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Model laws governing the design of qeumrechIar.cal model studies of underground open-
ings in rock subjected to static loads are developed using dimensional analysis and the
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rock mnass, the opening geometry, and the structural liner supporting the opening. The
prototype crhosen for study is a short section of a long circular tunnel which is under-
ground at a depth of more than four tunnel diameters.

The development of geomechanical modeling techniques for the construction and test-
ing of jointed rock models is described. The strength properties of the intact model
material and of the joint surfaces are also presented. The models were tested in plane
strain (zero strain parallel to the turnel axis) by the use of A controlled rigid longi-
tudinal loading head.

Five jointed models were tested to determine the effect of tunnel liner stiffness
and the ratio of joint spacing to tunnel diameter on the hehavior of tudnel liners in
Jointed rock masses. The model tunnels were lined with plexiqlass liners of varying
thickness to simulate riiinforced concrete liners in a jointed rock mass. ;he effect of
the ratio of the tunnel t0iameter to jolrt spacing orn structural behavior was studied by
testing three different size tunnels in the model rock mass composed of 1-in, square
jloint blocks. The structural behavior of the models was assessed by means of quanti-
tative measurments such as measurement of the diameter Changes of the liner, the
extensometer measurements of displacements in the rock mass behind the tunnel wall.

The observed model behavior was analyzed and compared to a previously developed
elasto-plastic analysis. The analyses showed that elastic theory was sufficiently
accurate For calculating the diametrical strains of the lined tunnels up to dlametri':al
strains of about 1.2%. For diametrical strains above 1.2%, the elasto-plastic theory
was used successfully to calculate the tunnel diametrical strains within an error of
about + 15%.
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ABSTRACT

Modl lwsgoverning th ein of gel.luclmodel studies of' underground
openings in rock subjected to static loads are developed using dimensional analysis and
thle theory ot model s. Trhe significant variablcs influcncing the behavior of rock con-
A.dered in this study arc the frce-t'icld stresses, the properties of the discon tinui ties in thle
rock mass, the opening geometry, and the structural lijier supporting the opening. The
prototvpL chosen tfor s tudy is a shiort sect ion of a I .-' ciicular tu nnel which is under-
groUnd at a. depth oif 11orc than four tunnel diauwte~

'rhe developmen t (it' geoilleclianicaI miodeling techniques for the construction and
testing of joiunted n~ic k imodelsik, described. Tihe strength properties of thle in t ct model
material and of lie joint su riaces are 1lSO pteseCIi e. The models were tested in p~lane
st rain (zcro strain parallel to thle tminel axis) by t he use of' a c m trolled rigid longitudinal
loading h ead.

F~ive join ted models were tested to de term ine thle 2ffec of' tunnel liner stiffness and
thle ratio of joint spacin- to tuinnel diameter on the behavior of tfunnel liners in joited
rock masses. Thle model tunniels were lined with plexiglass 1:ners Af varying thickness to
simulate rein forced conicre te linuers in a join ted rock mass. The effect of' tile ratio of' thle
tunniel diameter to joint spacing onl s.tructti ral behavior waS studied by testing three
di l'fercn t size t unuels in thle modlel rock imass composed ofI I -iii. square joint blocks. The
structural behavior of' thle models was assessed by means of quantitative measurements
such as measurement of thie dliameter chainges of' the liner, thle cx tensometer mecasure-
mien is ot displacemlents in the rock mass behind the turnel wall.

The observed miodel behavioi was analyzed] andi compared to a previouIsly developed
clasto-plastic analysis. The analyses showed that elastic theory was su fficiently accurate
for calculating the diame trical st rains oif the lined tunnels up to diamnetrical st rains of
about 1.2%lt. For diametrical strains above I 2% the elasto-plastic theory was used suic-
cessfuilly to calculate the tuntnel diametrical strains within an error oif about ±1 5%.
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MVODEL TESTS OF LINED TUNNELS
IN A JOINTED ROCK MASS

1 INTRODUCTION capalble jd conside ring to varying degrees suich proper-
ties as o)penings ot any shape, anisotropy, non-homnog-

Justification for Geomechanical Model Studies. The encous layering. non-linear elastic-plastic frictional
ctiirrn t kolumec ot underground construction activity material properties. and discon tinu ities in the rock
im milit ary and civil work is unpreceden ted in history, mass (see for example Reyes.'1 Goodmnan. 2 and Zien-
and is, ~x pected to expand significantly in the future. kiewic'. 3 ). At present, however, restrictions of' corn-
Nlore )vcr, the size and complexity of' underground pu ter size, development of' finite element tch niqueIs.
si ricto es is steadily inicre asinrg. Althoi ng significant arnd our ability to accurately determine and describe
ad~vances have been madle in recent Years. our uinder- tile actunal cl niplex propertie's of the intact rock mna-
st :in d ilz of' the heb avioi otfi uder ,.rn 1( openings is terial. the rock mass, and thie undergrounrd st incilures

