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INTRODUCTION

1.1 Genersal

R RO

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

et dacet

" 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

Z T A s A e

order to conduct tests at reduced stresses in the lgboratory. A material with
the desired characteristics was developed on this study (Heuwer and Hendron 1969,

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

e S

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 stabes of stress, techniques were then developed
for constructing solid models which conteined unlined tunnels. Concurreat with
the development of techniques for consiructing the model, methods for instrumenting
the models were developed to measure the strains and displacements in the model
as it was loaded in & plane strain loading frame developed on this study (Heuer
and Hendron, 1971). After the required techniques were developed for constructing
and testing these models, & series of model tests was conducted on lined and
unlined tunnels in solid models of the artificielly prepared model rock material.
The behavior of the unlined tunnels is vreported by Heuer and Hendron (1971).
The test variables investigated in this study include the prineinal siress ratio
and the liner stiffmess. A summary of all tests conducted on solid blocks is
shown in Table I. '

Arhey the tedtas on selid models were completed a considerable effort on this
study was directed toward the construetiqn of Jointed models containing lined

tunnels. buccessful techniques were eventually developed for constyucting Jointed




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
o In this report en analysis snd comparison of the tests on lined tunnels in
solid blocks is given in Chepter 2, V‘ |

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 quel silos in solid rock

modeling material is presented and discussed.




Table 1

Tests on Solid Blocks

Test Block Tunnel Liner N=ch/o Maximum
. v

Number Diameter Pressure
psi
TB #1 No tunnel — 1 1000
TB #e No tunnel -— 1l 1000
TB #3 ym wnlined 1 1000
TB #4 4" wnlined 1/4 1000
TB #5 I unlined 1/4 1000
TB #6 L unlined 2/3 1000
*TB #T L steel 1/4 1000

t = 0,065"

EI/R3 = 86 psi
Et/R = 975,000 psi

B 48 2 1/2" wilined 1k 1000
#7849 L" " steel T 1000
t‘ = 0.120" S

EI/RY = 540 pst - -
- Et/R = 1,800,000 psi

"B 10 L" steel 1 .1000
t = 0,065"
EI/R3 = 66 psi
Et/R = 975,000 psi

LAV S N T gteol a/3 1000
L © 0-065" :
R{/R3 = 80 poi
E6/R = 975,000 pui

- %o M2 Lo © aluainum 11000
- S - t = 0.038" ‘
BI/RI = 5 pat
Et/R = 175,000 pai

*ap A3 L aluminum - 2/3 1300
.t = 0.038" o
BY/mY = 5 pat
BR/R = 179,000 ot

& A . it

~ # Tosts conducted For this revort.
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CHAPTER 2
RESULTS OF SMALL SCALE MODEL TESTS OF LINED TUNNELS IN INTACT ROCK

2.1 Genal
During this study 6 tests were conducted with lined openings of
varying stiffness in intact modai rock material, The models were pre=

pared in exactly the same manner 3s the intact models described by .

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

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

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

“and the ratio of the applied principal stresses were varied as shown
“in Table:1. 1In the following sections o detailed discussion is given
- of th&_ﬁeesurm&nts made in some of the tests and comparisons are sade

which reflect the: influence of the liner stiffness and the principol - )

stress eatio on t'lse behavior. . '-ﬁ«xapai?isms'are also mde‘befw&@n the.

-observed dmﬁetw ehauges and ‘the diameter changos eaiwloted From both -

ehstie ang. elaste—plastw eakuiano&s in s@ctim 2,

2.2 m mlu of Tygs-ml Tﬁit- ms Lmeﬂ B‘ﬁﬁmﬁg m Salid Tost B.ockn

‘rm: iilm:k f?l!

W.*fil was tested wi th a stcel lmei‘ of thmkn@ss 0065 at a

o

Cpsi. 1o this test the liner was instrudcnted with tweaty-four SR=3

sLFain Gages, twelve on the inside and twalve o the outside of tiw

el liner, Sistcen of these gages weve located at Scction 1 and

”_th_a remaining cight were located at Section 1. AL Scction § the

WATUR L aSNLSUNeL 0 S LR CWMOE ALTIE e e RORANN e O Ty e s



gages were spaced 45° apart on the circumference whereas at Section 11
they weve spaced at 90° as shown in Fig. 1. Sections 1 and 1! were
spaced 2" apart at the wmidlength of the tunnel (Fig. 2). Each gage

was identified by specifying tﬁe 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 goges located at the spring=
Yine, crown-invert section and at the 45° lines, as shown in Fig. la,

These clip gages have been deseribed previously (Houer and Hendron,

. 1969), The mode) wedium was not instrusented to measure Froe=f ie_id"'

straing, An estirate of the frec-field strains was made using the

data from TBE6 whi;h was. tested at the same N value with an ualined - -

- openiag,

The diasetrical movergate observed in Y6811, vre presentss as

“plots of dimaterical strain, A0, versus applicd vertical stvess, -
ey i Fige 3. The ceomn-invert digmeter shortoms throughout the test,

L as it should, wnder the infivgnce of the appl ied loading, At lower

levels of applied strous, the spriagiigw,diww? also docveasos; but -

" as the loading is ingreased, the springling a‘iwter starts iy elotgate,

At high stresses, the springline diascter is cousidorably lenglhencd,

It is also scen that in contrast (o the cruwn-invert and springlioe

‘diancters, the wo 45° diamoters espericnce considorubly ssalicr esounts

of strain, Even though diametrical extensomotors §#3 and 9 should

 thearetically give the same relatisnship, thove is a ssall Jsgunt of

scatier in the tust vesulis obtained. But the degree oF scatter is
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well within the range that is usual in model tests of this type. 3
Thrusts and Moments in the Liner é
Thrusts, T, and Moments, M, in the liner were calculated from the strain S
readings of the gages placed on the inside and outside of the liner, using : ;
the following equations: ;
. - Et - i
= - e 2 !

M ,(Eo Ei) T3 E (2) -

where €, and €y are the circumferential strains at the 'inner' and 'outer'
fibers of the liner, E is the modulus of eiasticity of the liner material

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

liner was assumed to ba 30 x IO6 psi. The maximum measured fiber strain

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

[

dicating that the liner remained completely eiastic throughout the test,

The thrusts and moments calculated for the different gage locations were

. f

then plotted In dimensionless form as 3~$§- and 5 versus the applied
v g, R

V [
pressure, o, . Compressive thrusts were considered to be positive., Moments

were consldered positive when they produce compression in the outer fibers.

The vériations of thrusts with applied pressure at different positions
of the liner of TB#11 are shown In Figs. L through 7. At most of the gage

locations the average dimensionless thrust Increased approximately

e S R PR e

11naarly with Increasing stress level. Ninety percent of the thrust

S St LB

measurements fell Into a relatively small band as shown In Fig. 7. The

o

i RS

average dimensionless thrusts varied from approximately 0.5 at o, = 100 psi

i
N
)

to approxlmately 0.8 at o, = 1000 psi. This means that the lincr

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




: 8
'?? that a portion of the load applied over the tunnel was arched around

i o ‘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,

Vi : At the highest free-field stress level tested (ov = 1000 psi), the .

liner carried about 80% of the applied load on the tunnel.

The variations of dimensionless maments at different gage locations

for TB#1l are shown in Figs. 8 through 11, Dimension'ess moments at

the crown and invert remained almost constant throughout the loading at

e e A R S R LR i

an average value of 0,05 x 10'2. At the springline also, the dimen-

sionless moments remained almost constant throughout the test and had
2

A S

an average value of about ,025 x 107°, At the 45° sections, the dimen~
sionless mément values increased almost linearly with increasing stress
g L ’  level from approximately 0.05 x 1072 at o= 100 psi to about 0.15 x 10“2
- at,oV = 1000 psi. Ninety-five percent of all the moment measurements
fell within a horizontal band as shown in Fig. 1l with an average value

foabout 0.05 x 10-2.

'3&; : : ) 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
b o conducted on solid test blocks with aluminum liners having an Et/R

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

_Test Block #12

l
8! | ~ TB#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 straim 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 measuréd the distance
between two 5/32"' diameter drill rods éxtending back through the tunngl

. 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, AD/D, versus applied stress, o (Fig. 13);A
Since the loading is hydrostatic, theoretically the diameter changes
along the crown-invert, springline and the 45° lines should be equal,

But fhe 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-

~metrical extensometer readings may be taken as the most probable value

P P BTN T T AR P T o T TR e R e T A TR R OV e i BRI T S T o TN R Y T R SR T
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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 zan also be plotted
against the vertical free-field strain, € Ff in the medium, a. shown in
Fig. 15, The solid line showing the relationship obtained from tast

" measurements is essentially linear, thus suggesting an éssentially
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 clearly: apparent

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

by theory.

The plots of dimensionless quantities T/cv. and M/ov. 2 against

R R

_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 o, = 100 psi to approximately 0.62 at a, = 1000 psi. This

. may again be explained by the fact that the stiffness of the liner
irelative to that of the model rock material increased with increasing

varge-field stress level because of the nonlinear stress-strain propertlies
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 45° 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 Biock #13
TB#13 was tested with an aluminum liner having a thickness of 0,035" ;

at a priucipal stress ratio of 2/3. The diameter of the tunnel was 4'.
The El/R3 value of the liner was 5 psi per lineal inch of liner and the f
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" respectively. There were eight measurements of free field
strains, 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 s a minimum at the
springlines, The diameter decrease along the 45° 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 45° 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/Uv-R against the average:vertical
model pressure o, 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 TB#lI

(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#I3 were lower than
for TB#11 because the circumferential stiffness of the liner (Et/R =
175,000 psi) was lower than the circumferential stiffness of the liner
in TB#11 (Et/R = 975,000 psi). Comparisons between Figs., 22 throuyh-
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 liner of the same
stiffness as TB#13; the only difference between the two tests was that
TB#12 was tested at N = 1 and TB#13 was tested at N = 2/3, The dimen«
stonless thrusts in TB#12 increased linearly with loading from about

0.25 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 o

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

f‘case for N =1 (TB#12).

' 2,3 Behavior of Lined Openings

Based on the results of tests on lined openings it is poss.vle

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

;{éarding the behavior of lined openings, under plane strain conditions.,

B fh'zgﬁf;D}émeter Changes
.v “ .(I /‘ 4:: NN
: “A liner generally increases the stability of an opening and the

‘ djﬁmeter changes of a lined opening are less than those of an unlined

‘i*'Opening under the same loading conditions. For loadings at a principal

?ith&SS ratio N = 1 the liner is in compression without significant

: bendlng aﬂd the liner in turn exerts a compressive radial pressure on
_‘tha medium surrounding the tunnel, This causes an increase in the
’_gvradial'stresses throughout the medium and a decrcase in the circum-
jtz,ifénﬂntlal stresses ncar the tunnel., Thus the principal stress difference

i i Is lowered (especially near th. tunnel) and thereby the severe stress

I

3.

