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ABSTRACT

Model laws governing the design of geon, hanical model studies of underground
openings in rock subjected to static loads are developed using dimensional analysis and
the theory of models. The significant variables influencing the behavior of rock con-
sidered in this study arc the frec-field stresses, the properties of the discentinuities in the
rock mass, the opening geometry, and the structural liver supporting the opening. The
prototype chosen for study is a short section ol a loey cireular tunnel which is under-
ground at & depth of more than four tunnel diamete s,

The development of geamechanical modehng techniques for the construction and
testing of jointed rock models is deseribed. The strength properties of the intrct model
material and of the joint surfuces are also presented. The models were tested in plane
strain (zero strain parallel 1o the tunnel axis) by the use of a controlled rigid longitudinal
loading head.

Five jointed models were tested 1o determine the etfect of tunnel liner stitfness and
the ratio of joint spacing to tunnel diameter on the behavior of tunnel tiners in jointed
rock masses. The model tunnels were lined with plexiglass Yiners of varying thickness to
simulate reinforced concrete liners in a juinted rock mass. The effect of the ratio of the
tunnel diameter 1o joint spacing on structural behavior was studied by testing three
different size tunnels in the model rock mass composed of 1-in. square joint blocks. The
structural behavior of the models was assessed by mceans of quantitative measurements
such as measurement of the diameter changes of the liner, the extensometer measure-
ments ol displacements in the rock mass behind the tunnel wall.

The vbserved model behavion was analyzed and compared to a previously developed
clasto-plastic analysis. The analyscs showed that elastic theory was stifficiently accurate
for calculating the diametrical strains of the lincd tmnels up to diametrical strains of
about 1.2%. For diametnical strains above 1.2%, the clasto-plastic theory was used suc-
cessfully to caleulate the tunnel diametrical strains within an error of about + 15%.
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MODEL TESTS OF LINED TUNNELS
IN A JOINTED ROCK MASS

1 INTRODUCTION

Justification fer Geomechanical Model Studies. The
ciirent volume ot underground construction activity
for military and civil work is unprecedented in history,
and iy expected to expand significantly in the future.
Morcover, the size and complexity of underground
structures is steadily increasing. Although significant
advances have been made in recent vears, our under-
standing of the behavior of underground openings is
paor because the problem is extremely complex and
hiohly indeterminate due to the discontinuous nature
of jointed rock masses. A more comprehensive under-
standing of the interaction of various structural liners
with jeinted rock masses is necessary if future under-
eround works are 1o be designed and constructed
ravonally and economically.

Among ihe variables which exert a significant in-
fluence on the behavior of underground openings in
rock are the following: nuatural free-field stresses in
rock mass: artificial, superimposed loads coming cither
from within the opening or applied to the rock mass at
some distant point: mechanical properties of the intact
rock material; the nature of discontinuities in the rock
muass, such as joints, taults, and bedding planes: the
geometry of the opening: the structural liner or rock
bolts supporting the opening; and the techniques and
sequence by which the opening is constructed.

Analytical methods of predicting the behavior of
underground cpenings in rock are quite iimited in ap-
plicability because the jointed rock mass is gencrally
discontinuous; the construction procedures are of great
significance but are often indeterminate: and the sys-
tem consisting of the underground structure and the
surrounding rock mass is also highly indeterminate.
Solutions from the theory of clasticity are directly
applicable only to a limited number of rock masses
whose properties approach the assumptions of clastic
theory because joint spacings are large and the stress
levels imposed are helow failure stresses for the rock
1114SS.

Numerical analyses utilizing finite clement tech-
nigues and clectronic computers are much more versa-
tile and are hecoming quite sophisticated. They are

capable ot considering to varying degrees such praper-
ties as openings of any shape, anisotropy, non-homog-
encous layering, non-lincar elastic-plastic  frictional
material properties. and discontinuities in the rock
mass (see for example Reyes.! Goodman,? und Zien-
kiewicz.?). At present, however, restrictions of com-
puter size, development of finite element techniques.
and our ability to accurately determine and describe
the actual complex properties of the intact rock ma-
terial. the rock mass, and the underground stiuctures
limit the usefuiness of this method of analysis.

Hence, in addition to the use of theoretical and
analytical techniques in studying and predicting tne
behavior of underground openings. it is necessary to
use empirical techniques in field and tuboratory experi-
mentation, Limited field data concerning the behuavior
of underground openings subjected to static and dy-
namic loadings are available, but it is not pogsible to
extrapolate these data directly to predict the behavior
at other sites where the pertinent variables have differ-
ent values. In order to do this one must have a quanti-
tative basis for determining how changes in the vari-
ables will influence the bchavior of the opening. To
develop empirically such quantitative relationships
between the pertinent variables and the behavior of the
opening, data must be obtained ovei n wide range of
the variables. The cost and impractical ty of obtaining
data from many full-scale field construction sites Limits
the uscfulness of this approach. Field data does, how-
ever. offer the only ready means of studying the influ-
ence of construction techniques. In addition, concepts
and predictions derived from other methods of study
must ultimately be checked by field observations to
substantiate or disprove their validity and usefulness.

' S.I°. Reyes. Elastic Plastic Analysis of Underground Open-
ings by the Finite Element Method, Ph. D. Thesis (Universi-
ty of Hinois, 1966).

@ R.E. Gooadman, “On the Distribution of Stresses Around
Circular Tunncls ir Non-Homogeaous Rocks.™ Proceedings,
Ist International Congress, Vol 2 (Int. Soc. of Rock Mec..
1966) pp 249-255: R. E. Goodman, R.L. Taylor and T. L.
Brekke, A Model for the Mechanics of Jointed Rock.™
Proccedings ASCE, Vol 94, No. | (May 1968) pp 637-659.
0.C. Zienkicwicz, “Contintum Mechanics as an Approach to
Rock Mass Problens,” Rock Mcechanics in Engineering Prac-
tice, Stagg and Zienkiewicz, ed. (John Wiley & Sons, 1968).

-



A ost promising technigque tor studving the in-
fluence of many of the pertinent variables appears to
be the use of geomechanical maodels. Tn this technique,
a small seale model of the underground opening is con-
structed ina material which accurately models the
properties of the actual rock mass in the ficld. The
nwadel is then loaded m such a manner as 1o reproduce
the stress state which exists in the real prototype
underground. If the requirements of similitude are
satistied, the behavior of the model then reproduces
the behavior of the prototype in all respects: distri-
bution ot stresses, distribution of strains and defor-
mations both elastic and inelastic, and failure modes.
There are relatively few theoretical limitations on this
technique. Hs usefulness appears to depend mostly
upon the skill and ingenuity of the investigator in solv-
ing the many practical and technical problems involved
m trving to satisfy the requirements of sinulitude, par-
tcularly in modeling the details of the underground
structure and of the geologic environment of the proto-
type. These probleats are-not insignificant.

The validity and usefulne. < of structural models is
well established in many phases o) engineering rescarch
and design. The most notable examples in civil engi-
neering probably are the structural model tests of arch
dams and other structures at such places as Laboratorio
Nacional de Engenharia Civil in Lisbon, Portugal and
Istituto Sperimentale Modelli ¢ Strutture in Bergamo,
ltaly. The next step beyond structural modeling is the
use of geomechanical models in which not only the
proposed engincering structure is modeled. but an at-
tempt is also made to model the details of the geologic
environment in which the- structure is to exist. For
example, the in-situ stress state, the strength and de-
formability of the different rock formations, and the
frecazncy, orientation, and strength and deformation
characteristics of discontinuities such as joints. bedding
planes, and faults are modeled as accurately as is pos-
sible and ~vtical. The structure and surrounding geo-
logic environment are envisioned as a single interacting
unit in which the behavior of the structure itself can-
not he predicted without giving due consideration to
the behavior of the surrounding geologic environment,

The use of geomechanical models appears to be
the only technique availuble -unalytical or experi-
mental for determining the behavior of underground
openings through all stages of loading and deformation,
both clastic and inelastic, up to failure.

The theoretical hasts of model stadies in general

r2

(for example, Marpay.? Langhaar,®) and of structural
and geomechanical models in particular (for example,
Precce and Davies.” Rocha.” Fumagalli,® Mandel,”)
has been well established. The basis for geomechanical
model studies of underground openings in rock (not
considering  time-denendent behavior) has been  dis-
cussed and developed to varying degrees by experi-
menters such as Barron and Larocque,'® Everling,'!
Hobbs.'2 Hoek,'® and Fumagalli.'®

Some critical aspects of similitude requirements
such as boundary loading conditions and model materi-
al properties generally have not been adequately satis-
ficd by the investigantors above, however, and their

4 G. Murphy, Somilitude in Engineering {Ronald Press, 1950).

s 1LL. Langhaar, Domenisional Analysis and Theory of Models
{John Wiley & Sons, 1951).

6 B.W. Precee and LW, Davies, Maodels for Structural Conercte
(C.R, Books Ltd., London. 1964).

M. Rocha, “Made! Tests in Portugal.” Civ, Engr. and Pub.
Work Rev., Vol §3, No. 619 (January 1958) pp 49-53, and
No. 620 (February 1958) pp 179-182: “Structural Maodel
Techniques Some Recent Developments.” Stress Analysis,
Zienkiewicz and Hollister, ed (John Wiley & Sons, 1965).

E. Fumagalli, “Communication Sur Les Materiaux Pour
Modeles Statiques Jde Burrages en Beton.” Sth International
Congress on Large Dams, Vol 4, C. 26 (Paris, 1955) pp
1039-1074; “*The Use of Models in Reinforced Concrete
Structures,” Magezine of Conerete Research, Vol 12, No. 3§
(July 1960) pp 63 72 und “Modeles Geomecaniques des
Reservoirs Artificiels: Materaux, Technique D’Essais, Ex-
ampler de Reproduction Sur Modeles,” ISMES Pub, No. 26
(Bergamo, Ttaly, October 1964): “Model Simulation of Rock
Mechanics Uroblems,” Rock Mechanics in Engineering Prac-
tice, Ch 1. Stagg and Zienkiewicz, ed. (John Wiley &
Sons, 1968).

° J. Maudel, **Tests on Reduced Scale Models in Soil and Rock
Mechanies, A Study of the Conditions of Similitude.” futer-
national Journal of Rock Mechanics and Mining Science, Vol
1. No. | (1964) pp 31--42,

=

to K. Barron and G. Taroque, “Development of a Model for a
Mine Structure.” Proe. Rock Mechanics Symposium (McGill
University, Montreal, 1962),

"1G. Everling, “*Model Tests Concerning the Interaction of
sround and Roof Support in Gate-Roads.™ Int. Journ. Rock
Meeh. and Min, Sci., Vol 1, No. 3 (1964) pp 319-326.

12D W, Hobbs, “Scale Model Studics of Strata Movement
Around Mine Roadways, Apparatus, Technique, and Some
Pretiminary Results.” Int. Journ. of Rock Meoech. and Min.
Sei,, Vol 3, No. 3 (May 1966) pp 101-128; “Scale Model
Studics of Strata Movement Around Mine Roadways - 1,11,
WL Int. Journ, of Rock Mech, and Min. Sei., Vol 5. No. 3
(May 1968) pp 219-251.

1VE. Hoek, Rock Fracture Under Static Stress Conditions,
CSIR Report MEG 383 (Nat. Mech, Eng. Res. Inst., Pretoria,
South Afica, 1965),

VAl Famapalli, “Model Simulation of Rock Mechanices Prob-
lems.”




work s ot limited value in a seneral enderst

adergrond openings in rock. For example, in the
studies cited above the rock tunnels studied were sub-
iected to plane stress rather than the plane strain load-
ing which tunnels are subjected to in the field. In
addition, the model materials used by the investigators
listed above had angles of internal triction ranging from
57 10 20” under significant stiesses and thus would lead
toan underestimation of the strength of rock materials
around tunnels in the field.

Heuer and Hendron'® have overcome these diffi-
culties by developing a device to subject model tunnels
to plane strain loading and by developing a model
material with an angle of internal friction comparable
to many real rock materials. In addition. techniques
have been developed for ucquiring detailed quantitative
measurcments ol the behavior of the rock mass behind
the tunnel wall.'® Recent developmients also enable
the modeling of the interaction of structural linings
with jointed rock masses.”

Scope of Study. In this study a number of models
were tested to study their behavior. The models were
lined with plexiglass liners of varying thicknesses to
simulate reinforced corerete tunnet liners in a jointed
rock mass. The effect of the ratio of the tunnel diame-
ter to joint spacing on structural hehavior was also
studicd by testing three different size openings in the
model rock mass composed on  1-in. square joint
blocks. The structural behavior of the model was as-
sesscd by means of quantitative measurements such as
clip guge measurcments of diameter changes of the
liner, and model extensometers to measure displace-
ments in the rock mass behind the tunnel wall,

*SR.E. Heuer and ALJ. Hendron, Geomechanical Model Study
of the Behavior of Underground Openings in Rock Sub-
jected to Static i.oads: Report 1, Development of Modeling
Techniques, Contract Report N-69-1 (U.S. Army Engincer
Waterways Experiment Station { WES], Ociober 196Y),

VR.E. Heuer and AJ. Hendron, Geomechanical Model
Study.. Report 1 RE. Heuer, “Geomechanical Model Study
of the Behavior of Underground Openings in Rock Sub-
jected to Static Loads,” Ph.D. Thesis (Universi'y of Hlinois,
1970, and Hewer and Hendron, Geomed! wnical Model
Study of the Bekavior of Underground Openings in Rock
Subjected to Static Toads: Report 2, Tests on Unlined
Openings in Intiet Rock. Coptract Report N-69-1 (WES,
1971).

1AL Hendron, Jr.. P Engeling, ALK, Aiyer, and S. Paul, Gro.
omechanival Model Study of the Behavior of Underground
Openings - Rock Subjected to Static Loads Report 2
(WES [in publication] 1.

o ‘ anding of
the influcnce of the vanables atfecting the behavior of

The similitude requirements governing the choice
of mode! rock material and the model structural liner
are given in Appendix A. Although this analysis was
developed in previous studies by Heuer and Hendron, it
is repeated in Appendix A to give the reader a better
understanding of the basis tor the choice of the strue-
tural linings tested in this study.

The methods and  dewils of constructing  the
jointed models are deseribed in Chapter 2, which also
reviews strenpth propertics of the intact model material
and gives strength propertics of the joint surfaces. De-
tails of the »aodel instrumentation are also irch||<|§d.
(Appendix B describes the model loading apparatus.)
Chapter 3 discusses selection of the model structural
liners and repoarts results of the experimental measure-
ments. An analysis of the data and the conclusions
which can be drawn from these tests is in Chapter 4.

2 GEOMECHANICAL MODELING
TECHNIQUES

The mode! material, the techniques of model con-
struction, and the instrumentation and loading equip-
tment used on this contract (DACA 23-70-C-0050) were
all  developed on  a  previous  contract (DACA
39-67-C-0009) with the US. Army Enginecr Water-
ways Experiment Station. Complete discussions of
these carlier phases of the project are given by Heuer
and Hendron. Heuer, and Hendron et al. The remainder
of this chapter is a brief discussion of the moedeling
techniques used in this phase of the project.

Development of Jointed Models. The loading frame
used was designed to test 24” x 247 x 8" models in
plane strain (no strain along the axis of the tunnel).
he model tunnels tested on this study were 4. 6, and
& inches in diameter and were drilled through the
center of the 247 x 24" {aces. Thus, the model tunuel
simulates o section in the axial direction, All of the
jointed models were constructed to have two sets of
mutually perpendicular joints oriented parallel to the
tunnel axis. Figures 1 and 2 show the joint configura-
tions used in the models tested in this study. The
models were tested with the 24 x 24™ faces bori-
zontal, and thus the longitudinal direction is vertical in
the model whereas it would generally be the horizontal
dircction in the ficld. The modeis were tested in this
oricntation hecause it greatly simplified the design of
the Toading apparatus,



Figures 1 and 2 show that » turge number of joint
blocks were required for the construction of a single
model. Two possible methods could be used 10 manu-
factire such a farge number of joint blocks: they could
cither be cast in a mold o the proper shape, or they
could be sawed ~ut of Targer blocks of model material.
Beewse of the large amount ol time-consuming work
anticipated in a sawing process, it wis decaded first to
try  molding the blocks by vibiating a sand-water-
plaster mix in a mold. The anticipated model blocks
would be required to have a low cohesion, ¢, so they
could be failed by the testing machine and a high angle
or shearing resistance, @, to accurately simuliate the
properties of rock. It was necessary for the blocks to
have a very dense packing of sana grains to prevent
collapse of their structure at high confining pres-
sures. '™ Also it was desired to use the same kind of
sund and plaster in the vibrated moedel material as had
been used in the compacted model material used in the
solid model blocks.!®

Attempts to make joint blocks by vibrating materi-
al in a mold proved to be futile because the blocks
were too fragile to be reimaoved from the mold. (These
were 27 27 x 87 blocks). The failure to successtully
extrude the vibrated joint Mocks was due targely to the
very low cohesive strength of the material.

After attempts at molding joint blocks failed it
was decided to make joint blocks by sawing them out
of targer compacted blocks. Steel molds 20 x 20 x
6" were used to compact 20" x 20” x 3™ blocks using
the same compaction procedure and the same mix
proportions as used by Heuer and Hendron on 24™ x
24 x 8" solid model blocks (Fig. 3). A decided ud-
vantage of this procedure is that the intact material of
the joint blocks would be essentially identical to the
irzwes material composing the solid models tested pre-
viously by Heuer. This model material developed by
Heuer and Hendron is probably the best reported to
date for modeling the propertics of rock.

- After compaction, the blocks are allowed to air
dry for three days, then put into an oven to dry at
105°F tor about a week. When the 20 x 20 x 3"
blocks are properly cured. thev are strong enough to be
handled easily without breaking. They also saw very
casily. A metal surface grinder with a moving table was

18 R.E. Heuer., Geomechanical Model Study.

RLE Heuer and AU Hendion, Geomechanical  Model
Studv...Report 1

converted into a saw for accurately cutting joint blocks
(Fig. 4). Diamond blades are used quite successfully for
sawing joint blocks with this machine—it has been pos-
sthle to saw blocks as small as 1727 x 1727 x 8", A jig
wias also made to fit the saw for cutting the triangular
cross-scction blocks nsed around the edges of models
which have joints oriented at 45° to the principal Gi-
rections of loading (Fig. 1),

Since exaetly the same muaterial was used in the
joint blocks as was used by Heuer and Hendron in the
solid blocks, a4 new series of material properties tests
was not necessary. The standard mix is made in the
ratio of 1.2/1/9,.01 (water/plaster/sand/retarder) by
weight. The plaster used is white molding plaster. The
sand is the fine fraction of a Pleistocene sand deposit
obtained from the Sungamon River valley near Ma-
homet, Htinvis. The grain size distribution of the fine
Sangamon River sand is shown in Fig, 5. The rctarder
used is sodium phosphate (Na; HPO,4) in the dibasic
anhydrous powder form,

The sand, plaster and retarder are mixed together
dry for about 5 minutes in a concrete mixer. The water
is then added while the mixer is running and the batch
is mixed wet for about 5 minutes. When the wet mix is
homnogeneous, it is pluced in the mold in aboui 1/2-in.
thick layers and compacted with a pneumatic tamper
by the same method used by Heuer and Hendron.

The intact shear strength properties of the model
nuaterial are shown in Fig. 6. The angle of internal
friction is ¢ = 33° and the unconfined compressive
strength is q, = 555 psi.

The Mohr failure envelope for the intact material
in Fig. 6 is cssentiully a straight linc up to confining
pressures as high as 1000 psi. This is in marked contrast
to the behavior of most previous model materials
which approach ¢ = 0° behavior at high pressure. Since
a high frictional shearing resistance is one of the most
important properties of jointed rock masses. it is es-
sential  that a model rock material have high frictional
resistance.

A scries of three direct shear tests were run on 2”
x 6" sawed joint surfaces of the model material. These
tests were conducted in the direct shear machine in the
University of Hlinois rock mechanics laboratory. Tests
were run at normal stresses of 50 psi, 150 psi. and 400
ps . The measured maximum shear strength in each
case respectively was 33.3 psi, 97.5 psi, and 230 psi.
These three points are plotted in Fig. 7, which shows
that the cffective angle of shearing resistance on the



S

s

1 y* w»o_ | My_.fi
R SKAR LA , :
mwv 5 ..»."."u.“"“m..wm.“ S

& |
OO O O 1;
QR RIRTGIES XK
P G RR A LRIAIAHAKS
- 00"000000 QIRRRXIT™
LRl essssor
RIS

Jointed model configuration used i Joint Block 26, #7 and #8.

Figure 1.

u

o
H ; M_
|
P~
b
'z
=

Tointed model contiguration used in Joint Block #9 an. #10.

Figure 2.



Best Available Copy

Figure 3. Coon

Fiowre 4

¢

wchon ol 207

Dt d B

< 207 % 37 hiock of model material.

s e o ot I('illl NN Y



Percen’ Finer

10¢

60

20

YT t JSra.nd 51
soarse Yedium Fine | 1t

b o o S :ﬁ.evc number,

= r A R S § U.S. Standard
ew"C 37
°nin-0 e 52

| — 1
2.0 1.0 0.5 0.2 0.1 .05 .02

Diameter, mm

Figure &,  Grain size distribution of fine Sangamon River sand,

0.01



Tenslon

Camprostion

2000

T

1 1 T T T 1

Mohr tuvelope - Trienisl Compressien
W/P/S 1.2/1/% teing The Fing -
Sangamon Sond

32172

400

R
v ™~
- A
° ~
S 1000 |-
i 7
- / ‘K/\ \
™~ / / \\ ‘\
[0 \
% ‘, \ ! \ \
\ 1 ) | L L )
/7 0 1000 2000 3000 4000
! , %" $s3 Normal Stress, 7, psl
- Tonsile Strength = 6% q,
Figure 6.  Triaxial shear strength properties of intact model material.
300 -[ I
o, (pai) P mex (P! /
50 33.3
150 97.5 o
O 400 230.0 /
/
~ 200 P e
8 /
v’ P
£ /
g 130 va
2
»
(‘,8', 100 //
A /
30
7z 7
°0 30 100 150 200 2% 300 330
Normal Stress, o, (psl) .
Figure 7,  Resuits of direct shear tests on joint surfaces nf model waterial.



joint surtaces decreases from 337 1o 20 with increas-
ing normal pressures. All three direet shear specimens
had flat-top shear strength vs. deformation curves for a
given normal pressure. In all three cases, the residual
shear strength after 3 em of slip along the joint was
essentially the same as the peak shear strength, These
tests indicate that a value of the angle of shearing re-
sistance for use in an analysis of the jointed models
should be slightly lower than the value obtained in the
triaxial tests of intact samples shown in Fig. 6. For the
theoretical clasto-plastic analysis, the appropriate angle
of frictional resistance should be taken as the angle of
frictional resistance along the joints, not the angle of
internal friction derived from triaxial tests on intact
samples of the model material (Hendron and Aiyer.2?)

The sawing tolerance on the bloe. s is about + 0]
in. This means that in a model with ~-in. joint spacing,
if all of the blocks on one row are 0.01 in. too thin and
on the next row they are all 0.01 in. too thick. the
maximum offset of the joints across the model would
accumulate to as much as 0.24 in., which is intolerable.
The test blocks must therefore bhe constructed by se-
lecting the blocks so that they fit together to make
straight joint fines with minimum offsets in both di-
rections (Fig. 8). The blocks are constructed on edge
on a table and then moved block by block into the
testing machine. Each of the external faces ot i™e con-
structed block is flattenced by grinding and is tharough-
ly cleaned of dust with compressed air before placing it
in the testing machine.

The jointed models are placed in the testing ma-
chine on a friction reducing sandwich composed of a
sheet of teflon plastic sandwiched between two sheets
of 4 mil polyethylens plastic placed directly on the
hase plate of the testing machine. The plastic sheets are
used to reduce friction between the model and the base
plate of the testing machine.

When the model is constructed in the testing
machine, the loading clements are put in place and a
small scating load of about 25 psi is applicd in both the
horizontal and vertical directions. With the seating loud
held constant, the 4-in. diameter tunnel is cored and
cleamed out thoroughly with a vacuum cleaner. The
joints intersecting the tunnel are then scaled with u

AL Hendron and ALK, Aiyer, Stresses and Strains Around a
Cylindrical Tunnel in an Flasto-Plastic Material with Dilint
ancy, Technical Report (Omalia District, U.S. Army Corps
of Engincers, Tanuary 1971 [in publication|).

9

Figure &.

Jointed model ready for test.

smatl bead of silustic caulking compound which is al-
lowed to cure for two days. The tunnel wall is then
painted with SR-4 strain gage cement for waterprool-
ing purposes and the cement is allowed to cure for one
day. The instrumented tunnel liner is then installed in
the tunne! and the base of the liner is sealed with si-
lastic. When the silastic has cured, the liner is grouted-
in with a liquid grout consisting of one part water fo
one part sulfaset rock bolt cement by weight. The
grout is cured for one day and then the loading head is
placed on top of the model using two layers of 4 mil
polycthylene sheet and a layer of plaster to get close
contact between the model and the testing head. This
procedure for placement of the loading head is the
same as that used by Heuer.

Free-Field Strain Measurement. In the jointea blocks,
strain gage measurement on the intact blocks are mean-
ingless as measure of the free-tield strain of the model
due to closure along the joints. Thus buried extenso-
meters were used in the jointed models to measure the
average relative displacement of two points across the
block. Average strains ol the block were obtained by
dividing the relative displacement between the points
by the distance between the points, (¢ = AL/L). Fig. 9
shows the locations of extensometers and their identifi-
cation code.

The buaried extensometers are simply metal rods
grovtted with epoxy into holes bored into the model to
the specitied depth, The extensometer holes are bored
with it masonry bit. Plastic tubing is used to contain
the epoxy until i is extruded by pushing the extenso-
meter mto positten in the model. Figure 10 shows a
series of extensometers ready to be filled with epoxy
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Figure 10. Extensometers ready for installation in test
block.

and installed. The extensometers are composed of a
picce of 1/4-in. diameter metal rod with a scating hole
drilled in the end. Two pieces of plastic tubing are used
to make a cup to contain the epoxy on one end of the
extensometer and another piece is used as u spacer to
center the 10d in the hole near the face of the model
(Fig. 1'1a). A typical vverall installation of two buried
cxtensometers is shown in Fig. 11b. The epoxy is very
viscous and will not low out when the extensometers
are held in a horizontal position. Figure 12 shows an
extensometer as it was exposed after a test. The model
must be under a seating load when the extensometer
holes are drilled and when the extensometers are
grouted in place.

The movements of the extensometers dare meas
ured with beryllium-copper ¢lip gages like those used
to measure diarreter changes in the tunnels of the pre-
vious tests.2! Taese gages consist of S-in. curved strips
of beryllium-copper with scating points on the ends.
Each strip is gaged with four strain gages wired on a
four-arm bridge. These clip gages can be accurately cali-
brated with a standard strain indicator and they are
lincar over a range of about 1 in. deflection. Figure 11h
is a detail of the setup used to measure the movements
of the buried extensometers.

Each of the clip gages is calibrated before and after
cach test while wired to the same terminals used during

1 R.§. Heaer, Geomechanival Model Study,

the test. There are small changes in the calibration of
the gages from test to test and continual recalibration
is necessary to detect changes in the system before
running a test,

3 TEST RESULTS

Table 1 summarizes the model tests completed in
this study. The five tests completed are designated as
JB #6 through JB #10. JB #6 was tested at an N value
of 2/3 as a continuation of the first series of jointed
models (JB #1 through JB #5) tested under a previous
contract (DACA 39-67-C-0009).22 JB #7 through JB
#10 constitute the second related series of jointed
models tested. All the models in this second series were
tested at a principal stress ratio N = oy /oy = 1 so that
the results could be compared to an elasto-plastic theo-
ry with dilatancy developed by Hendron and Aiyer.
Comparisons between this theory and the model test
results are presented in Chapter 6.

