed

to test 24" x 24" x 8" solid models in plane strain (no strain along the axis of

the tunnel). The model tunnels tested on this study were all 4 inches in

diameter and were drilled through the center of the 24" x 24" faces. Thus, the

model tunnel simulates a section of a long horizontal tunnel where the tunnel

experiences no strain in the axial direction. All of the jointed models were

'constructed to have two sets of mutually perpendicular joints oriented

parallel to the tunnel axis. Figs. 42, 43 and 44 show the joint configurations

used in the models tested in this study. The models were tested with the 24"

x 24" faces horizontal, and thus the longitudinal direction is vertical in the

model whereas it would generally be the horizontal direction in the field.

The models were tested in this orientation because it greatly simplified the

design of the loading apparatus.

3.2 Development of Jointed Models

Fig. 42, 43 and 44 show that there was a large number of joint blocks

required for the construction of a single model. There were two possible

methods which could conceivably be used to manufacture such a large number of

joint blocks. They could either be cast in a mold to the proper shape, or they

could be sawed out of larger blocks of model material. Because of the large

amount of time consuming work anticipated in a sawing process, it was first

decided to try molding the blocks by vibrating a sand-water-plaster mix in a mold.
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The anticipated model blocks would be required to have a low cohesion, c, so

that inelastic action could be observed within the capacity of the loading frame.

In addition a high angle of shearing resistance, 4, would be required to accurately

simulate the properties of rock. It was necessary for the blocks to have a very

dense packing of sand grains to prevent collapse of their structure at high

confining pressures (Heuer and Hendron, 19T1). It was also desired to use the

same kind of sand and plaster in the vibrated model material as had been used

in the compacted model material (Heuer and Hendron, 1969) used in the solid

model blocks.

Attempts to make joint blocks by vibrating material in a mold proved to be

futile because the blocks were too fragile to be removed from the mold. These

blocks were 2" x 2" x 8" blocks which were the largest size contemplated for

use on this study. The failure to successfully extrude the vibrated-joint blocks

was due largely to the very low cohesive strength of the material.

After attempts a' m.olding joint blocks failed it was decided to make

joint blocks by sawing them out of larger compacted blocks. Steel molds 20"

x 20" x 6" were used to compact 20" x 20" x 3" blocks using the same compaction

procedure and the same mix proportions as used by Heuer and Hendron (1969) on

24" x 24" x 8" solid model blocks (Fig. 45). A decided advantage of this pro-

cedure is that the intact material of the joint blocks would be essentially iden-

tical to the intact material composing the solid models tested previously by Heuer

and Hendron (1971). This model material is probably the best model material which

has been reported to date for modeling the properties of rock.

After compaction, these blocks are allowed to air dry for three days after

which time they are put in an overn to dry at 105"F for about a week. When the

20" x 20" x 3" blocks are properly cured, they are strong enough to be easily
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handled without breaking. They also saw very easily. A metal surface grinder

with a moving table has been converted into a saw for accurately cutting joint

blocks (Fig. 46). Diamond blades are used quite successfully for sawing joint

blocks with this machine. It has been possible to saw blocks as small as 1/2"

x 1/2" x 8" withoui excessive breakage. A jig has also been made to fit the saw

for cutting trian&Aar cross-section blocks for use around the edges of models

which have joints oriented at 450 to the principal directions of loading.

Since exactly the same material is used in the joint blocks as was used by

Heuer and Hendron (1969) in the solid blocks, a iiev series of material properties

tests was not necessary. The standard mix is made in the ratio of 1.2/i/9/.01

(water/plaster/sand/retarder) by weight. The plaster used is White Molding

Plaster. The sand used is the fine fraction of a Pleistocene sand deposit

obtained from the Sangamon River valley near Mahomet, Illinois. The grain size

distribution of the fine Sangamon River sand is shown in Fig. 47. The retarder

used is Sodium Phosphate (Na2HPOO) in the dibasic anhydrous powder form.

The material is mixed in a Lancaster concrete mixer with a 300 lb capacity.

The sand, plaster and retarder.oare mixed together dry for about 5 minutes, the

plaster beirg periodically removed from the bowl and blades by the use of a stiff

brush. When the dry mixture is homogeneous, the water is added while the mixer

is running and the batch is mixed wet for about 5 minutes. The lumws ure removed

by cutting with trowels and cruhing with hands while the mixer is running.

When the wet mix is homogeneous, it is placed in the mold in about 1/2" thick

layers and compacted with a pneumatic tamper by the same method used by Hleuer

and Hendron (1969).

The intact shear strongth properties of the model material tre shown in 11g.

48. The angle of internal ftiction is € = 330 and the unconfiined compressive

strength is q 555 psi.

. '___________________ _____________________
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The Mohr failure envelope for the intact material in Fig. 48 is essentially

a straight line up to confining pressures as high as 1000 psi. This is in marked

-P contrast to the behavior of most previous model materials which approach * =00

behavior at high pressure. Since a high frictional shearing resistance is one

of the most important properties of jointed rock masses, it is essential that

a model rock material have high frictional resistance.

A series of three direct shear teots were run on 2" x 6" sawed joint surfaces

of the model material. These tests were conducted in the direct shear machine in

the University of Illinois rock mechanics laboratory. Tests were run at normal

stresses of 50 psi, 150 Psi, and 400 psi. The measured maximum shear strength

in each case respectively was 33,3 psi, 97.5 psi, and 230 psi. These three points

are plotted in Fig. 49 which shows that the effective angle of shearing resistance

on the joint surfaces decreases from 330 to 29° with increasing normal pressures.

All three direct shear specimens had flat-top sheaor-strength vs. deformation curves

for a given normal pressure. In all three cases, the residual shear str ngth,

after 3 cm of slip along the joint was essentially the sae as the peak. shear

strength. These tests indicate that a value of the angle of shearing rosittanie

for use in an analysis of the jointed models should be sligltly lower than the

value obtained in the triaxial tests of intact samples shown in Fig. la.

1br any theoretical elasto-plastic analyais of a Jointed nuiw, the-kopropriate

angle of frictional resistace should be taken as the angle of frictional radls-

twice along the joitis not the angle of internal friction derived from triaxial

tests on intact samples of the model material, iandron d Ayer (97-1).

The sawing tolerance on the blocks is about + .01". This mevan that in a

model with 2" joint spacing if all of the blocks on. one row are 0.01" too

thin at on the next row they are all 0.01" too thick, the masimum ofCbot of

the joints could accumulate aoroo the Model to as riuLh au 0.24" which is ittolor-
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able. The test blocks must therefore be constructed by selecting the blocks

such that they fit together to make straight Joint lines with minimum offsets in

both directions (Fig. 50). The blocks are constructed on a table and then

moved block by block into the testing machine. Each of the external faces of

the constructed model block is flattened by grinding and is thoroughly cleaned

of dust with compressed air before placing it in the testing machine.

The solid test blocks were placed in the testing machine on a 1/4" thick

aluminum plate which was the base of the mold in which the model block was com-

pacted. There were 2 layers oftwax paper between the model and the aluminum

plate and the aluminum plate was seated in the machine with a layer of plaster.

This procedure was used because the model could not be molded to exactly fit the

shape of the base plate in the testing machine and because the aluminum plate

was necessary to lilt th model into tht- ;isting machine with a crane. The

aluminm= plate and plaster were not used for the Jointed blocks because a jointed

model can easily fit the shape of. the base, plate in the testing machine and because

-the separate joint blocks ean be easily handled without a crane. The Jointed

models are placed in the testing machine on two uheetu of 4 mu polyethylene plastic

placed directly on the buse plate of the testing muchine. The polyethylenie shkeets

are used to reduce friction bewteai the modelI and the bae plate of the testing

Machine.

When the model ic ConstrUCted in the tedtig machine, the leadifn elemetts

aMe put in place.ida a itl+ ea+ting load of about 25.psi is 4plied in both 60e

hof~onal ad vertical diraetl&a. With the seating load held costat, the

4" diameter tunttel Sc cored and leaned .outt Utorouhly ith a vacuum leeaner. 'Te

joints intersecting the twutel ae thet sealed ith a smal&l bead of silastie

calkicig apouad which is alloved to cure for two days. The tunnel vail Is then
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painted with SR- strain gage cement for water proofing purposes and the cement

is allowed to cure for one day. The instrumented tunnel liner is then installed

in the tunnel and the base of the liner is sealed with silastic. When the silastic

has cured, the liner is grouted in place using a liquid grout consisting of one

part water to one part sulfaset rock bolt cement by weight. The grout is cured

for one day and then the loading head is placed on top of the model using two layers

of 4 mil polyethylene sheet and a layer of plaster to get close contact between

the model and the testing head. This procedure for placement of the loading

head is the same as that used by Heuer and Hendron (1969).

Free Field Strain Measurement

In the solid blocks, the strains in the block were measured with foil strain

gages mounted directly on the model material at the midplane of the block. In

the jointed blocks, strain gage measurements on the intact blocks are not a

good measure of freofield strain in the model due to slippage and clouure along

the Joints. Thus, buried extenoometeon were used in the Jointed models to

weasure the avearae relative 'displacawnt of two pointu acroa the block. Average

straiins of the block were obtained by .dividing the. relative displacerhnt between

the points by the distance between the points, (c AL/). '

The buried extasoaeters a" aitqy motal raod grouted with epoxy into

holeo drilled Into the toWel to the dpecified depth.. The extensoator 1ole a43
-drilled with a uwonry bit. Plastic tubing is. wed to contain the epoy tutil

: :it is extrueod by ptuthing te extensoiter into po ititn in the oel. ig. 53.it t la"tra
j ' hc s a series of extenscwters ready to be filled with epoy ad inatalled. Te.

exten wtero are coapoek of 'a piece of i/44" dit(ter mtal r Wd ith a seating

hole drilled in the end and three *iecoo of iflexible pl tic tubing. TV
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pieces of the plastic tubing are used to make a cup to contain the epoxy on one

end of the extensometer (Fig. 51) and another piece is used as a spacer to

center the rod in the hole near the face of the model (Fig. 51). A typical

overall installation of two buried extensometers is shown in Fig. 52. The epoxy

is very viscous and will not flow out when the extensometers are held in a

horizontal position. Fig. 54 shows an extensometer as it was exposed after a test.

The model must be under a seating load when the extensometer holes are drilled

and when the extensometers are grouted in place.

The movements of the extensometers are measured with the use of beryllium-

copper clip gages like those which have been used to measure diameter changes in

the tunnels of the previous tests (Ileuer and ilendron. 1971). These gages consist

of curved strips of beryllium-copper five inches long with seating points on the

ends.. Each strip is gaged with four strain gages wired in a four arn bridge.

Those clip gages can be accurately calibrated with a standard *train indicator

and they have a linear calibration curve over a range of about 1' deflection.

Fig. 52 is a detail showing the apparatus, ted to measure the nowenta of the

buried extensomter-.

Each of the clip gaes is cdlibrated before and after each test hile vired

t to the care terminals a uaed during the toit. nTere are oiall chanjs; I the

calibration or the gi-ige frm test to test and the cotinu l. reealibratim -is

$ ne-acessary to know the changandt eetaypsilefut ntesc

beort r wtng a tet.'.
I -i! !

-• . -K --
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CHAPTER 4

TEST RESULTS OF LINED TUNNELS IN JOINTED MODELS

4.1 General

Five jointed model blocks were constructed and tested in this model study.

These five models are designated JB #1 through JB #5. The basic parameters which

distinguish the separate jointed models are presented in Table 2. All of the

jointed models were constructed with two sets of mutually perpendicular joints and

4" diameter tunnels. The variables considered in this study were liner stiffness,

joint spacing and joint orientation. Figures 42 through 44 illustrate the joint

configurations used In this study.

All previous uoels tested on this study (TB 01 through TB 013) were solid

model blocks. Real rock masses ore always dissected by fractures of soft nature,

-and thus 3olnted modals are ecessary to more closely s.mulatc feld .nditions,..

Joints red. te the strength and i ocreae the co~ossIbi ity and poriab IIIy of

rock. oasses; thefrotore, they signIficantly ffect ih behavior of any structure.

in rock.

The joints inl fth ols tted inI this study wre s ooth, plane *urfaces

endi, wre all orlented i two %fts strIking parallel to the tuan Isis. This

i the sost udfavorable arrangem4e o f jointt possibli wi th roepect to Ioadi g

of the tunl lin r because the jointo canaot intelock at the tunnel wall;

of t he in Fig. 49, the ffective angle of shearing resistace along the

jointsi.. abu 30* 4d tendi to rac .e with-i tcrasIn I pressure, The

shearing resistance along joints in the field could bW either higher or I we"

than 30* depending 0" the deg.ft of interlock of irregularitits along the Joints

and thoe a*aunt and nature of filling iN the Joints. These aodls si late rok

lAbS S; with Clean, Stooth unfilled joints.
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The remainder of this chapter consists of a systematic presentation and

discussion of the data obtained in the testing of J81 through JB#5. A series of

plots comparing the results of the tests is presented at the end of this chapter.

4.2 Presentation of Test Results

Joint Block 1.

The first jointed model (Jel) was constructed and tested with a-2 in.

joint spacing in two mutually perpendicular directions'with the joints oriented

parallel to the principal loading directions (Fig. 42). The joint configuration

was symetrical about the tunnel, lthe tunnel was 4 in. In diameter and was lined

..with a steel liner (t m 0.065", Et/A -975,000 psi). which had a c rcufereontial

stiffness (Et/R) higher than the overall stiffness, E, of the madel (E0 -

78,000-psi). J81 was tested with a principal strss ratio N -%ohe a 2/3

"J38 contained buried extensofetars to measure the stiffonst of te jointed mas

(Pig. $2).

Fig. 55 ia: plot of vrtical ftoefie ld %train of- the e f as a
... of the.. .la "a I Is

twclno i vrklmdlpressure (0). The stress axis of FPig. 55 01i

Whfted 30. in/in to the. right to account for the iMatial Iating or %lack

b-Wtcre the joint bloc s In this.first test on i jointed W&i a teating load

was nor aplied and reltaied fore 'the rest ftadiogs ware Aad. Thisprocedure
t : ! .was foiced on all subseuent tests h~ovr, and eliminated muc f the initial

sating deforttion, The sloe -of the initial linear portion of this model, stress-

strain curve is about 80,000 psi. Vota intact block of he s d& moael mteril

(1ni3), the slope of the vertical free-fitd stress-strain curve was about

• 625,000 psi. Thus, the stiffness of tew block was reduced to a value of one-

* eighth the stiffness of the solid material due to the presence of the joints,
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Fig. 56 is a plot of diametrical strain of the liner as a function of

vertical model pressure for the crown and invert (0'), springline (90*), and the

two 450 diameters. Since the joint spacing is symmetrical about the liner, the

two 450 diametrical strains should theoretically be Identical. The minor

variation shown in Fig. 56 is due to experimental error mainly in constructing

the model. As shown in Fig. 56, the crown and invert diameter shortened

throughout the test while the springline diameter and one of the 45' diameters

expanded throughout the test. The other 45 diameter first expanded and then

began to Compress above a vertical stress, Ov. of 600 psi. The divergence between

the crown - Invert. diametrical strain and the springline. diametrical strain

with incroasing stress level in Fig. 56 indicates a consid rable amou t .of bsndlng

of -the l1 ie. The liner ovatled In thik fauhloo because it attracted large

vertical, ladi due to the fact that the circ-a orwnia f tiffnts of the I lier
EtMwlas s+.--uch greater thItn tho stifbwss w. of theol andbecause th odel

wa.. load d With a principal stresratio let ta-t a (N +% Oh/G v = =I3). in. thi-

tOt, tW diamtrcal steai ts of the i ner w. re de al mst #ntirely to bending;
the *al nu:m~lx+ eotflN ircuaetial rain of tho liner:6bin 041y abot 1000.

0! . inAIn ctwd ioW uili OWe total rt-tw o invert diamtrilcal uessiv strain

.r.0 57 t a dimOdoliess plot of thd di.etrical strai Of the linher O

four diffdrent disirters as a (tuctiob of tie vertical froee-ield strain of the

6 del. in this plot, the strels-strain curve for the 61dOt glven It* Fig, 5 was

used n the free-field % tesstrain Curv. Praswetatia of the data in this manner

is helpful for an imediate cospaisot betteen the diawetrical strain of the liner,

W0/0, and the vertical ffe-fkld strain of thoe w&. Also, sitci suct a plot

is.dicnsiontlcss, it it useful for cuiarvsouts of data ftOe different tost blocks
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with different model stiffnesses. From this plot it is clear that t-.- tunnel

liner was much stiffer than the model medium since the diametrical strains, AD/D,

measured in all cases were less than the vertical free-field strain of the model

at free-field strains below 12,000 i in./in.

Joint Block #2.

The second jointed model (JB# ) was constructed and tested with a 2 in.

joint spacing in two mutually perpendicular directions with the joints parallel

to the principal loading directions (Fig. 42). The tunnel was 4 in. in diaceter

and was lined with an aluminum Iliner (t * 0.035", EtIR 1 175,000 psi, with a

circumferential stiffness, Et/R, greater than twice the stiffness of the jointed

model block (Em 84,000 psi), This thin aluminum liner was much more susceptible

to buckling (CIIA3 =5 psi) than the -steel liner used in J81 (El/a 3  86 psi).

"J2 was tested with a.principal stress ratio - /a 213. and contained four

Pa its of -buried nnomt, whi ch worked well- throughout the ttst. The model

.-was loadad to o peak vertical pressure of 1000 Oi with no visiblo failu of

@1i'r til tunnel or the block excet. at the carnevs Of the moWI where the

st.er =ioial.pallod out .fro, behind the )oadi i#j.3 o t.s. (Fig, S)- The-ovali.

of tht* tuatneI Swe seat not appariant by vrisvl inspoectioo, but it could. be ClIearly1

me-ue wth a cailiper and thed cAliper mealurttwntb. aoged with the diaiwatrlcal1

ektnsoter weasuronnts takeo during1 tw. tet, No sboarlng d4isplaWOnt alongO

the joint pliiwa vi4 sually ajpardnt -(!ig. 5. taref u, exealntion of OW

itwe o after oqd0etion of the tit revealed no indications of buckling.

J62 was insttuinted with four pis of bured enensometers grouted 3"
deep into, the faces of the od1 and thus are designated shallow according to

Fig. 5119. Thes are do ignat ad vorticel, horintitaiu, on thed

centerline, or offbet asshown on Fig. 19. 71w aznncli litter was instrumeted with
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four diametrical extensometers located at the crown and invert, springline and

two 450 diameters. The springline diametrical extensometer failed to give readings

because of a bad switch. The data obtained from the buried extensometers and the

diametrical extensometers in the tunnel are presented in Fig. 59 through Fig. 61.

model The displacement data from the external extensometers were converted to

model strains (E: AL/L) by dividing the displacements, AL, by the-gage length, L,
P - and the calculated-strains were plotted as a function of vertical model pressure,

av, in Fig. 59. Thus these curves are average stress-strain curves of the ,

joInted model. The curvesfor the vertical direction are actual stress-strain

curves while the curves for the horizontal direction are pseudo stress-strain

curves since-the horizontal strains are-also plotted versus the vertical model

pressure. The vertical stress-strain curves of the model are concave upward

from 0-200 psi, linear with a slope of about 100,000 psi from 200-800 psi and

._concave downward above 800 psi. Thus the model strains were affected by. I
- seating of open joints from 0-200 psi The linear portion of the curve from 200-

800 psi indicates essentially elastic action, and the final concave downward

section of-the curve shows increasing Inelastic action probably caused by shearing -

deformations along the joints. The horizontal strain in the model was less than -

the vertical straln as would be expected for a loading at N = 2/3. The centerline

stress-strain curves show smaller strains -than the offset stress-strain curves In

both the horizontal and In the vertical directions. Such a result would be expected.,

If the tunnel liner were stiffer than the model block. The block had an average

stiffness of about 100,000 psi in the elastic range of behavior while the liner

had a calculated elastic circumferential stiffness of 175, 000 psi. Relatively

stiff behavior of the tunnel liner Is Illustrated In Fig. 61 by the dimensionless
diametrical strain curves for the 450 diameters of the liner. At tha. 5 diameters,

A
-~~ ~ ~~~ ~ ~ -la -- -' -- -'~
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the diametrical strain was consistently less than the vertical free-field strain.

The diametrical strains of the liner are plotted versus vertical model pressure

in Fig. 60. The aluminum liners used have a yield strain of about 400011 in./in.

and thus the liner yielded generallyat about 800 psi vertical model pressure where

the 450 diametrical strain became about 4000 4"in./in.: Local yielding of the liner

p-robably occurred at-lower model stresses due to the ovaling of the liner illus-

trated by the large diametrical strains at the crown and invert with respect

to the 451 diametrical strains (Fig. 60).

Figure 61 is a plot of the diametrical strain of the tunnel liner on

-. three different diameters as a- function of the vertical free-field strain of the

model. The vertical-centerline stress-strain curve was used as the free-field

strain of the model. For the entire range of loading of the 'model, the diametrical

strains at the crown and invert diameter are approximately double the vertical

- free-field strains .while the diametrical strains at the 450 diameters are less

than half of the vertical free-field strains at pressu.re levels below general

yield of the liner (B00 psi.).

-The ,small s-trains at the 450 diameters indicate that the circumferential

stiffness, Et/R-, of-the liner was stiff compared to the medium; but, the large

-difference between the strains betWeen the vertical diameter and the'45° diameter .

shown in .Fig. 61 is the result of the ovaling of the liner because the bending-

stiffness, Ei/R of the liner was small..

Joint Block #3
The-third jointed model (JB#3) was constructed and tested'with two sets of

mutually perpendicular joints spaced at 2.;n.-and oriented at 450 to the principal

loading di-rections (Fig. 43). .As shown in Fig. 43, the joints were not spaced

symmetrically abou.tthe tunnel. -The -tunnel was, .4,In. in diameter and was lined

it, I
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with an aluminum liner which had a circumferential stiffness (Et/R = 175,000 psi)

about three times as large as the stiffness of the model block (Em = 65,500 psi).

The bending stiffness of this liner (EI/R 3  5 psi) was very low, and thus the

liner would be expected to bend freely with any shearing distortions of the model

caused by the principal stress 'ratio of N 2/3 used in loading the model, Eight

pairs of extensometers were used to measure the overall strains of the model.

The extensometers were located and are designated as shown in Fig. 19.

JB#3 was loaded to a peak model pressure of 1000 psi in the vertical

direction with no visible failure of the tunnel or the block except at the corners

of the model where the model material spalled out from behind the loading ele-

ments. Visual inspection-of the model after the test revealed no visible ovaling

of the li-ner and no visible shearing displacements along the joints. Careful

examination-of the tunnel liner revealed absolutely no indication of buckling.

JB#3 was instrumented with eight pairs of buried extensometers, four

pairs.grouted 3 in. deep and four pairs grouted 5 in. deep into the face of the

model. Seven of the eight pairs of extensometers worked throughout the loading

.of the model. The data obtained from these extensometers are presented in Fig.

_62. The curves plotted in Fig. 62. are clearly separated Into a group of four

vertical stress-strain curves and three hor-izontal pseudo stress-strain curves.

-The scatter of the data from the average is minimal considering that the various

extensometers were located at different.-depths and at different locations with

respect to the tunnel.-.After seatng movements up to a vertical model pressure

"of about 125 psi, all of the model stress-straincurves in Fig. 62-are essentially..... -

straight lines to the peak load. The.seatlng strairsare not shown. In this

test, the average model stress-strain curve.designated on-Fig. 6.2 as vertical -

.centerline - shallow, according to FI.q, 19, was used as the-free-field stress-

strain curve of the model. The slope of the linear portion of this stress-strain
strai cuveo te oel
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curve is 65,500 psi as compared to a model stiffness, Em, of 80,000 psi for

JB#l and 84,000 psi for JB#2. This reduction in model stiffness was due to the

450 orientation of the joints because the vertical deformations measured by the

extensometers in JB#3 included the shear deformations along the joint planes.

In JB#l and JB#2, the joints were parallel to the principal loading directions,

and there were no significant shear stresses along the joints. In JB#3, however,

the maximum shear stresses acted along the joint planes. Thus, in JB#3 the

maximum shear stresses acted along the planes of minimum shear strength and

larger shearing displacements would be expected.

The tunnel liner in JB#3 was instrumented with four diametrical exten-

someters located at the crown and invert (00), sprikglinc (900), and two 450

diameters. The data obtained from the tunnel diamctrical extensometers are

presented in Fig. 63. The liner deformations in this test were also due mainly

to bending as is shown by the large expansion of the springline diameter, the

large compression of the crown and invert diameter and the relatively small

compression of the 450 diameters. No buckling of the liner occurred during this

test which was stopped at a maximum vertical model pressure av = 1000 psi. The

two 450 diametrical strain curves show a much wider separation than In previous

tests. In previous tests, the joint spacing about the liner was symmetrical.

But in JB!/3 the joint spacing about the liner was not symmetrical as shown in

Fig. 43 and the two 450 diameters were not subjected to the same external condi-

tions. The 450 extersometer which recorded the smaller strain was located along

the centerplane of a row of blocks while the one which recorded largerstraln was

along a joint plane. Thus it appears that the shearing displacements along the

joint planes caused the asymmetrical distortion of the tunnel liner.
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A dimensionless plot of the diametrical strain of the tunnel liner as a

function of the vertical model free-field strain is presented in Fig. 64. It is

shown in Fig. 64 that the liner was stiffer than the average model stiffness as

the diametrical strains at the 450 diameters was less than half of the model

free-field strain throughout most of the loading range. The average diametrical

strain at the springline was about two thirds of the free-field strain and the

diametrical strain between the crown and the invert was about one and one-third

times che free-field strain.

Joint Block #4.

The fourth jointed model (JB#4) was constructed and tested with a 2 In.

joint spacing in two mutually perpendicular directions at 450 to the principal

loading directions (Fig. 65). The tunnel was 4 in. in diameter and was lined with

a .035 in. thick aluminum liner with an elastic circumferential stiffness of

175,000 psi. The average measured vertical stiffness of the model was 62,500 psi.

JB#4 was tested at a principal stress ratio N - aH/av = 2/3 to a maximum vertical

model pressure of 1300 psi In an attempt to fail the liner. The model was instru-

mented with eight pairs of buried extensometers as shown in Fig. 19, and six

diametrical extensometers in the tunnel liner. The two additional diametrical

extensometers were placed in the liner at points where the joints Intersected the

liner (Fig. 65).

The data obtained from the six pairs of buried extensometers which worked

during the test are presented as stress-strain curves of the model in Fig. 66.

Buckling of the liner did occur in this test at a pressure level of about 1100 psi.

The buckling of the liner is reflected in the average stress-strain curves of the

block as a distinct deviation from linearity at a pressure of about 1100 psi. The

vertical stress-strain curve showed a distinct increase in compression above 1100
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psi while the horizontal pseudo stress-strain curves showed a sudden distinct

bulging of the model in the horizontal direction. The probable physical cause Of

this behavior is a wedging action caused by shearing displacements along the

joint planes whereby loads were concentrated at the crown and enhanced a buckling

failure. In JB#4, the buckling of the liner probably affected the measurements

of the model strain at high pressures. Therefore at stresses above 1100 psi the

measured model strain is not the true free-field strain of the medium. A larger

model would have been necessary to measure true free-field strains of the model

after the liner buckled.

Six diametrical extensometers were used in the tunnel liner of JB#4

instead of the usual four. The two additional extensometers were placed at points

where joints intersected the liner. These points occurred on diameters located

at 200 and 700 from the crown-invert diameter. The other four diametrical

extensometers were at the crown-invert (00), the springline (900) and the two

450 diameters as in previous model tests. Note in Fig. 65 that one of the 450

diameters falls along a joint plane while the other 450 diameter falls along the

midplane of a row of joint blocks. In JB#3, which was the same as JB#4 except

that JB#4 was loaded to a higher model pressure, larger diametrical strain was

observed along the 450 diameter at the intersection of the liner and a Joint

plane than for the 450 diameter which lined up with the -idplane of a row of

joint blocks. It was because of this apparent strain concentration along the

Joint planes that the two additional diametrical extensometers were placed at

200 and 70' in JB#4.

The data obtained from the six diametrical extensometars Is plotted In Fig.

67 as a function of the vertical model pressure. Buckling of the liner is clearly

shown at a vertical model pressure of about 1100 psi. The actual buckling occurred

as a pair of buckles located along the 45* diametrical plane which coincided with
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the intersection of a joint plane with the tunnel liner. The 450 diametrical

extensometer designated as N2 on Fig. 67 was actually located on the buckle.

The other 450 diametrical extensoeter, A4, showed considerably different behavior

than #2. The crown and invert (0§) and the 200 diameter showed about the same

diametrical strains throughout the test as would be expected for approximately

homogeneous behavior of the model. The movements of the other four extensometers

were strongly affected by the movements along the joint planes.

The diametrical strain measurements of the tunnel liner are plotted as a

function of the vertical free-field strain of the model in Fig. 6P. These curves

show clearly that the liner behaved stiff in comparison to the model until yield

of the liner was reached. Buckling of the liner is clearly shown above a vertical

free-field strain of about 18,000 v in./in.

Joint Block #5.

The fifth jointed model (JB#5) was constructed and tested with a 1 in,

joint spacing In two mutually perpendicular directions at 450 to the principal

loading directions (Fig. 44). The joint spacing was symmetrical about the tunnel

In this test. The tunnel had a 4 in. diameter and was lined with an alumInum

liner (t w 0.03511) which had a circumferential stiffness (Et/ • 175,000 psi)

greater than four times the stlffnoss of.tho model (EM 38,500 psi). JOPS was

tested at a principal stress ratio N to u/a 2/3 to a maximum vertical model

-pressure of uv * 1445 psi. The maximum vertical model pressure of 1445 psi was

reached and held constant for an hour with no further diametrical strains of te

liner and no further model strains even though the liner was severely

j buckled (Fig. 70). JB,5 contained four pairs of buried extensomters to measure

the free-field strains.

i " i i 'l ':::'"":i ., :: ,:' i i" - ' i" i i: ,:i , o : ". .... ' .. =



Joint Block #5 contained only four pairs of buried extensometers at the

centerlines because the holes for the offset pairs could not be drilled with the

loading elements in place. In the models with 2 in. joint blocks, the drilling

could be done without a seating load. But the I in. joint blocks were too fragile

to drill except with the model under a seating load. The data obtained from the

four pairs of extensometers used in J #5 are plotted in Fig. 71. The two hori-

zontal pseudo stress-strain curves are essentially identical, with very small

strains all the way to the maximum model pressure. The two vertical stress-strain

curves are linear above a vertical model pressure of 150 psi. The stress-strain

curve designated Sdeep" shows greater strain than the stress-strain curve desig-

nated "shallow." Thus it appears that the movements of the 'vertlcal-deeVl' pair

of extensometers were affected by the deformation of the tunnel liner. The

average slope of the "vertical-shallo. stress-strain curve is about 38500 psi

as coqpared to 65,500 :si for JB#3 and 62,500 psi for JB#4. Thus reducing the

joint spaci g from 2 In. to I In. and retaining the 450 orientation of the

joints caused about a 40A reduction i overall stiffness of the model.

Six di'uetrkcal exteisoseoters were used to asure the ditmetrical strain

of the liner in JOS. The two additional extenswseters were placed at the two

300 diameters because joinrI Intersected the lINer at these loctions. The data

ob taIned ftr the six diametrical extensonters are plotted in Fig. 72. Note ino

Fig. 72 that the di etrical straios of the llter are due mainly to bending* and

that the i ner buckled at a vertical model pressure of about 700 psi. The spriing-

line diameter expanded almost linearly with pressure until buckling of the liner

occurred. The largest buckle in the liner (Fig*. 70) occurred hear the

springline. Thus, above 700 psi, the curve for the springline diametrical strain

is4 Fig. 72 includeb the buckling movtsobts.
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A dimensionless plot of the diametrical strain of the tunnel liner at these

six different diameters as a function of the vertical free-field strain of the

model is presented in Fig. 73. Each of the six curves is approximately bilinear.

Each linear branch of the bilinear cuirves corresponds to a separate mode of

behavior of the liner. The first linear branch from 0-22,000 p in./in. vertical

free-field strain corresponds to the elastic behavior of the liner. The second
;: i linear branch above 22,000 p in./in. vertical free-field strain corresponds to

the behavior of the liner after buckling. The first regime of behavior illustrates

stiff behavior of the liner while the second branch illustrates flexible behavior.

Note that after buckling all diameters tended to decrease in length as an extremely

flexible liner would behave whereas before buckling the springline diameter

lengthened and the crown-invert diameter shortened.

4.3 ..CoparIsons Between Data from Various Test Blocks,

Average vertical free-field stress-strain curves for the five jointed blocks.

and on solid block are plotiedI. Fig. 74. Seating errors of tie jointed blocks

Were removrd graphically. ti the curves for JOil J802 and J803 by extending the.

straght "line portions of. the curvos below 125 psi don to zero pressure and then1 Itshfidng the pre.-surd axis, Th is was lon- to mako all of the curves pass through

the origlo. Such. a graphical procadure .as not used on J804 and JBIS; rather a

seating pressure of 125 psi tid,-o pressure wasii aplied and released before the

test, was started. A seating pressure of 125 psi was used because it appeared that

all beating movemnts occurred below 125 pii in J8019 402 j# JIW3. Fig. 74tshows that tihter' woee seating wovemwnts up to about 200 psi in JOS5 even after the .;

seating pressure had bon applicd and released. The imprtant part of the stress-

strain curves for tnes imtO block, is the approximately inear portion above tie
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seating pressure. The slope of the linear portion of the stress-strain curve is

the effective stiffness of the block in the vertical direction. The reduction

in stiffness of the models due to even rather widely spaced joints is very great.

For the solid block, the stiffness was about 625,000 psi; the stiffness for

2 in. jointed blocks ranged from 62,000 psi to 84,000 psi depending on the joint

orientation and the intact modulus of the joint blocks; the stiffness of the

single block with a I in. joint spacing was about 38,500 psi. JB#I and JB#2

should have had the same stiffness if properly constructed; their actual measured

stiffnesses were 80,000 psi and 84,000 psi. JB#3 and JB# similarly should have

* had the same stiffness and their measured stiffnesses were 65,000 psi and

62,000 psi. Thus it appears that the models are adequately reproducible.

It is commonly believed that the modulus of a rock mass is reduced by

. " ]Jointing because of the separation of the jolnts before loading but tht after

the joints are closed the stiffness will again approach the intact stiffness.

These model tests Indicate that there is a permanent effect of jointin In

dras t icallyI reduc Ing the modulIus of a rock mass even when. It IS lIoade d to very

high compressive stresses. The stiffnesses of the jointed blocks never showed

-any tendency to increase and approach the stiffness of an intact block even When

loaded to-very high pressure, There were seating movements whicli took place in.

all of the jointed modal tests, but these occurred only below about i25 psi

for 2 .n. joint spacing and below about 200 psi for •in. joint :spacing,

Figures 75, 76 and 77 aro plots of the diametrical- strain, of tho Iiners

at tte crown-Invert, springline, and average of the two 45 diaeters as a func-

tion of vertical model pressure for the various test blocks. All of these plots

include the effects of circumferential compression and bending of the liner. The

principal storess ratio was constant, N -u/0 -2/3, for all of these tests.

The shape of these curves depended primarily on the relative stiffnass of the
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liner and the model. Some of the curves were affected by the location of joints

and by buckling of the liner.

Consider Fig. 75 which is the plot of diametrical strain of liner at the

crown and invert as a function of vertical model pressure for the various test

blocks. The curve for T813 shows the smallest diametrical strains because the

model was very stiff (EM = 625,000 psi, see Fig. 74). TB113, J02, J83, JB#4

and JB#5 had thin aluminum liners, Et/R 1 175,000 psi. J#1 had a steel liner*

Et/R a 975,000 psi. The curve for J85 had very large diametrical strain because

the model stiffness was only about tM - 38,500 psi. Considering 3811 and J812,

which both had the same joint configurations; JB82 had a larger diametrical strain

between the crown-invert than JB because J81 had a much stiffer liner. The

curves for J03 and J14 should be the sam within ex~9rimental error since thu.

models wore constructed to be exactly the same. If the curve for JB4 Is shifted

to pass through ,ero strain at 125 psi model pressure, then tihe two-curves are In

fact very Cb."o..

ConsijarIng onI the relative stiffesots of the blok t would beo cted

that the crown and inver teIcal strain (F 10. 75) woud be gr.ater for 303

and 301 than for JUL In fact, tho crown ad rstrai for J8$"

w.s significaotly greater than that o 3J93 and JB$4. Si rc this bhavior is not

exlained by the relative vrti.l sti(fiNees of the moo-lto it outt be duo to

the orentation of tho joint , the T In. joint blocks which had joitit% oriented
at 45' to the principal loading directions (013and Jerl) had larger vortical

defortions And saaler horizontal defontMions than the 2 in, joint *odels

which had joints oriented parallel to the principal loading directions (402),

.These measured test results indit,4te that high siharifg strains atog the joints

or joint slippage resulted in a wore colressible modl in the direction of the

major principal free-field strois for those cases where the joints were o riented at

45. or in a direction which oincided with the maximuA shearing $ttsses.

= .



46

Fig. 76 is a plot of the diametrical strains of the liner at the spring-

line as a function of vertical model pressure for the same model tests shown in

Fig. 75. The tunnel liner expanded at the springline in all of the jointed models

but compressed in the solid model. The springline diameter compressed in the solid

model because the model stiffness, Em, (625,000 psi) was more than three times

stiffer than the circumferential stiffness, Et!R, of the liner (175,000 psi).

The curve for J#5 shows large expansion of the springline diameter up to a model

pressure of 700 psi, and then rapid compression above 700 psi. The tunnel liner

buckled at a vertical wdel pressure of about 700 psi due to the low bending

stiffness (EItR3 • = 5 psi) of the lining, Note also that the springline deforu-a

tions for J815 are much greater than those for J813 and J* for pressure levels

below the buckling failure, This is dua to the fact that Jo$5 Is coqosed of

I in. joint blocks and J603 and J014 are composad of 2 in, joint blocks bocauis.

the. tunnel. linr was the sme in all tfhree of the%* tests. Frta Fig. 76 it, an

ialso be Shown that the liner in 38*5 buck led at -4 vetical strSS of 700 j.sl1

whovas a" identical li.w.r i 30$ buckled at a vrtical " stres level .of 1000 pi .

-he- inInr -in JO4 buckled at a higher ttress beC4uie the 44, ¢ od of 2 in , .. to.
"k- V .oifi block%.. ..

jo1it bloks way tO ter theao 381$ co~osd of I it, 1 ntbocs

Fi.7 sa plo0t or the 4vef490 diameical s'tralfn of the Wie at th
tw Vdiooetot for thd various tdst blo -,' Th cuv or31 hoii tItVn thel

ijie xpne t te4"3 tec t ions. This expals i 64 occurred beCause. the line

6Vas -at tdve tines astiff at thd oel !ia resisting thrusts, *1d 5if. the

crown and invert cosiressed *s"t of the rot of the littr xpaVndd. Thd cutve.

for TOMl) shows that the liner ccqvrited at the 45' diatetrs. This covfrssion

occurred bAuse the liner was less than -o third as stiff -as the tOWdl in

~esisting thrusts ad thus ~the d tole linOr Ccqtessed. The vfcsiting curv ts

'A

&,I •, • . .
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rfor JB#2, JB#3, JB#r, and JB#5 all show compression of the 45' diameters and they

f all fall in a fairly narrow band.

Coparisons between model tests are much more weaningfol if they are made

in terms of dimensionless parameters. Figs. 78, 79 and 80 are dimensionless

fi plots of the diametrical strains of the liners at the crown-invert, springline,
and average of two 45' diameters as a function of the vertical free-field strain

of the model. The ratio of the circumferential stiffness of the liner to theI Et/R,
vertical mode stiffness !,-11-n is shown on each curve. Et/R is the circumferential

stiffness of the liner assuming no bending and Em is the plane-strain stiffness

f.of the model taken as the average slope, of the vertical free-field stress-strain

curve of the wodel.

Pl~g, 78 Is the dimensionless plot of' diamtrical strain of the liner
.at therow-.nvert as a function of the vortical free-field-str4in of the 0od l

. -,e .QVr &afnto

for the variou test blcks, Ani.t the tdsti with sisilar jt orionwt.u the 

ratio of the cireoerenti Al %dften of the life0 to the iit Iiffests of th e d
sci to W a tiqificant p wtor toiC osiuder piainilg t4. ri p iti..

jof the. CUtV~s. ito this plot,# thia cturvo foe 403) anid JOM (Joinltf, O AS"~ to.
prnpal dircton plot very cloel14d l t parallol. Thdy ar2 located

m llte prpe rlative position According to thei relotidet lf ftet iof thia *odoI

and thelitter. Ihd curve for Jets fallIt below tcurvos for Jo*_ an Joe a

would be 0c4Macttd by the hige v4uc -of the ratio of- the litte stftfsten to thed

WOde Istiffness,. in the models with joints oriented prallel to. the pritp~a

directions of loading 0J801 and JOY)tecon-netscin h~dhge

diametrical strains than the W ds With the joints at 45' for given voluo , of

thO vertical f(ee-field strain ad ratio of litedr to owo.&tiffito,4d6 , The

esults5 h 04 It n Fi* is do *Ilustrate quiIe "el Ithat the behavior of th odedl
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tu,nels falls into a pattern in which the diametrical strain of the liners decreases

in relation to the vertical free field strain as the ratio of the liner to model

Et/Rstiffness (t-sL) increases. Normalizing the data in thismanner also consistently

combines the data from test blocks with different joint spacings.

Fig. 79 is the dimensionless plot of the diametrical strain of the liner

at the springline as a function of the vertical free-field strain. These data

show that the diametrical strains at the springline are 1/2 to 1 times the free-

field vertical strain for a loading ratio of N 2/3 for the complete range of

liner to model stiffness ratios investigated with the jointed block models

(Et/aIfm 2.7 - 12.2).

Fip. 80 is a plot of the average of the diamtrical strains of the two

45 diaweters of the tunael liner as a function of the veo'tical free-field

sttal of the U !teol for' the various test blocks. This is perhaps the most

•maniogful of the sot of three dimansionless plots. he diamtrical t strains of

the 45" diameters o' nearly represent the circumf rtial straIn of the lirs

t.i c@ they arc the least affected by bndifng. A shon in Fig. :80 tho

i • edativ lctios of these iurves is very cearly influeoced by dhe ratiof

Whe tunnl iir to el itiffnes j regatdletS of .th joit oriotation or

,pacig. For low valu s of the stiffnat ratio the di.tors 1horten ad as th

sti finest rat lot incftSO tile OUagnitude of the sortdning dereate Utiil the

linrs elougatt Ohnthd -45' diameteWr at high values of the stiflns r4atio.

For a ittiffnot ratio of about 3 the diamotrical s ai% are about 1/2 to e_)

*of the vetrfcal fref ic"d s train an-d %Wr * stiffnen ratio of 4.5 tOW 4iaiwtrcat

strain is about I110 Ot 0&t free*field Vrti"lt straitt.
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b- ".. Chapter 5 ..

SU M -Y AND CONCLUSIONS

5.1 Sunimary

: The results of eleven geomechanical model tests are presented in this-

report. Six of these-tests were lined tunnels in solid test blocks and
R five tests were lined tunnels in--Jointed test blocks. The tests of lined

tunnels in solid test blocks, were conducted using, the model material, the

testing machine and the same basic testing techniques and instrumentation

used by Heuer and Hendron (1971).

The te .Aniques for constructing and instrumenting jointed models

were developed on this study. The jointed models were constructed of small

blocks of the same model material used in the solid test blocks. The small

'blocks were made by sawing them out of larger compacted blocks with a diamond

blade saw. The intact shear strength properties of this material can be

described by

It + sin (3)

where 01 is the major principal stress at failure, a is the minor principal

stress at failure, 0 is the angle of shearing resistance, and qu is the uncon-

fined compressive strength of the model material. The angle of shearing

resistance, 0, and the unconfined compressive strength, quof the intact

model material are 330 and 550 psi respectively. A series of direct shear

tests conducted on Joint block surfaces showed that the angle-of shearing

resistance along the joints decreased from about 330 to 280 as the normal

pressure on the Joint surface was increased from 50 psi to 400 psi. The

> yl!

• ,d
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angle of shearing resistance in direct shear did not depend on the amount

of displacement along the joint at constant normal pressure.

The deformations of the tunnel liners in the jointed models were

measured with clip gauges identical to those used in the solid model tests.

-The free-field strains of the jointed models, however, could not be measured

by the use of strain gages which were used for the solid model tests. Buried

extensometers were therefore developed to measure average free-field strains

in the jointed models. The results of the free-field strain measurements on

the jointed blocks have shown that the vertical plane-strain stiffness of

the jointed models tested at a principal stress ratio of 2/3 is about 40,000

to 80,000 psi in contrst to the 500,000 psi measured on solid blocks. Thus

one of the major effects of jointing was to reduce the model tiffness by

a factor of about 10. It was also found that the stiffness of models

composed of 1" joint blocks was lower than the stiffness of models composed

of 2" joint blocks. This behavior is similar to tha ouserved field behavior

of rock masses where the stiffness is very sensitive to the fracture fre-

quency in the rock mass. It was also found that models were more compressible

for joints oriented at 450 to the major and minor principal stresses than

for joints coincident with the principal planes. This behavior was due to

shearing displacements which occurred along the joints at 450 to the principal

planes.

The tests on lined tunnels in solid model blocks have verified that

a liner generally increases the overall stability of an o,..ning. A liner

which is stiff compared to the rock mass significantly decreases the dia-

v metrical strains of the tunnel throughout the loading range if it has adequate

strength and ductility,. A liner which is very flexible compared to the rock

.......... .1,
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mass has little effect on elastic deformations of the tunnel, but if it has

adequate strength and ductility it greatly reduces plastic deformations.

Comparisons of the test results of the tunnels in solid blocks with theoretical

elastic predictions of the tunnel behavior showed that all of the lined tunnels

behaved essentially elastically while the unlined tunnels showed much greater

deformations than predicted by elastic theory. Two elasto-plastic theories

are available for predicting the stresses and strains around a cylindrical

tunnel in an elasto-plastic material which fails according to the Coulomb-

Navier yield criterion. Newmark (1969) presents an elasto-plastic solution

which assumes no dilatancy of the model material in the zone of failure.

In other words, Newmark assumed that the plastic zone deforms without any

change in volume of the model material by assuming the following relationship

between the plastic strain components:

• C~r(plastic) - e (plastic)()

In most practical casti ssumption is not valid. There is almost always

a certain amount of increase in volume (dilatancy) of a dense frictional material

during failure. Hendron and Atyer (1971) have presented an elasto-plastic

analysis similar to Newmark's, except that a condition of dilatancy was

assumed in the failure zone. This was done by assuming the following rela-

tionship between the plastic strain components:

StYplastic), _ N¢ 0e(Plastic) (5)

This relation gives an increase in volume of the model material during

failure and the percentage volume change increases as N increases. The

"MII.
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Newmark solution, assuming no dilatancy, gives a lower-bound estimate of the

diametrical strains of a tunnel while the Hendron-Aiyer solution, assuming

a dilatancy based on "normality" (Drucker and Prager, 1953), gives an upper

bound estimate of the diametrical strains.

Calculations using these elasto-plastic theories have been used success-

fully to more closely fit the behavior of the unlined model tunnels in solid

blocks. The results of the elasto-plastic calculations are compared with the

actual model behavior and elastic theory in Fig. 36. It is clear from Fig.

36 that the. Hendron-Aiyer analysis, which includes the effects of dilatancy

during shear failure of the material, gives the closest fit to the actual

model test data.

No tests were conducted on unlined tunnels in jointed rock masses.

The assumption can, however, be made that the pro.vision of a structural liner

generally increases the overall stability of an opening in a jointed rock mass

to an even greater extent than in a solid rock mass. This is because the

liner prevents the loosening and subsequent loss of confinement of the

jointed rock mass around the tunnel. A meaningful summary of the data from

the jointed models reported here is presented in Figs. 78 and 80.

Figure 78 is a dimensionless plot of the diametrical strain at the

crown-invert diameter as a function of the vertical free-field strain in the

model for six models tested at a principal stress ratio of 2/3. Among the

four tests on jointed models with aluminum liners of the same stiffness

(JB #2 to JB #5), the ratio -i-- is a significant parameter determining the
mE

relative position of the curves regardless of the joint orientation and spacing.

The results shown in Fig. 78 for these four models illustrate that the ratio

-v !
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of the diametrical strain of the liners to the vertical free-field strain

Et /Rdecreases as the ratio of the liner to model stiffness (- ) increases.
E m

The data in Fig. 78, for the crown-invert diametrical strain of the tunnel,

can be summarized as follows:
(1) For a liner to model stiffness ratio (Et[R) of abot 2, the ratio

E m
of tunnel diametrical strain, AD/D, to the free-field model strain was

' about 2.0 for the full range of free-field strain

(2) For a liner to model stiffness ratio of about 3, the ratio of the

diametrical strain to the free-field model strain was about 1.0 for

model strains below 1% and about 1.5 for model strains above 1%.

(3) For a liner to model stiffness ratio of about 4, the ratio of tunnel

diametrical strain to the free-field model strain was about 2/3 for

model strains below 1% and about 1.0 for model strains above 1%.

The model with a steel liner (JB #1), however, did not fall into the

pattern discussed above. This is because the ratio -f- describes only the
m

1;' circumferential stiffness of the liner and not the flexural stiffness (EI/R).

The steel liner in JB #1 had such a high circumferential stiffness that essentially

all of the deformation of the liner was due to ovaling (flexure) rather than

overall circumferential compression (Fig. 56). To consistently combine the

data from tunnels lined with different thickness liners and loaded at a principal

stress ratio other than 1.0, the bending stiffness of the liner must be considered

in addition to the circumferential stiffness. Thus an important parameter

to consider in extrapoltaing test results is the ratio of the flexural to the
I~EI/RS

circumferential stifftess of the liner -

-, " r i I i "1 . . .. .... .1 ' . ... ' " . ............ .-I - ' '.. .. .. .. .. .. ... . . .i.. . . . . . . . . . . . . . . . . . . . .-.. . . . . . . . . . . . . .".. . . .".. . . . . .". .".-- -,.. . ....... i ...



54

Figure 80 is a dimensionless plot of the average diametrical strains

of the two 450 diameters of the tunnels as a function of the vertical free-

field strain of the models. The diametrical strains of the 450 diameters

of the tunnel most nearly represent the circumferential strain of the liners

since they are the least affected by ovaling. Thus the parameter shouldEm

more consistently control the relative positions of these curves for any type

of liner. As shown in Fig. S0, the relative locations of the curves is very

clearly controlled by the ratio -t/R since the behavior of all of the modelE
m

tunnels fall into a pattern in which the diametrical strain of the'tunnel

liners decreases with respect to the vertical free-field strain as the liner

to model stiffness increases.

The bending stiffness (EI/R 3 ) of the aluminum liners used in the tests

reported here was so small that two of them buckled under loading. In both

cases, the buckles in the liners occurred at the intersection of a joint plane

with the tunnel liner. Thus it appears that strain concentration due to

slippage along the joint planes was the local cause of buckling of the liners.

Even after buckling, the liners were able to support the tunnel opening

with the full load still on the model.

5.2 Conclusions

On the basis of the model tests and analyses reported here, the following

conclusions moy be drawn:

(1) A structural liner generally increases the overall stability of an opening

in both solid and jointed rock masses,

(2) A liner which is very flexible compared to the rock mass surrounding the

tunnel has little effect on elastic deformation of the tunnel.

(3) Inelastic deformations of a tunnel are greatly reduced by a structural

liner.
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(4) Available elasto-plastic theory was used to closely estimate the defor-

mations of an unlined tunnel in an intact model tested at a principal

stress ratio of 1.0.

(5) One of the major effects of jointing was to reduce the model stiffnesses

by a factor of about 10. The deformation moduli of models composed of

1 in. joint blocks were lower than the moduli of models composed of 2

in. joint blocks. Also, the deformation moduli of models with joints

oriented at 45' to the principal stress directions were lower than the

moduli of models with joints parallel to the principal stress directions.

(6) Comparition between model tests with varying parameters are most meaningful

if they are made in terms of dimensionless parameters.

(7) The thrust stiffness ratio is a significant parameter affecting the

diametrical strains of tunnel liners. Disregarding the effects of ovaling,

the diametrical strains of tunnel liners decrease with respect to model
free-field strain as the liner to model stiffness ( ineae.

(B) Buckling of the liners in the models reported here wa clearly initiated

j. by shearing deformations along joint planes in the models.

(9) The ratio of the circumferential stiff-eso of the liner to the flexural

stiffness ,of the liner AE'-{73) must be reasonably coutunt between model

and prototype or the model will be distorted. Thus the model test resultu

presented herein apply only to prototype aues, in the field where the

ratio of circumferential to flexural sti flxosu is ubout the UsMLO. ntu,

these results would only apply to prototype integral liners of steel and

aluminum. It has been found on another study (Hendren and ligelin&, 1972)

that plexiglas liueri could be wed in the I in. jointed mo&dls deueribed

herein to model the behavior of iatoral reinforced eutunrte linacrz in

rock with vei7 little diatortion.
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APPENDIX A

TESTS OF VERTICAL OPENINGS IN MODEL ROCK

by S. L. Paul and J. F. Thibeaux

A.l I nt roduct ion-..

The major portion of this project has been concerned with the investi-

gation of behavior of model rock material around openings which represent

horizontal tunnels in real rock. In connection with this work two tests

were performed to investigate the effectiveness of testing model rock spe-

cimens with a different opening orientation, sperimen confinement, and

loading arrangement from that used in the main program. In these two tests

the prototype to be simulated was a vertically oriented cylindrical opening

with the top of the opening at the surface. The loading applied was a

static uniform hydraulic pressure on the specimen surface, to simulate a

uniform surface pressure resulting from a blast loading.

In the first test the opening was unlined while in the second test a

thin aluminum lining was grouted into the opening. The surface pressure

applied to the cover over the opening was resisted by a steel plate which fit

into the top of the openirg, and the resulting force was carried by a steel rod

through the opening toa support at the bottom of the specimen.

The model rock specimen was cylindrical in shape with a diameter of

24 In. and a length of 24 in. The cylindrical opening was 4 in. In diameter

along the axis and through the full length of the specimen (Fig. A.A). The

hydraulic surface pressure was applied to one end of the cylindrical specimen.

A prototype opening of this type would be constructed in a rather large

rock mass and the surface pressure would be applied to an area that is large

relative to the area of the opening at the surface. The rock mass around

the opening is thus restrained from horizontal movement. To simulate this
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confinement the model rock must be restrained in the direction perpendicular

to the axis of the opening. This was accomplished by grouting the specimen

into a cylindrical steel container which was quite stiff relative to the

model rock specimen. The container was constructed of a 24 in. long steel

pipe with 24 in. inside diameter and one in. thick walls. It was further

stiffened by 4 in. by 5 in. flanges around each end of the pipe section

(Fig. A.1). Steel plates were bolted to the flanges over the ends of the

pipe section to complete the enclosure. The effectiveness of this method

of simulating the confinement will be discussed in a later section.

The size of model rock specimen and opening were chosen on the basis

of the same reasoning used to make this decision in the main testing pro-

gram. This reasoning is discussed in Reference (1), and depends on the

distance from the opening that the free field stress is materially dis-

turbed by the presence of the opening. This distance was chosen on the

basik of theoretical solutions for stresses around a cylindrical opening

based on elastic and elastic-plastic Columb-Navier material behavior. In

the vertical opening orientation the free-field stresses perpendicular to

the opening axis result from the Poisson effect due to the loading on the

free surface. In both solutions the radial and tangential stresses approach

rather closely a constant value at 5 opening radii from the side of the

opening (Reference 1, p. 147). This distance corresponds to a ratio of

radius of specimen to radius of opening of 6, which was chosen for these

tests. The diameter of opening G1 4 In. was then selected to conform to

this ratio as the specimens diameter was fixed by the 24 In. diameter of

the existing confining tank.

The material chosen to model the rock medium was the same one used In

the main research program and is described In Reference (1). This material

-- N
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was carefully designed to satisfy certain requirements of similarity between

the model material and real rock. The similitude requirements for the

vertically oriented opening are the same as those for the horizontal tunnel,

though the relative importance of each parameter describing the two problems

may be different.

The model material was not chosen to be similar to a particular rock

type. The variation in properties between rock types is so great that such

exactness is not justified. it was chosen, however, so that those parameters

describing the model material fall in the range of values found for most

rock types.

The model rock specimens were prepared by tamping the model material

into molds which were circular in shape 23-1/2 In. In inside diameter and

8 in. in depth. After drying, a 4 In. hole was cored along the axis of

each cylindrical block. Three blocks were bonded together to make the

specimen. For testing, the specimens were grouted into the steel container

to assure maximum confinement possible. The liner was grouted into the

opening of the second specimen before it was placed into the container.

Surface pressure on the specimen and strains on the outer wall of

the steel container were measured, to help define the boundary conditions
0*

on the top and sides of the specimen. There was some outward movement of

the tank walls as well as vertical shear between the tank and model rock

specimen. An estimate of these quantities is possible fiom the strain

measurements though the added stiffness of the flanges at each end of the

tank has an unknown effect on the strain measurements.

Strains were measured on the walls of the 4 in. opening and on the

aluminum liner in the second test. Radial and circumferential strains

were measured within the specimen by bonding gages to the top of the middle

i iv.
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8 in. cylindrical block before they were bonded together to make the

complete specimen. The resulting measurements 8 in. below the top surface,

gave the distribution of circumferential and longitudinal strain with

radius from the opening. The diameter change of the lined and unlined

openings was measured at 6 levels.

The test was performed by applying a hydraulic pressure in increments

to the top surface of the specimen with an air-to-hydraulic booster pump.

At each pressure increment the strain gages and deflection gages were read.

The test in which the opening was unlined, progressed until a shear failure

occurred in the model rock material at the top of the opening which forced

a triangular block of material into the opening. This failure occurred at

a surface pressure of 700 psi. The lined-tunnel test progressed to a sur-

face pressure of 1000 psi when a failure In the neoprene membrane over the

surface of the specimen caused a loss of pressure. The membrane was re-

placed and the specimen was pressurized a second time to 1200 psi when

the membrane failed again. A third pressurization reached 600 psi and a

fourth reached 1800 psi before the membrane failed. In a fifth pressuriza-

tion, a sheet metal ring was placed around the top of the tank under the

membrane to prevent the edge of the tank from damaging the membrane. The

metal ring extended out from the edge of the speciman approximately 1.0 in.

This test proceeded to 2500 psi at which time the 0-ring between the top

plate and tank flange failed. Failure of the model rock around the opening

did not occur. A longitudinal buckle was observed about midheight In the

liner after the fifth test, however.

In Section 2 the preparation, if the test specimens and the testing

arrangement will be discussed. The test results will be presented and

discussed in Section 3. A suivnary of the results and reconvaendat ions for

future studies will appear in Section 4.

* N



138

A.2 Specimen Preparation and Test Arrangement

T,e geomechanical model used in the tests was a 24 in. diameter by 24

in. high cylinder made of a compacted plaster of paris-sand mixture. For

ease of handling and instrumentation, the model was compacted in three 8

*f in. high x 24 in. diameter blocks. A 4-in. diameter opening was cored

along the axis of each cylindrical block. Strain gages were mounted

directly on the end of one block of model material. The three blocks were

1then joined together with epoxy to make a 24 in. long cylinder of material

with a 4 in. diameter opening through the center. After assembly, the

entire model was lowered into the confining tank and grouted into place.

(Fig. A.). Hydrostatic pressure was applied to the top surface of the

model. There were two tests conducted: in the first the 4 In. opening

was unlined; In the second the opening was lined with an aluminum tube

grouted in place.

Earlier work by Heuer reported in Reference (I) showed that in order to satisfy

similitude considerations, the stress-strain properties of the model material

should be similar to those of the insite rock. After testing a number of

materials, leuer concluded that a compacted mixture of sand and plaster of

j paris would satisfy the similitude requirements. Hle found that the propor-

tions by weight of water/plaster of parls/fine sangamon sand/Na2IPO4 should

be 1.2/l.O/90/0.0l.

This mixture was compacted in 23 1/2 in. diameter x 8 in. high molds with

a pneumatic chipping hatumer operating at 100 psi air pressure and equipped

with a 64 sq. In. foot. The amount of compactlve effort could be controlled

by the amount of force applied to the chipping hammor and length of time a

given area was compacted. This procedure yielded a block with an average
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dry density of 1.84 gm/cc with a variation of less than 2%. Heuer achieved

a density of 1.82 gm/cc using the same compaction procedure and mix propor-

tions (Ref. 1).

After compaction, the blocks, still in the molds, were placed in the

oven and dried at 105'F. The blocks were weighed periodically and the

drying curves are shown in Fig. A.2. After about 200 hours in the oven,

the blocks were removed and taken from the molds. Very little of the material

adhered to the molds, which had been coated with oil before compaction.

In order to measure strains in the model material, SR4 electrical

resistance strain gages (BLH, type A-I) were placed directly on the end

of one block for each specimen following procedures developed by Heuer

and described in Reference (1). The gage locations were coated with Duco

cement diluted with acetone (1:1 by weight) and allowed to dry for 24

hours. The gages were then bonded on the dilute Duco cement sub-base with

Eastman 910 adhesive. The location and orientation of these gages are

shown in Fig. A.3 for the unlined openin•g test and in Fig. A.4 for the lined

opening test.

In addition to strains in the material itself, the deformation of the

jopening walls and tank walls were measured. For both tests clip gages

were used to measure diameter changes of the opening. These ._jgos are

C-shaped strips of beryllium-copper with strain gages mounted on them and

calibrated to correlate strain readings with movement or closing of the

C shape. The location of these gages for both tests are shown in Figs.

A.3 and A.4. In addition to the clip gages, strain gages

were placed directly on the wall of L1 opening (Fig. A.3) or on the liner

(Fig. A.5). Strains on the wall of the confining vessel ware measured by

i, , ! ... I.... ''W .. .. I ... .. I ' ' i ' :' f:: ': 1 , I I - - , , , ... : :.. ... _ '' i
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four FAER rosettes placed at mid-height on the outside surface.

An attempt was made in the lined opening test to determine the effect

of the epoxy joint on the A-I gages between blocks. Some of the gages

were set in 1/16 in. grooves and covered with teflon (Fig. A.4). Others

were placed in a groove but with no teflon cover. To minimize the possibil-

ity of damage when the blocks were epoxied together, the leads from the

strain gages were cemented with Duco cement into shallow slots leading

from the gage to the opening.

After the strain gages were placed, the three blocks comprising the

specimen were bonded together with a mixture of Armstrong A-35 adhesive

(proportions Part B/Part A of 2/I). The epoxy was allowed to cure for

three days.- The opening cover plate (Fig. A.) was placed and the entire

model was lowered Into the confining tank and grouted in place with Sul-

faset. For the lined opening test the aluminum liner was grouted into the

opening with Sulfaset before placing the specimen into the confining vessel.

A neoprene membrane was used to seal the pressure chamber from the

top of the specimen. Since differentail movement between the opening cover

plate and the top surface of the model rock specimen was expected when

pressure was applied, a 1/16-in. thick x 8 in, diameter cushion of neoprene

was placed between the cover plate and neoprene membrane. The confining

tank cover was bolted Into place with 25 1-1/4 in. A 325 bolts.

The strain gage circuits consisted of two arm bridges for the A-i

gages, tank rosettes, and opening liner gages and four arm bridges forI the clip gages. For the two arm bridges, a compensating gage was used for

each gage type. This was possible because the model material could dissi-

pate heat quickly enough-to avoid significant error due to heat buildup

(Ref. I). For the unlined opening test the gages were manually switched

and strains were read with a portable strain indicator. for the lined opening



test automatic switching and balancing equipment was used for all the gages

except the clip gages. This equipment also had automatic printing equipment.

The clip gages weie read with a portable strain indicator as in the previous

test.

Hydrostatic pressure was applied to the surface of the test specimen

with a Haskel air to hydraulic booster pump. The air was reroved from the

pressure chamber before applying oil pressure. 
A
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A.3 Discussion of Experimental Results

A.3.1 Test With Unlined Opening

The unlined opening test proceeded to failure which occurred when

a section of the model rock at the top of the opening sheared off and was

forced into the opening at a surface pressure of 700 psi. A photograph of

the failure and a drawing of the dimension of surface are shown in Fig. A.6.

The failure surface intersected the opening wall about 2.25 in. below the

surface and made an angle with the vertical of about 31". This angle corr-

esponds to the angle of internal friction reported for the model material.

Strains were measured at midhoight on the wall of the confining

tank to help in assessing the oeffects of thu boundary condition"s on the

sides of the specimen. Figure A.7 shows the measured strains plotted against

Surface pressure and the correiipnding stresses In the wall co puted fto

those strains. The str-A.ins way be influeneod by the presecec of t~w NlanJes

whic oare 8 in. feom th goes o about 8 t$iAme the thicneas of th tank

wall. The steins should give at ;least a rtasuAt bk indication of rho streses

In tho t Wall.

Figuro A.8 ihawt the average sear stttr t botu 4n the upper 12 in.

of the onfining tank wall arid thd *owl rok 6460011 cido 1ed froo th1W

tortriota of Fig. A.7. Thiii graph showt that the slntar tress w4s quit taiill

up toa :uefao ptessuriooaproxittly 10 psi :1r we which it variot app.,di-

00tety in a lItsd-a owtt r e-uhing 135 Psi at a tuet d stul Of 700 psi. Thd

sretar stres actually oacurs bttween th steel wall of the tanik 31id tho Sulfa'ot

that was usoed to grout the spccin ihta the ontaiter. Though the contaij e wall

was oiled beforn the stpcia was placed, the shear stress it still signlficat;
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the ratio of shear stress to surface pressure increases from about 0.05 at a

surface pressure of 200 psi to 0.19 at 700 psi. The change in slope at

about 150 psi surface pressure for the shear stress probably indicates

that the cohesion between the tank wall specimen is broken and the shear

then results from frictin. Figure A.9 shaws the lateral pressure exerted

by the m-oel rock speciaien on the confining tank will at midheight of the

tank computed from the aeasured strains and plotted aginost surface pressu.e.

The lateral pressure varies almost linearly with surface pressure above

200 psi and the ratio of lateral pressure to surface pressure varies frum

about 0.12 at a surface pressure of 250 psi to about 0.2 at 700 psi.

A significant factor in assessing the test results is tOe effect

of the bouodaries at the tank w l an the o04el rock behavior ner the

oit T lateral Owvndatiof the all Is twall. The OQi.0 f i re w.-

fordntial striin Is, about 40a u4kh corePondsi to a rad IalI wavcaet of rho

w il o tow e todr of yOOS in. This wovt nt was, Icl wo nar uo bt-f an top of Othsoclwen whard tho rank was, s~tiffend by the flanges. The

* :::r bett lt tot uAl an4d trionlo it rathe r 'arg nd the distance

ltheO aW541 rock speciWo that tlot infiluencei of this shear etretds it,

The -.rAitot wiauedd ofi a Olane it*. Wow rho top turfae OR' the

* speciatn aiv show-to 04 Pigsi. A-1l to A.15. Thit plane corep6onds to thd

joint betuoen the top and iaiddld blocks of thd eawbled s!e'iwo mod there-

tore Aso conainis the eoxy used to joih thie blocks. thiso QPOV is s040

whit stifter thib thd etodl ilteeial, but the thickness was 'ithr, wail so

the joint uas pr eialy wt ippreciibly strqtlor tlitn the ateriil, and it
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are tensile near the opening and decrease with increasing radius to a

radius of about 4 in. and then increase again. This strain could result

from an outward particle displacement for a radius greater than 4 in. as

indicated by the circumferential strains.

The circumferential strains measured on each radius in Fig. A.1l

are fairly consistent in that the curves are smooth, but there is a large

I rangc In magnitude of strain on the three radii. The radial strains do not

have much scatter and in fact the values were so close that they were aver-

aged where mare than one gage occurred at a given radius, and it is the

average that ;s shown in Fig, A.d3 The scatter in the strain measureaents

I was probably caused by nonhomgonlety of the specimen which allowed a non-

symmetricat deforoation. The circumferentiaa strains are more sensitive

to nonsywetrili radial deformation because they are proportiona! to the

radial dl place aat while the radial strains are equal to the rate of change

of tile displacei at Which is not varying rapidly,

This duicuition has be-t' based oan the atuI'ta that the electrical

sthlin gages give Af acurat indiciti10 of the average strhlafn ove ther

gave lenth Whe aplied withio the Owteriel. In 4Rfte (l) tests are

reortod lo which giages are oouitued o;% thd surtace aad tnsid tet t~ dt

wh i ee -suljecte'd to triaial4 mtet. Ok was conclWd freim thie@ tdsi(

lifts the tinl gqges do givo reasonably accurate lunin he conditions

wrider whtich tOw gagts t4, ratc 'i these tomt arr so~dwhat difforentm fea

I ~ ~d,m there eoiot be appilied, with reevtla 4 to these teits. 1i the

I secoid test of a lined oo0tih9 An additioal dianetral sot of gaiest waM placed

w~ithin the mttrial with ja diltonent twthod of protecting the Ogjes. to see
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if Pny dlfference could be detected, These results will be discussed in the

next section.

Errors in electrical strain gage readings within the material

would occur if the gage within the material is deformed under pressure to

conform to an irregular surface cn which it is mounted. It is to avoid

this that the gages were mounted on a base of Duco cement which forms a

smooth surface for the gage and it is mounted with Eastman 910 cement under

pressure to make it conform initially to the surface. This method-shoul-d

help to avoid the problem, but under very high normal-pressure there is

likely to be some deformation of the Duco cement and consequent deformation

of the gage. The resulting error should always be a tensile strain, should N

be approximately the same for all gages within the material and should not

occur for gages mounted on the surface within the opening. This phenomenon-

does not explain the unexpected behavior of the radial strains in Fig. A.13

however, because the shape of the curves should remain the same and have a

uniform tension superimposed on them. Instead the shape is changed as would

occur if the shear along the boundary of the specimen reduced the vertical

stress near the wall.

Figures A.14 and A.15 show the variation of circumferential and

longitudinal strains measured on the wall of the opening versus surface

pressure at various depths below the surface. The divergence of the curves

is of some concern since the gages with a given orientation should measure

the same strain if conditions of symmetry and homogeniety exist and the

model represents a mass of rock Infinite in extent as desired. If tht

difference in strain with depth results From the shear between the model

i..~
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material and the tank-wall, the divergence in strain should increase with--

depth as the shear force builds up along the wall. This is not the case,

and-in fact the smallest and largest strains appear-tc occur at 2 in, and

4-in in-the case of both the circumferential and longitudinal strains.

:Also, theordering of t1hetmagnitude of the circuinferential and longitudinal

strains with depth is th4 sane. This lends validity to the strain measure-

• .-.ments- and suggests that the variation in strains is due:to random ariatioo

- in density of model rock mater:ial with depth. - :

A' -Of'particular concern is the strain condition in the failure

7 region. A-plate 0.5 in. thick was-placed with.a-snug-fit ... the opening ar

the top surfaces of the specimen.. This plate.prevented lateral movement of

- .thewall of the opening near the surface, and may have had some effect at the

, 2 in. level since -the ci-rcumferential strain: measured there is considerably

smaller than at other levels-up to a surface pressure of 600 psi. The

olngitud.inal s-train is slightly less than..that at the 7 in. level up to the ...

same surface pressure, Thesfailure of the model material occurred in shear

on a surface with an-angle of approximately 30O and the shear stress on this

surfacewas approximately 300 psi at fa-ilure..

A.3.2 Test With Lined Opening

The second specimen in which the opening in the model rock mate-

Hal was lined with a thin aluminum tube of 0.035 in. wall thickness and

4 in. diameter was tested several times. The first pressurization proceeded

to 1000 psi surface pressure when the neoprene membrane over the surface of

the specimen began to leak and pressure could not be increased. The same

thing occurred on the second pressurization, at 1200 psi, on the third at

I 600 psi, on the fourth at 1800 psi, but on the fifti; trial 2500 psi surface

MK'
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pressure was reached before the O-ring seal between the upper tank flange

and the end plate failed. Surface pressure, strains on the confining tank,

strains in-the model rock material, and strains on.the opening, liner:.were

.measured. The model rock material did not fail even at a surface pressure

.-of 2500 psi, but the liner buckled longitudinally on the last pressurization

* at about-midheight. The surface of:the model'rock specimen was deformed

:-"permanently from its original posit-ion approximately- 1/4 in. on the first

pressurization and 1/2 in.-by the fifth. The surface was relatively flat,

- -indicating that slip occurred between the model material and confining tank

wall. Only the complete results of the first pressurization will be presented

as they are representative of the overall- behavior.

Figure A.16 presents for the first pressurization the average of

the strains measured at midheight on the outside surface of the confining

lank wall in thecircumferential, longitudinal, and 45 degree directions.

If the longitudinal and circumferential directions are principal strain

axes and the strain is uniform through the tank wall, the strain in the

45 degree direction should be the average of theother two., In the unlined

opening test this was essentially the result, but in Fig. A.16 it is observed

that the longitudinal and 45 degree strains are close together and there is

-considerably more scatter than in the previous test. Also, in the unlined

.,opening test the longitudinal strain was the larger; while this is the case

in the present test below 400 psi surface pressure, the circumferential strain

is larger above 400 psi. This shift at 400 psi surface pressure could result

from a moment applied at the flanges which caused a compressive bending strain

on the outside surface of the wall of the tank which reduced the overall

tension. There are two mechanisms causing bending at the flange. The upward
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force of the bolts is outside the tank wall as shown in Fig. A.l causing

a moment in one direction while the bending of the tank end plates which

is clamped tightly to the flanges causes bending in the other direction.

The two moments may have approximately balanced one another in the first

test while the latter moment dominated in the second test. This is proposed

because the bolts were tightened much more in the second test as a larger

surface pressure was expected.

At some pressure the bond between the Sulfaset grout and the con-

fining tank wall must be overcome near the top of the tank, after which the

shear between the two surfaces would result from friction. In Fig. A.17

and A.18is shown the average shear stress between the upper 12 in. of the

confining tank wall and the model rock specimen, and the lateral pressure

exerted by the model rock specimen on the confining tank at midheight

plotted against surface pressure. Both of these quantities were computed

from the measured strains shown in Fig. A-16. At the maximum surface pressure

of l000pi the average shear stress was of the order of 350 psi and the

lateral pressure was about 225 psi. The ratio of lateral pressure at mid-

height to surface pressure was then about 0.22, and the ratio of average

shear stress to surface pressure was approximately 0.35. At a surface pressure

of.700 psi the ratio of lateral to surface pressure and shear stress to surface

pressure was 0.21 and 0.31 respectively, while the corresponding ratios for the

unlined opening test were 0.20 and 0.19. It appears that the lateral pressure

ratio remained relatively constant In the two tests while the shear stress

'Increased. The shear stress depends on the surface conditions of the confining

tank wall. The tank wall was rougher In the second test because of corrosion

caused by moisture In the Sulfaset In the first test.

iiq
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In Fig. A.19 is shown the circumferential strains at various

radii measured on a plane 8 in. below the surface vs. surface pressures.

Again there is considerable variation in the strains measured on different

radii, probably due to nonuniformity of the material. In Fig. A.20 the circum-

ferential strain vs. radius is shown for a few values of surface pressure.

To determine if the strain measured was dependent upon the manner

in which the strain gages were protected after being applied, three different

applications over the gages were used. One set of gages was applied to

the surface with no covering as in the unlined opening test, (Radius Z-Z) one

set was placed in a 1/16 groove without protection, (Radius X-X) and one set

was placed in a similar groove with a small piece of sheet teflon over the

gage (Radius Y-Y). The first set of circumferential gages mentioned became

inoperative when the lead wires were damaged during assembly of the specimen.

The second two sets of gages are compared in Fig. A.20. From this comparison

no consistent difference can be detected in the way in which the gages were

protected.

The circumferential strains in Fig. A.20 indicate an inward particle

displacement from a radius of 10 in. and less except for a reduction in

displacement or slight outward movement (tensile strain) at a radius of 4 In.

on two of the 3 radii. At a radius of 10 in. the circumferential strain is

small and probably remains small but tensile from there to the confining tank

wall where a small tensile strain was measured on the tank (Fig. A.16).

Radial strains measured on a plane 8 in. below the top surface are

plotted against surface pressure in Fig. A.21 and aro shown along particular

radii for a few values of surface pressure In Fig. A.22. These graphs indicate

a general radial tension in the specimen near the opening which becomes smaller
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as radius increases until compression is measured at a radius of 4 to 5 in.

At radii of 8 and 10 in. tension was measured on all but one of the radii. Thus

tension dominates near the opening and near the tank wall with a narrow band of

compression at a radius of approximately 5 to 7 in. This behavior is difficult to

explain on the basis of what is understood about the deformation of the specimen.

However, since this strain distribution was measured on three different radii,

it cannot be discounted. The same three methods of gage protection discussed

above for the circumferential strain was used and there is no consistent effect

* i of gage protection on the strains measured.

In Fig. A.23 the circumferential strains measured on the opening liner

are shown as they vary with surface pressure. Also shown is the computed average

circumferential strain based on the change in diameter measured with the clip

gages. The range In strain measured with strain gages represents a superimposed

bending component in the liner after the test confirms that ovaling occurred.

The average of the strains measured with strain gages represent the average

strain in the liner, and give a more accurate indication of the average than

the computed strain. The computed strain depends on the location of the clip

guge relative to the ovaled shape and cannot average out the bending component.

There is a decrease In average circumferential strain with depth as would be

expected If the vertical stress is reduced by the tank wall friction. Figure

A.24 is a plot of the longitudinal strains measured on the liner at various levels

as It varied with surface pressure. These curves show an Increase in compressive

strain with surface pressure to a pressure of 300 to 500 psi after which the

rate of Increase is reduced. This reduction in strain rate is an actual reversal

near the surface and becomes less pronounced with depth. At low pressure the

shear between the cylinder and model material results In longitudinal compression

in the cylinder. At the same time there Is circumferential compressive strain
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due to the lateral pressure from the model material, but the resulting longitudinal

tensile strain in the cylinder is small as it is only due to the Poisson effect.

Thus the longitudinal stress due to the shear dominates. At about 350 psi surface

pressure the shear stress has reached the adhesive capacity between the materials

and slip begins resulting in a reduction in the shear stress at higher pressure.

The lateral pressure continues to increase and above 350 psi begins to dominate

the longitudinal strain by way of the Poisson effect.

The variation of average longitudinal and circumferential stress in the

liner computed from strains measured on the liner is shown in Fig. A.15. There

is a general increase in longitudinal stress and a decrease in circumferential

stress with depth at surface pressures greater than 100 psi. The lateral pressure

exerted on the liner and the average shearing stress between the model rock and

liner computed from the stresses In Fig. A.25 are shown in Fig. A.26. The unit

shearing stress decreases with depth from the 2 in. to the 4 in. level and remains

fairly constant from 4 in. to 12 in. The horizontal pressure increases at about

the same rate to a depth of 6 In. and is somewhat less at 12 In.

In an Infinite medium the lateral pressure on the liner would decrease

with depth because the vertical stress near the liner would decrease due to the

shear stress between the liner and rock if the liner is stiffer than the rock. It

is not possible in this case to determine whether the reduction in pressure is

caused by this effect or friction on the confining tank wall. Near the top of

the liner little friction has accumulated so the lateral pressure calculation

on the liner should be meaningful. A straight line through the points for the

4 In. depth gives a ratio of lateral to surface pressure of 0.28 (Fig. A.26). This

is slightly larger than the value 0.22 which would be obtained for the ratio of

lateral to surface pressure at midhoight of the confining tank if a straight

line Is drawn through the data of Fig. A.18. For a semi-infinite linearly
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elastic medium with a uniform surface pressure the ratio of lateral stress to

vertical stress in the medium is equal to v/(l-v) where v is Poisson's ratio.

The value of v in unconfined compression is found to be approximately 0.17

for the model rock. This value gives a ratio of about 0.2. At the 12 in.

depth and 1000 psi the ratio of lateral to surface pressure on the liner is 0.17

(Fig. A.26) and on the confining tank 0.24 (Fig. A.18). If the vertical stress

Is assumed to be the same at the liner and confining tank wall at this level,

the lateral pressure on the liner should be less because it is less stiff than

the confining tank.

The shear on the liner is fairly consistent when computed as the

average from zero to 12 in., 4 to 6 in., or 6 to 12 in. It is on the order

of 0.1 times the surface pressure. It is about the same as the shear stress

on the confining tank below 250 psi surface pressure, and is much less than

that on the confining tank at higher surface pressures.

The fifth pressurization of the lined opening specimen reached 2500

psi before pressure was lost by failure of the 0-ring around the top cover.

Almost all the strain gages within the specimen were no longer fucntioning,

so only the strains on the outside surface of the confining tank were measured.

These strains are shown in Fig. A.25 as they vary with surface pressure. The

horizontal pressure exerted by the model rock specimens at midheight of the

confining tank wall and shear between the upper 12 in. of tank wall and specimen

are shown as they vary with surface pressure In Fig. A.28 and A.29. On the first

pressurization, the average shear stress on the tank wall was slightly smaller at

a given surface pressure and the lateral pressure was slightly greater than that

on the fifth pressurization.

When the confining tank was disassembled after the fifth pressurization

It was found that the liner had a uniform buckle at a depth below the surface of

10 in. which protruded Inward approximately 1/8 in. After the fifth pressurization
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the top surface of the specimen had been deformed a total of about 1/2 in. while

the liner protruded above the original top of the specimen slightly less than

1/2 in. This protrusion represents the slip that had occurred between the two.

The liner was deformed from the circular shape as shown in Fig. A.30 where the

shape is shown at two depths below the surface after the last pressurization. There

was a tendency for areas on opposite sides to flatten at both levels with a max-

imum deflection from the circular shape of approximately 0.01 in.

, L-.,-.-~'
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I.

A.4 SUMMARY AND CONCLUSION1S

The confining tank was found to be stiff relative to the model

rock specimen and satisfactory for providing lateral confinement.

The maximum circumferential strain in the tank was of the order of 70P and the

lateral pressure on the tank wall at midheight was on the order of 0.2 times

the surface pressure at a surface pressure of 1000 psi. These values

are approximately those expected for an infinite half space with a

uniform surface pressure. The shear stress between the model rock

specimen and tank wall was found to be so large that it probably had

considerable effect on the behavior of the model material around the

opening. In the unlined opening test this shear was approximately

135 psi at 700 psi surface pressure and in the lined opening test It

was 210 psi at 700 psi and 325 psi at 1000 psi surface pressure. The

shear stress was higher in the latter test, but the ratios of lateral

to surface pressure at midheight of the tank were close. The shear

stress between the tank and model material could be reduced to a

satisfactory level by applying sheet teflon to the tank wall before the

specimen is grouted in place. It may be possible to use a layer of

teflon sprayed on the tank. This would be preferable because of the

thinness of the layer.

It Is desirable to measure the lateral pressure and shear stress

between the tank vall and model material during a test. A problem

was encountered in doing this by measuring the strain at midhoight of

the tank wall, because of uncertainties introduced In these masurements

due to immnts applied to Zhe tank flanges. Most of the uncertainty

......................
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can be eliminated by investigating the strains at midheight of the

tank wall under hydrostatic pressure conditions,

Difficulty was encountered in maintaining the neoprene diaphragm

over the model rock specimen because it was damaged by the top inside

edge of the confining tank. This problem was overcome by placing a

sheet metal ring under the diaphragm and over this top edge and extending

about one in. over the outer edge of the specimen. This ring provided

a rounded surface for the neoprene as the model rock specimen deformed.

In the last pressurization of the lined opening test the diaphragm

held and the test was terminated when the 0-ring between tith tank flange

and lid was extruded at 2500 psi. The 0-ring tyce of seal has been

used before to a pressure of 3000 psi so this should In general not be

a problem. The pressure of 3000 psi is the capacity of the confining

tank.

The model rock specimen can be prepared satisfactorily in the

general manner used In these tests. There is sone evidence, primarily

the variation in strains masured at syW-etrical points, thot the

uniforolty In do.-sity of the mtudd material should be Improved. This

could be done with an automatic twing eeltanis, mprobably of the

drop bIon er type, or by devoting greater effort to maintaining uniforoity

in hand tarvpbng by careful timing of the oncu#Qtic tamPing on sooelnts

of the spec vn. Grouting of the tpecirvn into the confining tank

with Sulfaset was a tatisfactory tv of ooiliing the available

confinement of thtank, and the similar procedure for placinq the

liner In the opening in the second test wasf equally satisfactory

excopt that the grout thickness should Ibo ket is thin as oossible.

In tlhis test the thickness of grout was almost a ouarter ittk. ant

it would be possible to keep this thicknoss to less than oneeight in.
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with care. The purpose of placing epoxy in the joint between the blocks

was to assure good contact and to protect the strain gages. There is

little shear stress in the joint because of symmetry so the epoxy strength

is sufficient, though it may be desirable to use an epoxy with less stiffness.

The use of strain gages and clip gages to instrument the opening and

opening liner appeared to perform satisfactorily but the use of strain

gages within the material requires further investigation. These gages

respond well. but the variation in readings at symmetrical points makes

the results suspect. As mentioned earlier this variation could result from

nonuniformity of the material, but it could result in some cases from un-

realistic response of the strain gages duo to the high normal pressure

applied to them. The normal pressure alone should cause little extraneous

strain response as discussed in Reference (), but the combination of

adverse effects way cause difficulties. Adequate placement and protection

methads could aliminate the difficulties, howver.

Any cunclusions drawn -f m these tests contrnig the beiuwior of

the moel rok itt (toe v&,cinity of the aeoing must be drawn with the

roalizatioa that the high shiar st.ro bet6un the wdel saterial and

tnk walls way have caused the Stpcimh not to b-ave lik an in ite

hAir-space. This shear stress rb4bly did not affect the failure of the

oateriel around the too of th opaning i% the ualinod oevning tost, thouqh

it probably did influence the strains at tha 8 in. level in the oiaterial

and around the opening. It was posibld, hobwver.4 to determine an approxi-

*wte value of lateral pressure and shoar stress on the openin l iner and the

distribution of these quantities with depth.. The sheer stress of the liner

depends on the materials ifl catat and the surface conditions of the materials.
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The surface conditions were not necessarily representative of a real installation

in these tests. In a prototype structure the liner would probably consist of

concrete cast against rock in which case there would be a rather large

resistance to slip and a friction coefficient would not be very meaningful.

In further tests attention should be given to the interface conditions and

an effort made to make them realistic.

Tests of the type performed can be made which will give results that

will help to understand the behavior of the material around a vertical

opening and the interaction of the material and the opening liner. Such

j tests would be verV useful in furthering this understanding. A model rock

specimen which contains systems of Joints with various spacings and orion-

tations can be built and grouted into the confining tank. Tests of a

specimen of this t1pe could be even mro useful in understanding the behavior

of reaI metk.

U.

I
I

I
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Fig. A.3 Gage locations In the model material for the unlined opening
test
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Fig. A.17 Average shear stress between the upper 12 in. of tank
wall and model rock for the first-pressurization of the
lined opening test.
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Fig. A.22 Radial strain vs. radius for the plane 8 In. below
the surface In the lined opanInS test.
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Fig. A.25 Longitudinal and circumferential stress in the liner vs.
depth for the first pressurization of the liNed opening
test.
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Fig. A.26 Horizontal pressure and average shearing stoess on the
lin~er vs. surface pressure during first pressurizatlon
of the lined opening test.
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Fig9. A.28 Average shear stress between the specime~n and upper 12 in.
of confining tank during the fifth pressurization of the
lined openi-ng test.
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Fig. A.29 Lateral pretsure at mid-height of the confining tank~ during
the fifth Pressurizatfon of the lined opening test.
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