§§ IR w9gndlti0ﬂ which would have developed in the unlined case, is eliminated.
'f , B genaral, the stiffer the liner, the smaller is the diametrical strain

g . ‘

*f -of the liner as shown in Fig. 25. The curves for T8#3 (unlined tunnel)

“and T2 (E1/RS « 5 psi) almost coincide until o, = 600 psi; thereafter

/they diverge, Thus, it appears that the aluminum liner in TB#lzlwas
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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#I12
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#10 definitely show the
effect of a stiffer liner in reducing the deformations. For TB#10
the value of Et/R of the liner was 975,000 psi (Table !) as compared
to she stiffness of the model of about 625,000 psi.

For a loading at N ¢ 1, the liner deforms into an elliptical shape
where the diameter parallel to the maximum free-ficld stress shortens,
The change in the diameter at right angles to fhe max imum 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 §s the tendency for the springline diameter 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#10, #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#1l 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 diameteﬁ increased, At a pressure level
of 1000 psi on TB#ll, the diametrical strain at the springline was of
the order of 2000 u=in/in.

Figure 27 shows the variation of diametrical strain between the
crown and the invert, for the three tests discussed above (TB/I7,
TB#10, TB/11), with Increasing stress level for three values of N

(N =1, 2/3, and 174), 1In the case of hydrosta.ic loading (N = 1)

the diametrical movement is minimal, At any given pressure, as the value

of N decreases, the shortening of the crown=invert diameter becomes

greater, The diametrical strain at the crown=invert scction for TBY?

with N = 178 was found to be about 27 times greater than that for

O TBMI0 with N = 1, The corresponding diametrical straln for TB#11 -
S with N = 273 was approximately 5. times as great as that for T810 with

N=

The variation of diametrical strains at 45° sections is shown in-

£ S 3

e T R N A A

ke,
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Fig. 28 for TB#10 (N = 1), TB#11 (N = 2/3) and TB#7 (N = 1/4). 1In
general, the diametrical strains at 45° 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 45°
sections showed an increase in diameter at all pressures while in TB#10
with N = 1, the 45° diameters decreased during the entire loading from
0 to 1000 psi. In TBFIl with N = 2/3, the 45° diameters increased

at low free-field stress levels but decreased in diameter as the stress
level was increased. 1In 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#ll and TB#13 which have

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

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 general 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 pressure, the liner is strained and

- the liner in turn exerts a radial pressure on the medium which increases.

jts strength. This changes the pressure distribution around the tunnel
toward a more stable distribution. The resulting diametrical straing
are considerably smaller than those of an unlined tunncl,

In Fig. 30 it is shown that TB#1ll increases in diameter at the

springline (after an initial decrcase) whercas TB#13 with a thianer

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-inver: 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 (EIIR? = 86 psi) in TB#7. This behavior

probably results at lower pressures because the circumferential stresses

P N\_:,_‘ - recie St R e e e o A B EER CSaa  eRSE  A R Sl S T
.
— AP - o Xt iy
ki P R T AT e T TS AT T T T LT QEOEA L. SEAAE L e A SIS .
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around an unlined opening at the crown and invert are small for a loading’

ratio of N = 174, At higher pressures the unlined tunnel should deform
more than the lined tunnel in T847 (El/ﬁa>- 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
' j'bf 800 psi that the unlined tunnel (T845) would have experienced larger
diameter 6hahges»than the fléxible tunnel liney in TBYY (81]93 = 8544
- psi) if the test on Tﬁﬁs had been conducted to higher pressures.

The magnitude of the diametrical strains along a5° sections is

"@uch’smailar than those at the crown=lnvert or springline (Fig. 34).
For the unlined opening the 45° disncter decreases in length while that

- -of the lined openings (T8¥7 and TB#9) increase in length. As can be

-éxpﬁctéd. the stiffer liner (T849) rosults iﬂ-a;smali@VVéﬁoﬁnt,of dia~

: L P T\ U
wotrical strain at the 45 sections,

ik

It has boen observed that the stress-strain relationship of the

siodel material is nonlincar, and that the effective wodulus 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 that for the thinner liner,

This results primarily because the thinner liner is subjected to wore

uniform pressures and both the vertical and horizontal diameters show

a decrease in diameter rather than the ovalling experienced by the

stiffer liner which apparently is subjected to more nonuniform pressurve.

At the 45° scctions (Fig. 31), the diametrical strains of the

. lined tunnels are also cmsiderably smal ler than those of the unlined

| '-twmel The tu:mel epaning with the min liner, (1’8,%?13) oxperionces. |
| ‘ slightly graaw diémtmcai strains at the 48° lar.es, wheu wgparea
to a tuinel with a stiffer liner. (m;m) - | '
o Figures 3" thmugh 34 alsa shw cmﬁsaﬁs smilar w thase ef
|  Figs 29 thrwgh 31 for ﬁodéls tested at an N valw m’ 174, Thé :est '
* data showh in thase f;gwes are icr tests mg:a (unlmed)» Tﬁ@? (Ella
' = 8 psi) and TE9 (EL/RS = 540 psi).

 As shown in Fig. 33 the Sprmgiiue d-wm af ttm usalmed opcmng, Lo

| in TBYS continued to decraase in deagth thvoughout the loading. The
steel liner (Elﬁa'é'%-pﬁi) tosted in TPV however showed an ingrease
©in leagth of the sw’inglié‘.@‘ diagncter wiih incroasing prossure as wiuld .A
be: expected ?_ov’ a loading applicd with N = /3. The data shown For the
stiff inee in Tow9 (EI1R3 = 540 [ss__i) aiso show a lcaythening of the
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; é material decreases throughout the test. Therefore a more meaningful
.i % cunparison of the behavior of the lined openings can be made by plotting
i ? the diametrical strains against the vertical free-field strains in the
g medium, rather than against the vertical model pressure. Thus the
% variation of the modulus of the medium with pressure level is indirectly
) § taken into account and the resulting plots are dimensionless,

Figure 35 shows such o plot of diametrical strain agoinst vertical

&
.
E
)

&
3.
HS
o

free=field strain for tests of TRY3, TBH10 and TB#12., TB#3 contained

an unlined tunnel whercas T8#10 and TB#12 contained lined tunnels with

_El/&3 values of 86 psi and 5 psi respectively. ALl three tests were
-qanduetedfae 2 brinaipal stvess‘ratia of N=o I, The soiid_lines in
these plots denote the observed }elatianship-beﬁween ihe'f?aeﬁfieldr
'-v strain in the mad@lwané the diametrieai sﬁfniﬁ of thé tuauel Since
o the laae-ng is hydra&tatiﬁ; the dismetrical strains at the vaf;aus
f lﬁu§tl0ﬂ5 in tha tunnel liner shauld theafet:eally be the sase.  However i
antual measurawcne a iaaii S @f seattor was’ absefvaé~ thereiore,
‘ tb@ avcrége valu@ of. lhé d-anetficai itfains have B@@ﬁ used sﬁ 9repeaiﬁg |
- these plots. ?iguf@ 35 shows that the scasurvyd d;dn@tr;eaa strasns faf o
'_:the vil fned oeeﬁung are nuzh were. than hose 9?@&-&:&& by using an
" elastic theory. The;behavs@s of»lhe_uﬂ!pﬁed epening is ohvibusly
.‘i:té:la‘stié- especially at higher '-lcrveli of leading aéd thus the use of
an ¢lastic theofy to predict the diakctrical strains in suth a case.
would be grassly in error. la casparison, iU is seen frow Fig. 35
that the observed aid theoretical rvelaticnships (based on  elastic
~ theory) b@tw&ﬁ-dimwica! strain and Tree-field stvain in the wodeld

for Y610 and VB2, Wn general show very good agreement. This indicates
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that the lined openings in TB#10 and TB#12 were 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 ocut in an attempt to
correlate the non-linear behavior obsevved in these model tests on
unlined tunnels with existing methods for analyzing inclastic behavior
around tunnels. Newmark (1969) has viven én elasto-plastic solution
to determing the stresses and strains around tunnels subjected to a
rhydrostatic free-field loading under plane stroin conditions, The

~diametricol straing a3 predicted by his solution, ore plotted against

 the estimated vertical freee-field steains as shown in Fig, 36, In

“these coleciations the stress=strain properties of the intast wadal
C - wdterial were token as € = | x-lﬁﬁ,psi and v = 0,25, The angle of

“internal friction was taken as 30° and the uhgont incd cospressive

. strength used was 550 pii. The mcasured dissetrical strains and these

fcaﬁﬁqte@ usiﬁgj&a elastic theory are also plotted on Fig. 38 fdf'pqrpcies
72‘6? COBPAF iSO, ;ﬁ&waafk's»saluzién Gives a closer fit-to the @easured
| ‘dété_tﬁan iﬁé éiastié solution. In Kawwrk's solution, the dilataﬁay
- effects in the plastic éaﬁ@ are as§§§ed to be éefa; in other words
'ftﬁe piastic zohe is assucd to defor wi thaut ahy chaige éﬁ,woluﬁé.'
1n 03t grscﬁiaaa cascs, this assusption is vot wlid. Invariably |
thete is @ certain amount of ingrease ia the vmluﬁe {dilatancy) of the
1 wedium around the obching. Recently 8 solulioh was developed (Mendron

and Aiyer, 1971) which tokes into account the effiects of 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
%A behavior is better than phatﬂqf Newmark's solution or the
i g . elastic solution; | |
{§- %, | Figures 37 and 38 show the diametrical strain versus vertical free--
g %: - field strain relationships at the crown-invert and springline sections
for models loaded with a principal stress ratio of N = 1/4, These plots
g have been prepared from the test data from TB#7 (El/R3 = 86 psi) and
_sg éx B | TB#9 (El/R3 = 540 psi). The corresponding relationship for an unlined
éfhé_ - tunnel (T&#S)‘loaded.ét N =1/4 is also shown for purposes of comparison. -
;g» g, Figures 37 and 38 indicate that the behavior of the unlined tunnel is E
;% % considerably nonlinear and inelastic, For the unlined tunnel the dia- ‘ ;
) ;i‘ : metrical strain remains positive (indicating a decrease in the length §
:2{ j of the diameter) at both..he springline and the crown-invert sections, é
Zéf 2 But for the lined tunnels, the diameter at the springlise increases in |
Jf- 5 uaﬁleng:h whereas the crown-invert diameter undergoes a decrease in length,
%:i . — . The percentage increase in length of the springline diameter for TB#7
?gﬁ é | © with a liner stiffness of 36 psi was greater than that for TB#O with . |
ég} 'a liner stiffness of about 540 psi. For TBH#7 (El/R3'=‘86 psi) the - o :._ V;
;éj _ »diamefrICal strains at the springline and between:the crown and Invert ~€
é. were about ten times the vertical free-fie}d strains In the model, é
Li : The diametrical strains at the springline and crown=invert sections ‘ %
7§: ; of TB#9 (EI/R3 = 540 psi) were about four times the vertical free~field - , g
;T F . stralns, ' | 4 | , o %
_§ | A comparison of the diametrical strain versus vertical free-fleld: f
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strain relationships for tests conducted at a principal stress'loading?'

ratio of N = 2/3 is prescnted in Figs. 39 and 40, Figure 39 ﬁhows

g | 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 strain of about -

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

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

and TB#13 with the Tlexible liner (El/R3 = 5 psi) decrease in diameter

. ' © at the springline. But the stiffer liner (El/R3 = 86 psi) in TBA#IL
_“é N - increased in diameter at the springline. At a vertical free-field
s ‘ |

~ “strain of about 3000 j 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

n 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

fg'; R length along the springline diameter,
bl : In Fig. 41 the diametrical strain between the crown and invert
:§§ | for TB#1l 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
stiffness (EI/R3) of 86 psi. The elastic solution for this case is

" shown by the dashed line (Fig. 4l) which was calgulated from the
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solution given by Savin (1960). The experimental data agree well with
the elastic calculations for TB#1l even up to strains as large as
4000 u in/in which is well beyond elastic behavior for the rock model

materials.
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"~ Joint blocks. They could elther be cast in a mold to the proper shape, or they

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 wag designed

- to test 24" x 2Lk" 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 simulstes 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 mutuslly perpendicular joints oriented
parallel to the tunnel axis. Figs. 42, 43 and Lk show the joint configurations
used in the models tested in this study. The models were tested with the 24"
x 24" faces horlzontal, and thus the longitudinal direction is vertical in the
model whereas it would genersally be the horizontal direction in the field. }
The models were tested in this orientation because it greatly simplified the

design of the loading apparstus.

‘; 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 i

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

could be sawed cut of larger blocks of model material. Because of the large _ !
amount of time consuming work anticipsted in a sawing process, it was first

declded 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 & high angle of shearing resistance, ¢, would be required to sccurately

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 étructure at high
Aconfining pressures (Heuer and Hendron, 1971). 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 materisl 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 & molding jolnt blocks falled it was decided to make

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

s
v

x 20" x 6" were used to compact 20" x 20" x 3" blocks using the same compaction
procedure snd the same mix proportions as used by Heuer and Hendron (1969) on
2k" 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 materisl composing the solid models tested previously by Heuer
and Hendron (1971). This model material is probsbly 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 deys after
which time they are put in an overn to dry at 1OS°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 bresking. 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.A 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" withou: excessive breskage. A jig has also been made to fit the saw
for cutting triangilar cross-section blécks for use around the edges of models
which have joints oriented at 45° to the principa; 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, & new series of material properties
tests was not necessary. The standerd mix is made in the ratio of 1.2/1/9/.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 vsalley near Mahomet, Illinois. The grain size
distribution of the fine Saengsmon River sand is' shown in Fig. 47, The retarder
used is Sodium Phosphate (Na.QHPOh) in the dibasic anhydrous powder form.

The material is mixed in e Lancaster concrete mixer with a 300 lb capacity.
The sand, plaster and retarder are mixed together dry for about 5 minutes, the
plaster beirg periodically removed from the buwl 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 lumps ure removed
by cutting with trowels and crushing 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 Heuoy
and Hendron (1969).

The intact shear strength properties of the model material are shown in Fig.

48. The angle of internal friction is ¢ = 33° and the unconfined compressive

strength is qQ, & 555 psi.
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The Mohr failure envelope for the intact materisl in Fig., U8 is essentially
a straight line up to confining pressures as high as 1000 psi. This is in marked
contrast to the behavior of most previous model materials which approach ¢ = 0°
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

o model rock material have high frictional resistance.

A series of three direct shear tests 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 wes 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 resistence

on the joint surfaces decreases from 33° to 29° with increasing normal pyessures.

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

for a given normal pressure. In all three cases, the residual shear strength
after 3 om of slip along the joint was cssentially the same as the peak ahamf
strength., These tests indicate that a value oi‘r'the angle of shearing f@smtmcé '
for use in an analysis o.f' the jointed models should be slightly lower than the '
value obtained in the triexial tests of intact samples shown in-f‘ig. b6,

For any th‘eore’ﬁical elasto-plastic analysis of a Jéintcd mass, the appropriate
angle of frictional vesistance should be taken as the ﬁ;gla of frictionsl resis-

tance along the joints not the angle of internal friction derived from triaxial -

- tests on intact samples of the model material, Hondron and Alyer (1971).

The sawing tolerance on the blocks is about + .01". fThis wouns that in a

model with 2" joint spacing, T all of the blocks on one row ure 0.01Y too
" thin and on the next yow thoy are @ll 0.01" too thick, the munimus offuet of

“the Joints could accumulate across the wodel to as huch us 0.25" which is intoleyw

iy
v

i e L A B Lt
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gble. 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 of*wax paper between the model and the aluminum
plate and the aluminum plate was seated in the mechine 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 lift the model into the iusting machine with a crane. The
aluminun plate and plaster weve not used for the Jointed blocks because a jointed
V'.madel can easily it the shape of the base plate in the testing tuuehine"’ar\d because |
. . the separate joint blocks can be easily handled without a crane. The jJointed . o
| _'mdels are placed in the testing nmeh‘ine on tvo sheenes ai" 4 mil polyethylene _plastic .
i placed directly on the ‘base plate of the testing :am.hme. The polyethylene sheots o
'em: u..m’i to reduee frietiw bevtaen the mdel tmd the baz;e plat.e of the teating
 machine. |

-When the =odel i cmwtweted in the testing machine, the maﬂing ecloments

are put. in place. ma o Swall m:atmg lond of abaur. “5 psi is applied in bom the v
| -horizontai and vertical directious. With the sesting load held constant, the |
“lo'“ 'dianéter tuinel s cored and elvaned out uaoipn@ily vith a vacuws cleaner. ke
A Joint:s ‘i.m;erscct.'ing the tunel are then sealed with e seall bead of silustic

caulking ccspound which is alloved to cure for two days, ‘The tumnel veil is thei
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painted with SR-U4 strain gage cement for water proofing purposes and the cement

is allowed to cure for one day. The instrumented tunmel 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 & 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 lgyers
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 materiel at the midplane of the bloek. In

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

good measure :o:‘ freefield at.rain in the model due to slippage and closure slong

- the joints. - Thus, Luried extensometors were used in the jointed models to |
weasure the average relative *éiisplaeamms of two ;}oints AcroLs the bloek. Averaga : A
: 'atmins of the bleck were obtained Ly dividing the relative di..placem@m bc.wcan
_fthe points by the distance b@tween ‘the poiats, (e = ab/L).

| The buried extonsonsters are .ait:plj‘ total yods emutea vith epoxy imo
'i"haie;s drilled nto the mo«iel to the ¢ sgseein@d depth. The esteﬁsomewr holes wre

| '-'aﬁma with a :zmsozwy'b;t. Plutie tubing is used to contuin the epoxy matil |

. it §s extruded by pushing the extensometer into position in the model. FMg. 53

o  shows a series of @xtensdﬁétérs.mady to Le filled wilth' -e;mxy'md installed. e

 extensomoters ure conposed of a piece of 14" diamcter motal vod vith & ceuting

hole drilled in the cnd and three pheces of flexible plustic tubing. Two
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pieces of the plastic tubing are used to make a cup to contein the epoxy on one
end of the extensometer (Fig. 51) and snother 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 .eating 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 berylliume-
copper clip geges like those which have been used to measure diameter changes in
the tunnels of the previous tests (Heuer and Hendrou. 1971). These gages cousist
of curved strips of beryllium-copper five inches long with seating points on the

: ends. Each strip is gaged with fomf. strain gages wired in a four arm bxfidge.

- These clip gages can be accurately calibrated with a standard strain indieatOf’

and they have a J.imar'ealibrat‘ion eurve over a rmge of about 1" defleetion.

- Fig. 52 is a detail shoving the apparatus used to measure ﬂi@«ﬁgvemenw -af the

'Vburierd citensometers. . | B |
' -‘:.?E."smh of tlw:elip gages is calibrated before and iter each test ﬁ!ﬁil@-wi.s‘*ea - |

to the suse terminals us used during the teat. Tner@ are small changes in the |

-éalibratiw of the gazes frow ﬁést to test and the ua‘n#inual ‘vrecalibration is

;1.'.4aeeé§:$dw to kuow the changes and o detect ‘any pousible faults in the & sn@:a

| before runsing w test.

1
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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 arve presented inm Table 2, All of the

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

§" diameter tunneis. The variables considered in this study were liner stiffnesé.,»

~ joint spacing and joint orientation. Figures 42 through 44 i)lustrate the joint -
configurauons used -in this study, | | |

All previous models test&d on this study {TB #1 through 7B #13) were solid

- mode - blecks. »Real reck masses are always dissected by fractures of some ﬁature, o -

:'and thua lointed mda!s ars necessary te iaam closely sisulate Tield conditions,
'Jeints rctie-,c the straﬂgth and mcre@sa the compressibility and pamabihtv of

" rog FOCK 155055 tharétqre, ;haysugm ica jﬁtl_yjff’eet ‘the behawqr.af any structure

"‘inm

The j@iﬂts m the m&els tested in this s tudy were smth; plane suttaces"
',iand wore all ornemed in twd sets stf.kmg parall;el to the tmmel XmSe “This |
 5 is the wst -unfaw)mble arranqcmnt of - joiats poss uble wi th féspect to loatimg

" .of tiie tunnel Imer becausc the joints cannot interlock at the tunnel wall,

' As shown in Fig. 109. the effcctuwz angle of shearing rﬁshstaﬁw along lhe
joints is sbout 30° sad tends to decrease with increasing normal pressures The.

shearing 'resi‘st_ance along joints in the field could be cither higher oF lower -

than 30° depending on the degvee of interlock of irregularities along the joints

and the akount and nature of filling in the joints. "_ﬂugsa models simulate rock

sasses with clean, swooth unfilled joints.

e > S



The remainder of this chapter consists of a systematic presentation and
discussion of the data obtained in the testing of JB#1 through JB#5. A series of

plots comparing the results of the tests is preseated at the end of this chapter,

4,2 Presentation of Test Results

Jmnt Block £1,

The first jointed model (JB#1) was constructed and tested with a 2 in,
joint spacing in two mutually perpendicular directions with the joints oriented
parallel to the pr_inci‘pal \cading directions (Fig. h2), The joint configuration
o ‘was symmetrical about the tunnel, The tunnel was & in, in diameter and was lined

o _flwith a steel Jiner (t = 0,065", Et/R = sfs,oeo psi). which had a circuaforential .
suffmss (Etlﬁ} higher than tixa overall stiffnass. €9, of the n:adei (Em = .-
7 _' 78,000 psi). JBé1 was tastea with a principal stress ratia N = uh!@ ® 2!3;
) _...Jﬁﬁi containcd buﬂed emémwmrs w saasufe the stiffmsss a? tn& Jomted uass
S e 52 SR | S
' _ an. 55 is 3 plou af vertncai fnze-faéld strain of thé mdéi (F. f) % a B
'--'.'fr.ms:io:: of the wsﬂ:cai e pressure 1@ 3. Ihe stress ams 6? « 55 was
" ghifted 3000 & infin. to the right to account for the initial seating of siack
- fbéwmo the jomt blocks. 1In thts fnrs: test on a ;é;meﬂ mdél a seatmg load
o :was aot applied and: relcased Beféré the test readmgs were hade Ihis pmcedure |
E f.'was followed of an subséquent tesis howewver, and elmm&tad euch of the mstual
B -v:seatnag defomta_oqs “The slope of the initieal Iu‘sea‘f poruon of thns wodel stress~
| -Steain curve is about 86,000 psi. For an intact block of the same nede! naterna_l
{78413), the slope of the vertical free-field stres;-stfaiﬁ curve was about
"‘625.86'0 psi. Thus, the stiffness of the block was reduced to 3 value of one-

- eighth the stiffacss of the solid material due to the presence of the joints.

T v VST SRR
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Fig. 56 is a plot of diametrical strain of the iiner as a function of

vertical mode} pressure for the crown and invert (0°), springline (30°), and the

N A R AN T S TR

two 45° diameters. Since the joint spacing is symmetrical about the liner, the
two 45° diametrical strains should theoretically be identical. The minor

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

o £ g s e ot

the model. As shown in Fig. 56, the crown and iavert diameter shortened
throughout the test while the springline diameter and one éf the 45° diameters
“expanded throughout the test., The othor Qso diameter first expanded énd then
,pegan to coapress above a vertical stress, Ty of 600 psi. The divergénee betwaen-
the crown = invert diameteicol strain and the. springline diametrical strain
"*uith inereasing stress level in Fig. 56 indicates o eansndarable aﬁaunt of bending B
'?gr-af the liner, ?he Tiner- ovailed in th;s fashisn beeausa it attracted large
.'veréieai méaas due to the fact that the circusterentiol stiffness of the liner

}Etl& was smh greater ({0 &hu suﬁmss, Ew, ei—‘ the wodel and bar.anaa the mdei

: :test. the dsw:fuu! sLeaing ‘of the imar were due ala@st entirely to bendiug,

- th@-’&."ixim' av@fsge eurc;mféféntia!- §tf§§ﬁ'ﬁt tli‘d Viner bﬁ’ﬁ@ oaly about ww

' u am’in cﬁﬁiﬁf@bslcﬁ whl‘i@ thd towl crma - im@.rt dswwuui conpressisve stram :

: __fwas 1,000 & infin, | - _
| Fig. 5773 8 disensionless s‘alat"af""‘tbé d,iaﬁet_r‘i.@l strain of the liner on

“four different dismeters as o function of tie vertical free-field strain of the -
wodel, 16 this plot, the stress=strain curve for the wodel géwsn in Fig. 55 was
used as the Free-ficld stress~strain curve, Presentation of the data in this wanner .
is helpful for an immediate collpav“lsoﬂ betucen the diawetrical strain of the liner,

o 80/D, and the vertical Tree-Field strain of the wodel. Riso, sinte suck a plot |

is dimensionless, it is useful for comparisons of data from different st blocks

R A N AT T TR AR ITURY SO 2 e N D T AP TR MRS L e 5 Lt N el T S b WNLE AT RETEC WAET 7 L SSEET e rT nT S

-» was lﬁét?dﬁ with & pfiﬁaipa! Stress ‘ratio less than ene (a o fo, = 2/3). In “"‘5_ R
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with different model stiffnesses. From this plot it is clear that tk: tunnel
liner was much stiffer than the model medium since the diametrical strains, 4D/D,
measured in all cases were less than the vertical free=field strain of the model

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

Joint Black £2,

The second jointed model (JB#2) 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 & in, in diaeter
and was lined with an aluainum liner (t = 0,035", Et/R = 175,000 psi, with a

| éi rcunferential stiffness, Et/R, greater than twice the stiffness of the jointed

‘wode) block (€m = 84,000 psi). This thin aluminug liner was sach more susceptible |
: to buckling (Ellﬁé = 5. psi) ,thén the steel Viner used in JBJ) (EIIR‘}' = 86 psi). ‘A

':Js#a was tested with a principal stress vatio ‘i " @H/a a-zn and c—emained- four:
' Aj_pau*s of buried axtememate\s which worked well thmugheut ihe testk, ‘?he‘ woded
-‘-.fuas loaded to a poak vertieal pressure of 1000 g)su wi th no v:s:ble fmlut‘e ef
‘either the wunnel or the biock except at the corners _uf the wodel where the

- waterial spalled out from b@hind the loading -e:aaemi (Figs- 58). The e‘valin* 2

o of the tunnel tiner was not apparent by sisual iuspevstuoag but it could be @laariv-_ U

'ﬁeasumﬁ with & caiupef and the caliper masummnts agreed wi th the damtfical

" -extensoscler BeasufuEonts taken during the test. Ko shearing dwpiacs&mnt along

A the joint planes wae visually appaa'ént Fig. 58). cCavefu! examination of the
lmer aﬂ&r completion of the test rovealed no indications of bucklmg.
B8 was instrumted with four pairs ot buried exlensoseters gmutcd 3“
deep into. the faces of the wodel and thus afe designated shallow according to
Fig. 19, These extensoicters arc designated as vortical, horizoatal, on the

centerline, or offsct as shown on Fig. 19. The wanci Viner was instrumented wi th
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four diametrical extensometers located at the crown and invert, springline and

two 45° 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, -

~ 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,
" and the-calculated strains were plotted as a function of vertical model pressure,
o, in-Fig. 59. Thus these curves are average stress-strain curves of the

»jojnted 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 modei are concave upward

from 0-200 psi, linear with a slope of about 100,000 psi from 200-800 psi‘énd P

'_”;anave downward above 800 psi, Thus the model strains were affected by44

"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 shgaring’l“j;

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

the vertical strain;as would be expected for a loading at N = 2/3. The centerline - - &

stress-strain curves show smaller stralns than the ofiset stress-straln curves §n~“~

both the horizontal and in the vertical directions. Such a result would be expected"“

{f the tunnel liner were stiffer than the model block. The block had an average'f
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

:i'diametrlca}_straln curves for the 45° dlameters of the liner. At‘thefQ5°»dJameters.~il:
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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 alumnnum l;ners used have a yleld strain of about 4000y in./in.

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

~ the 45° diametrical strain became about %000 p in./in.: local yielding of the liner

R T S A P

Vprobab]yioccurred at" lower model‘stresses due to:thé ovaling of the liner ilius~
»trated by the large diametnicaiAstrains at the,crpwn and invert with fespect_;‘
~ to the 45° diametrical strains (Fig. 60). ‘ b
7 Figure 61 is a plot of the diametrical strain of the tunnel liner on
‘jthree different diameters as a,function of the yertical free-fiéld strain of the
" model. The vertical-cénterline stress-s;raih curve was used as the free-field
strain of the modé!. For the entire range of loading of the model, the diametrical
}strains at the crown and invert diameter are approximately double the vertical
-”T“free-field strains while the diametrical strains at the 45° diameters are less
than half of the vertical free-faeld 'strains at pressure levels below general
” yneld of the liner (800 psi ) |
‘ © - The small strains at the 45° diameters indicate that the circumferential
- ;4§tiffness, Et/R, of the liner was stiff compared to the medium; but, the,1arge
‘:diffefence between the strains between the vertical diameter and the 45° diameter

" shown in.Fig.:6l is the result.of the ovaling of the liner because the bending-

- stiffness,;El/RB, of the ]lner was small..

- t_ Julnt B]o»k #3

The third jointed model (JB#3) was constructed and tested with two sets of
1:2. mutual ly perpendlcular ‘Joints spaced at 2-in. and orlented at 45° to the prlnclpal
loading divections (Fig., 43). _As shown -In Fig, 43, the Joints were not spaced

,symmgtrlcally‘aboutJthe~tunne}. :The»tunnel{was;k:[n. in diameter and was Jined
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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/R3 =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 lcaded to a peak model pressure of 1000 psi in the vertica!l

. 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

'Qf’the liner and no visible shearing displacements along the joints. Careful

examination. of the tunnel liner revealed absolutely no indication of buckiing.

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

"pajrstgrouted 3 in. deep énd‘four pairs grouted 5 in. deep into the face of the

mode 1+ ;Sevén of the eight bairs qf 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 horizontal 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

y; respect to the‘tunnel.ifAftér seating movements up to é_vertlcal'model pressure

"laf about 125 psi, all of the model stress=straln curves In Fig, 62 are essentlallysfiqr
stralght lines to the péak load. The seating strairsare not shown. In this e
;test, the average model stress-stralﬁ curve designated on Fig. 62»as vertical -

‘centerline = shallow, according to Fig, 19, was used as the- free-field stress=~

strain_curve'of'the model.;‘Theﬁslppe'of the linear portion of this stress-strain
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curve is 65,500 psi as compared to a model stiffness, Em, of 80,000 psi for
JB#1 and 84,000 psi for JB#2. This reduction in model stiffness was due to the
45° crientation of the joints because the vertical deformations measured by the
extensometers in JB#3 included the shear deformations along the joint planes.,
In JB#1 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 h
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 (0°), springline (90°), and two 45°

diameters, The data obtained from the tunnel diametrical 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 45° diameters. No buckling of the liner occurred during this
test which was stopped at a maximum vertical model pressure o, = 1000 psi. The |
two 45° diametrical strain curves ;hOW‘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 45° diameters were not subjected to the same external condi-
tlons, The 45° extensometer which recorded the smaller strain was located along
the centerplane of a row of blocks while the one which recorded ‘largerstrain was
along a joint plane. Thus it appears that the shearing displacements along the

Jolnt planes causedthe 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 45° 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 thﬁrds of the free-field strain and the
diametrical strain between the crown and the invert was about one and one-third

times the free~field strain.

Joint Block #h,

The fourth jointed model (JB#4) was constructed and tested with a 2 in.
joint spacing in two mutually perpendicular directions at 45° to the principal
loading directions (Fig., 65), The tunnel was b4 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 mode! was 62,500 psi.
JB#4 was tested at a principal stress ratio N = oH/cv = 2/3 to a maximum vertical
model pressure of 1300 psi in an attempt to fall the liner. The model was instru-
mented with eightrpalrs 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 obtalned from the six pairs of buried extensometers which worked
during the test are presented as stress=strain curves of the model in Fig. 66,
Bucklingvof 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 ﬂ

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

this behav! r 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
ﬁl% ' 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.

ﬂiﬁ ' Six diametrical extensometers were used in the tunnel liner of JB#A4

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

3 where joints intersected the liner. These points occurred on diameters located
at 20° and 70° from the crown=-invert diameter., The other four diametrical
extensometers were at the crown-invert {0°), the springline (90°) and the two

- 45° diameters as in previous model tests. Note in Fig. 65 that one of the 45°
diameters falls along a joint plane while the other 45° diameter falls along the
‘midplane of a row of joint blocks. In JB#3, which was the same as JB#4 except
g that JB#4 was loaded to a higher model pressure, larger diametrical strain was

observed along the 45° diameter at the Intersection of the liner and a Joint

plane than for the 45° diameter which lined up with the :midplane of a row of

Joint blocks, It was because of this apparent straln concentration along the
Jjoint planes that the two additional diametrical extensometers were placed at

20° and 70° in JB#A4,

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

3
e
3
3
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shown at a vertical model pressure of about 1100 psi. The actual buckling occurred

as a PAIT 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 45° diametrical

- extensometer designated as #2 on Fig., 67 was actually located on the buckle.

The other 45° diametrical extensometer, #4, showed considerably different behavior

than #2. The crown and invert (0°) and the 20° diameter showed about the same

T

diametrical strains throughout the test as would be expected for approximately

oy

homogeneous behavior of the model, The movements of the other Four extensometers

l 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. 62, 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 u in./in.

Jolnt Block #5,

The fifth jointed model (JBES) was constructed and tested with a 1 in,

Joint spacing in two mutually perpendicular dircctions at 45° to the principal :

loading directions (ng. bh), The Joint spacing was symmetrical about the tunnel ﬁ:
~in this test. The tunne) had a & in. diamoter ond was lined with an aluminum -
liner (t = 0.035") which had a circumferential stiffness (Et/R = 175,000 psi)
- greater than four timos the stiffness of the mode) (Em = 38,500 psi). JB#S was -
tested at a priancipal stress ratio N = oulav = 2/3 to a maximum vertical wodel
2' _> -fpressure of o, = 1445 psi. The maximum verticéllwodal'pressureAbf lﬁbs psi was
- reached and held constant for an hour with no further diametrical strains of/;hé t
tiner and no furthgr model strains even though the liner was séverely |

‘buckled (Fig. 70). JB¥S contained four pairs of buried extensometers to measure  ”

the free-field strains,

!
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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 1 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 JB #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 pressuvre. The two vertical stress=strain
curves are linear above a vertical model pressure of 150 psi. The stress=strain
curve desigrated "'deep" shows greater strain than the stress=strain curve desig-

- nated Y"shallow." Thus it appears tF\at the movements of the Yvertical=deep”" pair
of Vext-ensometers were affected by the deformation of the tunnel liner. ;Fhe-

- average slope of the “verticai=shallow* stress=strain curve is about 38,500 psi

joint spacing (rom 2 in, '_t'o- I in. and _revtainiog the 450 'orientétiéﬁ of the
Joints caused about a 40} reduction in the overall stiffness of the wadel, |
Six dimtri_cal oxtonsomoiers were*uééd to uzeasui*é ihéidimtrﬁ‘eﬂ _““i“,._ |
oi-‘ the 'li_ﬁéfv'i,ﬂ. JBHS. The two additional ektcjiswetérg were placed at the two
. 30° di;ﬁetors because joinf%'iﬁtefﬁe&t"ea t’lwp iinér at these locations. .Tho' data ‘
| obtained from the six aimtri_é.al Aéj‘il’.éﬂs(xﬁétéi‘ﬁ are plotted in Fig. 72. Rote in

cd o . Fig. 72 that the diametrical strains of the lines are due wainly to bending, and

~ line diameter expanded aliost linearly with pressure wintil buckl ing of the liner .
occurred. The largest buckle in tiw Viner (Fig. 70) occurved near the

_ springline. Thus, above 700 psi, the curwe for the springline disaetrical strain '

Cin Fig. 72 includes the buckling moveneidls.

as compared to 65,500 ysi for JBY3 and 62,500 psi 'for,JBs*,’f_t. Yhus reducing the .

{0 that tie liner buckled at & vertical wodel pressure of about 700 psi. The spring=.
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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 curves corresponds to a separate mode of
behavior of the liner. The first linear branch from 0-22,000 » in,/in. vertical

free~field strain corresponds to the elastic behavior of the liner. The second

_ 5 linear branch above 22,000 p in./in. vertical free-field strain corresponds to
é the behavior of the liner after buckling., The first regime of behavior illustrates
3 stiff behavior of the liner while the second branch illustrates flexible behavior,
% Note that after buckling all) diameters tended to de;reese in length as an extremely
% flexible liner would behave whereas before buckling the springline diameter
_% - lengthened and the crown-invert diameter shortencd,
: :

"é.srQcomparisons,aa:wcen bata from Varieus fesj B]agks,r

E ‘  Average ver;ical free-field stresséstrain éufvasAfar'the ?ive‘jointed-blec&s»_“:1? _
] o ‘W'W s'nlid-'block» are plotted in. ﬁsg, J4. Scating ervors of the Jointod blocks
=§f§.f“5 E wéfe f@@cvea_graahicallv,ftom;the,cufvasﬁfof<dﬂﬁl, JB#2 and JBF3 By extehdihg the
§f€ . .1 ;fstrafght‘1in& portions of the curves below 125 psi‘é@wd to zero pressure and then
,;i; - shifting the pressure asis.  This was done to make all of th¢ curves~pass through j » ;; f.
lg“é Af' }he'@figﬁﬁ‘ SﬁchAa gtaphical»pfoaedure,was not usea‘en'Jaﬁﬁ éud JB#5; rather a
;ﬁ‘é»;;i . :;$¢&tiﬁ§ pressurs of 125 psi &ad¢l ﬁrﬁssurc_was,épplied,and released before the
‘i g test was ﬁt@fléda 'A-s&éting préssufé of 125 psi was used because it appeared that
g; 'véiiiseatiugruovewents oceurred below 125 psi in JOFY, JBF2 and JB¥3. Fig. 74
? .Shdﬁﬁ tﬁét‘thé#a were seating movements up to about 200 psi in JBFS ewen after the

‘seating prossure had boen applied and released. The important part of the stress=

stiain curves for the model biocks is the approximately Vincar portion above the
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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 1 in, joint spacing was about 38,500 psi, JB#1 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 JBF4 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 scparation of the join®s before loading but that after

the joints are closed the stiffness will again approach the intact stiffness.

' ;Thése model tests indicate ;hat'there-is a permanent effect of jointing {o

,' drastically'redncing the modulus of a rock mass even when it is loaded to Qery '> '1»
'~:ihigh compressive stresses, fhe stiffnesscs'af the jeinted blocks never showed
~i§ny tendency to increase and‘éppreach'the stiffness of an intact biock even when -

 -¥;;;leadad to very high bréssure., There were seating movements which took place_in.'f B

:   éll'afAihc.jointed'mcdal tests, but these occurred only below about 125 psi o

- for 2 in. joint spacing and below about 200 psi for 1 in. joint spacing,

~ Figures 754 76 and 77.§f¢ plots of the diamatrical strains of the linees

f  at'the,crown-inVcrt, springliﬁaO and,averagc of the two 45° diasieters as a Func=
"1  tipn‘of,vertical,ﬁodcl'prassuﬂe'For.the various test blocks. All of these plét§
.'; include the effects of'circuﬁfercntial'caupressiou and bending of the liner. The
-:princ;ipal stress ratio was (:oc\étau:, Ne= “Hk’v = 2/3, for ail of these tests.

The shape of these curves depended primarily on the relative s liffness 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 TB#13 shows the smallest diametrical strains because the
model was very stiff (EH = 625,000 psi, see Fig. 74). TB#13, JBF2, JB43, JBEY
and JB#5 had thin aluninum liners, Et/R = 175,000 psi.- JB#1 had a steel liner,
Et/R = 975,000 psi. The curve for JB#5 had very large diametrical strain because
»:he model stiffness was caly about Ey = 38,500 psi, Coasidering JB#) and JB#2,

which both had the same joint configurations; JB42 had a larger diametrical strain

- between the crown=invert than JB#) because JB#1 had a much stiffer liner, The
. curves for JB#3 and JB#4 should be the_saae.uithin experimental error since thy

© models were constructed to be exactly the sane, I ihe‘curye for JB4S is shifted -

't@ pass through zero strain at 125 psiAmcéel»pressu?a.,theh_the WO Eurves are in-

":fact very close '  -

Cons&dar?ug enlv the relat.v& stiffnesses ot tha blec&s it would be expected

>:~that the crown and lnvaft dlaﬁﬁtflcal sErain (?ig. 75) wauié be greater for Joé3

and Jﬁgﬁ—thaﬂ for JB&Q@ e fact, thé crowin and invart diametrical strain for J§£2

was signiFicantly gréat@r_than that of JB§3 aud-JBﬁka Since this behawuer is not . -

Cexplained by.tha fulativa'vertiéal stiffaesses of the mudels, it wust be du@'t@,;

tha orieutatuoa of the Jeunas. The 2 in. ‘éint blocks which had Joints oriented

| - at hS‘ to the principol Toading directions (J8£3 aud JEFA) had larger vcrtical
jacfarwetncns and samaller hornaant;l_defonaétiens than the 2 in, joint wodels
~which had joints oriented paraliel to the principal losding directions (38?2). |
These measured test results indicate that high shoaring strains alohg the joints
- oFf joint slippaga'resultdd‘in a wore cowpressible model in the divection of the

major principal free-ficld stress for those cases whiere the juints werc oricatéd at,"
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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 circunferential stiffness, Et/R, of the )inerA(|7S.OBO psi).

The curve for JBZS shows large expansicn of the springline diameter up to a model

pressurc of 700 psi, and then rapid compression above 700 psi.. The tunnel liner

_4bucklcd at a vertical mode) pressure of about 700 psi due to the low bending

stiffness (E1/R3 = 5 psi) of the iaing. Note also that the springline deformas

 tioas for JB#S are much greater than thase for JB43 and JBFL for pressure levels
below the bugkling failure, This is due to the Eaat that JBES is coxposed of -
4' ¥ in. joiat"blog:ks. and JBE3 and JBSL ave composad of 2.in, 'jei‘nt blocks Séeause =
:-'t.ita tunnel- liner ‘v:.vas the sam in all three of these tests, _ From Fig., 76 it can
o also be .shma that the l-inéfﬁi,n JB&S -Euakied at*é-ée?tieai; stress of 700 psi. | .
| 3__  A-éﬁafeas 4aﬁ identical T“-ﬁ‘él‘:iﬁ Jéﬁﬁ buckled at & vertica! stress 1evél ‘of :1(306 ';[')siq:"":':“: -
~"fhe lmef 10 Jaﬁh buekled &t a hugher strass bewuse the JE&# f.o&wsad of -2 l’ﬁs_ .

= f;omt b!oc&sg was su"m’ than Jm‘ c.euposed of 1 um joint blad.s.

'- ?rg. 77 -s a piet of the average diwtnal strain 0#‘ the iiner ét thé

: _mo &5‘ dnaaeters f@f the various tés: blesss . The curve for Jﬁéﬁl shms that e -
" linee @,aaaﬁded at the 4° _-s@én@ni. 'ﬂns axpansion occurréd bécaus@ thd lmei‘ |
was Over twelve tires as stiff as the epdel in resisting thrusts and‘smw the
: cro.m aﬁd i‘vii.'\.veﬂ compressed mst .of the rest OF the liner éxpanaqd.' The curve: -
~ for 613 shows that the liner cwpféséed at the 45° diamcters. This comprossion
occurmed because the liner was less than one thivd as stiff as the wodel in

resisting thiusts and thus the whole linier compressed. The vemaining curvos
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for JB#2, JB#3, JBA#L, and JBHS all show compression of the 45° diameters and they
all fall in a fairly narrow band.
Comparisons between model tests are much more meaningful if they are made

in terms of dimensionless parameters. Figs, 78, 79 and 80 are dimensionless

plots of the diametrical strains of the liners at the crown-invert, springline,

T T N
. ¥ , 0 i YT Y o AR A 3501 4
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and average of two 45° diameters as a function of the vertical free-field strain

of the model, The ratio of the circumferential stiffness  0€ the liner to the
‘Etf)

AT

vertscal mode) stsftness is shown on cach curve, Et/R is the eircumferen_tiai

stiffaess of the liner assuning no bendiag and £ is the ﬁlane-strain stiffness
of the mode) token as the average slope of "th_e_ verticai_freg-ﬁe_ld,stress-strain -
:?, 1 - surve of the model, | | o

Fig. 78 is the d;mmsml@ss p!ut of dsmtrizal strain of the Viner
- at. the cmn--mert Q% 3 tunﬁtuem of t;i!e vortical froe-field strain of the mdel
?ar the varieu-s» test b‘ﬁiﬂﬁs Amng the tests mth sim tar joint ermmatim tba

B ratm of th& uremferem;al u;t?nass of ﬁ&;a iuxaa' to the stifiness af ‘the aode |

g _*saa;s Wbe s gugmhcam patmter to- wnsi&:f !ﬁb ex@lammg the faiatw& pesnuaﬂ N |
6?» the cufves ln this p!m. me cumss for JBF3 ami 644 (joints. at 55‘ to. |

. prmupsi difer:t%cm) pim very closely and al;mﬁ pafa!lel They are. l&éate&

&e proger mla:i»é pbsuuafﬁ accerdmg to the mlaaive stiﬂﬁass of the wodel

_:éﬂa the  liner. Thé curve for JB%’S falts below »-th@ curves for -Jﬁ.‘vf’? and (Ja#?ﬁ 8%

- would be espected by thc hnghur vatug: oif the ratio oF the lmer- stitfﬁess 10 the
| - Am&él sti?fmu. In the uodels with joints ofiented parallt.l to. the pringipal |
_d_- vections of leading (Jaﬁi snd JoF2) tbe cmu-*-i_aweft séé'tica; showed higher '
Jiaketrical strains than the bodels with the joints at 45° for given velue, of
the vertical free-Field strain and ratio of liner to swdel s}tifﬂwsﬁ(%&.'

tesulis shown in Fig. 78 do illustrate quite well that the beliavior of the wode!

o AR - s B AR AT £V RPN K AT I TR SR TERIE TR APl
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turnels falls into @ 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 wodel

stiffness ( ) 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 | times the free-
field vertical strain for a loading ratio of N = 2/3 for the complete range of

liner to mode) stiffness ratios investigated with the jointed block models

(Et/R/Fm = 2,7 ~ 12.2).

Fig. 80 i5 a plot of the average of the diametrical strains of the two
:65"‘ d;mtera m the tunnal Viner as a function of the vertical Frceafield
strain of the sodel for the various test blocks., This is perhaps the most
| '_'-:__ﬁeas:mgfui of he set of three dimnsiwloss plots. ‘l’he‘diaﬁatriﬁai strains ¢f
. “the fcs’ diasoters wost nearly represent the cireunferentiol strain of the- liners
L ; since ﬁhay are the Saast af?&ewﬁ by bandme. As shown in Fig. 80, the |
felanve lécﬁtiuens @f these cufves i% vary clearly mfluarccd by the ratio of
_ | the tunnel. l‘ ner w eeodéi st-ffn@ss (%#- regardiess af tlse J@lﬁ{ orieataticn of '
- 'spacmg. -For low vaiues of the saiffnass ratno thé duaaaterg shorten and a§ the -
stu’?fﬂéss vatios increase the. saghi tude of tie- sMrténing decroascs until the L
Viners éioﬁgaté on the ks' aummn st high values of the stiffaess vatie. |

For a.stuﬁuess ratio of about 3 the diametrical strainy are abwt 173 to 273

of the vertical free=ficld strain and jor o stiffness ratio of 4.5 the disketrical

. strain is about WID of the free-field vertical strain,
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% S : SUMMARY AND CONCLUSIONS |
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1 51 sumey | o
§ The‘results of eleven geomechanical model tests are presented in this - - |
: i’: - _;'eport. Six of these tests were lined tunnels in solid test blocks and -
:‘1: -~ five tests were lined tunnels in-jointed test blocks. ?_['he tests of lined )
; * tunnels in solid test blocks, were conducted using, the x‘nodel material, the :
"~ < testing ma&ine and ‘the same basic testing tec‘:hniques__gnd instrumentation .
\ \ used by Heuer and Hendron (1971). | |
? ‘The te .iiniques for coustructing and instrumenting Jointed models
~were developed on this study. The Jjointed models were construéted of small
: ‘ ) blocks of the same model meterial used in the solid test blocks. The small
“blocks were made by sawing them out of larger compacted blocks with a diamond
5. ) “blade saw. The intact shear strength properties of this material can be
‘ f . described by - | '
b | ettt - ®
B where 0, 1s the major principal stress at failure, o, is the minor principal
v § stress at failure, ¢ is the angle of shearing resistance, and q is the uncon-
y fined compressive strength of the model material, The Angle of shearing
\ é resistance, ¢, and the unconfined compressive strength, qu,'of the intact
o model material are 33° and 550 psi respectively. A series of direct shear \
tests conducted on Joint block surfaces showed that the angle -of shearing . J i
resistance along the joints decreased from sbout 33° to 28° as the normal ‘
pressure on the Jointsurfa.ce was increaced from 50 psi to 400 psi. The. i
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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 mcdels, 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 & principal stress ratio of 2/3 is about 40,000 ™
to 80,000 psi in contrst to the 500,000 psi measured on solid biccks., Thus
one of the major effects of jointing was to reduce the model .tiffness by

8 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 composel

of 2" joint blocks. This behavior is similar to fha‘ouserved field behavior
of' rock masses wherthhe stiffness is very sensitive to the fracture fre-
guency in the rock mass., It was also found that models were more compressible
for joints oriented at 45° to the major and minor principal stresses than
for Joints colncident with the prineipal planes., This behavior was due to
shearing displacements which occurrgd along the joints at U5° to the principal
planes. ‘

The tests on lined tunnels in solid model blocks have verified that

s liner generslly increases the overall stebility of an c-.:ning, A liner

which is stiff compared to the rock mass significantly decreases the dia-

metrical strains of the tunnel throughout the loading range if it has adequate

strength and ductilaty. A liner which is veny>flexible compared to the rock

by
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1

:' ._\f mass has little effect on elastic deformations of the tunnel, but if it has
'- ;% adequate strength and duectility it greatly reduces plastic deformations.
éf Comparisons oi;.‘ the test results of the tunnels in solid blocks with theoretical
,:_ % elastic predictions of the tunnel behavior showed that all of the lined tumnels
o £ ;
';"._ ié; behaved essentially elastically while the unlined tunnels showed much greater
_; % deformations than predicted by elastic theory. Two elésto—plastic theories
% are availeble for predicting the stresses and strains around a cylindrical ,
% tunnel in an elasto-plastic material which fails according to the Coulomb- :
!5 _ Navier yield criterion. Newmark (1969) presents an elasto-plastic solution .

which assumes no dilatancy of the model material in the zone of failure.

o g e

g In other words, Newmark assumed that the plastic zone deforms without any
v 8
change in volume of the model material by assuming the following relationship
E between the plastic strain components: V ~ : !
i € = =€ . (h)
r(plastic) 8(plastic) , ' ;
B :
3 In most practical cases this assumption is not valid. There is almost always i
o
-3 a certain amount of increase in volume (dilatancy) of a dense frictional material
' .‘ N ‘during failure. Hendron and Aiyer (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: ’,
k- !
K ®p(plastic) - "V “0(plastic) ) :
' This relation glves an increase in volume of the model material during iwffjf
!
fallure and the percentage volume change increases as N 6 increasses. The 1
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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 sucéégs-

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 Jjointed rock masses,

The assumption can, however, be made that the provision of s 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 arownd the tunnel. A meaningful summary of the data from
the Jointed models reported here is presented in Figs. T8 and 80. .

Figure T8 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

fuur tests on Jointed models with aluminum liners of the same stiffness
Et /R

(JB #2 to JB #5), the ratio ¥~ 18 & significent paremeter determining the

n
relative position of the curves regardless of the joint orientation and spacing.

The results shown in Fig. T8 for these four models illustrate that the ratio
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of the diasmetrical strain of the liners to the vertical free-field strain
decresses as the ratio of the liner to model stiffness (EE/R) increases.

m
The data in Fig. 78, for the crown-invert diametrical strain of the tunnel,

can be summarized as follows:

Et /R

E
m

of tunnel dismetrical strain, AD/D, to the free-fﬁeld model strain was

(1) PFor a liner to model stiffness ratio ( ) of ahout 2, the ratio

R IR TR
T A T R T LS Y R R A

N ¢
about 2.0 for the full range of free-field strain.

AT AT E AT

(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

AN SSRTTI

model strains below 1% and about 1.5 for model strains sbove 1%.

(3) For a liner to model stiffness ratio of about U4, the ratio of tunnel

N T AT LT

diametrical strain to the free-field model strain was about 2/3 for

model strains below 1% and asbout 1.0 for model strains sbove 1%.

The model with a steel liner (JB #1), however, did not fall into the

pattern discussed gbove. This is becsause the ratio EE/R

describes only the
m
circumferential stiffness of the liner and not the flexural stiffness (EI/Rs).

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
3 ' 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

o
P S 4

in addition to the circumferential stiffness. Thus an important parameter

to consider in extrapoltaing test results .is the ratio of the flexural to the

n3
circumferential stiffress of the liner (%%§§~).
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Figure 80 is a dimensionless plot of the average diametrical strains
of the two 45° diameters of the tunnels as a function of the vertical free-
field strain of the models. The diametrical strains of the 45° diameters

of the tunnel most nearly represent the circumferential strain of the liners

Et/R

B
m

since they are the least affected by ovaling. Thus the parameter

should

. more consistently control the relative positions of these curves for any type

of liner. A4s shown in Fig. 30, the relative locations of the curves is very

Et/R

~clearly controlled by the ratio = since the behavior of all of the model

m
tunnels fall into & pattern in which the diametrical strain of the tunnel

liners decreases with respect to the vertical free-~fiecld strain as the liner
to model stiffness increases.

The bending stiffness (EI/RB) 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 iiner. Thus it appears that strain concentration due to
slippage along the Joint planes was the local cause of buckling of the liners.
Even af'ter 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 may be drawn:
(1) A structural liner generally incresses the overall stability of an opening
in both solid and jointed rock masses.
(2) A liner which is very flexible comparad to the rock mass surrounding the
tunnel has little effect on elastic deformation of the tunnel.
(3) Inelastic deformations of a tunncl 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 sbout 10. The deformation moduli of models composed of
1l in. Joint blocks were lower than the moduli of models composed of @
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) Comparison between model tests with varying parameters are most meeningful

7. if they are made in terms of dimensionless parameters.

. (7) The thrust stiffuess ratio E;’;/R is a significant parameter affecting the
g U m
? diametrical strains of tunnel liners. Disregarding the effects of ovaling,

the dismetrical strains of tunnel liners decrease with respect to model

free=field s‘crain as the liner to model stiffness (%ﬂ@-) increases.
i

(8) Buckling of the liners in the models reported here was clearly initiated

by shearing deformations aleng joint planes in the models,

T T T e Ty

(9) The ratio of the circumferential stiffmess of the liner to the flexural

stiffmess of the liner (%3) nust be reasonably constant between model

YETNELY

and prototype or the model will be distorted. Thus the model test results

presented herein apply only to prototype cases in the field where the

s et ma AP Sy 04

o

Pl

ratio of circunmferential to flexural stiffuness is about the same. Thus

o

these results would only appiy to prototype integral liners of steel and

aluninuwa. It has been found on anothor study (Hendron and Zageling, 1972)

that plexiglas liners could be used in the 1 in. jointed models deuseribed
herein to model the behavior of integral reinforced coneiete liness in

rock with very little distortion.
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FIG. 36 DIAMETRICAL STRAIN IN AN UNLINED GPENING
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Fig. 45 Compaction of 20" x 20" x 3* Slock
: of Model Materist L
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Fig. 50 Construction of Model Block
on Table
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Fig. 53 Extensometers Ready for Installation
In Test Block
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APPENDIX A
TESTS OF VERTICAL OPENINGS IN MODEL ROCK
by S. L. Paul and J. F. Thibeaux
A.1 Introduction ..

The major portion of this project has been toncerned 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, specimer confinement, and
loading arrangement from that used in the main program. In these two tests
'Qg the prototype to be simulated was' a vertically oriented cylindrical opening

jg 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
i 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

KA R L

applied to the cover over the opening was resisted by a steel plate which fit

Ay
TR

into the top of the openirg, and the resulting force was carried by a steel rod

s

ST

through the opening to.a support at the bottom of the specimen.

The model rock specimen was cylindrical in shape with a diameter of

= T e
T

24 in. and a length of 24 fn. The cylindrical opening was 4 in, In diameter

TR

y along the axis and through the full length of the specimen (Fig. A.1), The

E? 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
j@ : rock mass and the surface pressure would be applied to an area that Is large

b 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
basis 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 radli 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 «f 4 In. was then selected to conform to
thls ratio as the specimens dlameter 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
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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
i 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.

3 The model rock specimens were prepared by tamping the model haterial
into molds which were circular in shape 23-1/2 in. in inside. diameter and
4 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
S 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 contalner were measured, to help define the boundary conditions
on the top and slides of the specimen. There was some outw;rd movement of
3 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
3 aluminum liner in the second test. Radial and circumferential strains

were measured within the specimen by bonding gages to the top of the middle
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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 }ncrement the strain gages and deflection gages were read.
KE ? 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

AR

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 pressurlization 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 O-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 of the test specimens and the testing
arrangement will be discussed. The test results will be presented and
discussed in Section 3. A sunmary of the results and recommendations for -

" future studies will appear in Section 4.
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A.2 Specimen Preparation and Test Arrangement

The 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
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
then 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.1). 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 (1) showed that in order to satisfy
similitude considerations, the stress-strain properties of the modal material
should be similar to those of the insite rock. After testing a number of
materials, lleuer concluded that a compacted mixture of sond and plaster of
paris would satisfy the similitude requirements. He found that the propor-
tions by weight of water/plaster of paris/fine sangamon sand/NazuPoh should
b 1.2/1.0/9.0/0.01. |

This mixture was compacted in 23 1/2 in. diameter x 8 in. high molds with
a pneumatic chipping hammer operating at fOﬂ pst alr pressure and equipped
with a 64 sq. in. foot. The amount of compactive effort could be controlled
by the amount of force applied to the chipping hammor and length of time a

given area was compacted. This procodure 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, tvpe A-1) 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 Jocation and orientation of these gages are
shown in Fig., A.3 for the unlined openiag test and in Fig. A.4 for the lined
opening tast.

in addition to strains in the material litself, the deformation of the
opening walls and tank walls were measured. For both tests c¢lip gages
ware used to measure diamater changes of the opening. These (uges are
C-shaped strips of beryllium=-copper with straln 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.
A3 and Ak in addition to the clip gages, strain goges
were placed directly on the wall of the oponing (Fig. A.3) or on the liner

(Fig. A.5). Strains on the wall of the confining vessel were measured by
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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-1 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 2/1). The epoxy was allowed to cure fur
three days.- The opening cover plate (Fig. A.1) 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 differentall movement betwaen the opening cover
plate and the top surface of the model rock specimen was oxpected when
pressure was applied, a 1/16=-in. thick x 8 in, diameter cushion of neoprene
- was placed between the cover plate and ncoprene membrane. The confining

tank cover was bolted into place with 25 1-1/4 in. A 325 bolts.

SO

The strain gage circuits consisted of two arm bridges for the A-l

gages, tank rosettes, and opening liner gages and four arm beridges for

the ¢lip gages. For the two arm bridges, a compensating gage was used for
cach gage type. This was possible because tho model material could dissi~
pate heat quickly enough.to avoid significant error due to heat buildup
(Ref. 1). For the unlined opening test the gages were manually switched

and strains were read with a portable strain indicator. For the lined opening
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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 Kaskel air to hydraulic booster pump. The air was reroved from the

pressure chamber before applying oil pressure.
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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 shecared off and was
forced into the opening at a surface pressure of 700 psi. A photograph of
the failure and o 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 ongle of internal friction reported for the model material,

| Strains were medsured ot midheight on the wall of the confining
‘tank to help in ossessing the effects of the boundary conditions on the

sides of the spocimen, Figure A.7 shows the measured strains plotied against

- surface prossure and the corresponding stresses in the wall computed from a

- -these strains. The stedins may be influenced by the presence of the flaﬂg@s
whieh are 8 in. from the guges of about 8 times the thickeess of the tank |

.- wall. - The strains should give at Jeast & reasonable indication of the stresses

in the tonk wall.

B  Fi9ura A.8 shows the average shear Str@ss betuaen the upper 12 in,
of the confining tank wall and the wodel vock specinen a@w@ut@é fram the
stresses 0?;?39; A.J. This graph shows that the shiae stress was guite swall
up to.a surface pressure of approximately 130 psi after which it varieﬁ a@bfﬁm§~
mately in o lincar manner vcaching 135 psi at a surface pressure of 700 psi.  The
shaor stréés dctually vccurs botween the stecl wall of the tank aind the Sulfasat
that was used to grout the specimen inte the conlainer, 7hnu§h the containes wall

was oiled before the specimcir was placed, the shear stress is still significant;
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the ratio of shear stress to surface pressure jncreases from about 0.05 at a

surface pressurc 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 cohosjon between the tank wall specimen is broken and the shear
then results from friction. Figure A.9 shows the lateral pressure oxerted o
by the model rock specimen ob the confining tonk wall at midhcight of the
tank computed fromrthe aeasured strains and plotted against surface pressu-e.
The lateral pressure varies almost linedrly with surface pressure abové
200 psi and the ratio of latera) pressure to surface pressure varies froa
| ~about 0.12 at'a surfaea pregsuie of 250 psi.to about 0.2 a{ 700 psi.
A significant factoe in assessing the test results is the effect
uf th& boundaries at the tank wall 'e,n the wode! rock bohavior mear the |
. openinrg. Afha'iate%al'maw&aaﬁt_o? the wall iS-Sﬁﬁll» The mox e <irums
"Afﬁﬂmﬁﬁl swain"is,awm &0 iéhie,h corresponds to @ radial a&a\wﬁ of the -
T wall oa the wrder 6‘? 0.0005 in. This wmovseent was @uch iess near the ﬁatte@j
and top of the speciacn where the tank was stiffencd by tisé fianges. | The
. shear betucen the tonk wall and spacisen is rather !aége ond the distance
into the wél Fock tg’et!@én that the influence of this shear extends is
iwportant. | | | |
The steains medsured oh o plane § in. below the top wé?a&e o7 the
- speciten are shint §9 Figs, A.10 to A.15. This plane corvesponds (o the
joint betwenh the top and middle blocks of the assambled specimen and there-
,forq also containe the ¢jiony used tv jéin the blecks. This epeay is s~
what stiffcr than the dodel waterial, bul the thicknesy wis rather sasll so

the joint was probably oot appreciably stronger than the waterisl, 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.ll
are fairly consistent in that the curves are smooth, but there is a large
rangc in magnitude of s:}ain 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 more ihan onc gage occurved at 2 given radius, and it is the
average thot i3 shoun in Fig, A.13 The scatter in the strain measurements
was probhably caused by nonhomogeniety of the specimen which ollowed a3 non-
symaotrical deformation., The circumforentiol strains are more sensitive
to nonsyawetrical radia} deformation because the§ aré preportiana!';o the

radial displacesont while the radial strains are equal to the rate of change

of the displacesent which is not vorying rapidly. -

This discussion has bewn based on the assusption that the electrical

strain gagos give an accurate indication of the average strain over theie

goge length when 3pplied within the saterisl. In Reference (1) tests ore

reported in which gages are soudted on the Suefaéé'aﬂd-iﬁsid@ test ¢ylinders

witich were subjected to trianial tests. ¢ was oncluded From (hese 2ehis

that the strain gages do give reasonably sccurate iexdiogy. The conditions

wider which the gages ¢ wrate Hiv these tosts are somowhat different frow

" these investigated in Ravereédce {17, bul mwot 30 difforent thal the copclusion

drah thore catnot be applicd, with roservaticns, to these tests. in the

second test of a lined oponing an additional Jdiasetcal set of gages was placed

Cwithin the matervial with @ difforent method of protecting the gages, to sev
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if 2ay d.fference could be detected. These results will be discussed in the
next section.

Errors in electrical strain gage réadings within the material
would occur if the gage within the material is defo}med under pressure to"
conform to an irregular surface ¢n 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 Easthan,910 cement -under
pressure to make it conform initially to the surface. Thi's method“shoﬁld
help to avoid the problem, but under very high normal- pressure there i§
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
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 haye 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 AJdh4 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
thé same strain if conditions of symmetry and homogeniety exist and the
mode! represents a mass of rock Infinite in extent as desired. If the

difference in strain with depth results from the shear between the model
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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,

HIe

and{in fact the smailast and ¥argést strains appear- t¢ occur at 2 in, and

LV

oA

S k in in the case of both the cnncumferentnal and longltudana! strains.

Also the ordercng of tte magn:tude of the cnrcumferent:aa and longitudtnal

: straihs “with depth is the-sane, -This lends va?idity td~the strain measure-

ments and’ suggests that the vaﬁ:atlon in stralns is due to. random ariatioq‘F
in densuty of nodel rock matatjal with depth 'f' ’; : ) :,G

<, :Of parttcp}ar concern ts:the strain condition in the failure
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region. Alp}ate 0.5 in. th?ik was: placed with,éfsnugffit ... the opening ax
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the top sur$aces of,the speéimen.. This"plateiprevented laterai movement of
. the. wal] of the openlng near the surface and may have had some effect at the

2 in. ievel snnae ‘the CItcumferenttal strain measured there is considerably

V smaller than at other levels up to a surface pressure of 600 psi. The

longitudlnal stra:n is sllghtly less than that at the 7 in. level up to the
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z same surface pressure; The 1a1lure of the mode! material occurred in shear

(e *
FoTs

-7 on a surface with anvangle of approximate4y 30° and the shear stress on this

T ~;surface'Was approximately 300 psi at failure..

A.3.2 Test With Lined Opening

The second specimen in which the opening in the model rock mate-
rial was lined with a thin aluminum tube of 0.035 in. wall thickness and

L 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

600 psi, on the fourth at 1800 psi, but on the fiftii trial 2500 psi surface
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prassure was réached before the O-ring seal_betwéen thg upper?tank flange
and the end plate failed. Surface pressure, strains O;ithe cqﬁfining tank,
igtrains_in~the'model }Qck material, and stra?ns on.the opening liner-were
Emeasured.r The model rock material did not fail éven at -a surface préssure
5;0? 2500 psi, but the liner buckled 1ongituainally on the last bressurization »
tli%t abou§°midheight. "The surface ofithe modelfrock spgcimen was deformed‘
£L¥ipermqnently frpm its original position approximateiy 1/4 ib. on the first
“ presSurizatiog andA![2 in. by the fifth. Tbe surface was relatively flat,
indicating that slip occurred between the‘modék matérial and confining tank
waf?. On{y;fhe cgﬁplete results of the first pressurization will be presented
as they are representative of the overall behavior. “
O ‘;, LAFigunélA.lé presents for the first pressuf?zation the average of
_the strains measured at midheight on the outsige surface of the confining
lfank wafi in the circumferential, longitudinai, and 45 degree directions._ .
If the longitudinal and circumferential directions: are principal strain
axes and the strain is unifo}m through the tank wall, the strain in the
45 degree direction should be the average of ;hé’othér two, In the unlined

opening test this was essentially the result, but in Fig. A,16 it is observed

E . 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

b s lérger above 400 psi. This shift at 40O psi surface pressure could result
-'§ from a moment applied at the flanges which caused a compressive bending strain
i

G . on the outside surface of the wall of the tank which reduced the overall

3 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.1 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 ancther 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.18 is shown the average shear stress between the upper 12 in. of the
confining tank wall and the model rock specimen, and the lateral pressure
exérted 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 1000psi the average shear stress was of the order of 350 psi and the

._latéral 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

sheér 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 0.2] 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 X

tank wall. The tank wall was rougher in the second test because of corrosion

caused by moisture in the Sulfaset in the first test.

el e e Lime L .

4oy PG g,
v de g R
il

SN e v e




GRS

150

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 surfacé 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 & 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 {n. below the top surface are
plotted against surface pressure in Fig. A.2] and ar~ 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 i—
above for the circumferential strain was used and there is ﬁo consistent effect
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
circunferential 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 indicétion 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.2L4 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 mode! material results in longitudinal compression

in the cylinder. At the same time there is clrcumferential 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.?5, There
is a genera! 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
falrly 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 (.22 which would be obtained for the ratio of
lateral to surface pressure at midhaight of the confining tank If a straight

line is drawn through the data of Fig. A.18. For a semi-infinite linearly

NIRRT A
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elastic medium with a uniform surface pressure the ratio of lateral stress to :
3 vertical stress in the medium is equal to v/(1-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. i
" 1 depth and 1000 psi the ratio of lateral to surface pressure on the liner is 0.17 ;
l (Fig. A.26) and on the confining tank 0.24 (Fig. A.18). If the vertical stress
3 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
3 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
3 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 O-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.
EZ 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
g: 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. o

- When the confining tank was disassembled after the fifth pressurization

It was found that the liner had a uniform buckle at a depth belov the surface of

R
i
'{' E 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.
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AL SUMMARY AND CONCLUSIONS

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 70u 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
uni form 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 mode! 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 mode! material could be reduced to a
satisfactory level by applying sheet teflon to the tank wall before the
specimon is grouted in nlace. 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 shoar stress
between the tank wall and model material during a test. A problem
was oncountered in doing this by measuring the strain at midheight of
the tank wall, because of uncertainties introduced in these measurements

duc to moments applied to the 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 mode! rock specimen deformed.
In the last pressurization of the lined opening test the diaphragm
held and the test was terminated vhen the O-ring between the-tanh flange
and lid was extruded at 2500 psi. The O-ring tyoe of seal has been
used before to a pressure of 3000 psi so this should in geacral not be
a problem. The pressure of 3000 psi-is the cavacity of the confining
tonk, | |

The model rock specimen can be péopared satisfactorily. in the

general manner used in these tests. There is some evidence, primarily -

‘the variation in strains measured ot symeetrical points, that the

unifornity in dessity of tite model material should be improved. This
could be done with an automatic tamping mochanisa, prebably of the

drop hiarmer type, or by devoting greater effort to maintaining uniformity

in hand tamping by careful timing of the onoumstic tawping on souments

of the spec men. Grouting of the speciren into the confining tank
with Sulfaset was a satisfactory wethod of wabilizing the available
confinoment of the tank, and the siwilar proccdure for placing the
lingr in the opening in the second test was cgually satisfactory
excapt that the grout thickness should be kept as thin as possible.
In this tost the thickness of grout was almost 3 wuarter inch. and

it would be possible to keep this thickness to toss than one=eight 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 symﬁetrical points makes
the results suspect. As menticned earlier this variation could result from

nonuni formity of the material, but it could result in some cases from un-

‘realistic response of the strain gages due to the high normal pressure

applied to them, The Qormal pressure alone should cause little extraneous

strain response as discussed in Reference (2), but the combimation of
adverse effects way cause difficuliies. Adequate placesent and protection

‘mothods could eliminate the difficulties, however.

Any conclusions drawn Trom these tests concerning the Lehavior of

- the mode) rock in the vicinity of the ogening oust ba drawn with the
realization that the high shedr stréss between the sodel material and

tank walls way have caused the specimen not to boaave like an infinite

half-space. This shear stress prodably did not affect the failure of the

saterisl around the top of the opering in the unlined opening test, thougk

it probably did influence the strains at the 8 in. level in the smaterial

and arouind the opening. It was possible, however, to detevmine an appiroxi-

wate value of lateral prossure and shoar stress on the opening liner and the

distribution of these quintities with depth. The shear stvess oh the liner

depends on the ematerials in contact and the surface conditions of the matevials.

R B R
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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

i» concrete cast against rock in which case there would be a rather large

i resistance to slip and a friction coefficient would not be very meaningful.

3 ~ 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
tests would be very useful in furthering this understanding. A model rock
spcc}den which contains systems of joints with various spacings and orien-
tations can be buiit ond grouted into the confining tank. TVests of 3

specimen of this type could be even sore useful in understanding the behavior

- of real rock.
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