The usual type of liner of interest for practical
protective structures problems is a reinforced concrete
integral liner in rock. For example, consider an 18-in.
thick reinforced concrete liner in a 20-ft diameter
opening. The circumferential stiffness of the liner would
3x10° psix 18in. _

T0f X 12:nfft  +>0:000
psi and the jointed rock mass might have an effective
plane strain deformation modulus of about E; = 1--2
x 10° psi. These figures would give a linear stiffness to
Et/R _ 450,000 psi _
E, 1-2 x 10° psi
045 - 0.225. In these model tests, three sizes of
plexiglass liners were used as shown in Table I. The
circumferential stiffness of these liners varied from
16,700 psi to 25,000 psi, whereas the range of model
stiffness, Em, for models JB #7 through JB #10 was
61,000 psi to 64,300 psi {Table 1). The ratio of the
circumferential stiffness of the liner, Et/R, to the plane
strain stiffness of the model, Em, varied from 0.261 to
0.410 (Table 1). Thus the models had a circumferential
stiffness to rock mass stiffness ratio similar to that of
the prototype structure mentioned above. The ratio of
the bending stiffness, EI/R3, to the circumferential
stiffmess, Et/R, determines whether a liner will fail by

be approximately Et/R =

rock mass stiffness ratio of

22 AL, Hendron et al, Geemechanical Model Study...Report 3.
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Figure 12, Extensometer exposed after test.

buckling or by simple circumferential compression {ail-
ure. This ratio is dependent only on the value of t/R.
The value of t/R for the prototype cited above is 0.15
while values for the liners used in the models are
0.0625 and 0.046. Thus the model liners are more like-
ly to buckle than is the 18-in. thick concrete liner in
the 20-ft diameter example prototype structure. In the
model :sts, none of the plexiglass lincrs buckled and
two of them failed in circumferential compression as a
prototype concrete liner would. Thus the selection of
plexiglass liners prevented a buckling mode of failure
which had previously been experienced with aluminum
liners.2?

The remainder of this chapter consists of a system-
atic presentation and discussion of the data obtained in
the testing of the models JB 76 through JB #10.

Presentation of Test Results

Joint Block #6. #6 was identical to JB #52¢ ¢x-
cept that a plexiglass liner was used in JB #06 and an
aluminurn liner was used in JB #5. The change to plexi-
glass was made because the bending stiffness (EI/R? =
4.5 psi) of the aluminum liners was too low and the
circumferential stiffness (Et/R = 175,000 psi) was too
high to model reinforced concrete liners in rock. As a
result the aluminum liners buckled before the ultimate
thrust capacity “of the aluminum section was de-
veloped. Also, the circumferential stiffness of the

13 AL, Hendron et al, Geomechanical Model Study...Report 3.
24 A J, Hendron et al, Geomechanical Model Study...Report 3,

aluminum liner was about 4.5 times as great as the
stiffness of the jointed model in the vertical direction,
which caused the liner to attract excessive load by
arching. Thus it was desirable to increase the bending
stiffness of the liner in JB #6 to reduce the chance of
buckling failure. It was also desirable to decrease the
thrust stiffness of the liner to a value less than the
modulus of the surrounding model rock mass so that
the test would more accurately model real prototype
structures in jointed rock masses. A 4-in. diameter
plexiglass liner 1/8-in. thick has a calculated thrust
stiffness of 25,000 psi and a calculated bending stiff-
ness of 8.15 psi. These stiffnesses are based upon a
Young’s modalus of the plexiglass, E, of 400,000 psi.
The value of E was deternmmined by testing an 8-in. Jong
sample of the 4-in. diameter liner in uniaxial compres-
sion using SR-4 strain gages to measure the strains. The
average vertical model stiffness of JB #5 was Ey, =
38.000 psi and thus the thrust stiffness of this liner was
lower than the model stiffness as desired.

With the aid of the information above JB #6 was
constructed using 1-in. joint blocks oricnted at 45° to
the loading directions; and a 4-in. diameter plexiglass
liner 1/8-in. thick. JB #6 was tested at a principal stress
ratio N = op/oy = 2/3 to compare with six previous
tests®* conducted at N=2/3.

Figures 13 through 15 arc summary plots of the
data obtained in the testing of JB #3. Figure 13 is a
plot of the vertical stress-strain curves of the model.
The stress-strain curve designated as “‘vertical-shallow”
was obtained from’ a pair of extensometers buricd 3 in.
deep in oppuosite vertical faces of the model as shown
in Fig. 9 and represents the average strain over the
central 18 in. of the vertical model centerline. Thus the
“vertical-decp™ stress-strain curve is more affected by
strain concentrations due to the tunnel and the “verti-
cal-shallow” stress-strain curve is more representative
of the free-ficld strain of the model. After initial seat-
ing movements, hoth of the vertical stress-strain curves
arc almost linear up to a vertical model stress of 1200
psi. Above 1200 psi they both show the strain to in-
crease at a slightly increcasing rate with pressure. The
scparation of the two vertical stress-strain curves indi-
cates that the movements of the decp cxtensometers
were affected by the presence of the tunnel.

The wiametrical extensometers in JB #6 were
placed at angles of 10°, 35°, 55°, and 80° from the

15 AJ. Hendron ot al, Geomechanical Model Study...Report 3,



Table 1
Summary of Model Blocks Tested

Tunnel
Diameter
(in.)

Test
Block

Liner
Properties*

Joint
Spacing
(in.)

Joint

— (Yh
Orientation N=

Em(psi)

B #6 4 plexiglass
t=0.128 in.

EtR = 25 000 psi
EY/R® = 815 psi
plexiglass
t=0.125in.

Et/R = 25,000 psi
FI/R? = 8.15 psi

B 7 4

JB #8 6 plexiglass
t=0.125 in.

LUR = 16,700 psi
EI/R® = 2.4 psi
plexiglass
t=0.1235in,

EtR = 16,700 psi
EI/R? =24 psi
plexiglass
t=0.2501.

Et/R = 25,000 psi
Li/R? = 8.15 psi

B #9 6

JB=10 8

1

45" 2/3 54,000

45° 1 64,300 0.389

487 I 64000 0.261

90" 1 52,500 0.268

9u° 1 61,000 0410

*

crown and invert diameter instead of the usual 0°, 45°,
and 90° used in the other tests. The extensometers
were oriented this way to help determine the actual
shape of the tunnel liner after deformation. Fig. 14
is a plot of these diametricul strains labeled as to the
angle they make with the crown and invert direction.
These curves show that the liner was actually more
flexible than the model as even the springline diameter
was compressed in this test.

Fig. 15 is a dimensionless plot of the diametrical
strain of the liner on four different diameters as a func-
tion of the vertical free-ficld strain. In this plot. the
vertical-shallow stress-strain curve was used as the free-
ficld stress-strain curve. Presentation of the data in this
manner is helpful for an immediate comparison of the
diametrical strain AD/D with the free-ficld strain in the
rock mass. Note ithat ai strains less thin 1% the dia-
metrical strains along the 10° diameter and the 35°
diameter are nearly equad to the free-field strain, As the
free field strain increases above 1%, inelastic action of
the model rock mass surrounding the liner results in

_the diametrical strains increasing at an increasing rate

liner stiffnesses caleulated for a 1 io. length of the liner,

with respect to the free-field strain. At free-field strains
of 2--3% the diametrical strains along these two diame-
ters are about 1.5—1.8 as great as the free-field strain.
The diametrical strains on the 55° diameter and the
80° diameter arc less than the free-field strain because
of ovaling. At higher loads, the 80° diameter would
have shown an actual increase over its original length
due to ovaling of the liner caused by testing at N = 2/3.

Joint Block #7. The second series of jointed
models (JB #7 through JB #10) was tested at a princi-
pal stress ratio N = uy /o, = 1 specifically to compare
the test results to a theoretical elasto-plastic analysis
with dilatancy which was developed by Hendron and
Aiyer. The tacory is valid for calculating stresses and
strains around a cylindrical opening in a homogeneous
clasto-plastic material with dilatancy under symmetri-
cal plane-strain conditions for a principal stress ratio N
= oy foy = 1.0. The required loading conditions are sat-
isfied in this series of model tests. One purpose of these
madel tests is to provide test dataor tunnels in jointed
media so that appropriate values of shear strength pa-
rameters for jointed mzases may be determined for use
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in this theory which will vield realistic results for tun-
nels in jointed masses. This theory has already heen
used to predict the non-linear diameter chaiges of
tunnel liners in solid models of the same model maieri-
al where the models were subjected to stresses high
cnu:lgl\ to cause inclastic behavior around the tun-
nel.**

IB #7 was constructed of 1 in. joint blocks ori-
ented at 45° to the loading directions The tunnel was
4 in. diameter and was line:” with a 1/8-in. thick plexi-
glass liner. The circumferential stiftness, Et/R, of this
liner was 25,000 psi and the bending stiffness, EI/EF 3,
was 8.15 psi. JB #7 was tested at a principal stress rat o
N = opfoy = 1 to a peak model pressure of 1420 psi.
Figures 16 and 17 are summary plois of the data ob-
tained in the testing of JB #7.

Fig. 16 is a plot of the average model stress-
strain curves of JB #7 as measured by four separate
pairs of external extensometers. The shallow extenso-
meters measured over a gage length of 18 in. while the
deep extensometers measured over a gage length of 14
in. An average of these four stress-strain curves of JB
#7 gives an average plane-strain deformation modulus,
Enn, of the jointed mass of 64,300 psi. Thus the ratio
of the thrust stiffness of the liner to the stitfness of the

=

model was 0.388. The vertical deformation

Et/R
Em
modulus of JB #6 was 54.000 psi. JB #7 was stiffer
than JB #6 because JB #7 was tested at N= 1 while JB
#5 was tested at N = 273, Under testing ut N = 1, the
vertical plane-strain stiffness of identical models is
higher due both to increased confinement of the model
and to a lack of shearing deformations along the joint
surfaces. If these curves (Fig. 16) were all true free-
field stress-strain curves (unaffected hy the presence of
the liner). then they should all be coincident for testing
at N = 1. In Fig. 16 the deep stress-strain curves show
more strain than the corresponding shallow stress-strain
curves because of the effects of the tunnel. Also in Fig,
16 the horizontal stress-strain curves show about 15%
more strain than the vertical stress-strain curves. This
relationship was not expected and can be explained
only by experimental crror.

Fig. 17 is a plot of the diametrical strain of the
liner as a function of model pressure at four different
diameters spaced 45° apart in the liner. These four
curves are very nearly coincident thus indicaiing that

26 Hendron et al, Geomechanical Model Study... Report 3.

the model was behaving almost like a homogencous
isotropic medium in spite of the joints. Note that up to
a pressure of about 600 psi the behavior of the liner
was essentially elastic and at pressures above 600 psi
the liner strains began to increase at an increasing rate
with pressure. This i dicates inelastic movement and
yielding of the rock mass around the tunnel liner.

Joint Block #8. JB #3 was constructed with a 1-
in. joint spacing with the joints oriented at 45° to the
loading directions. The tunnel in JB #8 was 6 in. in
diameter and was lined with a 1/8-in. thick plexiglass
liner. The calculated circumferential stiffness, Et/R, of
this liner was 16,700 psi and the caleulated bending
stiffness, EI/R?, was 2.4 psi. JB #8 was tested at a
principal stress ratio N = aufoy = 1 to a peak model
vressure of about 1320 psi. At this pressure the liner
began to coilapse and the test was terminated to pre-
vent destruction of the clip gages inside the tunnel
liner. Figures 18 and 19 are summary plots of the data
obtained in the testing of JB #8.

Fig. 18 is a plot of the sverage model stress-
strain curves of IJB #8 as measured by four separate
nairs of external extensometers. The shallow extenso-
ueters measured over a gage length of 18 in. while the
deep extensometers measurced over a gage length of 14
in. An average of these four stress-strain curves of JB
#8 gives a deformation modulus of the jointed mass,
Em. of 64,000 psi. Thus the ratio of the calculated
circumferential stiffuess of the liner to the stiffness of

Et/R
the model - Y

m

0.388 for JB #7. Fig. 18 shows that again in JB #8
the horizontal strains of the model were slightly greater
than the vertical strains This difference must again be
explained by experimental error; possibly a systematic
error since it is in the same direction as it was in JB #7.
in JB #8, the deep extensometers again measured more
strain than the shallow extensometers. This strain gra-
dient is due to the strain concentration caused by the
tinnel.

for JB #8 was 0.260 as compared to

Fig. 19 is a plot of the diametrical strain of the
liner as a function of model pressure at four different
diameters spaced 45° apart in the linzr. These four
curves are nearly coincident thus indicating that the
model was behaving almost like a homogenecous iso-
tropic medium in spite of the joints. The liner sus-
tainea the model pressure of 1270 psi continuously
without further significant deformation in spite of the
fact that it was on the verge of failure and actually
failed at 1320 psi.
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Joint Block 29, JB 29 was constructed with a |-
in. oint spacing with the jomnts oriented parallel to the
loading directions. The tunnel in JB %9 was O in. in
diameter and was lined with a 178 in. thick plexiglass
hner. The caleulated circumferential stiffness of this
tiner, Et/R, was 16,700 psi and the caleulated hending
stiffoess, EI/R?, was 2.4 psi. JB #9 was tested at a
principal stress ratio N = opfo, = [ toa 1 rak mode!
pressure of about 1310 psi. at which piessure the liner
suddenly cracked loudly and the test was terminated to
prevent complete collapse of the tunnel and conse-
quent destruction of the clip gages inside the tunnel
liner. Figures 20 and 21 are summary plots of the data
obtained in the testing of JB #9,

Fig. 20 is a plot of the averuge model stress-
strain: curves of JB 29 ag measured by tour separate
pairs ol external extensomcters. The shaliow extenso-
meters measured over a gage length of 18 in. while the
deep extensometers measured over a gage length of 14
in. An average of these four stress-strain curves of JB
#9 gives an average plane-strain deformation modulus
of the jointed mass of about 62,500 psi. Thus the ratio
of the caleulated circumferential stitfness of the liner

EuR. .

to the stiftness of the maodel, “for JB =9 was

‘m

0.267 as compared to 0.260 for JB #8. Fig. 20
shows that the horizontal strains in JB %9 were again
slightly greater than the vertical strains. This difterence
is almost surely a systematic experimental error. The
loading frame and the hydraulic elements of the load-
ing system have been checked and no cause for such a
systematic error was found. In JB #9 the deep extenso-
meters again measured more strain than the shallow
extensometers due to the strain gradients near the
tunncl.

Fig. 21 is a plot of the diametrical strain of the
tunnel liner as a function of model pressure on three
different diameters. The change in slope of cach curve
at a stress level of 400 psi indicates that inelastic action
in the rock mass surrounding the twnnel was initiated
at this stress level. Inelastic action also started at about
400 psi in JB #8. Inelastic action began at about
60¢ 700 psi in JB #7 which had a 4-in. tunnel. Since
models JB #8 und JB #9 had 6-4n. diameter tunnels
and yielded at lower stress levels than JB #7. the de-
crease in rock mass strength with increasing tunnel size
is illustrated by these tests. This point will he discussed
in the next chupter.

Joint Block #10). JB #10 was constructed with a
1 in. joint spacing with the joints oriented parallel to

(&)
“~

the loading directions. The wnnel in JB =10 was % .
in diameter and was ined with a 174, thuck plexighss
hoer. Using a Young’s modulus of the plexiglass in the
circumterential direction of 400,000 psi. the calculated
circuinferential stiffness of the liner, —}—'LR- was 25,000
‘m

psi and the calealated bending stittness, FERY, was
RS peic JB #10 was tested at a principal stress ratio N
= oy lo, I o a peal. model pressure of 1420 py
without failing, Figures 22 and 23 are smmary plots
of the data obtained in the testing of JB =10,

Fig, 22 is a plot of the average model stress-
strain curves of JB 210 as measured by fonr pairs of
externat extensometers. An averuge of these four stress
strain curves of JB % 10 gives an average plane-stramn
deformation modulus of the jointed mass of about
61.000 psi. Thus the ratio of the calculated thrust stifd-
ness of the tunnel liner to the average stiftness of the
model, Et/R was 0.410. Fig. 22 shows that again in
JB £10 the horizontal strains were greater than the
vertical strains, The deep extensometers also measured
more striain than the shallow extensometers hecause of
the strain concentrations near the tunnel.

Fig. 23 is a plot of the diametrical strain of the
tunnel liner as a function of the model pressure along
four different tunnel diameters. The data shown in this
figure is different than for the previous joint blocks
discussed because there wus no definite pressure at
which yiclding was apparent. Furthermere the average
diametrical strain at 1400 psi was about 3% for this 8-
in. tunnel liner, whereas the 4-in. tunnel tested in JB
#7 showed abont 5% strain at comparable stress levels,
This was not cxpected because hoth tunnel liners were
selected for havirg the same circumferential stittness.
Et/R, and the 8-in. tunnel liner should have shown
larger strains because the ratio of tunnel diameter to
joint spacing was 8.0 rather than the value of 4.0 used
inJB =7

Comparisons of Test Data From JB #£7 through JB
#10. Figures 24 through 26 are summary plots of
average data obtained in the tests of IB #7 through 18
#10. The relative behavior ol the various tunnel liners
nuy be compared directly on these figures. All of these
maodels (JB 27 through IB #10) were tested at a pringt-
pal stress ratio N = opfa, = 1 and all had joints spaced
at | in, in two mutually perpendicular directions. Thus
all variables in these four tests were held constant ex-
cept the tunnel size and liner stiffness.

Fig, 24 is a4 plot of the average stress-tran curve
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for cach model obtained by averaging all four of the
measured stress-strain curves. Each curve is adjusted to
zero strain at a model stress of 125 psi to eliminate the
etfects of nonuniform seating movements. If the four
models were all properly constructed with the same
tolerances and model properties, then for a loading at a
principal stress ratio N = gy, /o, = | they should all have
the same stress-strain curve. The four curves on Fig. 24
are remarkably simiiar; each shows additional scating
movements up to a model pressure of about 300 psi
and then is essentially linear with a slope ranging from
61,000 psi to 64,300 psi. The two models with joints
oriented at 90° to the loading directions (3B #9 and JB
#10) show slightly greater strains at similar muodel pres-
sures than the two with joints oriented at 457,

Fig. 25 is a plot of the average dimuetrical strain
of the tunnel liners as a function of model pressure for
each of the four models (JB £7 through B #10). All
of these models were tested at N = 1, and ali had very
nearly similar average stress-strain curves as seen in Fig.
24. Thus, the major differences between the four
curves on Fig. 25 should be caused by differences in
the stifTness of the liners and Jdifferences in the ratio of
joint spacing to tunnel diameter. The joint spacing wus
1 in. in all four cases, so the ratio of joint spacing, s, fo
tunnel diameter. D, was 1/4 for JB £7, /6 tor IB #8
and JB #9, and 1/8 for JB #10G. It has been sugpested
by Hendron and Aiyer on the basis of ficld observa-
tions that a decreasing value of s/D should cause in-
creased load on a tunnel liner at the same value of free
field stress.

In Fig. 25, the curves for JB #8 and JB £9 are
almost exactly coincident up to a model pressure of
1000 psi. These two models had the same stiffness
(Et/R = 10,700 psi) and diameter liner and differed
only in joint orientation. Joint orientation should have
no effect for testing at N = ay,/oy = 1 il the boundary
conditions in the testing machine :re as assumed.

JB #7 had a 4-in. diameter liner 1/8-in. thick
(Et/R = 25,000 psi). Thus JB =7 and JB #10 both had
the same calculated stiffness liner and about the sume
model stiffness. This is evidenced by the fact thar the
plot of pressure versus diametrical strain 10r these tests
arc necarly identical straight lines in Fig. 25 up to
model pressure level of 550 psi. Note also that the test
results from JB #8 and JB #9 (Fig. 25) are also identi-
cal straight lines up (v about 500 ps* at a lower slope
than tests JB #7 and JB #10 because the liner stiffness
in JB #8 and JB #9 was onlv 16.700 psi. Above a
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pressure level of S50 psi the curves for JB #7 and JB
#10 (Fig. 25) diverge as the behavior of the jointed
muass surrounding the tunncel becomes inclastic but the
trend was surprising because it was thought that the 8
in. tunnel (JB #10) would show larger diametrical
strains than the 4 in. wnec’ (JB #7) with the same
liner stiftness.

In Fig. 26 the curves of diumetrical strain of the
tunnel liner versus the v eruge free-field strain tor joint
blocks 7 through 10 are <shown. Note that at free ficld
strains  below 0.8% the strain concentration factor

1))
(A?“ -) for the tunnce! liners in IB #7 and JB #10
™

(Et/R = 25,000 psi) acc lower than the strain concen-
tration factors for the tunnel liners tested in JB #8 and
IB #9 (Et/R = 16,700 psi). At higher values of the
free-field strain the test results of JB #7, #8 und #9
are nearly identical in having strain concentration fuc-

. (_A[)/D)

tor of about 2 and 2.5 at free feld strains of

r
1.2% and 24 respectivelv. Test block JB 210 did not
plot with the other results because the true free-field
strains of the model wese not measured in JIB #10. The
8in. diameter tinnel was so large with 1espect to the
size of the model that Jdie measured strains were af-
fected by the targe diametricy) strains of the tunnel.

4 ANALYSIS OF TEST RESULTS

Hendron and Aiver have analyzed the stresses :ind
strains around a cylindrical tannel in an clasto-plastic
material with dilatancy for a uniform stress field (N =
opfoy = 1) under plane strain conditions. The loading
conditions assumed in the analysis cited above are ex-
actly the same as the conditions in the model tests
conducted on this study. The main problem in apply-
ing the theory to the jointed models is to determine
what strength propertics should be used in the analysis
to represent a jointed mass. Hendron and Aiver give a
correlation between the ratio 0,,/q, and the ratio D/s
tor actual tannels in jointed rock masses (Fig. 27).
where gy, is the equivalent uncontined compressive
strength of the jointed rock mass around the tunnel, gy,
is the intact unconfined compressive strength of the
rock, 1) is the tunnel digmeter and s is e effective
joint spacing. The correlation is from field measure-
ments of wnnel behiavior. The madels tested under this
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contract had values of D/s of 4, 6, and 8 with respec-
tive values of 0,/q, obtained from Fig. 27 of 0.65, 0.5,
and 0.35. Since the model material has an intact un-
confined compressive strength of 550 psi, these values
yield oy values of 360 psi, 275 psi. and 190 psi respec-
tively. The field correlations were from real tunnels
where the joints were not exactly regular plane surfaces
nor were they spaced evenly, and all oriented in two
sets exactly paraliel to the tunnel axis. Thus the field
situation is not in general as unfavorable as the situ-
ation in the models and a lower value of 0,/q, would
be expected for the models than for the field con-
ditions.

From the model tests conducted on this study
values of g, can be calculated using the theory above
in conjunction with: (1) measured values of AD/D =
€, (2) measured values of Ey,, (3) calculated values of
the radial stresses hetween the liner and the medium
from the liner properties and measured values of AD/D

‘9
t

=g, and (4) known or estimated values of v and ¢ for
the jointed muass. Ttems (1) (2) and (3) above are casily
obtained from measurements on the model duriny test-
ing but the values of v and ¢ for the jointed mass are
not known preciselv. The value of Poisson’s ratio can
be taken as about 0.25 based on previous experience
but the estimation of this value is not critical since the
results of the theory cited above are not very sensitive
to the selected value of v. The value of the angle of
shearing resistance for the rock mass may be conserva-
tively taken as the ungle of {riction along the joint
surfaces, ¢.%”

The.value of the angle of shearing resistance along
the joints, ¢j, is estimated from the results of direct
shear tests on sawed joint surfaces shown in Fig. 7. The

27 AL Hendron and ALK, Aiver, Stresses and Strains Around a
Cvlindrical Tunnel
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results of the direct shear tests on joint surfaces show
that the value of @j decreases as the normal pressure on
the joint surface increases. Thus for plastic behavior of
the jointed model we should expect an effective value
of ¢; less than the angle of internal friction, which was
measured as 33° by triaxial tests.

The parameters used in the Hendron-Aiyer clasto-
plastic analysis are Ey., 1. ¢, 0y, €. 0 and p,,. Where
Em. M. ¢ and o, are effective plane strain properties of
the jointed model mass, € and g, are strain and stress
conditions at the point of interest and p,, is the free
field stress in the model(p, = 0y = 0y for the model
tests reported herein). Theoretical curves of the dia-
metrical strain of the tunnel liner, AD/D. as a function
of the mode! pressure, oy = 0y = p,,. have been caleu-
lated using measured values of Ep, and assumed values
of u, 9 and 0y. With known values of the liner proper-
ties, Fig. 28, o, can be calculated as a function of ¢, =
AD/D of the liner. Then a value of p,, can be calculated
from the theory and theoretical curves of AD/D = ¢,
versus p, can be plotted. The actual experimental

curves from the model tests can be plotted on the same
plot to get a compurison between theory and experi-
ment. Such curves are plotted in Figures 29 and 30.

IJB #8 and JB #9 were identical in all respects
except that they had different joint orientations. Joint
orientation should have no cffect for testing at a princi-
pal stress ratio N = oy,/o, = 1. Fig. 24 shows that
indecd JB #8 and JB #9 did behave almost identically
on a plot of diametrical strain of tunnel liner AD/D as
a function of model pressurd o = gy = p,,. In Fig. 29,
the results of the mode! tests JB #8 and JB #9 are
plotted together with theoretical curves calculated
from the Hendron-Adyer analysis assuming the liner
properties shown on Fig. 28, and the model properties
histed on Fig. 29. The curves for JB #8 and JB #9 are
essentiatly rdentical up te a mode! pressure of 1000 psi
and are plotted as a single curve on Fig. 29. The theo-
retical curves in Fig. 29 are plotted assuming a value of
Ng = 2 which corresponds to a value of 05 = 20°. The
results of the direct shear tests shown in Fig. 7 show
that the value of ®; decreases with increasing normal
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pressure on the joints. The direct shear tests indicated
that between a normal pressure of 50 psi and 400 pai,
the value of ¢ decreased from 33° 10 29, The niwnic!
pressures of interest ranged up to 800 pai and the mia
terial around the opening would also be subjected 10 a
stress concentration due to the presence of the tunnel.
Thus it was decided to compare the experimental re-
sults of the mcdel tests to theoretical carves caleulated
using a value of ¢; = 20°. In Fig. 29, the experimental
curve starts out well ab e the theoretical curves indi-
cating that the effective value of @) ut fow pressure was
considerably higher than 20° as should be expected. At
a model pressure of 400 psi, the experimental curve
crosses the theoretical curve for No = 2, oy, = 200 psi.
With increasing model pressure, the experimental curve
crosses over the theoretical curve tor No = 2 o, = 100
psi, and then becomes purallel to the theoretical curve
for N¢ = 2, 04 = 0. Thus the phenomenon vccurring in
the models could be considered to be a decreasing ei-
fective unconfined strength of the jointed mass with
increasing model pressure at constant No. As o matter
of fact, the value of N also decrea o5 with increasing
model pressure and a more detailed analysis would taxe
this effect into account quantitatively. However the
model material properties used are estimates and so-
phisticated refinements of the analysis are not justified.

Fig. 30 is a plot similar to Fig. 29 with the experi-
mental results of two model tests (JB £#7 and JB #10)
shown with theoreticul curves calculated from assumed
values of the model properties. JB #7 had two scts of
joints spaced at | in. and oriented at 45° to the princi-
pal loading directions and had . 4-in. diameter tunnel
lined with & 1/8-in. thick plexaglass liner. JB #10 had
two sets of joints spaced at 1 in. and oriented parallel
to the principal loading directions with an 8-in. diame-
ter tunncl lined with a t/4-in. thick plexiglass liner.
These two liners have the same calculated circumfer-
ential stiffness (Et/R = 25,000 psi) assuming the plexi-
glass was the same in each liner. The average measured
model stiffness of JB #7 (E,, = 64,300 psi) was greater
than that of JB #10 (E,;, = 61,000 psi).

The experimental results of JB #7 and JB #10 plot
very nearly on the same line up to a model pressure of
about 500 psi ahove which they diverge rather sharply.
The experimental curve for JB Z10 starts out above all
the theoretical curves and then at a model pressure of
about 300 psi becomes coincident with the experi-
mental curve for No = 2, g, = 300 psi and follows that
curve closely up te a modet pressure of 950 psi. There,
it begins to rove toward curves for lower values of a,,

Best Available Copy
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The experimental curve for JB #7 ulso starts out above

all the theorctical curves, but it then crosses over all

the experimental curves between model pressures of
400 psi and 550 psi.

5 CONCLUSIONS

The resutts of five model tests are reported and
analyzed in this report, The tunnel liners used in these
models were chosen so that the ratio of the circumfer-
ential tunnel liner stiffness to rock mass stiffness
(EURYE,, was sinular to that for concrete liners in
rock. The plexiglass diners used in this study had the
further advantage that the rativ of the circumterential
stiftness (FH/RY 10 the exural stiffness (EU/RY) was
nearly the same as tor reinforced concrete tunne! liners.
In the maodel tests reported here. none of the plexiglass
liners buckled und two of them failed in circumferential
compression as a real reinforeed concrete liner world.
Thus tie use of plexiglass liners prevented a buckling
maode of tailure which had previously been experienced
with aluminum liners * ®

The analysis ol the data reported herein shows
that elastic theory is net sufficient to predict the be-
havior of models loaded to high model pressures. In
these tests. elastic theory was sufficiently accurate for
calculating the diametrical strains of the lined tunnels
up to diametrical strains of atout 1,2%. For diametri-
cal strainy greater than 1.2%, celeulations from elastic
theory underestimate the diametrical Strains of a liner.
An clusto-plastic theory developed by Hendron and
Aiyer was used to analyze the model behavior in the
plastic range. Using experimentally measured strength
and stiffness parameters for the model, the Hendron-
Aiyer analysis could be used to estimate the diametri-
cal strains of the wnnel liner in the plastic range of
behavior,

The detailed analvsis of the experimental data
presented in the previous chapter shows that the pro-
cedure deseribed below can be used for prediction of
unnel liner deformations (AD/D., diametrical strains)
for a tunnel liner in a jointed rock mass subjected to
hydrostatic compression. The Young's modulus of the

AL Hendron ot al . Geomechanical Model Studvy...Report 3
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juinted rock mass, Em, as observed in these tests was
about 1/10th of the Young's modulus. E, of the intact
model material which composes the joint blocks. If the
Young's modulus of the jointed mass, Em. is used in an
clastic analysis of the liner and jointed mass, it was
found that the deformation of the liner would be pre-
dicted within about * 10% for diametrical strains
(AD/D; less than 1.2%. For strains above 1.2%. the
clasto-plastic analysis given by Hendron and Aiyer
could be used to predict the liner detormations if the
jointed medium was assumed to have the following
properties:

(1) The Young's modulus of the jointed medium,
Em, in the elastic range should be taken as
about 1/10th the Young’s modulus of the in-
tact model matcrial.

(2) The angle of friction of the jointed medium,
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®m. should be taken as the angle of shearing
resistance along the joints, ¢;.

(3) The effective unconfined strength of the joint-
ed medium surrounding the tunnel, oy, should
be taken as a fraction of the unconfined
strength of the intact rock materiai as shown
in Fig. 27, the fraction decreasing with an in-
crease in the ratio of tunnel diameter to joint
spacing as shown in Fig. 27.

If the above procedure is followed, the diameter
changes of the structural liners can be predicted with-
in £ 15% for the test results presented in this report. 1t
has been the writers’ experience that the same pro-
cedure can be applied to concrete tunnel liners in rock.
But, if this procedure is used for concrete liners in
rock. elastic analyses should not be used beyond a dia-
metrical liner strain of about 0.3%.




APPENDIX A: SIMILITUDE CONSIDERATIONS

Fundamental Considerations. In muost physical phe-
nomena considered in civil engincering and geology it is
conventionally assumed that a “cause and effect” re-
lationship exists between the various independent and
dependent variables which influence and describe a
phenomenon. This relationship is assumed to be ex-
pressed by some functien

f(X1 X2, X3 XX} = 0 [Eq 1]

where x; are pertinent independent and dependent vari-
ables. The function fiy,, can usuully be expressed ex-
plicitly for only the simpler phenomena. It may be
determined from either theoretical considerations or
empirical studies. Because the most basic physical laws
(such as Newton’s Laws) are dimensionally homogene-
ous; that is, their form does not depend upon the units
of measurement. it can be hypothesized that the more
complex function fiy;) is ulso dimensionally homo-
geneous, even though it is not explicitly known.

The theory of dimensional analysis. founded in the
mathematical theories of algebra, is summarized in
Buckingham’s theorem,2® which essentially states that
from the dimensionally homogencous function or
cquation describing a phenomenon, it is possible to
develop a relationship in which the variables appear in
a set of dimensionless products. (For a more complete
discussion see texts such as Murphy or Langhaar.) In
practice, dimensional analysis allows us to determine
these dimensionless products, given the pertinent vari-
ables, even though we do not know the form of the
function f(y;y which describes the phenomenon. Thus.
from Equation 1, which is the basic function relating
the pertinent variables x; in a description of the phe-
nomenon, we arrive by a dimensional analysis at

F(m ,m 3, Wty )= 0 |Eq 2]

as a description of the phenomenon. Each term ;.
often called a Buckingham pi term, is a dimensionless
product of some number of the original x; variables.
Generally, the number m of independent pi terms is
related to the number n of the x; variables and to the
number 1 of fundamental dimensions (such as muss,
length, time, temperature) which are involved in the x;
variables by

m=n r [Eq 3]

I H.L. Langhaar, Dimensional Analvsis, p 18
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There ure several advantages which may be gained
from the dimensional analysis. First, the relationship
between the < variables in the @ terms often gives
valuable insight into the phenomenon being con-
sidered. Sccond, the phenomenon is described in terms
of a fewer number of variables, only m pi terms instead
of the n original variables. This reduction of variables is
often important when studying the phenomenon ex-
perimentaily since it usually reduces the number of
experiments which must be conducted. A third advan-
tage is that the dimensional analysis provides a theo-
retical basis for model studies, by which it may be
possible to reduce even further the cost and time in-
volved in studving the phenomenon being considered.

The function given in Equation 2 is dimensionally
homogencous and completely general, If the pi terms
are independent and contain all of the pertinent vari-
ables xj which influence and describe the phenomenaon,
then the function Fiz;) completely describes the phe-
nomenon, regardless of the scale of units with which
the quantities x; are measured, and regardless of the
absolute magnitude of the x; quantities. This means
that if we wish to utilize meodels to study the behavior
of a prototype, we can be assured that the behavior of
the model duplicates the behavior of the prototype in
all respects il each of the pi terms for the model is
equal to the equivalent pi term for the protot pe: that
is, it

() 1nodet = (70 prototype fEq 4]

If such a condition exists. all requirements of simili-
tude have been satisfied, the model is said to be
“completely similar™ to the prototype. and the phe-
nomenon in the model is an exact replica of the phe-
nomenon in the prototype,

Several majer problems develop in the practical
application of dimensional analysis to modeling. One is
that it geverally is technically impossible to insure that
ali of the x; variables which influence the prototype are
con_lered in the dimensional analysis and are accu-
rately reproduced in the model by equating the =3
terms of the model and prototype. For satisfactory
modeling it is necessary that the phenomenon be
understood well enough to know what variables (x;)
are most significant and which pi terms (m;) must be
duplicated maost rigorously so that the model gives the



Mmosaceurate simulation of the prototype which it 1s
both possible and practical to attain.

In this approximation of the prototype by the
maodel a second major problem arises from what ure
known as “scale effects.” For example, as physical size
of the model varies, the relative importance of difter-
ent forces may vary alse. Body forces such as weight
due to gravitational attraction vary as the mass of the
budy, hence as the third power of linear dimensions,
while surface forces such as pressures vary us area,
hence as the second power of linear dimensions. Thus,
as the physical size of a model is reduced, the influence

of body forces decreases more sapidly thun that of

surface forces. 1t is possible that the helavior of the
prototype may be strongly intluenced by boudy forces,
but when a model is made ar a reduced size, s be-
havior may be strongly influenced by surface torces
which are of lesser importance w the prototype. Care-
ful consideration must be given 10 problems such as the
selection of pertinent variables and the pessilty o
scale effects in developing a movlel testing program.

Selection of Significant Variables. The dimensions o
mass M, fength L. and time T are probably the miost
commonly used dimensions by woni -l ohysical phe-
nomena are described. An cqually valid set o basic
dimeunsions is force F, length L. und 1ime T. For a
static system such as is being considered, only force F
and length L are involved. This is the set which will be
used in the following analysis.

The significant variables associated with the he-
havior of an underground opening which will be con-
sidered in this study are given in Table AL, The reasons
for the selection of these variables and the exchsion of
others is discussed below. A number U in the dimen-
sions column means that the variable 18 dimensionless,
a purc member.

Free-field stresses. The prototype  chosen  tor
study is a scgment of u long, straight, horizontal tunnel
buried ur derground at a depth several times greaier
than the tunne! diameter. The most significant forces
influencing the tunnel behavior are assumed 1o be
those due to the free-field stresses which would exist at
the location of the tunnel if it were not present. The
two frec-ficld stresses considered, oy and oy, are the
vertical and horizontal stresses i a plane perpendicular
to the tunnel axis (Fig. A1), and are assumed to be
principal stresses (which they would be in an clastic
half space with a horizontal surtace). The magnitude of
the third principal stress, og. the horizontal stress paral-
lel to the wnnel axis, will be considered later.

 Best Avallable Copy

The vertical fiee-field stress oy could be due to the
weight ot the overlying material, and at any depth 7
below the surfaee st would be given by

E L iEq 5]

where 7 is the average unit weight of the overburden.
Following the wrgumients of Terzaghi and Richart, *¢
and Deere*' the huvizontal free-ficld stress oy is as-
sumied ta be given by

up = No, = Nyz [Eq 6]

The coefticient N aelating oy and oy, is intimately re-
lated to the present zeologic environment and the pre-
vious peologic listory of the site and may vary over a
wide range of values.

The tree-tield stiesses could also he due o the
loads imposcd by o poclew detomation over a protee-
tive stractare 1w rock, I this case the major principal
stress weuld be the dvnamic radial stress. a4, of the
Juect indieeed wound shock emanating from the cra.
ter. The mioar paincpal stress would be the dynamic
Langential sticss, dyy. given by

'}ud = “r.! (T;!i?) Il'q 7‘

where o s Peisson’s ratio of the rock muss, The ratio
between the nigor and minor principal stresses, N, for
this case could ranee from about 174 o L0,

Woeause the vaiue of N ofor both stauc and dy-
naoe s fields varies over o farge range, model tests
to simulate cither of these problems should be con-
ducted at vinious vidues of N orather than at o specific
vidue of N Thus for rarposes of dimensional analysis
of the stane problem considered here both o and oy
will be constdered as independent variables.

Mindlin® ¥ hos developed rigorous solutions Vo
stress distributions around a circular tunnel in an etas-
tic hati space under gravity toading with N values of 0,
el and 1. His results (see Panek®? or Coudie and

o il terzagky ond B Richart Jr, “Stresses in Rock About
Cavition " Crotechngan:, Vol 301982) pp §7-90.

PDU Deere, Disctissten of Tlailere of Hlomaopencoas Rock
Under Dyouinie Compressive Loading,” by G.B. Clark and
R D Coudie, State oof Stress in the fartit's Crust, W.R. Judid,
ed. fhisevier, 1963y pp 321-323; and “Gedlogic Consider-
ations,” Rock Mech. in Eng. Pract.. Stagy andd Zienkiewive
cd. Tohin Wiley & Sons. T968).

32D, Shindbing, SStress Distpbution Around A Tonnel,” Proe,
ASCE APt 193 pp 6 19-nd 2

VAL Panek Stresses Yhont Mine Openings in a Homogene-
ente Rock Bodv yNew Yoak 1951, .



Table Al
Significant Variables

_Yj‘_"ablt‘_w o ) Dimensions
Free-fickd Stresses, assumed to be principal stresses
oy the vertical tree-ticld stress L
ayy, the horizontal free-ticld stress 112
Intact rock properties
COr g, cohesion or uncontined compressive stivngth, nee cither one K
(xR angle of internal friction !
oy, tensile strength 1L
L. modulus of clasticity FL?
v, Poisson™s ratio |
Rock mass propertics
. spacig of joints L
js angle ot frictional reastance atong joint surtaces |
o, orientation of joint planes with respect to
principal planes 1
Geometry of the opening
dora, internal diameter or radius of unlined openimg,
and Dor R, diameter or radius of the tning i
Support propertics
F(l/R3, tlexurai stiffnesws of lining, where Fg s the
madulus of the liner maternial and s the moment
of inertia of the liner wall per unii fength 1L
Eot/R, compression stiftness of lining, where tis
the tining thickness FL?
Response of system
u, tadial deformations of the npening wull I
€, strgin within the rock mass aound the opening 1
a, stress within the rock mass around the opening FL?
T, thrust in the lining, toree per unit tength L
M. rmoment in the lining, moment per unit length 3

Clark®? for more detail) show that if the tunnel is at a
depth of three tunnel diameters or more, the stress
distribution around the tunnel can be approximated
very closely by the distribtuion of stresses about a cir-
cular hole in a biaxially loaded clastic flat plate. as
determined by the Kirsch equations (sce. for example.
Timoshenko and Goodier.*® or Obert und Duval®® ). In

34R.D. Caudle and G.B. Clark, “Stress Around Mine Openings
in Some Simple Geologic Structures,” University of Hlinois
Eng. Exp. Sta., Bull. No, 430 (1955).

35S, Timoshenko and J.N. Goodier, Theorv of Flasticity
(McGraw-Hill, 1951).

ss L. Obert and W. 1. Duvall, Rock Mechanics and the Design
of Structures in Rock. (John Wiley & Sons, 1967).
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hoth cases the area in which stresses are significantly
influencad by the tunnel has a width of about four
times the diameter of the tunnel.

These observations allow a considerable simpli-
fication in modeling the stress field about the tunnel.
The observation that the area influenced by the tunnel
is about four tunnel diameters wide means that the
stress distribution on a square whose sides are four
tunne! diameters fong, concentric with the tunnel. is
very closely approximated by that illustrated in Fig.
Al where oy and oy, are the free-ticld stresses at the
location of the tunnel axis. and Ao, and Aoy, are the
changes in the free-field stresses between the top and
the bottom of the zone due to the weight of the ma-
terisi within it.
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Figure A2. Approximate stress distribution some dis-
tance from tunnet.

The observation that Mindlin’s solutions for tun-
nels buried at more than three tunnel diameters are
closely approximated by Kirsch’s solution means that
the stress distribution of Fig. Al can be approximated
by that of Fig. A2 with small error. This means that for
the clastic case the stress distribution around a tunnel
underground at a depth of more than three tunnel
diameters is more strongly influenced hy the average
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free-field stresses at the tunnel location than by the
gravity forces on the material within the zone influ-
enced by the tunnel. When modeling the static behav-
ior of a tunnel in this situation only the average frec-
field stresses as illustrated by Fig. A2 need be modeled
and the body forces can be neglected. On the basis of
the preceding arguments the body forces and associ-
ated variables such as the density of the material are
not considered in the list of significant variables for the
present study. Thus, forces due to the weight of loos-
ened rock around the opening are not heing modeled.

Intact rock properties. A discussion ot the failure
mechanisin of yock materials is beyond the scope of
this report. The reuder is referred to papers such as
Jaeger®7 Bieniawski*® Hendron?® and Hoek?®? as
examples and discussions of recent work i this area.
Regardiess of the actual failure mechanism in rock
materialy, it is generully observed that some form of
Mohir envelope can be fitted to observed experimental
data and used to predict rock strength. In order to
simplify the dimensional analysis and subsequent dis-
cussions, it will be ussumed that the general curvilincar
Mohr envelope can be approximated by a straight line
in the compression pressure range of interest, so that
the general Mohr failure criteria

T:F(U) ‘Eq 8]

can be replaced by the more specialized Coulomb-
Navier failure criteria

|Eq 9]

{For a more detatled discussion of failure criteria see
Nudai®' Seely and Smith*? Jaeger,’® and Obert and

Duval.)

r=ctotan ¢

The two-independent Coulomb-Navier  strength

37 5O, Jaeger, “Brittle Fracture of Rocks,™ Stk Symp. on Rock
Mech,, (AIME, 1967) pp 3-131,

2EZ.T. Bieninwski, “*Mechanism of Brittle Fracture or Rock.”
Int. Journ. Rock Mech, and Mining Sci. {October 1967) pp
3954130,

32A0. Hendron, Jr., “Mechanical Propertics of Rock,” Rock
Mech in Eng. Pract., Stage & Zienkiewicz. ed. (John Wiley
& Sons, 1968),

¢k Hoek, “Brittle Failure of Rock ™

SUAL Nadai, Theory of Flow and Fracture of Solids, Vols 1 and
I (McGraw-Hill, 1950),

TR Seely and 1.O. Soath, Advanced Mechanics of Materials
(John Wiley & Sons, 1952),

2 0.0 daeger, Elasticity, Fracture and Flow (Methuen and Co.
Ltd 196D



parameters are the cohesion ¢ and the angle of internal
friction ¢. An alternate and equally valid pair are the
unconfined compressive strength qy. and the angle of
internal friction ¢. Either ¢ or g, in conjunction with
¢, are necessary and sufficient to define the failure
state and describe the failure envelope in the compres-
sion range. In addition, the tensile strength 0, must be
defined, since Equation 9 is not valid in the tensile
stress range. The complete failure envelope. then, is as
shown in Fig. A3, A rigorous consideration of the actu-
al curvilinear Mohr envelope does not clunge the basic
conclusions of the dimensional analysis.

The elastic constants, the modulus of elasticity E
and Poisson’s ratio v, relate stress and strain assuming
the intact rock exhibits a quasi-elastic behavior at low
and intermediate stress levels. In general this quasi-
clastic range is followed by a range in which inclastic
strains occur, and then by some form ot failure such as
fracture or plastic deformation (Fig. A4). No variables
are included to describe the inelastic and plastic regions
for two reasons: (1) because of the wide range of be-
havior exhibited by different rocks, and (2) because of
the scarcity of real numerical description and data for
this portion of the stress-strain curve. M is recognized
imat the other types of behavior exist. For example, a
corcave upward stress-strain curve is commonly ob-
served at low stress levels for very porous rocks, for
highly weathered 1+:cks, and for thinly bedded o foli-
ated rocks compressed perpendicular to the bedding or
foliation. The initial quasi-elastic behavior is possibly
more common, however, and is much more simple to
consider and model.

Time-dependent behavior such as creep o viscous
deformation is not considered here. These properties of
real rock are so poorly knewn and understood that any
attempt to consider them in modeling the behavior of
underground openings must be considered u very ques-
ionable practice for the “present state of the art.” The
ore exception to this statement would bhe in the case of
undacrground openings in the evaporites: rock salt, pot-
ash, and possibly gypsum and anhydrite. For these
rocks time-dependent behavior is so pronounced that it
dominates the behavior. Indeed, because it is so pro-
nounced it can be und has been studicd enough so that
intelligent attempts 1o model the time-dependent be-
havior of such rocks can be made (see for example
Thompson and Ripperger®4).

44 £. Thompson and E.A. Ripperger “An Experimented Tech-
nique for the Investigation of the Flow of Halite and Syl
vanite,” Sixth Symposium on Rock Mechanies (University
of Missouri, 1964) pp 467488,
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Rock Mass Properties.  The most important rock
mass properties of a rock mass surrounding a tunnel are
the spacing and orientation of the discontinuities and
the strength atong the discontinuities. Thus for pur-
poses of dimensional analysis. the spacing of the joints
or discontinuities. s. should .be considered as an inde-
pendent variable. The orientation of cach joint set in a
particular problem is also very important and must be
considered as an independent variable. It is suggested
herein to specity the orientation of the joint planes, 0
with respect 1o the maximum free-field principal stress
direction since the orientation will govern the ratio of
normal and shear stresses on the joint planes.

The strength properties of the joint surfaces must
also be constdered. In the model tests conducted on
this study the models were composed of planar joint
sirfaces Tree of irregularics. The shear strength. along
such u plane surface can be expressed by

[Eq10)

where vy is the norpial stress on the plane surface and
¢; is u property of the joint surfaces which should be
included in the dimensional analysis to represent the
angle of shearing resistance along the planar joint sur-
faces.

Opening geometry. For this study, the opening is
sssimed to be of circular shape with internal diameter
d (radius a). It is assumed that any lining of the open-
ing is of diameter D (radins R) which is the same mag-
nitude as the opening diameter d. and that the variables
d. o, D. and R may be used interchangeably for the
purposes of dimensional analysis. However, only onc of
these variables may be considered as an independent
variable for the purposes of dimensional analysis, since
they all “ofine the same thing, the size of the under-
ground opening.

T =0y, tan

Lining propertics.  “Unsupported” cylinders and
rings: gencral expressions for the elastic deflection of
rings and cyvlinders due toloads which do not vary with
pusition afong the axis are developed in numernus texts
on strength of materials, the theory of clasticity, and
structural analysis (suci us Scely and Smith or Timo
sheako and Gere®®). 1t is seen from these expizssions
that the deflection &y, of a point on a long cylinder due
to bending deformation caused by external foads P s
given by

5p=Cy PR* (1vy?)/Eql [Eq11]

455, Timoshenko and ), Gere, Theory of Elastic Stability
(McGraw-Hill, 1961).
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and the deflection 8. due to circumferential compres-
sion deformation is given by

8. = Cy P R(1-0?)/Eqt [Eq12]

The quantities C, and C, are constants whose values
depend upon the conniguration of the applied toads
and upon the location of the point in question. Lane*®
and Dorris* 7 give tables of values of C, for different
loading configurations. The flexural and compression
stiffnesses of a long cylinder are the quantities E I/R?
(1) and Eet/R(1-0?) respectively. The term (1
-ve?) arises because of the restraint offered by the axial
stress parallel to the cylinder axis in plane strain prob-
lems. In the case of a ring subjected to planc stress. this
term vanishes and the hending stiffness becomes
E¢l/R3.

Buckling of unsupported rings and cylinders under
uniform and non-uniform external loads and pressures
is treated in a number of texts and papers such as Scely
and Smith, Timoshenko and Gere, Boresi,*® Bodner,?
and Anderson and Boresi.®® The conclusion reached in
these investigations ds that for a long, thin-walled cylin-
der, the critical external buckling pressure p., is given
by an equation of the form

Per = Ca E¢l/R} (102) [Eq 13]
where Cj is a tunction of the loading configuration and
the buckling mode. Note that the significant cylinder
parameter is the bending stiffness E 1/(1-v¢* )R, which
is reasonable since buckling is a bending phenomenon,
As before, the term ('I-qu) is due to restraint from the
third dimension.

Cylinders and rings on clastic foundations: Heten-

' shows that for a ring on clastic foundation (i.c.,

yi®

46 K.S. Lane, “Garrison Dam Test” Tunnel, Lvaluation of Re-
sults,” Trans. ASCE, Vol 125, Pt 1, Paper 3022 (1960) pp
268-306.

*7 AF. Dorris. Response of Horizontally Oriented  Buried
Cvlinders to Static and Dvnamic Loading, Technical Report
No. AFWL-TR-65-116 (Air Force Weapons Laboratory,
1966).

48 A.P. Boresi, "A Refinement of the Theory of Buckling of
Rings Under Uniform Pressure,” Journal of Applied Mechan-
ics, Vol 22 (ASME, 1955).

S.R. Bodner, “On the Conservativeness of Various Distri-
buted Force Systems,” Journal of the Acronautical Sciences,
Vol 25, No. 2 (1958%).

R.I5. Anderson and A.P. Boresi, “Equilibrium and Stability
of Rings Under Nonuniformly Distributed Loads,” Proc, of
the Fourth U.S. Nat. Cong. of Applicd Mech., Vol | (ASME,
1962).

M. Hetenyi, Beams on Elastic Foundations (University ol
Michigan Press, 1946),

49

30
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with radial spring supports) which is subjected to any
generalized vadial loading P, the radial displacement &
of any point of the ring is of the form

8 = Fprig/R?. KRIEGI/R? , 0) [Eq 14]
where K is the modulus of subgrade rcaction (the
“enring constant” of the foundation), and 0 is a meas-
ure of position on the ring. In the case of a long cylin-
der instead of a ring, the term Egl/(1-vg) is substituted
in place of E¢l. Note that this is (1-vg), not (1-vg?)as
previously, the reason being that the elastic foundation
reaction is not continuous but consists of discrete
springs.

Cheney®? and Luscher®? analyzed buckling of
radial spring supported rings and found the critical ex-
ternal buckling pressure to be
2 (KR)E1/R?)

Per = (Eq 15]

As u first approximation in these analyses of cylinders
and rings on clustic foundations, only bending defor-
mations are considered, and deformations due to cir-
cumferential compression forees are ignored.

Cylinders supported by a continuous elastic medi-
um: Hoeg®* gives an clastic solution for stresses and
displacements of u cylinder in an eclastic medium con-
sidering N = oy70a8 a variable for the cases of perfect
bond and of frec slip between the cylinder and the
medium. He tfinds that the behavior is a function of the
relutive compressibility and flexibility of the cylinder
and the medium as given by a flexibility ratio

F = 1/o(1-2v/1-u)M

= < E
Ecl/R*(1v¢7) [Eq16]
and a compressibility ratio
. L Eq17
T EUR(I0g?) (Eq 17]

where M is the one dimensional constrained modulus
of the medium and v is the Poisson’s ratio of the medi-
um. Note that the significant cylinder parameters are
the same as those for the unsupported cylinder.

*TM. Chency, “Bending and Buckling of Thin-Walled Open-
Scetion Rings,™ Proe. ASCE, Jowrn. Eng. Mech. Div. EMS,
Paper 3665 (1963).

$3 U. Luscher, Study of the Collapse of Small Soil-Surrounded
Tubes, Technical Report AFSWC-TDR-63-6 (Air Force
Special Weapons Center, 1963).

54 K. Hoeg, Pressure Distribution on Underground Structural
Cvlinders, Technical Report No, AFWIL-TR-65-98 (Air
Force Weapons Laboratory, 1966),



Cylinders in soil materials: On the basis of empiri-
cal data from tests of buricd culverts, Spangler®® devel-
oped the well-knowe “lowa formula™ in which the
deformations of a thin-walled buried cylinder due to
surcharge loading may be expressed in terms of p/Egl/
R and eR/El/R® where p is & measure of the sur-
charge pressure acting on the cylinder, and ¢ is a pas-
sive deformation modulus of the soil. Watkins and
Spangler’® present arguments indicating  that  the
quantity “eR™ and not just “'¢” is a constant for a
given soil.

Luscher®” analyzes deformation data from tests
on buried cylinders in terms of the parameters p/Egl/
R? and E'E¢l/R?, where E' is o deformation moduius
of the soil which he found to correlate with M, the
one-dimensional constrained deformation modulus.

It is interesting to note that Spangler’s lowa for-
mula can be written in a form which is very similar to
the fust term in the Hetenyi solution for the behavior
of rings on elastic foundations.

Hoeg ran tests on-cylinders buried in Ottawa sand
which agreed well with predictions from his clastic
solution for the behavior of a cylinder in an elastic
medium,

Luscher®® summarizes data on the buckling of
cylinders in soil accumulated by a number of investi-
gators and found that the bending stiffness Egl/R* of
the cylinder correlated with failure by buckling.

A review of the preceding discussions shows that
the most significant cylinder parameter governing the
behavior of 4 cylinder subjected to external pressures is
the bending stiffness Eql/R?(1-v¢?). in the special case
in which the external loading closely approaches a uni-
form radial pressure, the hoop compression defor-
mation is more important than the hending defor-
mations, and the important paramcter becomes
E¢t/R(1-v¢?). The quantity (1-v¢?) is quite close to
unity and may be disregarded with little error.

$$ M.G. Spangler, The Structural Design of Flexible Pipe Cul-
verts, Bull, 153, lowa Eng. Exp. Sta. (1941).

ss R.K. Watkins and M.G. Spangler, “Some Characteristics of
the Modulus and Passive Resistance of Soil, A Study in
Similitude,” HRB Proc. Vol 37 (1958) pp 576-583.

$7U. Luscher. Behavior of Flexible Underground Cylinders.
Technical Report No. AFWL-TR-65-99 {Air Force Wernang
Laboratory, 1965).

38 U. Luscher, Behavior of Flexible Underground Cyvlinders,
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Hence, for the purposes of dimensional analysis
and modeling, the stiffnesses Egl/R® and Egt/R are
considered the significant parametess describing the
tunnel lining, rather than the individual quantities E, I,
R, and 1. This has the great advantage of allowing the
model lining to be made of any material, regardless of
the prototype material, since it is necessary to consider
only the structural stiffness properties of the liner and
not the actual liner material properties. This assumes
that the prototype lining is subjected only {o stresses in
the pscudo-clastic, working-stress range, so that the
strength parameters of the liner material need not be
modeled. This is o reasonable assumption for most tun-
nel linings. It must be uoted, however, that the ratio
between the two stiffnesses is distorted somewhat if
the model lining is constructed of a material different
from that of the prototype lining. This means that the
response of a model lining will not reproduce with
complete accuracy the response of a prototype lining
constructed of a different material.

Variables describing the response of the system.
The radial movements of the tunnel wall arc given by
u. strains at points in the rock mass behind the wall are
given by ¢, and stresses within the rock mass are given
by 0. The subscripis 8 and r will be used with these
variables to indicate the circumferential and radial di-
rections, respectively.

The response of the tunnel liner is given by the
displacements u, and by thrusts T and moments M in
the liner. The thrusts and moments are given per unit
length of tunnel: pounds per inch, and inch-pounds per
inch. The actual stresses in the liner are not considered
because they are of less fundamental significance than
the thrusts and moments. The thrusts and moments are
dependent only upon the more general, or “first-
order,” variable such as flexural and compression stiff-
ness. The actual stresses, however, are also dependent
upon less significant, or *“sccond-order,” details of the
lining Jdesign.

Dimensionless Pi Terms. The behavior of the proto-
type tunnel is assumed to be determined and described
with sufficient accuracy by the variables giver in Table
A2. These variables are the x; terms of Equation 1,
which then becomes

oy, Oh,corqy. 9 0L,E,v.doraorDor R,
¢j. 0, s, EQI/R‘ ,Eet/R,u. ¢, 0, T.M)= 0

{Eq 18]



Table A2
Dimensionless Pi Terms

Loading: ap/oy, oy/ay

Intact rock: Iy & Elgy. v

Rock mass: ¥, 0, Dy

Support properties: ER*/Eql or ay R3/Egl. ER/Egt or ayR/Eq
Response: u/D. ¢, o/ay ur afqy. TIayR, M/oyR?

The next step in the determination of the simili-
tude requirements governing a model study of this
phenomenon is to perform a dimensional analysis; that
is. to determine a set of pi terms as in Equation 2. By
inspection of Table Al and Equation 3 it is scen that
there are m =n - r = 18 ~ 2 =16 dimensionless pi
terms which describe the phenomenon. Rigorous meth-
ods arc available for determining a complete set of
independent pi terms (see for example, Langhaar or
Murphy). However, 4 complete set for the variables in
Table Al can be determined by inspection, and are
given in Table A2,

Note that in several places in Table A2 two ex-
pressions are given as being equally valid. The princi-
ples of dimensional analysis state that in any given set,
all pi terms are independent:i.c., no one pi term can be
obtained by mulliplying together any combination of
the other pi terms of that set. But there are an infinite
number of scts of independent pi terms which can be
given for the n variables, any one set of which can be
derived from any second set by multiplying terms of
the sccond set together. For examples. cither o/ay or
6/q, may be considered as one of the pi terms, but
both cannot he considered as part of one set because
they are not independent. One can be derived from the
other by multiplication with other of the pi terms as
follows:

[Eq 19]

It was mentioned cariier that much insight into the
phenomenon being considered could often be obtained
from the relationships of the variables in the pi terms.
The terms ay/q, and oy/oy show that the free-field
stress level relative to the strength of the material is
important, and that the ratio of horizontal to vertical
stress is of significance. The term D/s shows that the
ratio of tunnel diameter to joint spacing is significant
in the behavior of the tunnel. The ratios ERY/Eyl and
ER/E¢t (E/LI/RY and E/E¢t/R) show thai (he relative

oloy = u/qy x qufoy
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stiffnesses of the rock mass and the liner are of impor-
tance in influencing the behavior. Alternately, from
oyR3/Eel and o, R/Eet it is seen that the behavior of
the liner depends upon its stiffness relative to the ap-
plicd stress. The development of thrusts and moments
is best expressed in terms of the parameters T/oyR and
M/oyR?. The importance of many of thesc terms, of
course has been recognized for some time from other
work, but this dimensional analysis is an independent
substantiation of this imiportance.

Development of Modeling Laws. Using he pi terms
just derived, Equation 2 becomes
F(onloy. 0y (4. 0/qy. ¢, E/qy, v. ER?[EI
or UVI{B/EQI.(pj, 0, Dfs, ER/E¢t
or o, R/E¢t,u/d, ¢, ofoy,
or ofqy. T/oyR, M/ayR*) =0

[Eq 20]

This is the dimensionless functional relationship de-
scribing the phenomenon. If the modar study is to
accurately reproduce the prototype field behavior, it is
necessary that the pi terms as given ir Table A2 and
Equation 20 be identical for the model and the proto-
type. as indicated by Lgnation 4. This is, for example:
(on/ay) maodel = (o), /uy) prototype
q21]
(¢) mode! = (¢) prototype

and so on for the rest of the pi terms,

If' the symbol Ky, is used to represent the ratio
hetween the value of one of the x; terms in the model
and in the prototype. for example:

Kay = (oy) model/(oy) prototype  [Eq 22]

then the requirements of similitude as given in Equa-
tions 4 and 21 dictate certain relationships which must
exist hetween the Ky, ratios. The Ky; ratios are called
the scale factors, and the relationships between them
are called the model laws. The model laws for this
phenomenon, as derived from the pi terms of Table A2
by simple algebraic manipulation. are given in Table
A3,

The .nodel laws of Table A3 show that all of the x;
quantities having the dimensions of length L scale in
the same ratio Ky between the model and the proto-
type: all x; quantities having the dimensions of stress
FL2 scale in the same ratio Kg: and all dimensionless
quantitics such as strains and angles have the same
magnitude in the maodel as in the prototype. Further-
more, the model Taws show that the scale factors for



Table A3
Model Laws

Lincar Dimensions L
Stresses:

I'fl, *Ka Ky “Kp = K = K¢

Ko = Koy = Kgp = Kqy = Kgg = K
Kigh/r® = Kggyr

K‘i”j = KU o K' - K” = Ko =

K= KgKp. Kp = KoKy ?

Strains and Angles:
Response:

lengths and stresses, Ky and Ky, are independent and
may be chosen arbitrarily.

The inter-relationships between the scale factors Ky,
Ky, Kg. and K¢ are not to be interpreted as restric-
tions upon this independency of Ky and Kg but mere-
ly as a definition of the manner in which thrusts and
moments scale hetween model and prototype.

If the model laws of Table A3 are satisficd, then
the requirements of Equation 4 are satisfied and the
model is “similar’” to the prototype and behaves exact-
ly as tie prototype. By measuring the x; quantitics in
the model, the x; quantitics of the prototype can be
predicted through the scale factors. The accuracy with
which the predicted prototype behavior matches the
actual prototype bhchavior depends upon two factors:

(1) The accuracy of the assumption that the x;
quantities of Table Al arc the quantities
which determine and describe the phenome-
non, and

(2) The accuracy with which the model laws arc
satisficd.

Model Rock Material Requirements. Some very
stringent limitations on the hehavior of the model rock
material arc implicit in the n:odeling ratios given above.
The model laws Kg, = Kq,, = Kg, = Kg, and K¢ = 1
require that on any dimensionless plot of strengths, the
data for both the model and prototype rock materials
must collapse onto a single curve. For example, if Fig.
AS were the Mohr envelores for the prototype and
model materials, then on 2 dimensionless plot of 7/qy
vs o/qu such as Fig. A6 the cnvelopes for the two
materials must coincide. On any other dimensionless
strength plot, such as (o;-03)/qy vs 03/qy, the
strength envelopes for the two materials must also co-
incide.

A similar- relationship exists for the deformation
characteristics of the model and prototype materials.
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The modeling ratios Ky; = Kgy Ke= 1. Ky =1, and the
strength requirements given above require that the
materials have the same Poisson’s ratio and that on all
dimensionless plots of strains or deformations vérsus
stress the curves for the two materials must coincide.
For example, il Fig. A7 were the stress-strain curves for
the model and prototype materials at comparable c¢on-
fining pressures; i.c.. at a value of o4/q, which is the
same for both materials, then on a dimensionless plot
of (o, -~ 03)/qy vs €. the curves for both materials must
coincide as in Fig. AS. This means, for example, that in
triaxial compression tests at comparable confining pres-
sures, the materials must fail at the same strains.
Hence, on a dimensionless plot of €gyjiyreVs 01/qy, the
data for the two materials must collapse onto u single
curve.

In praciice these requirements are almost impos-
sible to «~tisfy. In a model study of a lincarly elastic
pheromenon, the strength modeling laws do not exist,
and the deformation modeling laws are not so critical
since the stress-deformation relationships are linear.
For example, K¢ = 2 might he allowed without serious-
ly affecting the accuracy of the model. For a model
study in which inclastic deformations and failure con-
ditions are important. however, the model laws must
be satisfied as nearly as possible. Patterns of stress and
strain distributicn in the prototype may change mark-
edly as non-lincar, inclastic deformations occur and as
failure conditions arc approached or reached. If the
model laws are not satisfied and the model materials do
not fulfill the requirements outlined above. the pat-
terns of stress and strain distribution in the model may
differ considerably from those of the prototype.

In modeling studies the most common solutions of
this dilemma are either (1) to conduct tests in only the
quasi-clastic, working-stress range, where the model
material requirements arce not so critical: or (2) to build
the model from cssentially the same muaterial as the
prototype, as is done in microconcrete mode! studies
of reinforced concrete structures. These approaches are
not feasible in geomechanical model studies of under-
ground openings, however.,

In the first case, underground structures are highly
indeterminate so that local failures can develop with-
out leading to complete failure of the structure. In
fact, the economics of underground construction often
demand that such local failures be tolerated. Hence, a
studdy of the low stress, guasi-elastic behavior is not
stlficient.
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Figure A5. Prototype and model Mohr envelopes.

Figure A6. Dimensionless prototype and model Mohr envelopes.
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Figure A8. Dimensionless prototype and model stress-
strain curve,

The second approach is not feasible for three rea-
sons. First, discontinuitics in the actual rock mass exist
on a physical scale such that it is impossible to obtain
samples of the rock mass small enough so that accurate
model studics can be performed when the effect of
mass discontinuitics is being studied. Sccondly, the
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strength of the rock materials is generally so great that
the size of models constructed of the prototype ma-
terial which can cconomically be loaded to failure in
the laboratory are 100 small to be of interest. Finally,
it would be very difficult to get “identical samples” for
testing from a real rock mass because most rock for-
mations are not sufliciently homogencous. Hence it is '
necessary o use midificial, low strength materials for
the construction of geomechanical models.

Data for intact rock (for example, Deere and Mil-

5 q .

ter,’ Deere,® Hendron®' Handin and  Hager,®?

Handin et al®! Corps ol Engineers,®® and Robert-
65

son®” indicate that on the averuage, the pronerties of
intact rock are such that the tensile strength is about
five percent to ten percent of the unconfined compres-
sive strength and the modulies of elasticity is about 250
to 500 times the unconfined compressive strength (E
being the tmgent modulus at {ifty percent of qy),
while the angle of internal friction commonly viries
between 257 and 60°, and v 1s between 0.1 and 0.3.
That is, tor actual rock:

S% <oy fyu< 10 2 200 < Efgq < 500;
259 < g < 00”01 <v<03

The material chosen for the constructior of the model
should also have properties within these ranges if simili-
tude is to be achicved.

Test data indicate that rock specimens typically

9.V, Deere and R.P. Miller, Engincering Classification and
Index Properties for Intact Rock, Technical Report No.
AFWL-TR-65-116 (Air Force Weapons Laboratory, 1966).

*9).V. Deere. “Geologic Considerations.”

* 1 A1, Hendron, Mechanical Properties of Rock.”

€25 Handin and R.V. Hager, “Experimental Deformation of
Sedimentary Rocks Under Confining Pressures: Tests at
Room Temperature on Dry Samples.” Bull A.A.P.G.. Vol
41, No. | Qanuary 1957) pp 1-50.

431 Handin, R.V. Haper, M. Fricdman and LN, Feather, “Ex-
perimental Deformation of Sedimentary Rocks Under Con-
fining Pressure: Pore Pressure Resuits,” Bull. A.A.P.G., Vol
47, No. § tMay 1963) pp T17-758.

*3 Tests for Strength Characteristics of Rock, Pile Driver Proj-
cet MRD Lab No. 64/90 (U.S. Army. Missouri River Divi-
sion Laboratory {MRD]. Sept 1964); Tests for Strength
Churactenstivs of a Schistose Gneiss, MRD Lab No. 64/493
(May 1965); Strength Parameters of Seleeted Intermediate
Quality Rocks, MRD Lab No. 64/493 tluly 1966).

“AE.C Robertson, CExperimental Study of the Strength of
Rowks, Bull 2.8 4., Vol 66 (Octuber 1955) pp 12781314,



fail in unconfined compression at axial strains of 0.2 to
1.0 percent. In triaxial compression at confining pres-
sures equal to their unconfined compression strength,
rock specimens reach a peak stress difference (0, —03)
at axial strains which may range widely, from around
one pereent for dense igneous rocks up to ten percent
to twenty percent or more for ductile shales or evapo-
rites. Rocks commonly exhibit dilation during shear,
possible exceptions being very porous sedimentary or
volcanic rocks whose porous structure collapses during
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shear, or some evaporites which may fail by inter-
crystalline gliding with no volume change. A *“general
rock modeling material™ should exhibit dilation during
shear to satisfy similitude.

Typical stress-strain curves for a wide range of
rock types are given in the references listed above. The
modeling material chosen should possess stress-strain
curves which are of the same shape as those of a typical
rock, as in Fig. A4,



APPENDIX B:

Lateral Loading Elements. 'Ihe desivn criteria for
the system of applying the lateral pressures, o, and oy,.
to the model were that it be able to apply a uniform
pressure up to 1,000 psi on the 247 x 87 tuces of the
model tor a total reaction of 192,000 pounds, and that
it be able to deform up 1o one-quarter inch as the
maodel was loaded.  Although large. irregular defor-
mations of the faces were not anticipated, @ nonuni-
form concave outward deformation was anticipated for
two reasons: (1) the presence of the tunnel. and (2)
restraining friction along the adjpeent loading faces.
Henee, the ateral Toads had to be applicd by a flexible
leading system which could adjust 10 the irregular
model deformations, rather than by a0 rizid {oading
head.

It was decided that the toad should be actively
applied to all four lateral sides, rather than actively
loading the model on 1wo adjacent sides and pushing it
against a passive reaction on the opposing sides. Al-
though this increased the complexity of the loading
system, it was done to maintain Joading symmetry in
the model so that friction between the model and the
longitudinal and lateral loading heads would be sym-
metrical about the tunnel.

The loading system whicl was chosen s a com-
pletely mechanical one whose basic operation is quite
similar to a system used by Hoek®® on small models 67
x 67 x 17 1t comsists of a pyramid of increasingly
larger triangular elements produced by welding angle
irons and flat plates together, as shown in Fig, B1. Two
such sets of elements are used to apply the load to cuch
lateral face of the madel, as shown in Fig. B2, The load
is applicd by a hydraulic jack against the transition
head clemen! and distributed down through the pyva-
mid to the model, which is in contact with the smallest
triangular elements, Element No. 3. At the contact be-
tween the elemciits, grooves 1/16-in. deep with a L-in.
radius are cut into the plates and the angle corners arc
rounded on a 1/2%-in. radius, The purpose of the
grooves and rounded corners is threefold: (1) to alfow
the clements to rotate with respect to cach other and

“t L. Hoek, Rock Fracture,

v After Heuer .nd Hendron, Geomechanical Model Study
Report 2
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DESCRIPTION OF MODEL LOADING APPARATUS*

to adjust to any irregutar deformations of the model
while currying equal loads, (2) to aid in aligning the
clements, and (3) 10 provide o large enough bearing
arca at the contacts to prevent local yielding of the
steel and fluttening of the contacts. Even so, high con-
tact stresses exist, und a high vield strength steel (T-1
steel) was used for the transition heads and the angles
of Element No. 1. This system of applying the lateral
loads wus chosen for two reasons: (1) the successful
operation of the simitar loading  system used by
Hoek 7 and (2) the simple, complew!y mechanical
nature of the system, which siggested that it would be
very dependable and rugged.

Load Distribution Characteristics of the Trianqular Ele-
ment Lateral Loading System. The load distribution
characteristics o the triangular loading clement as-
sembly were studied in some detail to determine how
well they satisty the lateral boundary condition; that
ol a uniform kateral stress distribution some distance
from the wpnel 1t is recognized that the stress distri-
bution on the tuce of the model will be quite irregular
due to the finite width and the finite stiffness of the
loading clements, The philosophy guiding the design of
the clements was that they should be relatively narrow,
stiff, and closely spaced, anid that each should apply
the same total force to the model even if it deforms
unevenly. Then, within a short depth into the model,
approximately equal to the width Hf the elements, the
actual stress distribution would deviate only slightly
from the average stress applied to the boundary. To
check the behavior of the foading apparatus, three
things were done. First, one set of loading elements
wis instrumented to determine the loads being carried
by the smallest triangles, under uneven deformations of
the assembly. Second. concrete blocks the size of the
actual model blocks, 24™ x 247 x 8%, both with and
without (unnels, were tested i biaxinl compression,
These were spraved with a brittle lacquer coating on an
urfoaded 247 x 247 face to study the strain distri-
bution in the block. Third, before testing the first
madel tunnel, @ solid block of the model material with-
out 1 unnel was tested with internal instrumentation

. l llucvkv. Rock Practure.
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Pyramid of Triangular Elements,
T2 per §ide

Hydraulic Jeck “7
i

/

/

mMode |

Figure B2. Skeich of lateral loading element assembly (not to scale).

to measure the strain ficld which was produced within
the block. These studies led 1o the conclusion that the
lateral loading system was performing satisfactorily and
fulfilling the design requirements and boundary con-
dition.

Load Distribution As Measured by the instrumented
Elements. One set of triangular clements as shown in
Figure B4 was used for this study. An clectrical resist-
ance strain gage (SR4 Gage, Type A-7)was placed on the
center of cach leg of cach of the four small triangular
clements (Element No. 3) as shown in Fig. B3. The two
gages from each clement were wired into opposite arms
of a four-arm Wheatstone bridge and monitored by
strain indicator. Each of the small triangular elements
was then loaded individually with the transition head
to obtain a calibration curve showing SR4 gage reading
versus total load carricd by the individual clement. The

(7))
L7

entire pyramid of triangular loading elements and tran-
sition head was then loaded and at successive stages of
loading the strain indicated by the SR4 gages on cach
of the small clements (No. 3) was recorded and com-
parcd with the calibration curves to determine how
much of the total applied load was being carried by
cach individual clement.

This method of monitoring the loads carried by
Individual clements Is not satisfactory for gencral
usage, although it was sufficient for the purpose of the
immediate investigation. The problem with this mcth-
od is that it is very sensitive to bending moments in the
triangle legs, which are in turn caused by bending of
the bottom flat plate of the clement at the contact
with the model. This system of instrumentation is thus
quite sensitive to pressure distribution on the base of
the clements. Ideally, the instrumentation should be
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For the nmediate investigation, this difficulty
was solved as shown in Fig, B4, A steel bar 17/27
LT was placed under each edge of each clericat and
these in turn were placed upon a 1/8 in. strip of rub-
ber. Rubber strips of ditferent stiltness were, used to
induce differential movement of the clements during
loading. The use of narrow strips under the edges of
the elements eliminated the problem of pressure distri-
bution across the base. In addition the elements were
placed upon o 127 x 87 x 1-1/27 steel plate which
could be moved freely so that the individual elements
could be centered in the test machine for calibration,
and then the whole assembly could be centered for
loading. In this way the whole loading assembly could
be tested with the small elements in exactly the same
position and with exactly the same base conditions
with which they were calibrated.

The results of the tests on the whole assembly are
shown in Fig. BS. The maximum variation hetween
clenenis is approximately plus or minus 2.3 percent of
the total assembly load and was generall, around plus
or minus one percent. The variation between the foad
carried by cach element is almost equal to the variation
m the calibration of the individual elements, so that
within the accuracy of this method of meca-arement,
the elements are carrying equal loads. This was meas-
itred during tests in which significant movement of the
whole assembly and significant relative movements of
individual elements were recorded as shown in Fig, BS.

In summary, this study showed that this lateral
loading sssembly  can accomodate substantial difter-
ential movements of its hase while distributing the
total foad equally across the base.

Longitudinal Restrain and Reaction Frame. The meth-
od of applving the longitudinal restraint and the meth-
od of supplving the lateral jucking reactions are inti-
mately related in the desian of the loading machine and
must be considered together. As discussed previously. a
condition of plane strain should be approximated in
the model, Three methods of achieving this result were
listed:

(1) A uniform pressure against the lTongitudinal
controlled to mall anv  Jopgitadinal
expansion which tends to develop,

faces.

Rigid heads against the longitudinal faces, tied
igidly together across the model.

Rigid heads against the longitudinal faces,
with o controlled Toad applied to them to null
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any longitudinal expansion wiich tends 1o
develop,

Uniform Restraining Pressure Systera 1t is believed
that the uniform pressure method would not satisty
the boundary condition satistactonly. Dilation of the
material is expected in failure zones which develop
around the tunnel, with some expansion vceurring in
the longitudinal direction. More pressure would be re-
quired 1o null longitudingl strains in these regions than
in regions away from the tunnel which are still behav-
ing clastically. A uniform nulling pressure would then
be too low to prevent expansion in the plastic zones
and/or too high to exactly null strains in the elastic
zones. Hence, the longitudinal faces would not remain
plane during the loading, but would warp. Thus, the
system is unsatisfactory.

Rigid Heads Tied Across Model. The second method
suggested has the obvious advantage ot greatly simpli-
fying the test procedure. Once the model is in testing
position, the longitudin! heads are brought into con-
tact with it and tied ‘lngcthcr across the model, prob-
ably at the comers of the model. Then during the
lateral loading the model is restrained from longitudi-
nal expansion by the rigid heads and ties. This would
climimitte the need for monitoring and regulating the
longitudinal deformations and loads. A serious problem
which must be given careful consideration with an ap-
paratas of this sort is the difficulty of seating with the
restraining heads against the model. Because of the
very small fongitudinal expansion which would occur
even in the plane stress condition, the restraining heads

must be seated very carefully and tightly, Otherwise,
the expansion of the model which would occur before
intimate contact with the restraining loads was de-
veloped would be of the same order of magnitude us
the total expansion during the test. In such a case the
actual test condition would approximate plane stress
more closely than plane strain. In spite of this problem,
the anticipated simplicity of the testing procedure with
an apparatus of this sort is very attractive und the de-
sign of such a system was carefully considered.

To be acceptabie. the calculuted deformation of
such an apparatus should not exceed about 10 percent
of the plane stress expansion of a model block. Such an
apparatus proved too massive to be practical. The prob-
fem ot adequately seating 2 model in an apparatus of
this design remains unsettled. Furthermore, such an
appairatus, representing a sizable investment, would not
have dthe adaptability and peneral capabilities of the
design tinally chosen. For these reasons, it was decided
that rigid heads ticd tozether across the model were
not o satistuctory design.

Controlled Rigid Longitudinal Heads. The next system
considered is shown schematically in Fig. B6. The bot-
tom friume and lateral reactions would be combined
into a single unit. The top head would consist of a prill
work as shown in Fig. B7 with a l-in. bottom cover
plite in contact with the model and a 1/2-in. top cover
plate. Hydraulic jucks would foree the head against the
maodel to null Tongitudinal expansion of the model.

Calculation of the deformation of this “rigid”
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head, assuming a uniformly distributed load from the
model and point loads from the jacks., indicates that
waviness of the surface in contact with the model
would be less than rius or minus 10 pereent of the
longitudinal model expansion which would oceur in
the plane stress case, considering both shearing and
bending deformadons. This was considered satistactory
and was actuzhy an overestimate since the jack re-
actions would be spread over the area of the jack buses
and would rot be point loads .

The difficulty with this design s that the sup-
port for the laeral jacks was not symmetrical, but was
cantilevered off the bottom frame. This produced
bending stresses and a4 convex upward curvature in the
bottom frame under the base of the model. which was
intolerably large. A number ot schemes were con-
sidered for reducing this curvature but calculations for
all schemes showed thut the maximum deformation of
the center would be up to 20 percent of the plane
stress deformation, unless steel sections much larger
than shown were used. The conclusion reached is that
an eccentric support of the lateral reactions was un-
satisfactory.

Utilizing experience gained from previous con-
siderations, a final design was arrived at in which the

reactions were symmetrically supported and  defor-
mation of the reaction frame was not a major problem,
This design is shown in Figures BS and B14. Overall
views of the apparatus are shown in Figure 88 and B9.
The Tateral loads were applied by the pyramids of tri-
angular elemeits discussed previously, which were ar-
runged us vhown in Fig. B10. The reactions for the
lateral jacks were supplied as shown in Fig. BI1.
The horizontal 1 3/4-in. 10ds were removed while posi-
tioning the model in the loading frame and setting up
the test. These rods had the same cross-sectional area as
the horizontal 37 % 37 x 7/16 " angle iron ties, and the
axis of the lateral jacks was spaced vertically midway
between the centroid of the rods and the centroid of
the angles, in hoth the oy and gy, directions. Hence,
bending moments in the lateral reaction frame were
kept to a minimum. Moreover, the lateral reaction
system was independent of the longitudinal system,
and deformations and moments in the lateral system
had no effect upon the fongitudinal deformations.

The top longiwdinal loading head was the same as
shown in Fig. B7. Note that this head contained an 87
x 8" dass window allowing observation of the tunnel
during the test. The bottom restraint was a passive cle-
ment, the 2" x 2° x 2’ concrete cube as shown in
Figures B12 and B13. The reactions were supplied by

Figure BS.
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Figure B12. Lower longitudinal reaction head and con-
crete pedestal,

top and bottom longitudinal reaction heads as shown
in Fig. B14, which were tied together by the four verti-
cal 1 3/4-inch diameter rods. While considerable defor-
mation of these top and bottom reaction heads oc-
curred, it was of no significance because the model did
not rest directly against them. The model was shielded
from irregular deformation of the bottom trame by the
2-ft concrete cube, while being loaded from the top by
the hydraulic jacks acting against the top loading head.
The system designed for monitoring the tongitudinal
strains is discussed later in the section on instru-
mentation of the model.

For thosc members in which deformation was not
a controlling factor, the reaction frame was designed
for an extreme fiber stress of 20,000 psi in both ten-
sion and compression in the rolled steel sections, which
were of A36 steel. The horizontal and vertical tie rods
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were subjected to higher stresses in the threaded sec-
tions, and were of higher yield steel.

In an attempt to ensure scating of the loading
heads (and longitudinal deformation measuring points)
against the model, the following procedure was used:
The top 3/8-in. aluminum plate beneath the model
(Fig. B13) was the bottom of the mold in which the
model was compacted, hence it fitted tightly against
the model. The bottom 3/8-in. steel plate was cast di-
rectly against the concrete cube. As the model was put
in testing position a thin film of plaster (approximately
1/16-in. thick) was placed between the 3/8-in. plates to
ensure complete contact between them. Another thin
film of plaster was placed between the top loading
head and the model to ensure a tight. continuous fit.
Then, when testing was begun, a 30 psi longitudinal
seating load wus applicd before the lateral loads were
applied.

The hydraulic jacks used were twelve Simplex
RC-6010 double-a ting 60 ton hydraulic rams. They
were actuated by the pressure console seen in Fig. B8.
The console was driven by air pressure and featured
two independent hydraulic systems cach capable of
producing pressures of 10,000 psi from an air pressure
of 100 psi. The four jacks applying the oy loads to the
model were driven by one of the consoles” hydraulic
systems, while the four applying the o), loads were
driven by the other system. A hydraulic pressure of
7.150 psi was required to develop the average stress of
1,000 psi against the model. In the initial tests of
model blocks without tunnels, the four longitudinal
hydraulic jacks were driven.from one common hand
pump. It was obscrved that any tendency of the longi-
tudinal loading head to rotate could not be controlled
with this system, and lurther testing was done with an
individual hand pump for cach jack. ensuring positive
control of the longitudinal loading head movements.
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