1),)m bo anse thle pi ohieni is extremely complex and limlit the usefulness of, this method of analysis.
hh Ii indetermlinate (lie to the iliscin tinuous nature IHence. in addition to the use ot theorotical and
of join ted rock masses. A mote cimiprelensive under- analytical techiniques in studying and lprel.lic tirg t6l
si :indi hg of' tile interaction of' various structural liners behavior of" underground openings. it is necessary to
withi joiti ted ro~ck miasses is necessary if' fitire under- use em pirieal t echniques in Field and laboratory ex peni-
roun rd works aIre to he designed and construc ted mnen tartion. Limi tedl field data co ncerning tile behavior
ni il(Iiy and econom11ically. of underground openings subjected to static and dy-

Amiong thle variables wh ichl exert a sign ificant in- narniic loadings are available, hut it is not possible to
flunceonthle behavior of underground openings in extrapolate these dlata directlytopeittebhvr

rock are the following: natural free-Field stresses in at other sites where the pertinent variables have differ-
rock mass: artificial, Superimposed loads coming either ent values. In order to do this one mnust have a qtlarti-
tronm within thle opening or applied to tile rock mass at tative basis for determining how changes in the vari-
sonic distant point: mechanical properties of the intact ahlcs will inifluence thle behavior of thie o~pening. To
rock material, the nature of (liscon tintuities in the rock develop empirically such quantitative relaiionships
mass, suchi as joints, faults, and b~edding planes; tile betwveen the pertinent variables and the b',+avior of the
peomietry of the opening, the structural liner or rock openinlg, data must be obtained ovei i wide range of
bolts supporting the opening-, and the tehnliClues and the variables. The cost and impractical ty of' obtaining
sequence by which the Opening is constructedl. data from miany full-scale field construction sites limnits

Analticl mehod of redctin th behvio of the usefulness of' this approach. Field data does, how-
Anlyicl etos f reicin hebeavorO ever, offer thle only ready means of studying the influ-

undergrotund -,penings in rock are quite limited in ap- ence of construction techniques. In addition, concepts
plicability because thle jointed rock mass is generally and predictions (derived from other methods Of Study
dliscontinuIous; tile construction procedures are ot'great must ultimately be checked by Field observations to
significance hut are often indeterminate'; and the sys- substantiate or disprove their validity and usefulnesg.
temn consisting (if the tndergrotund structure and thle
sturrounding rock mass is also highly indeterminate. -

*Solutions from the theory of elasticity are directly gS.F. Reyes. Elastic Plastic Anal * sis of Undcrgronnld Open-
applicable ~ ~ ~ ~ ~ ~ ~ ~ ng onl toe a iie ubro oc assr~~~inite Element Mlethod, Ph. 1). Thesk (Universi-
applcabl ony toa lmite nuber f rck msse t ifllinois. 1 966).

whose properties approach tile assutmptions of elastic 2R.E. Goodma~n. "On the tfistrihution of Stresw.s Around
*theory because joint spacings are large and the stress Circular Tunnets it, Ntm-llomroguious Rocks."- Proceedings.

levels imposed are below failure stresses for thle rock 151 Internatimnal Congrcssv, Voil 2 (Int. Soc. oit Rock Mlec..
miass. 1 966) pp 249-255 - R. E. Goodman. R.L. Trayloir and T. L.

lBrekke. "A NModel for the Mechanics (it Jointed Rock.-'
Numerical analyses utilizing finite element tech- Proceedingv ASCE. V0l 94, No. I (,%ay 1969) lip 637-659.

O.C. Zienkiewicz. "Contintum Nleciianic. as an Approach to
niiqtires and electronic computers are much mnore versa- Rock Nms Probtemn," Rock Mlechantics'in h'ngineering JNac-
tile and are becomning quite sophistica ted. They are tice, Sr agg ;rot Zienkiewiez. ed. (Othn Wiley &0 Soins. 1968).



m tost promlising.- techniqtut lor stulv!ing, the in-. ( toh exampijle. NMarp;,.' Larighaar.5 ) ardI trtral
fluelick tit' manly ti'lte pertinent variables arppears to arid lgeoliechiii:ii it riodels in particular ( for example.
hie lte use of Igeoriieclianieal moiudels. Ill this tcchinrque. Preece and D~avies." Rocha?" FumiagalliR Maiidel,o
a small1 scale model ot the uns.ergrotind open ing is con- has beeni well es tabhiis! ied. Thre basis for geonechian ical
si ic ied :1n a material wh ith alccitra teV ly odcls thle model st iidics ofI un'dergrountd (openings in roeck (niot

propet ties (1f t ho actuial toc k m1aSS ill tilie fieldi. Thle conlsidlerilig i id':endcn t bhravior) has bee~n (I is-
Mo~ del is tlie', loaded tin such a mtanner as to reproduce cussed and develop1 ed to varying degrees by ex peri-
flie -M ess state whliichi exists ii tlie real prototype men ters such as Bairroni and Larocque. I ) Evenl jug.
un1dergru0nd1.. If 1110 reqirerirtIIS of sinillitude are Hobbs.' 2 11 lick, ~ rdFtragalli.' 4

sat istied. fle hehavior of the Mrodel then reproduces
thle behavior ot' thle prototype inl all respects:. distri- Some critical aspcts ofd similitude requiremnents
bitlion of st resses, (list r' buttioii (if st rainus and defor- such as boundary lo adinrg coniditlions and model materi-
irations both elastic arid inelastic. and failure modes,. a! properties -ene rally have not been adequately satis-
There are relatively few thIeore tical limitations onl this fled hy thle i n%,c.tiga i is above, however. and their
technique. Its use fulniess appears to depend miostly
upon01 the skill and ingenuity of lte investigator ill solv- G.( NIltirpli v. Siminitude in it Encince'rig OlRonai d Press, I1950).
iiqg ltre many practical drinl technical problems involved sIL.L. Langhlrr I).' ,','usiontal ,1 aln'xix and Th'orv' llodels
in tr\'ingto satisfy tile requiremnentIs of similitude, par- (John Wiley' X Sonw, 1951t)

lilarly iii modeling fihe de tails ot thie underground 6 B.W.v l'rLc~e an !. W. l)a% ies, moel ehitPr Strutctural ('oner, -it,
st ructu re and of' the peob igic environmnit o1ftle proto- (C. R. tio s Lidt., London. 1964).

type. These prblemis are not insignificant . Nt. Roetia, 2dodel lesis in Portugal." Cis,. En'igr. anid Pub.
Wtork: Rev'., Vol 53, Not. 611) Oairir I 958) pp 49-53. and

The aliityand seflne s o stuci ralniidel is No. 6,2( 0 1TWcruaV t1958) pep 1 79-1 82: -Situctural Model
Thevaldit an tiefulie f srucura 11OLIIS s tecirnitttiN Somie Recenti Developmnents,'' Stressv Anjalis.

well established in many phases o1 etigineerilig research Zienkiesvicz, and I tltlister, ed (Jothn Wile.y & Sons. 1 965).
and design. Thle most notable examples in civil erigi- F. hrrnagauli. "(Comm~runicatioin St Les MlateriaLIX Pour
ricering probably are the structural 111OIe tests of arch Niodetes Statiques die ll:irragi~e en tleton." 511P Inte'rnation~al

Conir)es on ILargc Daniv. Vol 4. C. 26 (Paris, 1 9"5) pis
dams and otlier structures at such places as Laboratorio 1039-I1074-. *,,re Use of' Models in Reinforced oncrete
Nacional de Engenharia Civil inl Lisbon, Portugal anrd St ructutres," Alagazinm, )f Copt'e'tcl Ri seacHi. Vol I 2. No. 35
Istituto Sperinientale Modelli e St ru tture inl Bergamno. (July I1960t) ppi 63 72: and "Modeles (;eonriccainities dies

Ital. Te nxt tep eyod srucuralmodlin isthe Reservoirs Artiticiel%: Mteriaux, Technique D'Esiis. Ex-
Itay.Th nxt te byod srutualmodlig s li amnpler tic ReprToduction Stir Modeles." ISME S Pub. No. 26

use of geonrechanical models inl which riot only the (Bergamro, lialy. October 1964): "Miodel Simulation of Rock
p~roposed engineering structure is modeled, but an at- Mtecha~nic's Problem" Rock Mechanics in Engineering Prac-

tice'. Chi 11. Stagt, and Zicrikiewicz, ed. (John Wiley &-tempt is also made toi miodel tile details Of tire geologic Sorns, 1969).
environmrent in which the structure is to exist. For 9I. Manidel. "Teots ott Reduced Scale Models in Soil and Rock
example. thre ini-si In stress sf:rte, thle strength arid de- Mechanics. A Stuidy oit thre Conditions of Sirnilittte." Inter-
formiabili ty of' thle different rock forniations. and thle ntationral Journal oJ Rock Ifechanics andi Minin Scienice. Vol
frevla mny. orientation, and strength and dlefoirmation IN.IM4p~-2

charctei~is ofdison inu tie suh a joitsbeding t 1 K. Bartorn and G. I aroque. "Developmnrt (it' a Model For :1
charcteistis o dison itil tis sch a jontsbeding Mine St ructure." Proc. Rock Mfechanics St',posiunn (McGill

planes. and. faults are miodeled :is actirately as is hpos- UniVersity. