AD=-AOBS 912 SR1 INTERNATIONAL MENLO PARK CA F/6 1 /713
THEORETICAL AND EXPERIMENTAL STUDY OF DEEP-BASED STRUCTURES IN == TCIU)
SEP 79 P E SENSENYr H E LINDBERG DNA0O1~76~C~0385

UNCLASSIFIED DNA=~5208F NL

. .....-......
A
TeB i

: M




M A088912

— /,T}"zzaoﬁf‘

DNA 5208F

THEORETICAL AND EXPERIMENTAL STUDY OF
DEEP-BASED STRUCTURES IN INTACT AND
JOINTED ROCKS

P. E. Senseny

H. E. Lindberg

SRI International

333 Ravenswood Avenue
Menlo Park, California 94025

1 September 1979

Final Report for Period 15 September 1977—30 August 1979

CONTRACT No. DNA 001-76-C-0385

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED.

THIS WORK SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMSS CODE B34407T462 J34HAXSX31107 H2580D.

DTIC
Prepared for ELECTE
Director SEP8 1980 .

DEFENSE NUCLEAR AGENCY
Washington, D. C. 20305 B

80 § 13 01818




e T

Destroy this report when it is no longer
needed. Do not return to sender.

PLEASE NOTIFY THE DEFENSE NUCLEAR AGENCY,
ATTN: STTI, WASHINGTON, D.C. 20305, IF
YOUR ADDRESS IS INCORRECT, IF YOU WISH TO
BE DELETED FROM THE DISTRIBUTION LIST, OR
IF THE ADDRESSEE IS NO LONGER EMPLOYED BY
YOUR ORGANIZATION.




UNCLASSTFTED

SECURITY CLASSIFICATION OF TRIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE BEF O COMBE BTN RM

/ 2. GOVY ACCESSION NOJ 3. R PIENT'S CATALOG NUMBER
Al %%S’?i
:
9

-\
< THEORETICAL AND EXPERIMENTAL STUDY OF DEEP-BASED
b %TRUCTURES IN u%{\cr AND JOINTED Y — - -
7z - S S| SRI PYU-5762.."

_ . JrAuTvokes 8. CONTRACT OR GRANT NUMBER(s)

P. E./sensen ]| onk 'go1-76-C- ssfv“
H. E jLindbe{g / 5 Aﬂ /ﬁ

a2 =

9. "PERFORMING ORGANIZATION NAME AND

|0. pRG AMOERLEDJENT FROJECST TASK
SRI International ‘
333 Ravenswood Avenue Q?/ X 3 1 1_ S@?E J34HAX§311-07

Menlo Park, California 94025 .

11. CONTROLLING OFFICE NAME AND ADDRESS S 12 el ""’[
Director , ' 1 Septowmwang?g |
Defense Nuclear Agency | [13. WOMBER OF FAGES

Washington, D.C. 20305 274

3 14. MONITORING AGENCY NA Controlling Office) 15. SECURITY CLASS (of this report)
N 12 12795 UNCLASSIFIED
{ \./L___.__\J 752 DECLASSIFICATION DOWNGRADING
16. DISTRIBUTION STATEMENT (of this Report)
3 . . N
£ Approved for public release; distribution unlimited. - *
o
b
w

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, it dilferent from Report)

18. SUPPLEMENTARY NOTES

This work sponsored by the Defense Nuclear Agency under RDTAE RMSS Code
B34407T462 J34HAXSX31107 H2590D.

19. KEY WORDS (Continue on reverse side if necessary and identily by block number)

Deep Basing Mohr-Coulomb Rock Mechanics Tunnels
DIABLO HAWK NONSAP Scale Models Underground
Joints Plasticity Static
Laboratory Tests Reinforcement Structures

—— Lateral Confinement Repeat Loading Theory

‘ Sf ABSTRACT (Continue on reverse side if necessary and identify by block number)

: Theoretical and laboratory studies were performed to investigate: (1) effects
of lateral confinement and rock specimen-to-tunnel diameter ratio in labora-
tory testing of reinforced tunnels in rock, (2) tunnel response in jointed
rock, and (3) response to repeati loading of various reinforced tunnels in
intact and jointed rock. .

Results of the laboratory study of effects of lateral confinement and rock
specimen-to-tunnel diameter ratio show that: S ey

oD , jg:Mﬂ 1473 E£01TION OF ' NOV 65 15 CBSOLETE

UNCLASSIFIED : V‘/{

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entel

HOZ8L

R




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

20;~:985TRACT (Continued)
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correspondingly small deviations in the loading needed to
produce a critical design crown-invert tunnel closure,

(b) The specimen-to-tunnel diameter ratio has a small but
measurable effect (less than 20%) on critical loads for
tunnel closure in the range used in laboratory testing; AND

(c) The presence of the tunnel does not cause the laboratory
specimen to bulge. Specimen lateral boundaries remain
straight to within the accuracy required for uniaxial
strain tunnel response (to within 200 microstrain for
tunnel closures of interest).T«f'

\
Laboratory tests performed on jointed rock show that under static loading
there is no block motion, even though the joint blocks (plates) were free to
slide in the test machine. The tests also show that, for some joint orien-
tations, tunnel deformation is similar to that measured for intact specimens,
while for other joint orientations, tunnel deformation is significantly
greater than for intact specimens. The additional deformation is caused by
local sliding along the joints and, in some cases, by fracture across the
rock plates from plate bending.

Theoretical and laboratory studies of repeat 1oading of deep-buried structures
show that both direct contact and backpacked structures can withstand repeat
loading well into the yielded range in a wide variety of geologies. Little

or no additional closure occurs on repeat loading until the repeat load exceeds
the preceding maximum load. The theoretical analysis predicts repeat loading
closures that are larger than observed experimentally, suggesting that the
theory can be used for conservative design analysis.
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SUMMARY

Laboratory and theoretical studies were made of the deformation of
deep-based structures for a variety of reinforcement structures, rock
types, and loading paths. Emphasis was on yielding structures, which
allow plastic deformation of the rock immediately around the tunnel and
take substantial advantage of rock strength. Tests were performed to
study the influence of lateral confinement and specimen-to-tunnel
diameter ratio on both tunnel and rock specimen response. After this
demonsiraiion of the efficacy of the laboratory method, further tests
were performed to study deformation of tunnels in jointed rocks with
various load-joint and tunnel-joint orientations. The influence on
tunnel closure of repeat loading was studied both theoretically and

experimentally.

S.1 EFFECTS OF LATERAL CONFINEMENT AND SPECIMEN-TO-TUNNEL DIAMETER
RATIO IN LABORATORY TESTING
We performed uniaxial strain loading experiments on 4-inch-diameter
(0.1-m) specimens having three different tunnel sizes to determine the
influence on tunnel closure of specimen-to-tunnel diameter ratio.
Figure S.1 shows the tunnel reinforcing structures for the three tunnel
sizes. We studied two rock simulants: a tuff simulant, designated

SRI RMG 2C2, and a medium strength rock simulant, designated 16A.

The influence of the specimen-to-~tunnel diameter ratio is shown
in Figures S.2 and S.3, where the pressure required to produce specimen
crown-invert tunnel clousres is plotted as a function of the specimen-to-
tunnel diameter ratio. Figure S.2 shows that for the tunnel sizes
studied, closure does not depend on tunnel size in SRI RMG 2C2. However,
Figure S.3 shows that for 16A rock simulant, greater pressure must be
applied to specimens containing larger tunnels to obtain a specified

crown-invert tunnel closure. We conclude that these two rock simulants
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FIGURE S.1 LINERS FOR THE THREE DIFFERENT TUNNEL SIZES: 5/8 INCH,
1/2 INCH, 3/8 INCH (15.9 mm, 12.7 mm, 9.5 mm)
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FIGURE S.2 VERTICAL PRESSURE TO PRODUCE SPECIFIED CROWN-INVERT
TUNNEL CLOSURE VERSUS SPECIMEN-TO-TUNNEL DIAMETER
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respond differently because, in the stronger 16A rock simulant, a

plastic zone that is localized around the tunnel grows outward toward
the specimen boundary. Plastic zones around larger tunnels interact
with the specimen boundary sooner than do those around smaller tunnels,
and this produces the tunnel size effect. In SRI RMG 2C2, however, the
entire specimen yields at low pressure, so that plastic deformation is

not localized around the tunnel. Therefore, no tunnel size effect is

observed for this material. This also emphasizes that such weak materials

are inappropriate for deep basing and that laboratory testing should

emphasize the higher friction materials modeled by the 6B and 16A

simulants.

Specimens of SRI RMG 2C2 having the largest tunnel size were used
to study the effect on tunnel closure of deviations in lateral confining
pressure from that required to produce uniaxial strain. In two experi-
ments the lateral confining pressure was reduced to 90Z and 807 of the
uniaxial strain lateral confining pressure, and in one experiment the
lateral confining pressure was increased to 120% of the uniaxial strain
lateral confining pressure, Figure S.4 plots tunnel closure as a
function of vertical pressure for these experiments. A solid line that
is fitted through closures obtained for uniaxial strain loading is also
plotted. These results show that critical loads to produce a specified
design crown-invert closure are approximately in proportion to the small

deviations from the uniaixial strain lateral confining pressure.

Springline closure, however, is especially sensitive to underconfinement.

For the more underconfined test (SUX-140), springline closure increases
very rapidly at the end of the test, and extrapolation of crown-invert
and springline curves from this test shows that at only slightly greater
pressure springline closure will dominate crown-invert closure. This

trend is the same as that observed in some underconfined dynamic tests

in which the tunnel closed completely along the springline diameter.
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TUNNEL CLOSURE, AD/D -— percent
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FIGURE S.4 TUNNEL CLOSURE AT CROWN-INVERT AND SPRINGLINE DIAMETERS

VERSUS VERTICAL PRESSURE FOR OVERCONFINED, UNDERCONFINED
AND UNIAXIAL STRAIN LOADING OF SRI RMG 2C2

6061-TO aluminum liner, a/h = 11.5




S.2 CYLINDRICAL STRUCTURES IN JOINTED ROCK

We performed static uniaxial strain loading experiments on 12-inch-
diameter (0.3-m) specimens that contain a single set of parallel,
equally spaced joints to determine the influence on tunnel deformation
of joints and their orientation. For small load-joint orientation
angles B (the angle between the vertical loading direction and the
joint normal), the presence of joints and their orientation has little
effect on tunnel deformation. For large B, however, the strength
reduction can be large. These results are illustrated by plots of
crown-invert tunnel closure versus vertical pressure, given in Figures
S.5 and S.6 for a thick steel direct-contact structure and a polyurethane
foam backpacked structure, respectively. For small load-joint orientation
angles, B = 0° and 30°, the primary difference between jointed and intact
response is the jump in closure at low pressure in jointed specimens,
due to the joint close-up. (This would not occur in the field, where
the joints are filled and, also, in-situ stresses hold the joints closed.)
For the largest joint orientation angle studied, B = 45°, the reduction
in strength is significant, For the backpacked structure, the pressure
required to produce a crown-invert closure of 5% with 8 = 45° is only
80% as great as that required to produce the same closure for B = O.
For the direct-contact structure, the critical pressure at 5% closure

is only 60% of that for B = O.

Results of repeat loading experiments show that the response of
jointed specimens is the same as that of intact specimens: repeat
loading does not produce a significant change in the specimen's load-
bearing capacity, closures during unloading and reloading fall along
a common line, and only a small additional closure is sustained during

each cycle in load.

Smooth tunnel closure records and posttest specimen cross sections
such as that shown in Figure S.7 indicate that block motion is not a
deformation mechanism and, except for a small amount of tensile and
shear cracking, deformation is due to elastic and plastic straining,

plus localized slipping on the joints. Therefore, twmel closure in
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FIGURE .7 SECTIONED SPECIMEN FROM TEST LSUX-21
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these experiments should be calculable using a homogeneous, lransversely

tgotropic continuum to model the jointed rock response. Data from
material property tests performed at the Waterways Experiment Station
(WES) have been used to determine parameters for an elastic, perfectly-

plastic Mohr-Coulomb model that is transversely isotropic in both the

BV vy Wy

elastic and plastic parts.

S.3 REPEAT LOADING OF DEEP-BURIED STRUCTURES

We performed a theoretical study of the response to repeat loading
of circular tunnels in rock. We solved analytically the problem of a
circular tunnel having constant internal pressure subjected to far-field
axisymmetric pressure for a single cycle in load. We used this analysis
to study the influence on tunnel closure of internal pressure, applied
pressure at which a cycle in load occurs, and rock strength parameters.
We also used the stress and displacement fields determined in this
analysis to verify a numerical solution to the problem. The numerical
solution was obtained by use of the finite element code NONSAP. We
then used NONSAP to calculate tunnel closure for two cycles in load i
under axisymmetric pressure, and then also for uniaxial strain loading.
Results of the calculation for two cycles in load under axisymmetric i
pressure are shown in Figure S$.8. The load is cycled twice at Po =
8 ksi (55 MPa). The two cycles are very similar. Response to unloading
is initially elastic, but before unloading is complete the rock yields
: and the tunnel opens faster with decreasing pressure. Reloading is
initially elastic also, but before P0 = 8 ksi (55 MPa), yielding causes
the tunnel to close faster with increasing pressure. Yielding during

i unloading and reloading causes the closure curve to form a narrow loop

and also increases tunnel closure by a small amount.

In addition to this theoretical study, we performed experiments

; mreazen

with repeat loading of a backpacked structure in 16A rock simulant.

Tunnel closure is plotted in Figure S.9 as a function of pressure.

Monotonic closure curves are plotted as solid lines. Comparison of ;
repeat and monotonic loading data shows that a rock opening reinforced
with a backpacked structure responds similarly to a tunnel reinforced E

with a direct contact structure under repeat loading.

11
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The results of this theoretical study, plus results of a wide
variety of repeat loading experiments performed previously, show that
yielding structure designs can withstand repeat loading and sustain
only small additional closure of the tunnel. Thus, advantage can be
taken of the large increase in load capacity of a yielding design above

an elastic design (typically a factor of 3 or more) even for repeated

attacks.
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Conversion factors for U.S. customary

to metric (SI) units of measurement

To Convert From To Multiply By
angstrom meters (m) 1.000 000 X E -10
atmosphere (normal) kilo pascal (kPa) 1.01325 XE 42
bar kilo pascal (kPa) 1.000 000 X E +2
bam meter? (m%) 1.000 000 X E -28
British thermal unit (thermochemical) joule (J) 1.054 350 X E +3
calorie (thermochemical) joule (J) 4,184 000
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curie

degree (angle)
degree Fahrenheit
electron volt

erg

erg/second

foot

foot-pound -force
gallon (U.S. liquid)
inch
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joule /kilogram (J/kg) (radiation dose
absorbed)
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kip (1000 1bf)
kip/inch? (ksi)
ktap

micron

mil

mile (international)

ounce

pound -force (lbs avoirdupois)
pound-force inch

pound-force /inch
pound—t‘orceﬁoor.2
pound-lorce/inchz (psi)
pound-mass (Ibm avoirdupois)
pound -mass -footz (moment of inertia)}

pound -mass /foot3

rad (radiation dose absorbed)
roentgen

shake

slug
torr (mm Hg, 0°C)

mega ]oule/m2 (MJ/mz)
*giga becquerel (GBq)
radian (rad)

degree kelvin (K)
joute (J)

joute (J)

watt (W)

meter {(m)

joule (J)

metera (m3)

meter (m)

joule (J)

Gray (Gy)
terajoules
newton (N)
kilo pascal (kPa)

newton-~second /mz
(N-8/m?)

meter (m)

meter (m)

meter {(m)

kilogram (kg)

newton (N)

newton-meter (N.m)

newton/meter (N/m)

kilo pascal (kPa)

kilo pascal (kPa)

kilogram (kg)

kilogram-mete r2
(kg-m?)

kllogmm/meter3
(kg /m3)

“*Gray (Gy)

coulomb /kilogram
(C/kg)

second (s8)

kilogram (kg)

kilo pascal (kPa)

4.184 000 X E -2
3.700 000 X E +1
1.745329 XE -2
1= (f 4 459.67)/1.8
1.60219 XE -19
1.000 000 X E -7
1.000 000 X E -7
3.048 000 X E -1
1.355 818
3.785412 XE -3
2.540 000 X E -2
1.000 000 X E +9

1. 000 000

4.183

4.448 222 X E +3
6.894 757 X E +3

1.000 000 X E +2
1 000000 X E -6
2.540 000 X E -5
1.609344 X E +3
2.834 952 X E -2
4.448 222

1,129 848X E -1
1.751 268 X E +2
4.788 026 X E -2
6.894 757

4.635 924 X E -1

4.214 011 XE -2

1.601 846 XE +1
1.000 000 X E -2

2.57T9 760 X E 4
1.000 000X E -8
1.459 390 X E +1
1.33322 XE -1

*The becquerel (Bq) is the SI unit of radioactivity; 1 Bq = 1 event/s.
**The Gray (Gy) is the SI unit of absorbed radiation.
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1.1 BACKGROUND i

This report is the sixth in a series that describes DNA-funded
deep-buried structure laboratory programs carried out at SRI International
[1—5].* These reports describe laboratory tests performed in direct
support of specific experiments fielded in underground nuclear tests, .
as well as laboratory experiments performed to provide both qualitative i
and quantitative understanding of some fundamental aspects of reinforced

rock-cavity deformation.

Laboratory testing of scale-model cavities provides an efficient
means of quickly evaluating and developing proposed deep-based structural
concepts, so that it is necessary to field only models of the most
promising of these in the underground nuclear tests. Laboratory results
also allow extrapolation of field results to other geological environments.
Further, since in laboratory tests rock properties and specimen boundary
conditions are known, results provide a check on the accuracy of material

models and computer codes used to predict structural response in the

field.

1.2 APPROACH AND SCOPE OF INVESTIGATION

This volume of the final report describes work performed under )
Contract No. DNA 001-76-C-0385 after April 1, 1978. Results obtained
before that date are reported in Volume I [5]. Topics presented in
Volume I are:

(1) Tunnel response under dynamic versus static loading. N

(2) Borehole/cable interaction.

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




(3) Experimental procedures and initial experiments for
cylindrical structures in jointed rock.

(4) Theoretical analysis of elliptical structures.

In Volume II we present results of experimental and theoretical studies

of:

(1) The effects of lateral confinement and specimen-to-~
tunnel diameter ratio in laboratory testing.

(2) The effects of joints on tunnel deformation.

(3) The effect of repeat loading on tunnel closure.

The purpose of the first experimental study described in the present
volume was to determine the ability of our laboratory tests to simulate
loading of deep-buried structures in the field. Special attention was

given to establishing whether a finite laboratory specimen can adequately

model the essentially infinite geology in the field, and whether the
confining pressure applied to the specimen lateral surface properly

simulates a uniaxial strain loading in the field.

The second experimental study continued our investigation of the
effect on tunnel deformation of a single set of parallel joints. We
present results for direct contact and backpacked structures in rock
masses with various joint orientations under both monotonic and cyclic

loading.

A theoretical study of the effect of repeat loading on tunnel
closure was performed to help understand laboratory results obtained
for yielding structures under cyclic loading. Analytical expressions
are given for the stress and displacement fields in the rock for repeat
axisymmetric loading, and numerical results are given for both axisym-
metric and asymmetric loading. Theoretical results are compared with
experiments performed during the current program and our previous

programs.

Experimental techniques are not described in this report. Testing
machines and intact specimen preparation are described in references
[2] and [3]. Jointed specimen preparation and handling techniques are

described in Chapter 4 of Volume I.
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1.2.2 REPORT ORGANIZATION

!

The next two chapters present results of our major current

et

experimental studies. Chapter 2 gives results of the study of the

influence on laboratory results of lateral confinement and the specimen- f
to-tunnel diameter ratio. Chapter 3 gives results of tests performed

on jointed specimens. The final chapter, Chapter 4, describes our study
of the effect of repeat loading on tunnel closure. Two appendixes
conclude the report. Appendix A gives test records and photographs of
specimen posttest cross sections for each of the twelve tests on jointed
specimens. Appendix B describes four experiments that study the effect
of repeat loading on the deformation of a backpacked tunnel liner in

intact 16A rock simulant.
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2. EFFECTS OF LATERAL CONFINEMENT AND SPECIMEN-TO-TUNNEL

DIAMETER RATIO IN LABORATORY TESTING

2.1 INTRODUCTION

This chapter describes tests performed on 4-inch-diameter (0.1-m)
specimens to study the influence of the specimen-to-tunnel diameter
ratio and of lateral confinement in laboratory testing. The laboratory
study was carried out in conjunction with a computational study performed
by California Research and Technology (CRT). Both studies were motivated
by discussions about tunnel closure measured in the laboratory under
dynamic uniaxial strain loading [5]. Goals of these studies were:
(1) To test agreement between measured tunnel closure
and tunnel closure calculated by using the finite
element code NONSAP with a simple constitutive model

and an approximation of the three-dimensional uniaxial
strain loading in the laboratory.

(2) To determine the effect on tunnel deformation of the
specimen-to-tunnel diameter ratio, DS/DT.

(3) To determine the actual lateral boundary conditions
applied in nominally uniaxial-strain-loading laboratory
tests,

(4) To determine the effect on tunnel closure of changes
in lateral confinement.
The study of the effect of the specimen-to-tunnel diameter ratio
addresses topics (1), (2), and (3), while the study of the effect of
lateral confinement addresses topics (1) and (4). The CRT computational
study investigated all four topics [6]. Some of their results are

included in this report for comparison.

2.2 EFFECT OF SPECTMEN-TO-TUNNEL DIAMETER RATIO

Tests were performed to study the influence on tunnel closure of
the ratio of specimen~to-tunnel diameter in both 16A rock simulant and

SRI RMG 2C<. We performed static uniaxial strain loading tests on




. L

4-inch-diameter (0.1-m) models that contained tunnels of three diameters:
5/8, 1/2, and 3/8 inch (15.9, 12.7, and 9.5 mm). These tunnel diameters
gave specimen-to-tunnel diameter ratios DS/DT = 6.4, 8.0, and 10.67.

A 1015 steel monocoque cylinder having mean-radius-to-wall-thickness
ratio a/h = 12.5 reinforced each tunnel in the 16A specimens and a
6061~-TO0 aluminum monocoque cylinder having a/h = 11.5 reinforced each
tunnel in the SRI RMG 2C2 specimens. Figure 2.1 shows the three

*
cylinder sizes.

We measured tunnel closure at the crown-invert and springline
diameters, and rock specimen lateral strain at midheight and at 0.625
inch (15.9 mm) above the midheight. These strain gage locations are
shown in Figure 2.2. The uniaxial strain condition was imposed by
maintaining zero average strain at the two gages above the specimen

midheight. Comparison of these strains with those from the two gages

at the midheight showed any deviation from uniaxial strain due to bulging.

Data from tests on 16A and 2C2 simulants are presented separately, and

are then summarized and discussed in detail at the end of the section.

2.2.1 Results for 16A Rock Simulant Models

We performed six tests on specimens of 16A rock simulant.
Figure 2.3 plots lateral pressure to maintain uniaxial strain as a
function of vertical pressure for all six tests. The lateral pressure
is roughly the same in all tests. One exception is a test in which
DS/DT = 8.0, where the lateral pressure is slightly higher between
PV = 5 ksi and 10 ksi (34.5 MPa and 69 MPa) and produces minor deviations

from the expected trend for the springline closure and the specimen

lateral strain data.

Figures 2.4, 2.5, and 2.6 plot tunnel closure as a function of
vertical pressure for each of the three values of specimen~to-tunnel

diameter ratio. Each plot gives data from two repeat tests and shows

*
Illustrations in Section 2.2 are grouped at the end of the section,
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that, for a given value of DS/D both the crown-invert and springline

T
closures are repeatable. For comparison of closures of the three
tunnels, curves fiticd Lurough the average of each data pair are plotted
in Figure 2.7. Crown-invert closure of the three tunnels is positive
for all pressures, as expected. However, for the two larger tunnel
sizes, the rate of closure decreases for pressures greater than about

13 ksi (90 MPa). The expected trend, that the rate of crown-invert

= closure increases with increasing vertical pressure, is obtained with

the smallest tunnel.

Figure 2.7 also shows that the pressure required to produce a

specified crown-invert closure decreases slightly with decreasing tunnel

size. For example, the pressure to produce a 3% crown-invert closure

3 of a 5/8-inch-diameter (15.9 mm) tunnel is 11.5 ksi (79 MPa), while ;
' that for a 3/8-inch-diameter tunnel (9.5 mm) is only 9.7 ksi (67 MPa),
about 157 less.

While the shapes of the crown-invert closure curves for the three
tunnel sizes are similar, the shapes of the springline closure curves
differ. For all three tunnel sizes springline closure is similar until
the loading pressure reaches 10 ksi (69 MPa). At this point the spring-
lines in the larger two tunnels begin to move inward, producing a
positive closure for pressures greater than about 14 ksi (97 MPa). The
springlines in the small tunnel continue to move outward to give a
closure of -2% at the end of the test (when the crown-invert closure is
about +6%). The mildly exaggerated springline motion in test SUX-124
(Figure 2.5) is probably due to the slightly higher lateral confining

pressure in that test.

In addition to measuring tunnel closure in these experiments, we
also measured specimen midheight lateral strain to determine if the
presence of the tunnels causes the specimen to bulge. Figure 2.8 plots
the strains recorded at all four gage stations for a single test,
SUX-122 (DS/DT = 6.4). Strain gages #1 and #2, mounted 0.625 inch
(15.9 mm) above midheight, were used to maintain the uniaxial strain

condition (zero average). Hence, their outputs are equal in magnitude

38

S W T L, e 1




P e

e D ARG A I 5t YA o OO 127 1 7

. - ‘ P " it e - i ', 5, i o SN &

and opposite in sign. For pressures up to about 10 ksi (69 MPa), the
magnitude of these strains is less than 10 x 1078, They then increase
to about 200 x 10 ® near P, — 15 ksi (103 MPa), and then decrease

\'
slightly until the end of the test. Strain gages #3 and #4, at midheight,

show that the specimen contracts about 0.2 mil (0.005 mm) early in the
test, and then bulges slightly at higher pressures: strain at station :

#3 is about -100 x 10 °, and at station #4 it is about +200 x 10 °,

For simplicity in the remaining plots (Figures 2.9 to 2.11),
only one curve is given for each test. This curve is the average of
the two gages at the specimen midheight (the average of the other two
gages is zero, by our test procedure). These curves show that the
specimen does not bulge significantly, and actually that both positive
strains (outward displacement) and negative strains (inward displacement)
were measured. We conclude that tunnel size does not influence the
rock specimen lateral strain. The fairly large strains shown in
Figure 2.10 for SUX-124 (-600 x 1078 = -0.06%) are attributed to the

slightly higher lateral confining pressure.

These data will be discussed more fully after presentation of

data for SRI RMG 2C2.

2.2.2 Results for SRI RMG 2C2 Rock Simulant Models

We performed similar experiments with tunnels in six specimens
of SRI RMG 2C2. 1In Figure 2.12, lateral pressure is plotted as a
function of vertical pressure for these six uniaxial strain loading
tests. The lateral pressure required to maintain uniaxial strain does
not depend on tunnel size. In one test (SUX-132, DS/DT = 6.4), however,
the lateral pressure does increase more rapidly than in the other five
tests when PV is greater than about 5 ksi (34.5 MPa). We will see
later (Figure 2.13) that the higher lateral pressure influences the

tunnel closure only slightly.
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The lateral pressure data indicate that the properties of the
SRI RMG 2C2 are slightly different from those reported in Volume 1
[s]

for the previous grout pours. Poisson's ratio is about 0.18,

down from 0.23. The friction angle is about 5°, up from 2.5°. Also,
the unconfined compressive strength, determined from separate unconfined
compression tests, is 4350 psi (30 MPa), which is up from 3675 psi

(25.3 MPa). These changes in constitutive parameters are relatively
small. The increase in unconfined compressive strength is less than
20%, and although the friction angle is twice as large, the parameter
N¢, which appears in the failure criterion, increases by only 10%.

The 207 decrease in Poisson's ratio gives the same value, 0.18, as

(]

reported by Terra Tek These changes in constitutive parameters
should be kept in mind if tunnel closure and specimen lateral strain

data from the present tests are compared with data obtained previously.

In Figures 2.13, 2.14, and 2.15, tunnel closures at the crown-
invert and springline diameters are plotted as functions of vertical
pressure for two repeat tests of each of the three tunnel sizes.
Scatter in results is small except for the DS/DT = 8.0 crown-invert
closures (Figure 2.14). For these two tests, there is a difference in
pressure of approximately 1.75 ksi (12 MPa) at the same crown-invert

closure. Springline closures, however, are nearly identical.

The influence of the higher lateral pressure in test SUX-132 is
shown in Figure 2.13. As the load path moves toward the hydrostat
(Figure 2.12), tunnel closure becomes more symmetric: the crown-invert
and springline closures tend toward a single curve, as would be obtained
for axisymmetric (isotropic) loading. However, for the range of
presures and closures studied, the spread in closure data above P, =

\
6.5 ksi (45 MPa) for DS/DT = 6.4 is fairly small.

Figure 2,16 presents the summary plot of tunnel closure as a
function of vertical pressure for all three tunnel sizes. The curves
show that tunnel closure in SRI RMG 2C2 does not depend significantly
on the specimen-to-tunnel diameter ratio, DS/DT' This result contrasts

with that obtained for the 16A rock simulant, for which the pressure
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required to produce a specified crown-invert closure decreases slightly
with decreasing tunnel size. The change in behavior of springline
closure for the smallest tunnel (DS/DT = 10.67) is similar to that for

the 16A rock simulant.

Figures 2.17, 2.18, and 2.19 plot specimen lateral strain at the

T W o il AL Bl oGl SR M -4

midheight as a function of vertical pressure. The values plotted, as
for the 16A rock specimens, are the average of two gages. They show a
small deviation from uniaxial strain [which is imposed by maintaining

zero average lateral strain, measured by the two gages at 0.625 inch

(15.9 mm) above the midheight]. Generally, the specimen bulges slightly
(EL = 200 x 10 °) near the end of the test., This strain corresponds . ;
to an 0.8-mil (0.02-mm) increase in the 4-inch (0.l1-m) diameter. The

largest diameter changes occur for DS/DT = 10.67, as shown in Figure 2.19.

At the end of the test, midheight lateral strain is +500 x 10 ® in test

SUX-135 and -100 x 10 ® in test SUX-134. However, this relatively large

difference in midheight lateral strain has no discernible influence on

tunnel closure. Figure 2.15 shows that both crown-invert and springline

closures are nearly identical for both tests.

2.2.3 Summary

The results presented show that tunnel closure measured in the
laboratory depends on the specimen-to-tunnel diameter ratio DS/DT in
16A rock simulant, but not in SRI RMG 2C2. Figures 2.20, 2.21, and 2.22
plot the vertical pressure required to produce crown-invert closures
of 1%, 3%, and 5% as a function of the specimen-to-tunnel diameter ratio
for 16A, 2C2, and HUSKY ACE rock-matching grout, respectively. The
results for HUSKY ACE rock-matching grout were obtained previously [2]
and are reported here for comparison. A straight line is fitted through
the data for each value of crown-invert closure. These plots show that
the finite specimen size in our tests introduces maximum errors in

critical loads of only 10% to 20%.
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A possible explanation for the difference in tunnel response for
the tunnels of three different sizes in 16A rock simulant is interaction
of the plastic zone with the specimen boundary. We assume that initially
the plastic zones around the tunnels are similar but of different scales,
which are determined by the tunnel size. As the plastic zone grows and
the elastic-plastic boundary nears the specimen boundary, the interaction
with the specimen boundary becomes more significant. The plastic zone
around a larger tunnel will interact with the specimen boundary sooner
than will the plastic zone around a smaller tunnel. If the effect of
the interaction between the plastic zone and the specimen boundary were
to produce a more symmetric load on the tunnel, then the results would
be as observed: the springlines would move inward and the rate of

closure at the crown-invert would be slowed.

By the same argument, we confirm that no size effect is observed
for SRI RMG 2C2 because the entire specimen yields at fairly low

pressure, so that there is no elastic-plastic boundary around the tunnel.

However, this argument suggests that no size effect would be observed
in the HUSKY ACE rock-matching grout specimens, because these also

yield at low pressure. The observed tunnel size effect in HUSKY ACE

rock~matching grout may be the result of a volume strain property that
is much different from that of the other two materials. A notable
difference emerged between the results of tests performed on HUSKY ACE
rock-matching grout and those of the current tests on 16A rock simulant
and SRI RMG 2C2: the volume of the HUSKY ACE specimens decreased by
about 10%, whereas the volume of the 16A rock simulant and SRI RMG 2C2
specimens decreased by only about 1%. This suggests that, in addition

to shearing, compaction was an important deformation mechanism in the

HUSKY ACE specimens. Figure 2,23 shows posttest cross sections of the
HUSKY ACE rock-matching grout specimens. Each specimen contains a
distribution of large pores, comparable in size to the tunnel, so that
the specimen material itself has a length scale. These pores compact
under low pressure and contribute significantly to the deformation.

It is therefore possible that thc size effect observed in HUSKY ACE

!
4
]
;
rock-matching grout may be a result of the deformation of the pores. 3
]
]
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The caving in at the top and bottom of the specimens should also be
noted. This did not occur on any of the rocks tested in the current

program.

CRT performed calculations to study theoretically the influence
of DS/DT in specimens of SRI RMG 2C2. Their numerical model used a
simple constitutive model (Drucker-Prager yield with strain hardening
and a variable angle of friction) and a generalized plane strain com-
putational technique that seems to model adquately some of the three-
dimensional characters of the laboratory experiments. Their results
for the large tunnel, DS/DT = 6.4, show good agreement with our experiments,
at both the crown-invert and springline diameters. However, their study
gives conflicting results for the two different lateral boundary con-
ditions they studied. The two theoretical lateral boundary conditions
they used were: 1) a pressure boundary condition for which the lateral

pressure on the boundary is the uniform pressure, P,, needed to produce

L
uniaxial strain in a tunnelless specimen, and 2) a displacement boundary
condition for which the radial displacement on the lateral surface is

zero. Neither of these conditions was imposed in our experiments. The

experimental lateral boundary condition was a pressure boundary condition
UX

H b

that produces zero circumferential strain at 0.625 inches (15.9 mm)

= 6.4, the

for which the lateral pressure on the boundary is the pressure, P

above the specimen midheight. For a specimen with D /DT

resuiting experimental uniaxial strain pressure, P is found to be

H ’
related to the theoretical tunnelless pressure boundary condition by

Ux
PH =1.2 PQ'

In the numerical simulations, when the lateral boundary is
subjected to the pressure that gives uniaxial strain in a tunnelless
specimen, a significant dependence of tunnel closure on DS/DT is found.
Less pressure is needed to produce a specified crown-invert closure of
a large tunnel than to produce the same closure of a small tunnel.

For the two tunnel sizes studied, a specimen containing the larger
tunnel (DS/DT = 6.4) requires about 257 less pressure tu produce a
5% crown-invert closure than does a specimen containing the smaller

tunnel (DS/DT = 18).
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If, however, the lateral boundary condition imposed in the
numerical simulation is zero radial displacement with the tunnel present,
then the theoretical influence of DS/DT on tunnel closure i« negligible.
This result agrees with the experimental results for SRI RMG 2CZ. One
would expect results obtained for this condition to agree more closely
with the experiments, because the numerical procedure used by CRT predicts
radial displacements for the pressure boundary condition that are much

too large. This problem will be discussed in the following paragraphs,

in which we summarize the midueight lateral strain measurements.

The plots of midheight lateral strain as a function of vertical
pressure show no systematic variation: some specimens bulged while
others moved inward. Since there is no apparent systematic variation
of midheight lateral strain with vertical pressure for the six individual

experiments, the average value for all 12 gages is a more representative

measure of midheight lateral strain. Averaging the strains eliminates

some of the random variations and yields a more tractable relationship

between midheight lateral strain and vertical pressure.

Figure 2.24 (top) plots mean midheight lateral strain as a
function of vertical pressure for 16A rock simulant. The error bars
span one standard deviation above and one below the mean. The mean
strain for 16A rock shows no systematic variation with vertical pressure:
the specimen caves in at low pressure, bulges at moderate pressure, and
then caves in again at high pressure. This variation is much smaller
than the standard deviations of both the midheight lateral strain and
the lateral strain at 0.625 inch (15.0 mm) above midheight [Figure 2,24
(bottom)]. These deviations, in turn, are small compared with strains
necessary to influence tunnel response (shown in next section). We
conclude that the lateral boundaries of the 16A rock specimens tend to
remain straight and that small observed deviations are random perturbations

in each test.




i

Figure 2.25 (top) plots mean midheight lateral strain as a
function of vertical pressure for SRI RMG 2C2. The strain is always
positive and small (the specimens bulge slightly) and increases fairly
smoothly with increasing vertical pressure. At the end of the test,
when the vertical pressure PV = 7.5 ksi (51.7 MPa), the midheight lateral
strain is about +150 x 10 °, considerably smaller than the value of
+800 x 10 % calculated by CRT. The calculated midheight lateral strain
does not lie within three standard deviations of the mean, so the

calculated strains are excessively large.

Finally, we plot in Figure 2.25 (bottom) both the mean and
standard deviation of the SRI RMG 2C2 rock specimen lateral strain at
0.625 inch (15.9 mm) above midheight as a function of vertical pressure.
The standard deviation is about as large as that for the midheight
lateral strain data. Comparison of these two data sets suggests that
the specimens do bulge, but only slightly. The increase in midheight
diameter at the end of the test is only 0.6 mils (0,016 mm).

We believe that it is reasonable to assume that both theory and
experiment are correct, and that these differences in experimental and
theoretical boundary strains result from hoop stresses in the cylindrical
test specimens of the experiment that are not present in the two-
dimensional meshes in the theory. This assumption leads to the conclusion
that the cylindrical test geometry tends to keep the specimen boundaries
more nearly in a uniaxial strain condition than would be obtained in a
"two-dimensional" test specimen shaped like a long loaf of bread, with
the tunnel along the length. Thus we also conclude that the cylindrical
test geometry results in a good approximation of plane deformation

around the tunnel, as assumed in the theory and for long tunnels in the
field.
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MP-5762-84

FIGURE 2.1 LINERS FOR THE THREE DIFFERENT TUNNEL SIZES: 5/8 INCH,
1/2 INCH, 3/8 INCH (15.6 mm, 12.7 mm, 9.5 mm)




FIGURE 2.2
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MP-5762-252

LOCATION OF SPECIMEN LATERAL STRAIN GAGES

Two gages mounted on opposite side at similar stations.
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FIGURE 24 TUNNEL CLOSURE AT CROWN-INVERT AND SPRINGLINE DIAMETERS

VERSUS VERTICAL PRESSURE FOR STATIC UNIAXIAL STRAIN LOADING
OF 16A ROCK SIMULANT

Tunne! diameter = 5/8 inch {15.9 mm), DS/DT = 6.4, 1015 steel liner, a’h = 12.6
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FIGURE 2.6 TUNNEL CLOSURE AT CROWN-INVERT AND SPRINGLINE DIAMETERS
VERSUS VERTICAL PRESSURE FOR STATIC UNIAXIAL STRAIN LOADING
OF 16A ROCK SIMULANT

Tunne! diameter = 1/2 inch (12.7 mm), DS/DT = 8.0, 1015 steel liner, a/h = 12.5
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FIGURE 2.6 TUNNEL CLOSURE AT CROWN-INVERT AND SPRINGLINE DIAMETERS
VERSUS VERTICAL PRESSURE FOR STATIC UNIAXIAL STRAIN LOADING
OF 16A ROCK SIMULANT

Tunnel diameter = 3/8 inch (9.5 mm), Ds/DT' 1015 steel liner, a/h = 12.5
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ROCK SIMULANT
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FIGURE 2.9 SPECIMEN LATERAL STRAIN AT MIDHEIGHT VERSUS VERTICAL PRESSURE

Tunnel diameter = 5/8 inch {15.9 mm), DS/DT = 6.4, 16A rock simulant. In
SUX-127, the uniaxial strain condition was imposed at the midheight gages for
pressures greater than 7 ksi (48 MPa). Lateral strain data plotted for PV 2 7 ksi
(48 MPa) are the averages of gages at 0.625 inch (15.9 mm) above midheight.
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Tunnel diameter = 1/2 inch (12.7 mm), DS/DT = 8.01, 16A
rock simulant

55

AT b Lot

e e i o e e e a4 i nae




600 1 1 !
O SUX-125
® SUX-126 °®
400 - —
°
g ®
x °
& 200 ¢ —
. °
= °
- °
= %
5 o 00
4 o000
g 0 000G, - -
« 0040 .
-
o
5 o o o o
© 000,00
-200 +— —
-400 [ | |
0 5 10 15 20

VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPaj
MA-5762-81

FIGURE 2.11 SPECIMEN LATERAL STRAIN AT MIDHEIGHT VERSUS VERTICAL PRESSURE
Tunnel diameter = 3/8 inch (9.5 mm}, DS/DT = 10,67, 16A rock simulant

56




ottt iy AT
(e}

5 I T e {
Dg/Dy ° 4'
a 10.67 © 's
= sl 0 80 © | !
5 s o 6.4 o
¥ o a
(¥ n
s o ag
x AQD
= HYDROSTAT —_ ° o
£ 3 ° 8@ |
1 , . é
= 8
CL\ o 8
w (]
{ g ° éa
“ (cg 2 o gé —
w 0]
| % Sepd
] bre ! 8
{ o« OQQB
1 e 0,8
H < 838 m
R
| | J
. 0 2 4 6 8 10 )
VERTICAL PRESSURE, P, — ksi (X 6.9 = MPa)
MA-5762-94

FIGURE 2.12 LATERAL PRESSURE VERSUS VERTICAL PRESSURE TO MAINTAIN
UNIAXIAL STRAIN IN SRI RMG 2C2

i mtin e ke b e aan oo




8 T 1 T T
o SUX-129
e SUX-132
6 ]
- o
[
Q
2 o
°© o
°
o 4 ° ¢ —
~ (]
() [ J
q ooo .'
N CROWN-INVERT ™
HrJ \ ° °
> U ®
] ¢ o
S o . . _
(&) [e}
g o? .
] 8 o
% .O. .\
S ¢98°9° o8 SPRINGLINES
= 909090 e® o ;
0 %"W‘S‘S‘O‘UG
-2 | | | |
0 2 4 6 8 10

VERTICAL PRESSURE, Py, -— ksi (X 6.9 = MPa)
MA-5762-88

FIGURE 2.13 TUNNEL CLOSURE AT CROWN-INVERT AND SPRINGLINE DIAMETERS
VERSUS VERTICAL PRESSURE FOR STATIC UNIAXIAL STRAIN LOADING
OF SRI RMG 2C2

Tunnel diameter = 5/8 inch (15.9 mm), DS/DT = 6.4, 6061-TO aluminum liner,
a’/h = 1156

58




8 1 T T T
o SUX-128
e SUX-131
ol |
5 ¢ lo¥e)
(3]
o
jo [ ] o)
] o)
o
o 4 F . -
a o
a ¢ o ©
p [ ]
g 0 0
8 °
4 2 ° o)
o[ CROWN-INVERT . v ]
- ° © o
w o
Z
[ ] o] O
% 0o’ oooOoo ¢
® oLoaggganaensssioors o'
o e o.ﬁooooooeggeeoeo\
SPRINGLINES
-2 | | | 1
0 2 4 6 8 10
VERTICAL PRESSURE, P, — ksi (X 6.9 = MPa)
MA-5762-87
FIGURE 2.14 TUNNEL CLOSURE AT CROWN-INVERT AND SPRINGLINE DIAMETERS

VERSUS VERTICAL PRESSURE FOR STATIC UNIAXIAL STRAIN LOADING
OF SR! RMG 2C2

Tunnel diameter = 1/2 inch (12.7 mm)}, Ds/DT = 8.0, 6061-T0O aluminum finer, .
a/h =115 i

e




TUNNEL CLOSURE, AD/D — percent

o]

0 ® X J Q 7—_
W%MRWOOQOQQKBGO'OOOO

il I ! i

SUX-134
SUX-135

oe
]

CROWN-INVERT
8

(]
°
s0*
(o]

o®
O.QO.OO °

SPRINGLINES

5 | I I 1
0 2 4 6 8 10
VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa)
MA-5762-86
FIGURE 2.15 TUNNEL CLOSURE AT CROWN-INVERT AND SPRINGLINE DIAMETERS
VERSUS VERTICAL PRESSURE FOR STATIC UNI+ XIAL STRAIN LOADING
OF SR! RMG 2C2

Tunnel diameter = 3/8 inch (9.5 mm), Ds/DT = 10.67, 6061-T0 aluminum liner,
a/h =115




B T PNE VR XL RETA (SO

ot e

percent

e Y

CROWN-INVERT

8.0
SPRINGLINES

TUNNEL CLOSURE, AD/D
N
i

A[rE—— ey e —

10.67

-2 | | | |
0 2 4 6 8 10

VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa)
MA-5762-85

b FIGURE 2.16 COMPARISON OF TUNNEL CLOSURE VERSUS VERTICAL PRESSURE
FOR THREE SPECIMEN-TO-TUNNEL DIAMETER RATIOS —
SRI RMG 2C2

5
1
*
7
.‘_i
A
k4
3
i
)




S b Lt i s

——e

VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa)
MA-5762-93

600 T T T i
o SUX-129
® SUX-132
400 | _
© o
\ e o
: = ©
| x
f = 200 |- oY . —
F z ° eoe hd
.l = OCeg® [ Y
n ‘X 3. 54

? 2 olessesatagsizaioe®es”
| T 0 2 ———
: <
: i
: = i
" <
_; -
| !
i-, -200 +— —
% ,
] ,
* 1 | | ] /
3 -4
E 000 2 4 6 8 10 '
.‘
|

FIGURE 2.17 SPECIMEN LATERAL STRAIN AT MIDHEIGHT VERSUS VERTICAL PRESSURE
Tunne) diameter = 5/8 inch {15.9 mm), DS/DT = 6.4, SRl RMG 2C2

62

s i abhon i = - i




C e s el

i 600 T T T T
3 o SUX-128
1 e SUX-131
400 | _
®
[ ]
200 |- . ]

[ J
[ ]
gese®? 0000000

_&&QS_QJQOQQOBQ 000000000 0.

o

o}

LATERAL STRAIN, ¢, x 10°

-200 |- —

-400 1 L | J -
0 2 4 6 8 10

VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa)
MA-5762-92

FIGURE 2.18 SPECIMEN LATERAL STRAIN AT MIDHEIGHT VERSUS VERTICAL PRESSURE
Tunnel diameter = 1/2 inch {12.7 mm), Ds/DT = 8.0, SRl RMG 2C2




600

T T T
o SUX-134 .
e SUX-135 R b
400 - ¢ —
°
.
S o
- o
& 200 o° —
z .
< °
ou Y
5 .o .
:(' 0 XX e
5 ©00%0000 0004
> °oo,
- oo coo0®°
-200 |- -
| | 1 |
~-400
0 2 4 6 8 10
VERTICAL PRESSURE, PV — ksi (X 6.9 = MPa)
MA-5762-91
FIGURE 2.19 SPECIMEN LATERAL STRAIN AT MIDHEIGHT VERSUS VERTICAL PRESSURE

Tunnel diameter = 3/8 inch {9.5 mm), DS/DT = 10.67, SRI RMG 2C2

64

- e

e SV




20 T T T |
g 1
2 AD/D = 5%~Z
o 15— — S
< s} A
K. P
;f 22% O E |
; o
aD,,/D = 3% o~ 2
o< 15%
w 10— —
o 9
D k-
w ?
0 D, /D = 1% 3
A =
5 v T 0 A
_J N ——
<
O
E 5F —
m N
LIJ g
> I4
0 | 1 | |
2 4 6 8 10 12
SPECIMEN-TO-TUNNEL DIAMETER RATIQ, DS/DT
MA-5762-78A

FIGURE 2.20 VERTICAL PRESSURE TO PRODUCE SPECIFIED CROWN-INVERT
TUNNEL CLOSURE VERSUS SPECIMEN-TO-TUNNEL DIAMETER
RATIO — 16A ROCK SIMULANT

65

"
!
4
i




10 T T I T
. o} @]
L 8 — = 0, g —
< AD,/D = 5% &
I u] &
[e]
x AD,,/D = 3% — °
2 6} s |
>
o
s AD,/D = 1% —g——2 <
-]
w 4 —
[75]
w
o
a.
|
<
1
‘ o2l —
7 ) w
>
0 | { | | j
2 4 6 8 10 12 !
SPECIMEN-TO-TUNNEL DIAMETER RATIO, Dg/D !
MA-5762-89 ‘

FIGURE 2,21 VERTICAL PRESSURE TO PRODUCE SPECIFIED CROWN-INVERT
TUNNEL CLOSURE VERSUS SPECIMEN-TO-TUNNEL DIAMETER i
RATIO — 2C2 :

66

C g v




:_Wmsum.»«;._.—“.w*‘M.;.w.m».. IR

] ' o ! f i
251 AD,,/D = 5% —
6% =
0 \
4 8]
_ AD,/D = 3%
ﬂ‘? - \M _—1
S 20
M 4 \
[=)]
©
X
- 0
T e AD/D = 1% 7]
9% o
o o -
w
c
2 10
& B
c
a
-~
<
Q
&
x 05 -
>
0 1 f 1 1 J
2 4 6 8 10 12

SPECIMEN-TO-TUNNEL DIAMETER RATIO, Dg/Dy
MA-5762-90

FIGURE 2.22 VERTICAL PRESSURE TO PRODUCE SPECIFIED CROWN-INVERT TUNNEL
CLOSURE VERSUS SPECIMEN-TO-TUNNEL DIAMETER RATIO

HUSKY ACE rock-matching grout

67




g ) ,. - PR (a) D =5/8" (159 mm) (SUX-45)
: : ' Pymax = 4250 psi (29.3 MPa)

i ( b s Pumax = 1880 psi (13.0 MPa)
’ - _' AD,/D = 21%

- AD,,/D

-14%

Py

- - " =~ Y +

: : (b) D =7/16" (11.1 mm) (SUX-46)
: - _
' - Q B $ Pumax = 1690 psi (11.7 MPa)
- | AD,/D = 21%
- - | : AD,/D = -12%
. - '
e s )M’ ,_.;‘ i 4
U S CR () D =5/16" (7.9 mm) (SUX-42)
= , Pumax = 3500 psi (24.1 MPa)
: - O o 4 Pumax = 1420 psi (9.8 MPa)
o (. R SR AD,/D = 16%
‘ g s AD,/D = -12%
AT . Lo

MP-3743-88

FIGURE 2.23 POSTTEST CROSS SECTIONS SHOWING DISTRIBUTION OF PORES IN
HUSKY ACE ROCK-MATCHING GROUT

68




600 n
T [ T ?
Specimen Lateral Strain at Midheight (16A)
® 4
. 4001 SUX-122, 123, 124, 125, 126, 127 -
; ;
w A
H - v
< 200 .
, £ [ J
@ [
L4
: ] |
w oM iteerll
< IIIIHHH [
2
w
=
S -200 .
w
a.
w
-400 L | | ,
0 5 10 15 20 ]
600 T T T
1
Specimen Lateral Strain at 0.625 Inch (15.9 mm) :
9 Above Midheight (16A)
. 400 SUX-122, 123, 124, 125, 126, 127 .
-
w
z
& 200 —
—
wn
-
.4
: i HHI
E o0 nm{}}”
P4
w
=
8 -200 — — \
w '
n 2
-400 L L L :
5 10 15 20 :
VERTICAL PRESSURE, P, — ksi (X 6.9 = MPa) !
MA-5762-105 i
FIGURE 2.24 MEAN AND STANDARD DEVIATION OF SPECIMEN LATERAL i
STRAIN IN 16A ROCK SIMULANT AT MIDHEIGHT AND 0.625
INCH (15.9 mm) ABOVE MIDHEIGHT §

Six tests, two gages at midheight and two gages above midheight
per test

69




L e e s Al

600

H
o
o

g

-200

SPECIMEN LATERAL STRAIN, ¢, x 106

400

200

-200

SPECIMEN LATERAL STRAIN, ¢, x 106

-400

FIGURE 2.26

1 T T 1
Specimen Lateral Strain at Midheight (2C2)

— SUX-128, 129, 131, 132, 134, 135 —
xxxlxxlllllﬂ]}}”{”]”ll
M S T ]

] ] ] ]
0] 2 4 6 8 10
T I T [
Specimen Lateral Strain at 0.625 Inch (15.9 mm)
Above Midheight (2C2)

- SUX-128, 129, 131, 132, 134, 135 —
..rztlIIILLlIIIIIITITIIIII]III
“uuuuuuuullllﬂjjHH
B -

| | | |

0] 2 4 6 8 10

VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa)
MA-5762-104
MEAN AND STANDARD DEVIATION OF SPECIMEN LATERAL

STRAIN IN SRI RMG 2C2 AT MIDHEIGHT AND 0.625 INCH

{15.9 mm) ABOVE MIDHEIGHT

Six tests, two gages at midheight and two gages above midheight

per test

70

BV S g




i
j
!

2.3 EFFECT OF LATERAL CONFINEMENT

In this section we present results of six tests performed on
4-inch-diameter (0.1-m) specimens of SRI RMG 2C2 that study the influence
of lateral confinement on tunnel closure and specimen lateral strain.

Three specimens were fully water-saturated and three were dry. They

1 all contained 5/8-inch-diameter (15.9 mm) tunnels (DS/DT = 6.4), which
. were reinforced by 6061-T0 aluminum monocoque cylinders having a/h =

11.5. We present test results for saturated specimens first.

Figure 2.26 shows the uniaxial strain load path and three other
load paths that deviate from the uniaxial strain load path by fixed
percentages. Along the uniaxial strain load path, the lateral pressure
P.. equals P ux

H H
strain as shown in Figure 2.12 (excepting the single load path that is

, the lateral pressure required to maintain uniaxial

higher than the other five). To study the influence of confinement, we
followed three different load paths that deviated from uniaxial strain.
Along one path the specimen was overconfined with PH =1.2 P UX. Along

H
the other two paths the specimen was underconfined with PH = 0.9 PHUX

_ UX
and PH = 0.8 PH .

In Figure 2.27, tunnel closure at the crown-invert and springlines
is plotted as a function of vertical pressure for the three load paths.
For comparison, lines fitted through the uniaxial strain closure data
plotted in Figure 2.13 are also drawn. For all three tests, both the
crown~invert and springline closures lie initially on the uniaxial
strain closure curve. In the overconfined tests (PH =1.2 PHUX, test
SUX-133), the closures lie below the uniaxial strain closure curves.

In the first underconfined test (PH = (0.9 PHUX, test SUX-141), the

closures are nearly the same as the uniaxial strain closures throughout

the entire test. In the second underconfined test (PH = 0.8 PHUX,

SUX-140), the crown-invert closure data lie above the uniaxial strain

crown-invert closure curve. Springline closure in this test is slightly i
more negative at first, but then becomes considerably more positive

than the uniaxial strain springline closure. !
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The crown-invert closures clearly show the expected trend: data
from overconfined tests give lower bounds on closure for uniaxial strain,
while data from underconfined tests give upper bounds on closure for
uniaxial strain tests. These data also show that for crown-invert
closures up to about 5%, a 20% deviation from the lateral pressure
required to maintain uniaxial strain gives an error of less than 20%
in the vertical pressure needed to produce a specified crown-invert

closure.

Springline closures in the most underconfined test are always more
extreme than the uniaxial strain springline closures: 1if springline
closure is negative, the underconfined closure is more negative than
the uniaxial; if closure is positive, the underconfined closure is more
positive than the uniaxial. 1In the overconfined test, the springline
closure is less than that in a uniaxial strain test. However, with more
severe overconfinement, say, isotropic loading, the springline closure
will be greater than that in a uniaxial strain test. Therefore, it
is difficult to infer uniaxial strain springline closures from the

results of tests in which the specimen is overconfined.

Tunnel closure data from test SUX-140 in Figure 2.27 show a trend
observed in underconfined dynamic tests: at the end of the test, both
crown-invert and springline closures are increasing rapidly, but the
rate of closure at the springlines is greater. This indicates that at
higher loading (and larger closures) the springline closure would be
larger than the crown-invert closure. 1In underconfined dynamic tests
that result in complete tunnel closure, the tunnel closes along the
springline diameter and not along the crown-invert diameter, as might

be expected.

Figure 2.28 compares experiinental and theoretical (CRT calculations)
crown-invert tunnel closures for overconfined, underconfined, and

uniaxial strain loading. In the overconfined experiment the lateral

confining pressure, PH’ was 207 greater than the lateral pressure PHUX
(i.e., PH =1.2 PHUX). In the underconfined test, PH was 207 less than
PHUX (i.e., PH = O.SPHUX). The numerical data are from calculations in
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FIGURE 2.28 COMPARISON OF EXPERIMENTAL AND THEORETICAL CROWN-INVERT
TUNNEL CLOSURE IN SRI RMG 2C2 FOR UNDERCONFINED,
OVERCONFINED AND UNIAXIAL STRAIN LOADING

6061-TO aluminum liner, a/h = 11.5. P}_{x is the lateral pressure required
to maintain uniaxial strain,
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which the corresponding lateral pressure changes were 17%: P, = 1.17

H
PHUX and PH = 0.83PHUX. The numerical predictions agree quite well with

the experimental trend of closure variation with confinement condition.

The calculations differ from the experimental data only in that they

consistently predict slightly greater pressure required to provide given

mrmenee e

closures than those observed in the experiments. These theoretical
results were obtained before CRT saw the experimental results and show
remarkable ability to predict the effect of changing confinement, an

important parameter in analyzing a range of deep-base loading threats.

In Figure 2.29, specimen lateral strain at the midheight is plotted
as a function of vertical pressure for the overconfined and underconfined
tests. Also drawn is a line fitted through the midheight lateral strain
data shown in Figure 2.17 for uniaxial strain loading. The lateral
strain is negative and fairly small for test SUX-133, the overconfined

test. The strain magnitude is small because the specimen free-field

response is elastic and therefore fairly stiff. For both underconfined i
tests, the lateral strain is positive and fairly large. 1In test SUX-141,
in which PH = 0.9 PHUX, the strain at the end of the test is roughly

650 x 10 ®, about three times larger than in a uniaxial strain test.

Even though the lateral pressure deviation from that required for
uniaxial strain is only -10%, the lateral strain magnitude is much
larger than in test SUX-133 because the specimen has yielded in the

UX

free field. 1In test SUX-140, in which P, = 0.8 PH , the lateral strain

H
at the end of the test is over 1700 x 10 ¢, about ten times larger than
in the uniaxial strain loading tests. This strain corresponds to a

specimen-diameter change of about 7 mils (0.17 mm).

These results show that, even when the midheight lateral strain is
about three times as large as that measured in uniaxial strain loading,
the tunnel closure is not changed (see Figure 2,27). 1In fact, when the
midheight lateral strain is large, say, 1200 x 10—6, the pressure needed
to produce a 5% crown-invert closure is only about 20% lower than when
the midheight lateral strain is ten times smaller (uniaxial strain
loading). However, when the specimen is overconfined, midheight lateral

strain is small for the same 207 deviation from uniaxial strain confining
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pressure. Also, by comparing the midheight lateral strains in Figure 2.29
with those in Figures 2,17-2.19, we see that the axial variation of
lateral strain in a uniaxial strain test is very small and has a

negligible effect on tunnel closure,

These results help us to interpret tunnel closures measured in our
dynamic tests. In dynamic uniaxial strain loading tests we do not know
the uniaxial strain load path, and hence the specimens can be either
overconfined or underconfined. We do, however, measure specimen lateral
strain. By comparing the strains measured ir the dynamic tests with
those obtained in the static overconfined and underconfined tests
(Figure 2.29), we can make more accurate cstimates of the pressure
required to produce a specified crown-invert tunnel closure under truly
uniaxial strain dynamic loading. For example, if in a dynamic uniaxial
strain loading test we measure a peak specimen lateral strain of +0.1%
= 1000 x 10 °, then by using the bounds established from these three
static tests, we predict a 207% greater pressure to produce the same

closure under truly uniaxial strain dynamic loading.

Agreement of measvred and calculated lateral strain is not as
good as the agreement for tunnel closure. Calculated specimen midheight
lateral strains for underconfined, overconfined, and uniaxial strain
loading do show the same trends and relative magnitudes as the corre-
sponding measured lateral strains. However, the calculated lateral
strains are about five times larger than the measured strains. As
stated previously, we believe that the predicted strains are too large
because hoop strains (and hence, hoop stresses) that result from radial
displacements are present in the experiments but not accounted for in

the calculations.

The three tests studying the influence of lateral confinement on
tunnel closure in dry SRI RMG 2C2 were not as systematic as those
studying saturated specimens. Because the copper jackets on which the
strain gages were mounted did not fit the specimen snugly, the uniaxial
strain load path was not well defined. The load paths followed in these

tests are shown in Figure 2.30. FEach path corresponis to zero average
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lateral strain, but since at low pressure the copper jacket was not
firmly seated on the specimen, very little pressure was required to
produce the uniaxial strain condition. Figure 2.31 plots the tunnel
closure as a function of vertical pressure for the three tests. Closures

at the crown-invert are about the same in all three tests. Springline

closures do vary, but with no obvious trend.

2.4 CONCLUSIONS

The results of these studies allow us to draw four major conclusions
regarding the ability of laboratory tests to simulate field response
and the capability to predict theoretically the tunnel closures measured

in our laboratory test:

(1) Specimen-to-tunnel diameter ratio influences laboratory
results when plastic deformation is localized around
the tunnel (no free-field vielding) or when the specimen
material has an inherent size scale. Results show that
our standard specimen geometry, D_./D_ = 6.4, introduces
maximum errors in critical load o% bgtween 10%Z and 20%.

(2) The SRI uniaxial strain loading laboratory tests
adequately simulate uniaxial strain loading in the
field: the specimen boundaries are far enough from
the tunnel so that the lateral boundary of the specimen
remains nearly straight. Thus, with a hydraulic
confining pressure we accurately simulate a uniaxial
strain condition. Measured deviations in lateral strain
from one axial location to another are very small compared
to those that cause significant changes in the measured
tunnel closure.

(3) Small changes in the uniaxial strain confining pressure
(less than 10%) have a negligible effect on tunnel

b closure. Larger changes (up to 20%) produce changes
A in critical loads of less than 20%. Specimen lateral
E strains that correspond to these deviations in lateral
confining pressure can be used to narrow the band between
the experimentally determined upper and lower bounds on
tunnel closure under dynamic uniaxial strain loading in
the laboratory. Results of this study ca~ be extended to
field tests, where loading may deviate from uniaxial
strain because of spherical or cylindrical divergence
of the loading wave or because of diffraction of the
loading wave by inhomogeneities such as faults, large
inclusions, or nearby strata.
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(4)

A simple constitutive model and a two-dimensional
calculation can be used to predict accurately the
tunnel closures measured in the laboratory under
uniaxial strain loading, near-uniaxial strain
loading, and isotropic loading. The computational
technique cannot, however, predict the measured
specimen lateral strains, because it neglects the
resistance to lateral deformation of hoop stresses
the accompany the lateral deformation.
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3. CYLINDRICAL STRUCTURES IN JOINTED ROCK f i

3.1 INTRODUCTION

This chapter describes laboratory tests performed on 12-inch-
] diameter (0.3-m) jointed specimens to investigate the influence on
( tunnel deformation of a single set of equally spaced parallel joints.*
Initial progress in this study is given in Volume I [5], where
we describe specimen preparation and tunnel liner instrumentation, and
give results from the first two tests. Those test results are also
included in this chapter. Appendix A of the present report gives test
records and photographs of posttest specimen cross sections for all of

jointed rock experiments. Tunnel liner strain records are also presented

in Appendix A. 1

We performed twelve tests on jointed specimens of 16A rock simulant 1
to study the influence on tunnel deformation of joint orientation,
tunnel orientation, tunnel reinforcing structure type, and repeat
loading. The loading in all twelve experiments was static and in ten
experiments followed a common load path, the path that produces uniaxial
strain loading for joints perpendicular to the specimen axis. Figure 3.1

shows the load path that we imposed. i

The test matrix for the ten common load path experiments is given
in Table 3.1 We studied the influence of joint orientation with both E
direct contact structures and backpacked structures, designated in the
table by STEEL and FOAM, respectively. The effect of repeat loading
was studied for two joint orientations. The difference in response of
tunnels reinforced with direct contact and backpacked structures was
investigated for three joint orientations. Finally, three tests studied

the influence of tunnel orientation on tunnel deformation. Only ten

*
The specimens for this study were supplied by R. L. Stowe of the
U.S. Army Waterways Experiment Station, Vicksburg, Mississippi.
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tests are listed in the test matrix because the specimens in two tests,
LSUX-16 and LSUX-18, were loaded along a different path and the results

are therefore not comparable.

The sketch in Figure 3.2 defines the angles used to specify joint
orientation. The load-joint orientation angle B is the angle between
the vertical loading direction (the specimen axis) and the direction
of the joint normal. The tunnel-joint orientation angle Yy is the angle
between the tunnel axis and the joint normal. The specimen geometry
is given uniquely by the specification of these two angles, the tunnel
diameter and the joint spacing. In all twelve tests the tunnel diameter
is 2 inches (50 mm) and the joint spacing is 1/3 inch (8-1/2 mm), so

that the ratio of tunnel diameter to joint spacing is 6.

The engineering sketches in Figure 3.3 show the .orientations studied.
Figure 3.3(a) shows the three load-joint orientation angles studied and

Figure 3.3(b) shows the three tunnel-joint orientation angles tested.

The two structures that reinforce the tunnels in these experiments
are a direct contact 1015 steel monocoque cylinder having mean-radius-
to-wall-thickness ratio a/h = 12.5, and a similar monocoque cylinder
backpacked with polyurethane foam whose outer-radius-to-wall thickness
ratio is R/H = 4.3. The crush strength (at 20% strain) of the poly-
urethane foam is 990 = 550 psi (3.8 MPa). The complete strain-strain

curve for the foam is given in Figure 3.4,

An important result, common to all twelve experiments, is that
there is no evidence of block motion. The closure curves presented for
jointed specimens in the following sections are as smooth as those
presented for intact specimens. Furthermore, examination of the photo-
graphs of specimen posttest cross sections in Appendix A shows that the
tunnel wall is still smooth. Figures 3.5 to 3.7 show good examples of
this for LSUX-20, LSUX-21, and LSUX-24. Other posttest cross sections
do not show this as clearly because of small chips lost during sectioning
or severe damage to the whole model while removing it from the test

machine.
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FIGURE 3.6 SECTIONED SPECIMEN FROM TEST LSUX-21
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FIGURE 3.7

SECTIONED SPECIMEN FROM TEST LSUX-24
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3.2 INFLUENCE OF THE LOAD~JOINT ORIENTATION ANGLE

Six experiments studied the influence on tunnel deformation of the
load-joint orientation angle B. Specimens having three different
orientations were tested: B = 0°, 30°, and 45°. Two tests were performed
at each orientation, one with a direct contact tunnel reinforcement
structure and the other with a backpacked structure. The tunnel-joint
orientation angle was y = 90° in all six specimens, i.e., the joint planes
were parallel to the tunnel axis and tilted at various angles from the

loading direction.

Figures 3.8 and 3.9 plot crown-invert and springline closures,
respectively, as functions of veriical prcssure for tests on specimens
containing direct contact liners. The figures also plot the corresponding
closures from two uniaxial strain loading tests performed on intact
4-inch-diameter (0.1-m) specimens of 16A rock simulant whose tunnels

*
were reinforced with similar direct contact liners.

The closure curves for the jointed specimens have a distinct
feature not present for the intact specimen: during initial loading,
there is a jump in closure with only a small increase in pressure.

This occurs because the joints are very compliant initially, when the
plates on either side of a joint touch at only a relatively few points,
As the loading begins and more points come into contact, the joints
close and stiffen. The plots show that when the load reaches 500 psi
(3.5 MPa), the jointed specimens are about as stiff as the intact
specimens and the tunnel closes much more slowly. This response is not
expected in the field because the in-situ stresses are large enough so
that the joints are closed from the outset. Also, natural joints are

generally filled with material.

Figure 3.8 shows that the crown-invert closure curves for the
jointed specimens having B = 0° and 30° are nearly parallel to the

crown-invert closure curve for the intact specimens at pressures below

*
These data are taken from Figure 2.3,
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12.5 ksi (85 MPa). For these joint orientations, the effect of joints
on crown-invert closure is to shift the curve upwards initially by the

amount that corresponds to the effective gap in the joints.

Thus, we conclude that the influence on crown-invert closure of
the load-joint orientation angle is very small for small angles, B < 30°.
However, for larger angles, the influence of R can be significant. For
example, the vertical pressure required to produce a crown-invert closure
of 5% for B = 45° is only 60% as large as that required to produce the
same closure for B = 0°.

The springline closures plotted in Figure 3.9 show that both

aranIman s

Law +ln 3
LUL il aidl

positive and negaiive closures are obiained
For the B = 0°, jointed specimen, the springline closures are qualitatively
the same: negative at low pressure and positive at higher pressure.
However, the motion of the springlines in the intact specimens is more
pronounced: the outward motion peaks rather sharply at just.over 10 ksi
(70 MPa) and then the inward motion occurs at a much more rapid rate

than for the jointed specimen with 8 = 0°.

Although only negative springline closure was measured for B = 45°,
the shape of the closure curve is more like that obtained for intact
specimens. The curve is concave downward at low pressures, then concave
upward at higher pressures. However, the amplitude is much greater
than that for intact specimens; the peak negative closure is between
5% and 6% for B = 45°, but it is only about 17 for the intact specimens.
No record of springline closure was obtained from the test in which

B = 30°.

Figures 3.10 and 3.11 plot rock-cavity crown-invert and springline
closures for intact and jointed specimens whose tunnels are reinforced | 3
with backpacked structures.* The plot of crown-invert closure in
Figure 3.10 shows the same trend as that found for direct contact

structures in Figure 3.8: closures in specimens for which B = 0° and

30° are nearly identical and are not significantly larger than those in

*
The intact data are taken from Figure B.3 in Appendix B.
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intact specimens (except for the initial jump while the joints close).
However, for a larger load-joint orientation 8 = 45°, the closure curve
{ is shifted to the left (smaller loads for given closures). The pressure
required to produce a 5% closure for B = 45° is 807% of that required to
produce the same closure for B = 0°. This decrease in strength between

B = 0° and B = 45° for backpacked structures is not as large as is the

corresponding decrease (60%) for direct contact structures,

The rock-cavity crown-invert closure curve plotted in Figure 3.10
for B = 30° has three horizontal plateaus, two near 1.27% and the third
at 2.8%. These are caused by transducer difficulty associated with the
tight fit between the tunnel and the reinforcing structure. When the
structure was pressed into ihe tunnel, the interfercncc between the
tunnel and the structure caused the polyurethane foam to crush up and
shear slightly. The shearing caused misalignment of the closure trans-
ducer and hence the subsequent intermittent closure indications: the
transducer froze in the structure and recorded no increase in closure
as the pressure increased, then the transducer slipped and recorded a
i fairly rapidly increasing closure with increasing pressure. The
] sequence repeated several times until late in the test, when the large
crush of the foam eliminated the effect of the shearing misalignment

and the closure record increased smoothly.

Figure 3.11 plots rock-cavity springline closure measured in the
same four tests. Here the difference between the response of jointed
and intact specimens is small, The primary difference is that for two
E jointed specimens, the initial closing of the joints produces about
{ 0.5% outward motion of the springlines. However, subsequent springline
i motion is identical to that measured in intact specimens: constant,

slightly negative closure to about P_ = 7.5 ksi (50 MPa), then moderately f

L v :
increasing positive closure to the end of the test., No initial outward é
& motion of springlines was measured for B = 30° because of the deformation !

of the structure when it was pushed into the tunnel.




T

Figure 3.12 plots tunnel liner closure for the tests with backpacked
structures. The liner deformation is qualitatively the same for all

four specimens. Crown-invert closure is always positive, springline
closure is always negative, and the magnitudes of the closures are

nearly equal: the liner deforms from a circular cross section into an
elliptical cross section of nearly equal area. The primary difference
between jointed and intact response is that the relatively large rock-
cavity deformation accompanying initial closing of the joints eliminates
the part of the response prior to constant stress crushing of the
backpacking; i.e., the part of the curve obtained for the intact specimen

for Pv < 10 ksi (70 MPa).

The results of tests for which B = 30° and 45° are complicated by
In the test for which 8 = 30°, the rein-
forcing structure deformed slightly as it was pushed into the tunnel.
This caused some crushing of the backpacking prior to the test. Therefore,
the liner response plotted in Figure 3.12 appears to indicate premature
lockup of the backpacking beginning at PV = 10 ksi (70 MPa). 1In the
test for which B = 45°, one of the small holes through the foam back-
packing that provided access to the liner closure transducer mounts was
inadvertently filled with epoxy, creating a thin epoxy column between
the steel liner and the tunnel wall, so that the steel liner was not
completely isolated from the rock-cavity deformation. In spite of these
difficulities, the liner closure records from all four tests show that

backpacking effectively isolates the liner from the rock-cavity deformation.

These six tests show that for specimens having small load-joint
orientation angles, B = 0° and 30°, tunnel closures are about the same
as for intact specimens; the major difference is the fairly large
closures measured at low pressure that are attributed to closing of the
joints. However, the strength of specimens having a larger load-joint
orientation angle, B = 45°, can be reduced appreciably, For example,
if the tunnel is reinforced with a backpacked structure, the pressure
required to produce a 5% crown-invert closure of the tunnel for R = 45°
is only 80% of that required to produce the same closure for 8 = 0°; if

the tunnel is reinforced with a direct~contact liner, the required

pressure is only 60% as great as for B = 0°.
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Test results for backpacked structures show that tunnel liner

closure is not influenced by the load-joint orientation angle as long
as the backpacking does not lock up. The pressure at which the back-
packing begins to lock up, however, does depend on the load-joint
orientation angle. The pressure at which the backpacking locks up is
greater than 15 ksi (100 MPa) in the three tests performed (allowing
for the initial crush when the backpacking deformed in one test), so
the backpacking effectively limits the liner deformation for jointed

as well as intact rocks.

3.3 INFLUENCE OF THE TUNNEL~JOINT ORIENTATION ANGLE

We performed three tests to study the influence on tunnel deforma-
tion of the tunnel-joint orientation angle y. The load-joint orientation
angle was f = 30° and the tunnel reinforcing structure was a direct
contact liner in all three tests. The three tunnel-joint orientation
angles tested are y = 60°, 69.2° and 90° (see Figure 3.3b). The
orientation with v = 90° is the one tested to study the influence of

the load-joint orientation angle B.

Figure 3.13 plots the crown-~invert tunnel closures from these tests
as functions of the vertical pressure. The threce closure curves differ
very little. This result could be anticipated, since the study of the
load-joint orientation showed that for f < 30° the presence of joints
does not significantly influence specimen strength. Perhaps if the load-
joint orientation angle had been larger, the measured crown-invert
tunnel closure would have depended on the tunnel-joint orientation

angle Y.

Springline tunnel closure is plotted in Figure 3.14 for y = 60°
and 69.2°. No springline tunnel closure record was obtained for y = 90°.
This plot shows that springline closure does depend on the tunnel-joint
orientation angle y. When PV = 10 ksi (70 MPa) the outward springline
motion for y = 69.2° is twice as large as for y = 60°: the deformed

shaped of the tunnel is more elliptical for the larger Y.
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3.4 INFLUENCE OF REPEAT LOADING

Three tests were performed to study the influence on tunnel
deformation of repeat loading, one with load-joint orientation angle
B = 0° and two with B = 45°, 1In all three tests the tunnel-joint
orientation angle was Y = 90° and the tunnels were reinforced with direct
contact liners, The specimens were unloaded and reloaded at crown-invert

closures ADV/D = 2%, 3%, 5% and 87%.

In two tests, one at each orientation, loading and unloading
followed our standard specified Toad path (Figure 3.1). In the third
test (B = 45°), however, loading followed the specified load path but
unloading did not. This occurred because the microprocessor controlling
the vertical and lateral confining pressures was not properly programmed
and therefore caused the lateral confining pressure to drop rapidly
during unloading. Figure 3.15, plotting the load-unlead paths for thi-
test, shows that during unloading the specimen was severely undercen: ?

This had a marked effect on tunnel response, as discussed later.

Crown-invert and springline closures are plotted as functions of

vertical pressure for 8 = 0 in Figures 3.16 and 3.17, along with the

corresponding closure curves for monotonic loading of a similar specimen.

MR

Comparison of the two curves in Figure 3.16 shows that repeat loading

shdatel

does not significantly influence the crown-invert closure curve. This

result is identical to that obtained for intact specimens (see Chapter 4).

Wi by P L R N

in springline closure between these two tests. However, this difference

Y

is not attributable to the influence of repeat loading, because a

significant difference in springline closures occurs before the first

cycle in load. The large difference is probably due to a difference

J in experimental conditions,

Figures 3.18 and 3.19 plot similar crown-invert and springline
closure curves for B = 45° under our standard loading path. These
results are also consistent with those obtained previously for intact
specimens. Comparison of crown-invert closures for monotonic and repeat

loading again shows that repeat loading does not significantly influence

105

Comparison of the two curves in Figure 3.17 shows a significant difference
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the closure curve. In these tests, the specimen subjected to repeat
loading happened to be stronger than the specimen loaded monotonically.
The similarity in springline closure for monotonic and repeat loading
is shown in Figure 3.19. The two loading curves are identical up to
the first cycle in load. Then the outward springline motion increases
more rapidly in the specimen that is loaded monotonically, consistant

with the observation that this specimen was weaker.

Crown-invert and springline closures are plotted in Figures 3.20
and 3.21 as functions of vertical pressure for the third repeat loading
test, in which the unloading portion of the cycle in load was under-
confined (Figure 3.15). Corresponding closure curves for monotonic
loading are plotted for comparison. These plots show that during
unloading the magnitudes of both crown-invert and springline closures
increase as the vertical pressure is reduced. This occurs because the
lateral confining pressure decreases so rapidly that the specimen
strength decreases faster than the reduction in vertical pressure. Near
the end of unloading the magnitude of the closures does decrease,
because the lateral confining pressure remains constant (nearly zero),

so that the specimen strength does not decrease further.

These results, although obtained from a test on a jointed specimen,
are not unique to tunnel deformation in jointed rock. They show that
unless the specimen is suitably confined during unloading, tunnel
closures sustained after peak load can be nearly as large as those
reached at peak load. The results point out the importance of knowing
the stress and strain paths in the field as the blast wave passes. For
example, the confinement during the loading phase may be great enough
so that the structure survives the peak load, but because of spherical
divergence during the unloading phase the confinement drops rapidly and

the structure could fail.
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3.5 INFLUENCE OF STRUCTURE TYPE

We studied the influence on tunnel deformation of reinforcing
structure type by testing specimens containing direct contact and
backpacked structures. Tests were performed on intact and jointed
specimens having three load-joint orientation angles, 8 = 0°, 30°, and
45°, all with a tunnel-joint orientation angle of y = 90°., Comparisons
are made for rock-cavity closures because the liner closures for the
backpacked structures are isolated from the rock cavity by the backpacking

and are, of course, very small.

Figures 3.22 to 3.25 plot direct contact and backpacked structure
crown-invert closure curves for intact and jointed specimens. The
first three plots show qualitatively the same response: at low pressure
the closure is the same for both structures. As the pressure increases,

the closure curve for the backpacked structure becomes steeper than

that for the direct contact structure. However, the fourth plot

(Figure 3.25), for a load-joint orientation angle § = 45°, shows that

the two closure curves are conincident over the entire range of pressure.
This is not expected, because the direct contact liner is stiffer than

the polyurethane foam backpacking, and consequently the expected trend

is that found in the first three plots, a steeper curve for the backpacked

structure.

Figures 3.26 to 3.28 plot direct contact and backpacked structure

springline closure curves for intact and jointed specimens. The plots

show that springline closures for backpacked structures are more
positive (less negative) than those for direct contact structures.
(No springline closure record was obtained for the direct contact

structure with B = 30°.)

An important result shown by the closure plots for jointed specimens
is that even though the backpacked structure exerts a pressure of only
500 psi (3.8 MPa) on the tunnel wall, there is no indication of block
motion in the rock-cavity closure records. Furthermore, the polyurethane
foam backpacking is easily penetrated and hence gives ample opportunity

for block motion if this were a dominant response feature., Also, the
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fluid boundary around the rock in the testing machine is 20 mm thick and
would allow block motion. Hence we conclude that block motion is not
prevented by the tunnel reinforcing structure or testing method, but

rather by the frictional strength of the joints.

3.6 DISCUSSION

The tunnel deformation records show that, for the joint orientations
and the tunnel-diameter-to-joint-spacing ratio tested, block motion does
not contribute to tunnel deformation under static loading. Closure
increases smoothly with pressure except during initial joint close-up.
Also, examination of the posttest specimen cross sections given in
Appendix A shows that the tunnel wall is still smooth (good examples

are shown in Figures 3.5 to 3.7).

These results suggest that tunnel deformation in these experiments
can be predicted theoretically by modelling the rock specimen as a
homogenecus, transversely isotropic continuum. This approach ignores
the finite spacing between the joints, and is exact only for infinite
tunnel-diameter-to-joint-spacing ratio D/J. However, the test results
indicate that D/J = 6 is large enough to justify this simplifying
assumption.

[s]

We used data provided by R. L. Stowe at WES to evaluate the

parameters in an elastic, perfectly plastic Mohr-Coulomb model. When
the joints lie in a coordinate plane there are five independent nonzero
components of the fourth-order tensor Si' used in the constitutive

jkl

. . . e
relation that relates the elastic strain Eij and the stress tensor oklz

ee =S o
ij ijkl "kl
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When the Xys Xg plane is the plane of isotropy (the joint normal

points in the x., direction), values for the elastic constants are

1

S1177 = 8495 x 107 7psi ! = 1.230 x 10 1% pa !
S119p = ~1.380 x 1077 psi ! = -2.000 x 10 !! pa !
Sy99p = 6:770 x 1077 psi ! = 9.820 x 10 ! pa’!
Syp33 = ~1.555 x 1077 psi ! = -2.255 x 10 *!pa !
S1p7p = 3-705 x 10°° psi ! = 5.370 x 10 !’ Py !

The remaining nonzero components can be determined by the relations

82323 =1/2 (82222 - 32233) (material symmetry)

Sijkl = Sjikl (symmetry of elastic strain
tensor)

Sijkl = Sijlk (symmetry of stress tensor)

Sijkl = Sklij (existence of elastic potential)

WES data show that the friction angle ¢ for a joint is the same as
for intact material, ¢ = 29°. The cohesion ¢ depends on direction:
along the joint c¢ = 0, but across the joint ¢ = 1100 psi (716 MPa), the

value for intact 16A rock simulant.

Calculations have not been performed using this constitutive model
because of time and money constraints. However, this approach should
be investigated because it provides a theoretical tool that is a direct
extension of the assumption of isotropy used to analyze data from intact
specimens. Furthermore, in large scale field applications the tunnel-

diameter-to-joint-spacing ratio will be much larger than that in these
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laboratory tests, so that assumptions of homogeneity (smearing out the

joints) are even more appropriate.

3.7 CONCLUSIONS

The results of twelve laboratory experiments to study the influence

on tunnel deformation of joints and their orientation show:

® The load required to produce a specified crown-invert
closure in jointed specimens is less than that required
to produce the same closure in intact specimens. This
decrease in load-bearing capacity depends on joint
orientation; for small load-joint orientation angles,
B < 30°, the reduction in the vertical pressure required
to produce a 5% crown-invert closure is less than 20%.
However, for a larger load-joint orientation angle,
B = 45°, the reduction in pressure can be as great as
45%.

® Tor the load-joint orientation angle tested (B = 30°),
changes in the tunnel-joint orientation angle Y do not
influence crown-invert closure. However, greater
outward springline motion was measured for larger
tunnel-joint orientation angles.

® The response to repeat loading of tunnels in jointed
specimens is qualitatively the same as that observed
for tunnels in intact specimens: the load-bearing
capacity of the specimen is not significantly influenced
by repeat loading, closures during unloading and reloading
lie long the same line, and a small increase in closure
is sustained during each cycle in load.

® Backpacking effectively isolates the liner from rock-
cavity deformation for all joint orientations tested.
Even though rock-cavity closures depend on joint
orientation, liner closures were nearly the same in all
tests. This demonstrates again that liner deformation
is determined primarily by the backpacking crush strength
for loads and rock-cavity closures in the design range
(before backpacking lock up).

® Test records and specimen posttest cross sections indicate
that block motion is not a deformation mechanism. Some
cracking perpendicular to the joints occurred near the
tunnel; however, plasticity and local slipping on the
joints appear to be the primary deformation mechanisms.
This suggests that the specimen can be modelled as a
homogeneous, transversely isotropic continuum. Parameters
for an elastic, perfectly plastic Mohr-Coulomb model are
given here from material property tests performed at WES.
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Another important conclusion is not limited to jointed rock: if

the specimen is underconfined during unloading, tunnel closure can

increase beyond peak load closure.
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4, REPEAT LOADING OF DEEP-BURIED STRUCTURES

4.1 INTRODUCTION

In this chapter we present results of both theoreti.al and experi-
mental studies of repeat loading of deep~-buried structures. The studies
were undertaken because of the importance of understanding the response
of deep-buried structures to repeat loading in the plastic range. Some
scenarios for a deep-buried facility have repeat attacks by tens or more
large bursts. Therefore, a primary factor to consider in choosing be-
tween several design concepts (for example, elastic versus yielding
structures) is that the structure should be capable of withstanding re-
peated loading at levels below the single attack failure load without

reaching the failure closure.

Our theoretical study uses both analytical and numerical solutions
to provide understanding of the deformation of deep-buried structures
under repeat loading. The analytical solution is similar to the analytical
solution for monotonic loading of deep-buried structures. Tt is limited
to axisymmetric loading, is valid over a limited but most useful range of
constitutive parameters, and is restricted to a simple approximation of
the reinforcing structure. The analytical solution provides insight into
the influence on tunnel deformation of structure strength, design closure,

and rock strength (cohesion and friction angle).

Our numerical solutions are obtained through the finite element
method. Use of this numerical technique eliminates the restrictions on
loading types, constitutive parameters, and reinforcing structure behavior.
1t allows us to treat uniaxial strain loading, complicated constitutive
behavior, and the closure~dependent internal pressure supplied by real

structures.

Our experimental study uses laboratory data taken from tests on a

number of different rock-matching grouts, structure types, and loading
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types. Most of these data were obtained in previous programs, and are

simply repeated here. Exceptions are the results from tests on jointed
rocks presented in the preceding chapter and the results from tests on

backpacked structures presented in Appendix B.

The following section describes our analytical solution and gives
several curves that show theoretically the influence on tunnel closure

of structure strength, design closure, and rock strength. The third

section describes our numerical technique and gives results that show

the importance of accurately modeling reinforcing structures. Section 4.4
describes the test specimens. Section 4.5 presents experimental tunnel ;
closure curves and the next section compares them with theoretical

closure curves. Finally, we present our conclusions to date and make
recommendations for future study, as well as for deep-buried structure

design.

4.2 ANALYTICAL SOLUTION

4.2.1 Statement of Problem and Assumptions

The problem solved is that of a long circular tunnel of radius a
in an infinite elastic-plastic medium that is subjected to repeated
axisymmetric pressure at infinity. Plane strain deformation with
yielding independent of o, is assumed. Constitutive parameters that
meet this yielding constraint are given in reference [9]. The medium is
isotropic, linear elastic, and perfectly plastic. The Mohr-Coulomb yield
criterion is used with the associated flow rule for the plastic strain
rates. Use of associated flow and consequent dilation gives conservative
results (more tunnel closure) compared with nonassociated flow and zero
dilatency [10]. Results with the associated flow theory also agree more

closely with laboratory experiments [11].

N

With these assumptions, constitutive behavior of the medium is
completely described by the elastic parameters y and v (shear modulus
and Poisson's ratio) and the plastic strength parameters Ou and N

¢

[unconfined compressive strength and pressure sensitivity coefficient
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é N¢ = (1+sin¢g)/(l-sin¢), where ¢ is the angle of intermal friction]. The
: tunnel reinforcement is represented as a constant pressure Pi within the
i tunnel. The magnitude of this pressure is small enough to cause no

' yielding before the precsure at infinity, Po’ is applied. This con-
straint is expressed in terms of constitutive parameters by the in-

equality Pi §~Ou/(N +1).

] The solution is developed in cylindrical coordinates r, 6, z, with
r being radius, O the angular coordinate, and z the coordinate along
; the tunnel axis. In the expressions for the radial and circumferential

normal stresses, O and Ogg» compression is taken as positive. In the
v

rY
expressions for the radial displacement, u, inward displacement (toward
the center of the tunnel) is taken as positive. Tunnel closure AD/D is

simply ur/r evaluated at r = a.

4.2.2 Features of Tunnel Response

The problem can be divided into four loading stages: f

(1) 1Initial loading to some arbitrary pressure Po =P
(2) Unloading to Po =0

(3) Reloading to P = Po

o

(4) Loading Beyond 50.

Response in these four stages can be summarized with the aid of Figure 4.1.

For initial loading, the material response is elastic at low pressure Po'
When Po exceeds a certain value, the material yields at the tunnel and
the yielded zone grows outward, Figure 4.1(a). The position of the
elastic-plastic interface is denoted by R. Yielding takes place on the
face of the yield surface for which the circumferential normal stress
a0 is larger than the radial normal stress Orr' Loading is stopped when
Po = PO and the elastic-plastic interface is at the position r = R.
Because of the localized yielding (a < r < R) in the first loading
stage, the unloaded state at the end of stage two will have a residual
stress field. 1If yielding is not too extensive, the material response

to unloading will be entirely elastic. The residual stresses for this
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]

Yield by oy Ngo, + 0,

// Yield by o, = Nyogy + o,

ELASTIC

TUNNEL

(a) INITIAL LOADING (b) UNLOADING

(c) RELOADING, Py < P, {d) OVERLOADING, P, > P,
(for Py > P3) (for Py > P3)
MA-5762-110

FIGURE 4.1 POSITIONS OF CURRENT (SHADED} AND PREVIOUS PLASTIC
ZONES DURING THE FOUR LOADING STAGES
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case are found by simply adding to the elastic-plastic stress fields

existing at load PO = ?0 the stresses from the elastic solution to the
problem with Po = —Po, Pi = 0. However, if yielding is more extensive
during loading, then before unloading is complete the stresses given
by the addition of the elastic unloading stress fields will reach the

yield surface, in this case on the face for which o is less than Orr

As unloading continues, a second elastic-plastic inizrface moves out
from the tunnel, Figure 4.1(b). This is the new active interface and
its position is again denoted by R. Although all material inside R has
yielded during the initial loading of stage one, R denotes the position
of the active elastic-~plastic interface: the interface between material
that is currently responding elastically and that which is currently at
yield. At the end of stage two (unloading), P0 = 0 and the elastic~

plastic interface that was active during unloading has reached a position

inside R given by r = K.

If the material response to unloading is entirely elastic, then
its response to reloading to PO = ﬁo (stage three) will also be entirely
elastic. When PO = Po’ all material inside R is brought to incipient
yield simultaneously. Response to loading beyond P0 (stage four) in this
case is simply a continuation of the elastic-plastic response to initial
loading.

If the material yields during unloading, however, it will yield

during reloading (stage three) before reaching PO = 50. Yielding again

e

begins at the tunnel, and the yielded zone grows as PO increases. The
stress state at yield has returned to the face of the yield surface that i

was activated during initial loading, the one for which o is greater

06

than Orr' For PO less than 50, the position of the active elastic-plastic
n -

interface R lies inside R, Figure 4.1(c). When PO = PO, the entire ]

Y -
annulus between R and R is simultaneously at incipient yield, and for

PO greater than ﬁo (stage four), the elastic-plastic interface R moves
outward from R through material that has not yielded previously,

Figure 4.1(d).




4.2.3 Method of Solution A

For each of these four loading stapes the method of solution is
similar to that described previously [11]. The basic equations for

axisymmetric elastic-plastic response are:

o o,—C
" + r ] -

Equilibrium: 0 1
ar r :
du u
Strain displacement: €, ™= -, e“==—L
ar r
Compatibility: Beop | €o0—€r o
ar r
. 1
Hooke's law €= (1—v)o, —voy
m

(elastic strain)

€9p= ﬁ[(l —v)og— vo',,]

Mohr-Coulomb yield: oo~ Nyo,,~0a,=0 or 0,—Nyoy—0,=0

For brevity, we write only the final solutions for each loading
stage. The intermediate equations are lengthy but are found by straight~-
forward application of the basic equations above. The key observation
for the solution is that, in spite of the several plastic regions in
Figure 4.1, the current elastic-plastic configuration for all four
loading stages is simply an infinite elastic zone surrounding a circular
region that is entirely plastic, from r = a to the active plastic radius
R. This situation is emphasized by the shading in Figure 4.1. Thus, the
stress and displacement fields in the elastic region are always given by
adding to the residual fields the elastic solution given below for a

o ; o - at infini a _ . = R.
region with r PO at infinity and Ok PR at r R
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Stresses in the current plastic zone are found by substituting
from the appropriate yield condition into the equilibriuwm equation. This
results in a linear ordinary differential equation of first order for
Orr’ with boundary condition Orr = Pi at r = a. This equation is easily

integrated to give Orr‘ The expression for T 18 found by substituting

0

the expression for Orr back into the appropriate yield condition.

The pressure PR acting across the elastic-plastic interface is
determined by requiring continuity of 0., at the elastic-plastic inter-
face. The position of the elastic-plastic interface R is then found by
requiring the stresses in the elastic region to satisfy the yield condition

at the elastic-plastic interface.

The stresses, the position of the elastic-plastic interface, and
the radial displacement in the elastic region are now determined. To
complete the soluticon, we determine the radial displacement in the

yielded zone.

The strain displacement relation € = ur/r is used to determine

b6
the radial displacement in the yielded zone. TIn this zone €60 has both

. . e s
elastic and plastic components, & and ¢ The elastic component

p
o 6o 66"
&GU is written in terms of the stresses already determined by using
Hooke's law. The plastic component 669 is found by first using the flow

rule to give the relationship between the plastic strain rates, Eéé and
L:;, and by then integrating this relationship and imposing the appropriate

P

initial condition for plastic strain to determine Ep in terms of ag;.

e R
The resulting expressions for L;}, ﬁg%, and Srr are then substituted into

the compatibility equation to obtain a linear ordinary differential

p

equation of first order for ¢ j,.

The solution of this equation is chosen
so that EJ%’ and therefore Ups is continuous across the active elastic-
plastic interface.

Other steps in the solution, specific to each loading stage, are

described below, as the complete solution is developed.
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4.2.4 Solution

Initial Loading to P0 = 50. At low pressure the response of the

medium is entirely elastic. The stress and displacement fields are

given by [12]}:

2
O',,=Po—‘a—[P _P] (la)
] 4 '
2
009=P0+%[P0—P,] (1b)
u, 2 i
oL P,(1=2) + % (P, - ) (1e)
ro 2w r? !

The medium yields at the tunnel when the pressure reaches the

value given by

P,,=‘/2”N¢+1]P,+o»u] )

As the pressure increases further, yielding spreads outward from the
tunnel as shown in Figure 4.1(a). The yielded region is an annulus

defined by a < r < R, where R is the elastic-plastic interface given by

/e

Inside the yielded region, the stresses satisfy the Mohr-Coulomb

2 Ty
N+t |Pet

R’
a °T Ne—1

1
IN¢—I 3)

yield criterion




The stress and displacement fields in the yielded zone (a < r i_R)

are given by

; a r Ne—1 o (5a)
- + u r _ u a
g il K Nd,—l]la] No—1
é c r No~! o 1
4 - 4 L - u i
& oo~ No P’+N¢——l“al No—1 (5b)
b
iy s o ey e, Mo [[R]™
' - + - - -t —"]]= -1 5
F " P N,,,—l”al Ne= 120 * 72w, [r ] e
__1—211 Ty
In the elastic zone (R < r < «), they are given by
_ R? (N¢—1)Po+°'u
o,=P,— rz[ N¢+l (6a)
=P, + r2[ Ny+1
u, 1 R Ny—DP, +o,
Lo —{(1 - 0 4 6
P (1-2)P, 7 N, +1 (6c)

The elastic fields (Eqs. 6) are similar to those for no yielding
(Egs. 1) except that the tunnel radius a 1is replaced by the elastic-
plastic interface radius R, and the pressure in the tunnel is replaced

by the pressure acting across the elastic-plastic interface.

The formulas for the yielded zone (a <r < R) show that, once
yielded, the stresses do not change as Po increases; that is, as the
plastic radius R moves out, it leaves behind a fixed stress field that
does not change as Po increases. The effect of the increased P_ is

o
to increase both R and the radial displacement.
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These expressions are identical to those reported in {11}, in ;

which the equations for radial displacement were used to predirt tunnel

closure for monotonic loading laboratory experiments. 1

Loading is stopped at some arbitrary pressure PO = PO. The values
of the elastic-plastic radius, the displacement, and the stresses at the

end of loading are also denoted by the bar:

— r — —
at P =P ; R=R, -+ = -~ = =0
o o’ ’ r’ Orr Orr’ and OOO 16

Unloading to PO = 0. Initially, the response is elastic as the

pressure is reduced. The stress and displacement fields are obtained

by adding to the barred fields (those at the end of the loading stage)
the stresses and displacement that result from the elastic solution of
the problem with Pi = 0 and Po = —X?O. The total pressure in the tunnel
ie Pi’ and at infinity is (1-A)Po. The parameter A is introduced to
normalize the unloading: A = 0 gives no unloading, » = 1 gives complete

unloading.

If PO is small enough, the entire unloading is elastic. Specif-

ically, if

Ni—1

P <
Po< 2N,

Tu =p° (7)

the unloading is elastic and the stress and displacement fields every-

where are given by

- 2
o-,,=6-',,—APo{l-—q—l (8a)

(8b)




For Po larger than the value given in Eq. (7), unloading is elastic

for

\ 1 [ N2-1
= 2N,

P, Ne—1

P+ —k ”Exy (9)

In this range the displacement and stresses are the same as for completely

elastic unloading [Egqs. (8)]. The expression for Ay’ the value of the un-

loading parameter at incipient yield, shows that Ay decreases as ﬁo in-
creases; Ay is inversely proportional to §o’ so the product Ay §0 is
constant, independent of PO. But this product, of course, is the re-
duction in pressure from 50 to bring the medium to incipient yield at

the tunnel, which is therefore independent of ?O.

As unloading continues (as A increases, X > Xy), yielding begins
around the tunnel and spreads outward from the tunnel as shown in
Figure 4.1(b). In contrast to yielding during loading [Eq. (4)], the
unloading yield occurs at stress states on the face of the Mohr-Coulomb

yield surface that is defined by
0',,"N¢0’99—0’u=0 (10)

The position of the active elastic-plastic interface R is given by the

solution of the implicit equation

N,~-1

N,-1
o, N¢ L3

! N¢_l

R
fE

N, -
= 11
+ N+ AP,=0 11

a
R

The stress and displacement fields in the yielded zonme (a < r < I)

are given by
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In the elastic zone (R < r < ®), they are given by

- RZ -
0',,=E”*AP0+7[AP‘,‘PR]

_ = R 3
099=000—AP0——;2—[AP0—PRI

u,

LA W -3 (1_2.,)+-—[u> PR]]

4 r 2u

(12a)

(12b)

(12c¢)

(13a)

(13b)

(13c)
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By using the restriction on the internal pressure given earlier,
Pi :-Ou/(N¢+l)’ we can show that the position of the elastic-plastic
interface during unloading lies inside the position of that interface

at the end of the initial loading phase; i.e., R < R for all A.

When unloading is complete, A = 1, the elastic-plastic radius is
denoted by ﬁ and the values of the stress and displacement fields are

denoted by grr’ and ﬁr/r.

\
%0°

Reloading to 50. Initially, the response to reloading is elastic.

- *
If there is no yielding during unloading <Po f_PO) reloading is entirely
elastic. The stress and displacement fields are given for all r < a

by

-4 (1l4a)

2
000=300+P0 1+—az (.].Ab)
r
U, a'l 1 az
A AL S P a_ 14
. F Y 1 2u+—r2 P, (14c)

When the reloading reaches P0 = Po’ yield is incipient everywhere in the

zone that yielded during initial loading (a < r < R).

If there is yielding during unloading (ﬁo

| v

P:) , the rock will yield
during reloading before the pressure reaches Po' During the initial
elastic repsonse, the stress and displacement fields are given by the same
expressions found for totally elastic reloading [Eqs. (14)]. When the

reloading pressure reaches a value given by

P,,-V;[[N,H'P,wu] (15)

the rock yields at the tunnel.
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Notice that this pressure is independent of 50. The stress state
at this yield lies on the same face of the yield surface that was active

during initial loading, the face defined by
0py— Neo,— 0y =0

The position R of the active elastic-plastic interface, Figure 4.1(c),

is determined by solving
g

P+ —E_ll|E

! N¢—1][R

1f we compare this equation with Eq. (11), we find that for
P <P, R<R.
o o
The stress and displacement fields in the yielded zone (a < r < R)

are given by

Oy r Mool Oy
099-N¢ P,-+—'— I -

Ne—1)la Ne—1




2
_uL 1—v [N‘_l) P+ Ty X
r 2“. 2N¢ ! N¢‘_1
— 2N N Ng- 1
2N ¢ ¢ )
o Ing- |+ [ R +|R] -2 L
N -1 1-v r r N +1]]|a
N2+| N¢—I Ng+l
NI-1 2 w,
NI+1 NI+1|7r X
Ny—1
oo 1 (R
«|lal e L _2Ns 1= 9y (18¢)
R N¢+4 u Ny—1
In the elastic zome (R < r < ), they are given by ;
% ;
Ny—1 ;
) Ng-1 - ?
op=5,+P,- 2 1p P+ RIS _jaf ™ (19a)
r Né‘l a R %
R? o, J|[&r])™ ey
Cow=Fat Pyt T [P P4 ||| R faf 19b "‘
(] 0'00 o i Nlb—l] [a ’R ( ) g
u, u 1 R2 - R Ny-
=t [P(1-20 + S P - [P+ |2 (19¢)
r 2 I " Ng=1]|l a

When Po = 50, the annulus that yielded during initial loading
but not during unleading, i.e., the regicn defined by R < r i_ﬁ, is at
incipient yield throughout the entire region. This is the generalization

- %
of the reloading yield onset described previously for PO < Po' For
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! brevity, Figures 4.1(c) and 4.1(d) are drawn only for this more general

1 *
i situation, i.e., only for Po < Po'

; The additional closure sustained during the cycle in load,

A(AD/D), can be determined by finding the difference between the dis-
placement fields ur/r at the beginning and the end of the cycle (both
at PO = Po) and evaluating this difference at the tunnel wall, r = a.

For a cycle in which unloading and reloading are entirely elastic

() -

However, if yielding occurs during the cycle, then

2y

N3 +1
Ny | (21)

K

A[.Mls 1-v N‘?_l
a

2
Ny N2-1
D|” 2z 2N, ¢ :

-2
N} +1

Py T ”z] [z
Nd,—l - -1
a a

Loading Beyond 50. As the load increases beyond Fo, the active

elastic~plastic interface moves outward from R as shown in Figure 4.1(d).

P+t
° N¢—1

This is the same expression as for initial loading [Eq. (3)].

Its position is given by

2

R=
AN +1

1
P+ —t ”qu (22)
N¢_1

The stress field is given by exactly the same expressions as for
initial loading [Eqs. (5a,b); Eqs. (6a,b)]: cycling the load at §o does
not affect the stresses for loading above 50, even if the material yields

during unloading and reloading.

The displacement field, however, is unaffected by the cycle in
load only if no yielding occurred during unloading and reloading. 1If

yielding during unloading does occur, the displacement field in the zone
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a<r f‘ﬁ is different from that obtained for initial loading. The

displacement field in this case, for the region that yielded during

Y
unloading, (a < r < R), is given by

U, 1—v N«%_l o, A
- +
2u 2N, P Ng—1 X
~)2N —
« £ZIV‘_ Ng—l _& ‘— 2 N 2N¢ N v LN‘ 1
r N2+1]|r NZ+1 NZ=1"°* 1-v]||a
N§+1 N!—l Ny+1
+N§‘11 Rl % ([a] ™ R (R x
2 1 T 5 1
N¢+l r r r r
Nt No—1
w|la] Y 2N [R]™ [l1=2 _ou (23)
R Ni+1\a 2u Ng—1

In the remaining yielded region (E < r < R), the displacement field is
given by

u, I—V

r 2u

N,—1 2 _ 2N
PYPRRLVEN | 4 [l PYORN TS ok | 4 (R | S e "R PR O T

In the elastic region (R < r < @), the displacement field is given by

u, ] R2 (N¢—1)Po+a'u (25)
Pl (1-2)P,+ " N+l

The tunnel-closure-versus-pressure curves for PO greater than P0
are the same as would be obtained under monotonic loading to these
pressures, except that if yielding occurs during unloading, the curve is
shifted along the tunnel closure axis by the additional closure A(AD/D)

sustained during the cycle in load.
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4.2.5 Parameter Study

Results are now presented to illustrate how tunnel closure is
influenced by the pressure at which the load is cycled, ﬁo’ the internal
pressure Pi (reinforcement structure strength), and the material uncon-
fined compressive strength O, and pressure sensitivity coefficient N¢.
This is done by using the formulas for radial displacement given in the
previous section to calculate tunnel closure as a function of pressure

for a few examples.

Effect of ﬁo' Three calculations were performed to study the
effect of the pressure at which the load is cycled, Po. In these examples
rock properties are: shear modulus p = 1 x 10° psi (6.9 GPa), Poisson's
ratio Vv = 0.25, unconfined compressive strength o, = 4000 psi (27.6 MPa),
and pressure sensitivity coefficient N¢ =3 (¢ = 30°). The tunnel rein-
forcement pressure is Pi = 500 psi (3.5 MPa). Initial yield of the rock
occurs at PO = 3000 psi (20.7 MPa) and yielding occurs during unloading

for 130 > 3333 psi (23.0 MPa).

Figure 4.2 plots tunnel closure as a function of pressure for
maximum pressures ﬁo on first loading of 8, 10, and 12 ksi (55, 69, and
83 MPa). The three graphs all show the same trend. At low pressure the
medium is elastic and closure depends linearly on pressure; the slope
is determined by the two elastic constants. As the medium yields, the
closure curves bend upward, becoming increasingly steeper as the plastic

zone spreads from the tunnel.

Unloading from Po is initially elastic at the same slope as in
the low pressure part of the initial loading curve. When the medium
yields, the closure decreases more rapidly as the load is removed, that

is, the curves bend downward.

At the start of reloading, response is elastic, the closure curve
is linear and again has the elastic slope. When the medium yields, the
closure curve again bends upward. However, at any given pressure, the
reloading curve 1is not as steep as the initial loading curve. For
pressures above 50, the closure curve is the same as it is for monotonic

loading, but shifted up by A(AD/D), the closure change at P0 = §0
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{1 ksi = 6.9 MPa)
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Comparison of the graphs shows that the larger the value of 50,

the larger is the loop formed by the unloading and reloading parts of

the closure curve. Also, the larger the value of 50, the greater the
additional tunnel closure sustained during the cycle in load: at PO =

12 ksi (83 MPa), the additional closure is more than 4-1/2 times as great

as at 130 = 8 ksi (55 MPa).

Effect of Pi' For these examples the same material properties
were used as in the study of the effect of PO. Tunnel closure curves
were calculated for three different values of internal pressure: P, =
0, 500, and 1000 psi (0, 3.5, and 6.89 !Pa). The load was cycled at
50 = 10 ksi (68.9 MPa). Figure 4.3 gives the resulting plots of tunnel
closure as a function of pressure. The plots show that the size of the
unloading-reloading loops and the additional tunnel closure sustained

during the cycle in load both decrease as the intermal pressure increases.

However, if the load is cycled at a common tunnel closure

(say AD/D = 2%) rather than at a common pressure, then the width of the
unload-reload loops and the magnitude of A(AD/D) does not change signif-
icantly as the internal pressure Pi changes. This result is shown in
Figure 4.4, in which tunnel closure is plotted as a function of pressure
out to closures of approximately 27 for the same three internal pressures
as in Figure 4.3. This indicates that the additional closure sustained
during a cycle in load in a particular material depends mainly on the

design or working closure (the closure at the working load 50).

Effects of 9, and N,. To study how tunnel closure is influenced

¢

by the unconfined compressive strength and the pressure sensitivity

coefficient, calculations were performed for two values of Ou and two

values of N( The elastic properties were the same as in the other

parameter sﬁudies and the intermnal pressure was Pi = 0. Load was again
cycled at a common value of tunnel closure, approximately 27%. Results
are plotted in Figure 4.5. The effect of changes in the unconfined com-
pressive strength g, can be seen by comparing Figures 4.5(a) and 4.5(b)

toe Figures 4.5(c) and 4.5(d). Figures 4.5(a) and 4.5(L) are plots of

tunnel closure for N¢ =3 (¢= 30°), and o, = 2 ksi and 4 ksi (13.8 and
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27.6 MPa), respectively. Figures 4.5(c) and 4.5(d) are plots of tunnel

closure for N<0 = 7.55 (¢ = 50°) and the same unconfined compressive

strengths. The effect of the increased unconfined compressive strength

is to reduce the additional closure sustained during a cycle in load.

For N¢ = 3.00, the reduction is 36%, and for N¢ = 7.55, it is 25%. The
width of the loop formed by the unload-reload portion of the closure

curve is not affected significantly.

The influence of the pressure sensitivity coefficient N¢ can be
determined by comparing closure curves corresponding to a commoun value
of unconfined compressive strength; compare Figures 4.5(a) and 4.5(c) for
Ou = 2 ksi (13.8 MPa) to Figures 4.5(b) and 4.5(d) for Ou = 4 ksi (27.6 MPa).

Changes in N, have large effects on the closure curve calculated for re-

¢

peat loading. For large values of N, the loop in the unload-reload portion

¢

of the curve disappears, but the additional tunnel closure sustained during

the cycle in load increases: A(AD/D) is about 25% greater fer N, = 7.55

0
than for N¢ = 3,

4.3 NUMERICAL SOLUTION

As a check on the lengthy algebra in the analytical solution, and
to extend results to more complex tunnel problems, the finite element
code NONSAP [13] was used to calculate response for several examples.
These examples included the constant internal pressure, symmetric loading
problem studied analytically; symmetric loading with a metal liner; and
uniaxial strain loading side-on to the tunnel. 1In all but the first
problem it was found that very small steps had to be taken during un-
loading. Thus, a parameter study would be very expensive. Work is
continuing to make the unload computations more efficient for these
problems. In the following paragraphs, results are given for two cycles

of symmetric loading with a constant internal tunnel pressure.

Results of these computations are given in Figure 4.6. The parameters
are the same as those for the analytical example in Figure 4.2, except
that the friction angle is ¢ = 33° rather than ¢ = 30°. This change was
made to avoid the numerical difficulty that occurs when the condition

for yielding independent of o, is approached: v(N, + 1) <1, from

¢

reference [9]. Figures 4.2(a) and 4.6 show that the numerical theory
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FIGURE 4.6 FINITE ELEMENT RESULTS FOR TWO RELOADING CYCLES

Same material and loading parameters as in Figure 4.2(a).
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accurately reproduces the analytical results given for the first re-

loading cycle. The new result is the second cycle, which would require
additional work for an analytical solution. The second cycle is identical
with the first but shifted upward. This implies that the additional
tunnel closure A(AD/D) sustained on the first reload cycle would be

added cumulatively with each additional cycle to 50. Thus, after many
reloading cycles to PO, the cumulative tunnel closure would eventually

become unacceptably large.

However, observe in Figure 4.2(c) that after a first loading to
ﬁo = 12 ksi (83 MPa), the reloading gives additional permanent closure
only when P0 exceeds about 8 ksi (55 MPa). 1In contrast, Figure 4.2(a)
shows that if the first loading is Po = 8 ksi (55 !Pa), then reloading
to 8 ksi (55 MPa) causes a substantial additional closure. This suggests
that after an initial overload that produces permanent closure
[Figure 4.2(c)], the loading range of essentially elastic response is
increased markedly. 1t is possible that after loading to 12 ksi (83 !Pa),

cycle loading to 8 ksi (55 }MPa) could be sustained indefinitely.

The experiments described in the next section show that the theory
overestimates the additional closure A(AD/D) at any given ﬁo’ and that
several cycles of loading can be sustained with little cumulative closure.
Further experiments are required to determine whether cumulative closure
remains small after many cycles at an initially plastic closure load.

A more complete comparison of theory and experiment is given below.

4.4 TEST SPECIMENS

Figure 4.7 shows the geometry of the specimens. They are right
circular cylinders with circular tunnels drilled along a midheight
diameter. The cylinder aspect ratio is unity. Two sizes are tested:

a small 4-inch-diameter (0.1-m) cylinder with a 5/8-inch-diameter (15-mm)
tunnel to study intact specimens, and a large 12-inch-diameter (0.3-m)

cylinder with a 2-inch-diameter (50-mm) tunnel to study jointed specimens.

The specimens are made from three different rock simulants. Rock

simulants are used because they have less specimen~to-specimen scatter
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MP-4121-101
FIGURE 4.7 TWELVE-INCH (0.3 m) DIAMETER SPECIMEN OF TUFF

SIMULANT AND A REPRESENTATIVE TUNNEL
REINFORCING STRUCTURE
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than real rocks, and because they allow the experimenter to select grain

N L

size as well as the various constitutive parameters. Two rock simulants,

designated 6B and 16A, have strengths representative of medium strength

rock. The third simulant, designated SRI RMG 2C2, has material properties
similar to ash-fall tuff found at the Nevada Test Site. The recipes for E

these rock simulants are given in Table 4.1. ;

The rock simulant constitutive parameters are given in Table 4.2.
The primary difference between the two medium-strength rock simulants
and the ash~fall tuff simulant is the value of N¢, the pressure sensitivity ]
coefficient, which is indicative of the very much lower angle of internal '
friction for ash-fall turf. The major difference between the 6B and 16A
rock simulants is not in their constittive parameters but in the size
of the largest sand particles used in the simulant. Both are made from
commercial sand, but larger grains arc present in the 6B formulation.
All grains passing through a number 6 sieve are used in the 6B formulation,
while only those passing through a number 16 sieve are used in the 16A
formulation. All three rock simulants are used in the study of intact
specimens, but only the 16A simulant is used in the study of jointed
specimens. Intact specimens are either poured into cylindrical molds
(SRI RMG 2C2) or cored from large blocks (6B and 16A). The cores or
castings are centerless—ground to a 4-inch (0.1-m) diameter and then cut
to a 4-inch (0.1-m) height. Jointed specimens are built by stacking
1/3~inch~thick (8.5-mm) elliptical plates of rock simulant at the desired
inclination to the cylindrical axis. The elliptical plates are cut from
larger cast plates by a high velocity water jet. Their size and shape
depends on the angle between the joint plane normal and the cylindrical
specimen axis. The larger specimen diameter is used for the jointed rock
tests so that the plates can be thick compared with grain size, while they 1
also have several joints intersecting the tunnel: the ratio of tunnel

diameter to joint spacing is six. {

Two fundamentally different types of structures reinforce the tunnels.
The first, the direct contact liner, is used in most tests. This liner

is a simple metal tube in direct contact with the tunnel wall. The tubes

are either 1015 steel with radius--to-thickness ratio a/h = 12.5 or !
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TABLE 4.1

ROCK SIMULANT COMPOSITION
(Percent by weight)

Component 6B
Portland cement, Type 1 10.25
Limestone sand 81.04

Granite sand
Monterey sand
Barite
Bentonite

CFR 2

Water

Total

8.71

100.00
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16A

18.61

61.37

6.62

13.40

100.00

SR1 RMG 2C2

31.14

20.86

19.89

2.73

0.076

25,30

100.00
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TABLE 4.2

- AR

ROCK SIMULANT CONSTITUTIVE PARAMETERS

Parameter 6B 16A SRI RMG 2C2
Water saturation (%) 0 100 100
*
Shear modulus
(10° psi) 0.80> 1.6 1.25 0.47
(GPa) 5.5 »11.0 8.6 3.2
Poisson's ratio, Vv 0.25 0.23 0.23
*
Compressive strength, O
(ksi) “ 3.60 3.74 3.68
(MPa) 24.8 25.8 25.3
*
Friction angle ¢ (deg.) 20~36 29. 2.5
Pressure coefficient, N, = 2.0-3.8 2.88 1.09

(1+sing)/(1l-sing) b

Modulus and friction decrease with increasing stress. Range given

for 6B corresponds to stress range in tunnel tests, for later com-
parison with theory.
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6061-T0 aluminum with a/h = 4. The second structure type, the backpacked
liner, is a metal tube surrounded by a layer of crushable material that
isolates the metal tube from the tunnel cavity. The backpacked liner

in these tests is a 1015 steel liner with a/h = 12.5, surrounded by a
layer of polyurethane foam having outer-radius-to-thickness ratio

R/H = 4.3. TFigure 4.8 plots a stress—strain curve for the polyurethane
foam. It shows that crushing occurs at a fairly constant stress to over
30% strain. Therefore, large tunnel closure can be accommodated by the

structure with only the small foam crush loads transmitted to the metal

liner.

4,5 EXPERIMENTAL RESULTS

This section presents the results of laboratory tests in which the
loading was cycled at several pressure levels in a single test, and com-
pares these results with those obtained from monotonic loading experi-
ments on similar specimens. We also compare the tunnel closure curves
of the experiments with those calcudated using our finite element tech-

nique.

The experiments studied a number of parameters: three different
rock-matching grouts, intact and jointed specimens, isotropic and uniaxial
strain loading, and direct contact and backpacked structures. Details of
these experiments are described elsewhere,* and only the results are

presented here.

4.5.1 Isotropic Loading

Isotropic loading produces axisymmetric deformation of the tunnel,
similar to that discussed analytically and numerically in the previous

sections.

*
Tests on 6B rock simulant are described in Reference 2, pp. 99~101 and
pp. 132-135, and tests on SRI RMG 2C2, in Reference 4, pp. 73-79. Tests
on backpacked structures are described in Appendix B.
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Dry 6B Rock Sinulant. The tunnel is reinforced with a thin

1015 steel liner. The load is cycled at 50 = 11.5 ksi (twice) and at
17.5 ksi (79 and 121 MPa). Figure 4.9 plots the tunnel closure as a
function of pressure. The unloading and reloading parts of each cycle
lie along a single essentially horizontal straight line. The increased
tunnel closure sustained during a cycle in load is small and about the

same for all three loading cycles.

The theoretical curve in Figure 4.9 has the same features as the
experimental curve, but falls below the experimental curve during the
reload cycle. This is attributed, in part, to separation of the steel
liner (which has little elastic recovery) from the rock cavity. This is

discussed more fully in the next section.

Saturated SRI RMG 2C2 Rock Simulant. The tunnel in this specimen

is reinforced with a thick 6061~T0 aluminum liner. The load is cycled

at P_ = 5.5 ksi (twice) and at 7 ksi (38 and 48 MPa). The tunnel closure
curve, plotted in Figure 4.10, is similar to that given for dry 6B rock
simulant. Within experimental accuracy, both unloading and reloading
parts of the closure curve for each cycle fall on the same lines. The
increased tunnel closure sustained during a cycle in load is small and

is about the same for all three cycles. The tunnel closure curve for
monotonic loading of a similar specimen is also plotted in the figure.
Comparison of the monotonic and repeat loading curves shows that the
load-carrying capacity of the tunnel is not significantly reduced by

repeat loading.

4.5.2 Uniaxial Strain Loading

Uniaxial strain loading produces asymmetric deformation of the
tunnel. This simulates loading when a horizontal tunnel sustains a
uniform vertical load Pv far from the tunnel. Results are presented
only for crown-invert closure, except for the backpacked structure, for
which springline closure is also presented. The crown-invert tunnel

closure curves are qualitatively the same as the tunnel closure curves

presented for isotrepic loading.
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Dry 6B Rock Simulant. The tunnel in this specimen is reinforced

with a thin stcel liner similar to that used in the isotropic loading

= 9.5 ksi

experiment on dry 6B rock simulant. The load was cycled at ﬁv
(twice) and 13 ksi (65.5 and 90 MPa). Figure 4.11 plots the crown-invert
closure as a function of vertical pressure. There is a very large loop in
the unloading and reloading portion of the closure curve during the first
cycle in load EV = 9,5 ksi (65.5 MPa). This is an anomalous result

caused by poor control of the lateral confining pressure in this early

test. This cycle in load gave no additional tunnel closure, i.e.

A(AD/D) = 0. During the second cycle at this load, closure is more

like that in the other experiments: the unload-reload portions of the
closure curve form a small loop, and additional tunnel closure is sus-

[ tained during the cycle in load. The unload-reload cycle at EV = 13 ksi g
5 (90 MPa) produces an additional tunnel closure similar to that sustained -

; during the second cycle at P, = 9.5 ksi (65.5 !Pa).

\Y

A tunnel closure curve for monotonic loading of a similar

specimen is also plotted in Figure 4.11. Comparison of the two curves
shows that repeat loading does not significantly affect the strength
of the structure. The following paragraphs give similar comparisons of

\ closure curves for repeat and monotonic loading of specimen pairs and

also show that repeat loading does not significantly affect the strength

of the tunnel.

Saturated SRI Rock Simulant. The tunnel reinforcing structure

is an aluminum liner similar to the liner in the isotropic loading

experiment on the same rock simulant. The load is cycled at FV = 4.5 ksi i
(twice) and at 5.5 ksi (31 and 38MPa). Cyclic and monotonic crown- :
! invert tunnci closure curves for this simulant. given in Figure 4.12,

are similar to those in Figure 4.11 for dry 6B simulant. (In Figure 4.12

there is no anomalous loop from poor load control.)

3 Saturated 16A Rock Simulant. The tunnel reinforcing structure

is a polyurethane foam backpacked steel liner. The load is cycled at

§V = 7.5, 10, and 18 ksi (52, 69, and 124 MPa). Figure 4.13 plots ‘
crown~-invert and springline tumnel closure for both the rock cavity and '
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the steel liner. The values of PV were chosen by examining the liner
closure curves for monotonic loading (plotted as solid lines). The

tirst value, ﬁv = 7.5 ksi (52 MPa), is chosen so that liner closure is
still increasing and the backpacking has not yet started to crush., The
second value, FV = 10 ksi (69 'Pa), is chosen so that the backpacking at
the crown and invert is crushing at constant stress but the backpacking at
the springlines is not. The third value, PV = 18 ksi (124 MMPa), is

chosen so that the backpacking at the crown and invert is locking up,

but at the springlines it is still crushing at constant stress.

The rock-cavity crown-invert closure curve is similar to the curves
from the previous tests in which the reinforcing structure is a direct
contact liner. The unload-reload portions of the closure curve {orm
very small loops. Additional tunnel closure sustained during a cycle in

load grows substantially with P Rock-cavity springline closure is not

v
so simple. During a cycle in load it increases as the load decreases.

This is expected when springline closure is negative, since the expected
trend is that amplitude will decrease when the load is rcmoved. liowever,
when springline closure is positive (§V = 18 ksi = 124 liPa), it increases
as the load is removed. This indicates that relaxation of the oval mode

deformation dominates relaxation of the hoop mode during unloading.

Closure of the steel liner shows that loops in the unload-reload
cycle are very small. Additional tunnel closure during a cycle in load
is zero until the last cycle, which is at an initial closure much larger

than the few percent one would allow in practice.

During the reload portion of this last cycle in load, the magnitude

of the liner closure does not decrease at P 10 ksi (69 MPa), as it

v=
did for both monotonic loading and initial cyclic loading to 18 ksi

(124 MPa), because loading to P, = 18 ksi (124 MPa) causes the back-

\
packing to begin to lock up. This point is shown on the schematic stress-~
strain curve for the backpacking material given in Figure 4.8, where
response to unloading is plotted as a dashed line. Reloading response

also follows the dashed stress-strain path: stress increases monotonically

with strain: there is no constant-stress crush as theve is for monotonic
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loading. Therefore, the load on the liner and, consequently, the ampli-

tude of the liner closure, increase monotically during reloading.

Jointed 16A Rock Simulant. Two experiments were performed to

study the influence of joints and their orientation on tunnel closure
under repeat loading. The rock specimens were assembled from plates to
form a single set of equally spaced planar joints. The photographs in
Figure 4.14 are overall and closeup views of a posttest section that
shows tunnel deformation and joint orientation. In these experiments,
the joint planes are parallel to the tunnel axis (perpendicular to the
paper in the figure) and inclined at an angle B to the uniaxial strain
loading direction (vertical in the figure). In the figure, B = 45°.

In the other test reported here, B = 0° (joint planes would be hori-

zontal in the figure).

To allow direct comparison of the two tests, the load was cycled
at common values of crown-invert tunnel clousre, rather than at common
values of ?V. Values used were ADV/D = 2%, 3%, 5%, and 8%. This
eliminates the effect of inherent differences in strength between the
two joint orientations. The load paths in these two experiments were
the same: the path that produces uniaxial strain conditions in the
specimen with B = 0. Because of the lack of specimen 2xial symmetry
for a finite joint orientation, precise uniaxial strain conditions

could not be achieved by the hydraulic fluid boundary pressure method

for B = 45°.

Figures 4.15 and 4.16 plot crown-invert tunnel closure as a
function of vertical pressure for tests in which the load-joint orien-
tation angles were B = 0° and 45° (0 and 7m/4 rad), respectively. Closure
curves rfor the two orientations are similar. They show an initial sharp
rise in closure during initial close-up of the joints. The loops in
the unload-reload portion of the curves and the additional closure
sustained during a cycle in load both grow as §V increases. The values

of A(AD/D) and the loops in the closure curves are slightly larger for

the specimen with the inclined joints (R = 45° = n/4 rad).
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4.5.3 Uniaxial Strain Loading Followed by Isotropic Loading

This experiment studied the influence on tunnel closure measured
during isotropic loading of previous asymmetric tunnel closure produced
by uniaxial strain loading. We tested a saturated specimen of SRI RMG 2C2
whose tunnel is reinforced by a thick 6061-T0 aluminum liner similar to
the reinforcing structures in the isotropic loading and uniaxial strain
loading experiments in the same rock simulant. Figure 4.17 plots crown-

invert tunnel closure as a function of pressure.

The specimen is loaded in uniaxial strain to 50 = 7.5 ksi (52 MPa),
at which the crown-invert tunnel closure is about 5.5%. It is unloaded
under uniaxial strain conditious to P0 = 0, at which the crown-invert
closure is decreased slightly, to 5%. Reloading to Eo is under isotropic
loading, which produces a large loop in the closure curve. Crown~invert
closure actually decreases initially, because the symmetric loading tends
to push the tunnel from its elliptical shape back into its original
circular shape. When PO = ﬁo’ the reloading closure curve crosses the

initial closure curve; A(AD/D) is negative.

As loading increases beyond Po’ the closure curve approaches that
obtained for monotonic isotropic loading of a similar specimen: the
influence of the initial asymmetric deformation fades as the isotropic

load is increased beyond fo.

4.6 COMPARISON OF THEORY AND EXPERIMENT

In Figure 4.9, the experimental closure curve for symmetric loading
of dry 6B rock is accompanied by a corresponding theoretical curve for
the first cycle of loading, calculated with the analysis given in
Section 4.2. It reproduces the overall salience of the experimental
curve but differs in the magnitude of detailed features. The initial
loading curves for theory and experiment are reasonably close, con-
sidering the theoretical idealization of rock behavior by simple elastic,
perfectly plastic deformation with a constant shear modulus 1 and constant
friction angle ¢. The constant values used in the theory (see Figure 4.9)

are internediate values taken from WES triaxial compression test data
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for the stress range in the calculations. The measured friction angle E
is about 36° at low stress and decreases to zero as the confincment ;
stress approaches 10 ksi (69 !fPa). The modulus chosen for the calcu-
lation is near the maximum low-stress value in order to properly reproduce
unloading behavior. This tends to underestimate tunnel closure during
loading, but this is compensated by using the 20° friction angle, the
value at larger confining stress. To more accurately model the actual
changing modulus and friction would require solution by numerical

computation.

The theoretical unloading curve in Figure 4.9 slopes back more
steeply than that of the experiment. This difference can be attributed
to measurement in the experiment of the steel liner deformation, whereas
in the theory only rock-cavity response is calculated. The elastic
recovery capacity of the steel is less than 0.2%, and the steel is not
bonded to the rock. The cavity probably opens more than the elastic
recovery of the liner resulting in an unmeasured gap between the cavity
and liner. 1In fact, the elastic recovery of the liner is of the same
order as the measurement error so that, to experimental accuracy, the
unload and reload lines are horizontal. (The same pattern can be seen ]

in Figure 4.10.) Upon reloading, the rock cavity and liner eventually

recontact and the liner again follows the rock cavity closure. Figures 4.9
and 4.10 show this by the abtupt slope change in the reload curves as P0
approaches PO. (Under uniaxial strain loading the liner is in flexure

and can follow the rock-cavity deformation. Thus, the reload cycles in
Figures 7, 8, 9, 11, and 12 have more nearly the same character as in

the theory.)

liowever, separation of the liner from the rock does not explain the
measurably smaller net added deformation in the unload-~reload cycle of
the experiment (Figure 4.9) as compared with the theory. The theory
predicts a reload closure increment of A(AD/D) = 0.8%, whereas the
experimental increment is about 0.27, near the measurement resolution
of these early experiments. The larger theoretical reload closure

increment is attributed in part to the simplified idealization of the
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liner as a constant internal pressure Pi' Upon unloading in the experi-
ment, the pressure exerted by the liner actually drops to zero, as
discussed. Thus, in the theory, a larger closure tends to be retained
than in the experiment. Upon reloading, this larger closure is main-
tained and results in a larger predicted reload closure increment.
However, the more dominant reason for differances between theory and
experiment is simply that the actual rock behavior is more complicated

than given by the constant parameter elastic-plastic idealization.

4.7 SUMMARY, CONCLUSIONS, AND RECOI!MENDATIONS

4.7.1 Analytical Solution

An analytic solution has been completed for cyclic elastic-plastic
response of a circular tunnel in a lohr-Coulomb medium subjected to a
symmetric far-field loading PO that cycles to a maximum load 50. It is
found that for modest plastic deformation upon initial loading (for
P0 i_Pz), unloading and reloading*responses are entirely elastic. If the
initial loading is higher (PO > Po)’ the medium around the tunnel yields
a second time (in the reverse direction) as the initial load is removed.
When the load is reapplied, the medium around the tunnel yields a third
time (in the original direction). The unload-reload cycle to the initial
maximum load 50 in this case results in a net increment A(AD/D) in
tunnel closure. A numerical finite element solution extends the results
to a second unload-reload cycle, and shows that the closure increment
during the first loading cycle is permanent. Also, the second unload-
reload cycle is identical with the first, but shifted by the amount of
increment in the first cycle closure. Thus, cyclic closure increments

are cumulative.

A parameter study shows that the cycle-load closure increment in-
creases with increasing maximum load 50. With a fixed ﬁo, increases in
the tunnel reinforcement pressure Pi markedly reduce both the peak
closure and the c¢ycle~load closure increment. However, if the peak
closure is taken as a fixed allowable design closure., so that the rein-

forcement strength Pi is increased appropriately with increases in design
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load PO, then the cycle-load closure increment also remains nearly fixed.
Variations in the medium unconfined compressive strength S, and friction
angle ¢ show that, for a fixed design closure. the cycle-load closure

increment decreases with increasing Ou but increases with increasing ¢.

Comparisons of these theoretical results with experimental results
show that the theory reproduces the salience of cyclic loading resnonse.
However, the theory is conservative in that it overestimates the cycle-
load closure increments measured in the experiments. The theory also
overestimates the accumulation of closure increments, as compared with
experimental closures after several cycles. These differences are
attributed to the theoretical oversimplification of rock behavior by a
fixed lohr-Coulomb yield surface approximation. Further experimental
work is needed to better characterize constitutive behavior under cyclic
loading. Further theoretical work might include calculation of tunnel
response with other constitutive assumptions to determine sensitivity

to theoretical modelling.

The present theory adds to the understanding of tunnel response
in the elastic-plastic range and hence adds confidence in the ability
of tunnels to safely carry loads in this range. Since these loads can
be two to three times higher than for purely elastic response, increased

understanding is of practical importance.

4.7.2 Experimental Results

Repeat loading experiments have been performed well into the
plastic range of tunnel medium response in a variety of simulant mdeia
containing both direct contact and backpacked tunnel reinforcement
structures. The experimental results show that little further plastic
tnel closure occurs until the reload exceeds the initial maximum load.
Only upon further increase in load do the load-closure curves resume
the more rapid plastic closure rates of the initial loading curves. The
load can be cycled several times at several intermediate peak loads with
only modest increases in closure (modest decreases in strength) over that

for a simple monotonic loading to the same maximum load. This is found
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to be true even for jointed rock masses, more typical of those in rock
tunnelling application. The load distribution can be either symmetric
or asymmetric—--the main requirement for avoiding cumulative closures
comparable to the initial closure appears to be that the load-unload

paths do not differ widely.

These laboratory results suggest that tunnels to carry large
service loads can be designed to take advantage of the substantial in-
crease in strength afforded by allowing plastic deformation of the rock
or soil medium around the tunnel. A strong but crushable backpacking
layer between the cavity opening and reinforcement liner can isolate
the liner from the few percent cavity closure on initial loading. Sub-
sequent loading produces little or no further crush of the backpacking.
Field tests are needed to confirm whether thesc laboratory observations

accurately model reload behavior of tunnels in real soil and rock masses.
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Appendix A

DATA FROM EXPERIMENTS ON JOINTED ROCK

This appendix consists of test records from twelve experiments
performed on 12-inch-diameter (0.3-m) jointed specimens of 16A rock
simulant. These tests study the influence on tunnel deformation of the
presence of a single set of parallel joints and their orientation, of
tunnel reinforcing structure type, and of cyclic loading. Most specimens
were tested statically along a common load path. Figure iA.1 shows how

joint orientation is specified, and Table A.l gives the test matrix.

The data for each test include a brief description of the test,
photographs of a posttest specimen cross section, and gage outputs

plotted as functions of the vertical pressure.
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JOINT PLANE

MA-65762-22A

FIGURE A1 SCHEMATIC SHOWING JOINT ORIENTATION
n is normal to the joint plane.
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LSUX-13 i

LOAD-JOINT ORIENTATION ANGLE fB: 0°

TUNNEL-JOINT ORIENTATION ANGLE v: 90°

STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: Monotonic

COMMENTS

The closure records are good. Liner strain records were obtained
at the crown and one springline only. The specimen separated along
joints through the tunnel during recovery. There was no evidence of

block motion.
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FIGURE A2 SECTIONED SPECIMEN FROM TEST LSUX-13

mMP-5762-27

Y




NIWIDIdS €1-XNST NI NOID3Y 1INNNL 40 LNIWIOHVING €V 34NOld

62-29LS-dW




10

MPa)

o
w
x
;]
R
I
a
w
@
2
172
%]
w
[+
& 4
Q
Z
=
w
z
Q
O
~
<
o
w
=
<
-

0 5 10 15 20
VERTICAL PRESSURE, PV — ksi (X 6.9 = MPa)
MA-5762-114
FIGURE A4 LATERAL CONFINING PRESSURE VERSUS VERTICAL PRESSURE
TEST LSUX-13
10
§ }lr
3
g /)
Q
| 8
7|
[aW[a}
/‘
y
> 6
(2]
[}
-
(&)
2 /
Z
s 4
5 v
- y
a
w
>
Z 2
3
=
Qo
[+ o
[&)
0
0 5 10 15 20
VERTICAL PRESSURE, PV — ksi (X 6.9 = MPa)
MA-5762-115
FIGURE AS CROWN-INVERT TUNNEL CLOSURE VERSUS VERTICAL PRESSURE

TEST LSUX-13

185

BTV A et P




x5 4_,::(,,;.‘- T

SPRINGLINE TUNNEL CLOSURE, 3PH __ percent

TUNNEL LINER STRAIN AT CROWN, { — percent

4
a2 —
0
-2
-4
Q 5 10 15 20
VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa)
MA-5762-116
FIGURE A6 SPRINGLINE TUNNEL CLOSURE VERSUS VERTICAL PRESSURE
TEST LSUX-13
4
2
0 ﬁ;
\‘\
\Mu-...__.
-2 —
-4
-6
-8
-10
0 5 10 15 20

VERTICAL PRESSURE, P,, — ksi {X 6.9 = MPa)
MA-5762-117

FIGURE A7  TUNNEL LINER STRAIN AT CROWN VERSUS VERTICAL PRESSURE
TEST LSUX-13
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LSUX-14

LOAD~JOINT ORIENTATION ANGLE B: 45°

TUNNEL-JOINT ORIENTATION ANGLE Yy: 0-°

STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: Monotonic

COMMENTS

The closure records are good. No tunnel liner strain record was
obtained at the invert. The specimen separated near the tunnel during

recovery.
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FIGURE A9 SECTIONED SPECIMEN FROM TEST LSUX-14
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LSUX-16

LOAD-JOINT ORIENTATION ANGLE R: 30°

TUNNEL-JOINT ORIENTATION ANGLE y: 90°

STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: monotonic

COMMENTS

The initial slopes of the tunnel closure versus vertical pressure
curves, d(AD/D)/dPV, are much larger than expected, and the crown-invert
closures are larger than would be predicted from the results of LSUX-13
(B = 0°) and LSUX-14 (B := 45°). The liner strain records are good.

The specimen was recovered intact.
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LSUX-17 ’

|
LOAD-JOINT ORIENTATION ANGLE B: O0° ‘
TUNNEL-JOINT ORIENTATION ANGLE y: 90° !

E

STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: Cyclic

COMMENTS

The load was cycled at crown-invert closures of 2%, 3%, 5%, and 8%.
Records of tunnel closure versus vertical pressure are similar to those
obtained for cyclic loading of intact rock: wunloading and reloading
occur along the same lines, and additional closure is not obtained until
the pressure is raised above the maximum pressure applied previously.
Comparison with monotonic loading closure records from LSUX-13 (B8 = 0°)
shows that cyclic loading does not degrade the load-carrying capability

Liner strain records at crown and one springline are

.

of the structure.

good. The specimen could not be recovered intact because it expanded

and locked into the machine: the top of the specimen was remcved with

a hammer and chisel.
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FIGURE A25 SECTIONED SPECIMEN FROM TEST LSUX-17
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LSUX~18
LOAD-JOINT ORIENTATION ANGLE B: 45°
TUNNEL-JOINT ORIENTATION ANGLE Y: 90°
STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: Cyclic

COMMENTS

The lateral confining pressure increased during loading to follow
the specified path. However, because of an error in the load control

program, the lateral confining pressure dropped rapidly during unloading.

T Y e w3 )

The confinement was reduced significantly during the unloading phase;
hence, unloading and reloading tunnel closures do not lie along the
same line. 1In fact, the lower confinement during unloading allowed

i tunnel closure to increase throughout most of the unloading phase. The
specimen separated slightly during recovery. This caused the wide

crack that runs downward from the tunnel. The line of cracks to the

left of the tunnel is not thought to be the result of posttest handling.




0-1.8';;

MP-5762-140

FIGURE A.32 SECTIONED SPECIMEN FROM TEST LSUX-18
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LSUX-19

LOAD-JOINT ORIENTATION ANGLE R: 30°

TUNNEL-JOINT ORIENTATION ANGLE y: 90°

STRUCTURE: Backpacked 1015 steel liner, a/h = 12.5
Polyurethane foam backpacking, R/h = 4.3

LOADING: Monotonic

COMMENTS

The press-fit interference between the backpacking and the rock
cavity was too great. The drag of the backpacking along the tunnel wall
caused misalignment of the rock-cavity closure transducers. This
misalignment was probably the cause of the intermittent rock-cavity
closures measured. In addition, the tight press fit deformed the
structure so that the initial response was lost: change of structure

diameters (transducer readings) during installation are:

Rock Cavity: Crown-invert +1.75%
Springline -2.7%
Liner: Crown-invert +1.25%

Springline -.5%

Liner closure records are smooth and similar to those obtained for other
backpacked structures. Liner strain records are good but slightly
noisy because the sensitivity of the signal conditioning units was set

too low. The specimen separated slightly during recovery.
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FIGURE A.40 SECTIONED SPECIMEN FROM TEST LSUX-19
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LSUX~20

LOAD-JOINT ORIENTATION ANGLE 8: O0°

TUNNEL-JOINT ORIENTATION ANGLE y: 90°

STRUCTURE: Backpacked 1015 steel liner, a/h = 12.5
Polyurethane foam backpacking, R/h = 4.3

LOADING: Monotonic

COMMENTS

The reinforcing structure fit well, so that there was no change in
closure transducer readings during liner intallation. Closure records
are good, and liner closure records show the expected slight decrease
in amplitude just before the backpacking began to crush at constant
stress everywhere around the liner. Liner strain records are good.

The specimen separated slightly during recovery. Examination of the

rock around the springiines shows moderate shear cracking.
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FIGURE A.51

SECTIONED SPECIMEN FROM TEST LSUX-20
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MP-5762-161

ENLARGEMENT OF TUNNEL REGION IN LSUX-20 SPECIMEN

FIGURE A.52
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FIGURE A.54 ROCK-CAVITY CROWN-INVERT TUNNEL CLOSURE
VERSUS VERTICAL PRESSURE — TEST LSUX-20
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FIGURE A-56 LINER CROWN-INVERT TUNNEL CLOSURE VERSUS
VERTICAL PRESSURE — TEST LSUX-20
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FIGURE A.58 TUNNEL LINER STRAIN AT CROWN VERSUS
VERTICAL PRESSURE — TEST LSUX-20
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FIGURE A.80 TUNNEL LINER STRAIN AT LEFT SPRINGLINE
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LSUX-21

LOAD-JOINT ORIENTATION ANGLE B: 45°

TUNNEL-JOINT ORIENTATION ANGLE y: 90°

STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: Cyclic

COMMENTS

This test was a repeat of LSUX-18 except that we followed a common
path in the PH/PV plane during loading and unloading. The load was
cycled at crown-invert closures of 2%, 3%, 5%, and 8%. Records of
tunnel closure versus vertical pressure are similar to those obtained
for cyclic loading of intact rock: unloading and reloading occur along
the same lines, and additional closure is not obtained until the
pressure is raised above Lhe maximum pressure applied previously. Liner
strain records were obtained at the invert and one springline only.

The specimen was recovered intact. Examination of the rock around the

tunnel shows that cyclic loading produced no significant damage.
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FIGURE A.65 CROWN-INVERT TUNNEL CLOSURE VERSUS
VERTICAL PRESSURE — TEST LSUX-21
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LSUX-22

LOAD-JOINT ORIENTATION ANGLE B: 30°

TUNNEL-JOINT ORIENTATION ANGLE y: 60°

STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: Monotonic

COMMENTS

In this test, we lost the seal between the vertical loading chamber

and lateral loading chamber at P = 9.5 ksi (65.5 MPa), when the crown-

invert closure was about 47 and Zhe springline closure was about -1.25%.
The test was essentially completed at this level and closure records
are good. Liner strain records, which were obtained at springlines
only, were also good. The specimen was damaged heavily during recovery;
however, the vertical cracks that intersect the tunnel are thought to be

the result of tunnel deformation during the test.
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LSUX-23

LOAD-JOINT ORIENTATION ANGLE B: 30°
TUNNEL-JOINT ORIENTATION ANGLE y: 69.3°

STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: Monotonic

COMMENTS

Both tunnel closure and liner strain records are good. However,
liner strain records were obtained at the crown and one springline only.
The specimen spearated slightly during recovery and several of the

plates were broken.
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FIGURE A.79 CROWN-INVERT TUNNEL CLOSURE VERSUS
VERTICAL PRESSURE — TEST LSUX-23
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FIGURE A.B2 TUNNEL LINER STRAIN AT SPRINGLINE VERSUS VERTICAL
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LSUX-24

LOAD-JOINT ORIENTATION ANGLE B: 30°

TUNNEL-JOINT ORIENTATION ANGLE y: 90°

STRUCTURE: Direct contact 1015 steel liner, a/h = 12.5

LOADING: Monotonic

COMMENTS

No springline tunnel closure record was obtained. The test
produced good liner strain records from the crown and from one springline
location. The specimen separated during recovery along the joint passing
through the tunnel. Dark spots in the photograph of the posttest cross

section are stains made by epoxy used in putting the specimen together.
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FIGURE A.83 SECTIONED SPECIMEN FROM TEST LSUX-24
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LSUX-25

LOAD-JOINT ORIENTATION ANGLE B: 45°

TUNNEL-JOINT ORIENTATION ANGLE y: 90°

STRUCTURE: Backpacked 1015 steel liner, a/h = 12.5
Polyurethane foam backpacking, R/h = 4.3

LOADING: Monotonic

COMMENTS

Tunnel closure records are good. However, liner closure records
show the closures as slightly larger than expected, because of improper
closure transducer intallation. Good liner strain records were obtained
from the crown and both springline locations. The specimen separated

into two halves during recovery.
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E FIGURE A.89 SECTIONED SPECIMEN FROM TEST LSUX-25
f

252




N3WIZ3IdS GZ2-XNST NI NOID3H TINNNL 40 LNIJWIDHVINI 06V 3HUNOI4

i
!
‘ , 661-29LG-dN
;

Y NI

253

}
{
H
¥
4
H
i

— N e S A R s VAN 0 m E a iah e Bn whe - T e ‘{aanl o B el ol - L J




|

MPa)
o

LATERAL CONFINING PRESSURE, P,; — ksi (X 6.9
FS

0 5 10 15 20

VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa)
MA-5762-200

FIGURE A.91 LATERAL CONFINING PRESSURE VERSUS
VERTICAL PRESSURE — TEST LSUX-25

10

ROCK-CAVITY CROWN-INVERT TUNNEL CLOSURE, Aby percent

0
1 0 5 10 15 20 :
M VERTICAL PRESSURE, PV — ksi (X 6.9 = MPa)
[ MA-5762-201 §
3 FIGURE A92 ROCK-CAVITY CROWN-INVERT TUNNEL CLOSURE VERSUS

VERTICAL PRESSURE — TEST LSUX-25 i

] 254




£
LY 4
b 2 ;
2 i
& w
| . .
3 i
(=) iQ 3
{ B i
ui ¥
w :
3 2
e}
-
Q
) 1
[m B
] z ,
] S
[
w e g
z
3
&)
2 2 4
x
o
V2]
>
=
3
g -4
¥
3
€ 0 5 10 15 20
VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa) MA-§762.202
FIGURE A.93 ROCK-CAVITY SPRINGLINE TUNNEL CLOSURE
VERSUS VERTICAL PRESSURE — TEST LSUX-25
1 10
* -
<
£ 5
’ o
, | 8
¥ a>‘o
M “1
{ g
T 6
8
' -d
Q
! c
S 4
M >
[ 4 Z
[ I
H Z
z 2
@
4 s 2 =
‘ [ 4
3 )
14 4
H 3
. 0 :
. 0 5 10 15 20
‘ VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa) :
MA.5762-203 .
M ’
: FIGURE A94 LINER CROWN-INVERT TUNNEL CLOSURE VERSUS
i VERTICAL PRESSURE — TEST LSUX-25
<
t 255




percent

20—

LINER SPRINGLINE TUNNEL CLOSURE

TUNNEL LINER STRAIN AT CROWN, ¢ — percent

4
o
2
Q
2 \q:\’-‘ et —,
-4
0 5 10 15 20
VERTICAL PRESSURE, P,, — ksi (X 6.9 = MPa)
MA-5762-204
FIGURE A95 LINER SPRINGLINE TUNNEL CLOSURE VERSUS
VERTICAL PRESSURE — TEST LSUX-25
0
-0.2
4 L’"—*\,\
)
-0.4
-0.6
-0.8
-1.0
0 5 10 15 20
VERTICAL PRESSURE, P, — ksi (X 6.9 = MPa) MA-5762-205

FIGURE A96 TUNNEL LINER STRAIN AT CROWN VERSUS
VERTICAL PRESSURE -— TEST LSUX-25

256




=

0.5

percent

0.4

0.3

0.2

0.1

TUNNEL LINER STRAIN AT SPRINGLINE, Ef.

0
5 10 15 20
VERTICAL PRESSURE, P, — ksi {X 6.9 = MPa)
MA-5762-206
FIGURE A.97 TUNNEL LINER STRAIN AT LEFT SPRINGLINE VERSUS
VERTICAL PRESSURE — TEST LSUX-25
0.5
I
3
@
Q
| 04
-
W
m
z
3
2 03
x
o
[7]
[
< N
2
z 02 M
E Nn—.“'
w W,
@
w
z
- 0.1
-
w
4
Z
D
[
0
0 5 10 15 20
VERTICAL PRESSURE, P, — ksi (X 6.9 = MPa)
MA-5762-207

FIGURE A 98 TUNNEL LINER STRAIN AT RIGHT SPRINGLINE VERSUS
VERTICAL PRESSURE — TEST LSUX-25

257




]

e ore

&

Appendix B

RESPONSE TO CYCLIC LOADING OF TUNNELS
REINFORCED WITH BACKPACKED STRUCTURES

B.1 INTRODUCTION

This appendix describes tests performed to determine if tunnels
reinforced with backpacked structures shake down as do tunnels reinforced
with direct contact structures. We performed four static uniaxial-strain
loading tests on 4-inch-diameter (0.1-m) specimens of saturated 16A rock
simulant. The tunnels were reinforced with backpacked liners. In two

tests the loading was monotonic, and in two the loading was cycled.

Because of the small tunnel size, 0.462 inch (11.8 mm) inside
diameter in the 4-inch-diameter (0.1-m) specimens, only two closure
transducers (dial indicator bore gages) could be inserted into the
tunnel, one from each end. In the first monotonic loading test, SUX-117,
we measured liner closure at the crown-invert and springline diameters.
In the second, SUX-119, we measured rock-cavity closure at the same
orientations. Similarly, in the cyclic loading tests we measured liner
closure in the first test (SUX-118) and rock-cavity closure in the

seco d (SUX-120).

Results of the four tests are similar to those obtained for direct
contact structures in 6B and SRI RMG 2C2 simulants. When the specimen
is loaded, unloaded, and then reloaded, little additional rock-cavity
or liner :losure occurs until the loading pressure exceeds the maximum

pressure applied in the first loading.

B.2 TUNNEL REINFORCING STRUCTURE

The tunnel reinforcing structure was a 1015 steel monocoque cylinder
backpacked with polyurethane foam. Figure B.1 shows a photograph of

the structure, as well as the end fittings that connect the tunnel with
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the access ports in the testing machine. The steel liner had a mean-
radius-to~-wall~thickness ratio a/h of 12.5 and a 0.500-inch (12.7-mm)
outside diameter. The liner extended beyond the ends of the backpacking
to join with the end fittings. The polyurethane backpacking for all
four tests was machined from a single large casting. The inside and
outside diameters of the backpacking were chosen to obtain about a

1-mil diametral interference fit with both the steel liner and rock
cavity. The steel liner was pressed into the backpacking, crushing it

slightly, and the entire structure was pressed into the tunnel.

The density of the polyurethane foam was 13.2 1b/ft® (211 kg/m?);
its stress-strain curve for uniaxial strain loading is shown in Figure
B.2. This curve is the average of eight tests on specimens taken from
the foam immediately surrounding the block from which the backpacking
was machined. The backpacking crush strength 90 at 207% strain is 550
psi (3.8 MPa).

To measure closure of the steel liner, we simply oriented our
closure transducers to measure changes in the liner diameter at the
crown-invert and the springlines. To measure closure of the rock cavity,
we inserted pins through tiny drill holes in the structure at the crown,
the invert, and both springlines. The closure transducers were then
positioned inside the liner so that they rested on these pins and would
therefore indicate changes in the rock-cavity diameter. The pins were
fabricated from common straight pins, and the holes through the structure
were counterbored slightly so that the head of each pin was flush with

the outside diameter of the structure.

B.3 MONOTONIC LOADING RESULTS

Figure B.3 plots crown-invert and springline closure as a function
of the applied vertical pressure for both the liner and the rock cavity.
The closures for both liner and rock cavity are given as percentages of
the original inside diameter of each. The rock-cavity crown-invert
closure increases monotonically with the applied vertical pressure and

reaches about 107 when the vertical pressure is 16 ksi (110 MPa) at
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the end of the test. The rock-cavity springline closure, however, is
first slightly negative (less than a 0.1% increase in the springline
diameter) and then later becomes positive for pressures greater than
7 ksi (48 MPa), reaching a maximum closure of about 3.5% at the end of

the test.

As expected, closure of the liner is much less than that of the
rock cavity. For example, when the rock-cavity crown-invert closure is
10%, the liner crown-invert closure is only 0.6%. Both closures are
positive throughout the test. 1In contrast to rock-cavity springline
closure, however, liner springline closure is always negative and has
about the same magnitude as the crown-invert closure at all vertical
pressures., Figure B.3 also shows that the magnitudes of both the liner
crown-invert and springline closures have a relative maximum at PV =
10 ksi (69 MPa) of about 0.7%. For pressures between 12 and 16 ksi

(83 and 110 MPa), liner closure remains constant, and then the crown-

invert closure increases while the springline closure decreases.

The deformation of the liner may be understood by examining the
stress in the backpacking as it deforms. Initially, the pressure on
the liner is asymmetric because of the asymmetric closure of the rock
cavity and the corresponding asymmetric deformation of the backpacking.

Because the backpacking strain is greater at the crown-invert than at

&
1
4

S

TR L

the springlines, the liner becomes oval. As the strain in the backpacking

at the crown and invert reaches about 107 at PV = 10 ksi (69 MPa), the
pressure on the liner around these points becomes constant (see

Figure B.Z).* However, the backpacking strain at the springlines is
less than 10%, and the pressure at the springlines increases with

further loading. Therefore, the springline closure increases and the

*

Strain in the backpacking Ebp can be calculated with the formula

ebp = R/H [ADR/DR - (DL/DR)(ADL/DL)]

where AD_/D, is rock-cavity closure, AD /D  1is liner closure, D /DR is
the liner-to-rock-cavity diameter ratio, and R/H is the radius-%o—
thickness ratio of the backpacking.
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crown-invert closure decreases. When the backpacking strain at the
springlines reaches 10%, the pressure on the liner is constant around
the circumference and the liner does not deform from its ovalled shape
as the applied pressure and rock-cavity closure both increase. Finally,
at about P, = 16 ksi (110 MPa), the backpacking at the crown-invert

Y
starts to lock up and the liner oval deformation resumes.

The liner crown-invert and springline closures are nearly equal
and opposite because, unlike that for the rock cavity, liner deformation
is almost entirely in the oval mode (n = 2). The backpacking isolates
the liner from hoop mode (n = 0) deformation because by design tl..¢
crushing stress of the backpacking (OCr A 550 psi = 3.8 MPa) is much
less than the yield pressure of the liner (py = oyh/a = 40,000 psi/12.5 =
3200 psi = 22.1 MPa). Thus, liner hoop deformation is elastic and
limited to values negligibly small on the scale of deformations in

Figure B.3.

B.4 CYCLIC LOADING RESULTS

Figure B.4 plots crown-invert and springline closures as a function
of applied vertical pressure for both the liner and the rock cavity.
Closures during loading are shown as solid symbols and during unloading
as open symbols. The specimens were loaded with unload-reload cycles
at PV = 7.5, 10, and 18 ksi (52, 69, and 124 MPa). Unloading was

stopped at about 1.5 ksi (10 MPa) to preserve the testing machine : -1s.

For comparison with the cyclic-loading closures, Figure B.4 also
includes lines representing the monotonic loading data plotted in
Figure B.3. The close proximity of the monotonic and cyclic loading
data shows that cycling the load does not reduce the structure's load-
bearing capacity; greater closure requires higher pressure, just as
for monotonic loading. Furthermore, unloading and reloading occur along
the same path. A minor deviation from this trend was found in the liner
deformation during the reload portion of the cycle initiated at 18 ksi
(124 MPa).
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During the reload portion of this last cycle in load, the magnitude

y = 10 ksi (69 MPa), as it

did for both monotonic loading and initial loading to 18 ksi (124 MPa)

of the liner closure does not decrease at P

in this test. The reason for the difference is that loading to PV = 7
18 ksi (124 MPa) causes the backpacking to begin to lock up. This g
point is shown on the stress-strain curve for the backpacking material .
given in Figure B.2. Respounse to unloading is plotted as a dashed line

in this figure. Reloading response also follows the dashed stress-strain

path: stress increases monotonically with strain; there is no constant

stress crush, as there is for monotonic loading. Therefore, the load

on the liner and, consequently, the amplitude of the liner closures

increase monotonically during reloading.

The resulting liner closure curves for reloading are not, however,
simply the monotonic loading curves shifted backwards along the pressure
axis by 8 ksi (55 MPa), because during the reloading part of the cycle
the rock-cavity springlines are moving outward, whereas for monotonic
loading they are moving inward. This difference in rock-cavity spring-
line motion causes the backpacking to exert a different pressure on the

liner springlines, and hence, gives slightly different liner response.

Although this last cycle in load did produce additional liner
closure (less than 17 at the end of the cycle in load), it represents
an extreme case where a cycle in load is initiated at a pressure above
the design load. The design load for this backpacked structure is about
15 ksi (about 100 MPa). Figure B.4 shows that for this load the rock-
cavity crown-invert closure is 5% and the liner closure is less than
1%. This design load falls in the middle of the pressure range over
which liner closure remains constant. Cycles in load initiated at the
design load would not be expected to produce additional liner closure

because the backpacking would not have started to lock up.

These four tests show that a rock cavity reinforced with a backpacked

structure shakes down in the same way as a similar cavity reinforced

with an integral (or direct contact) structure. Also, the tests again
demonstrate that backpacking effectively isolates the interior liner

from the large rock-cavity closures.
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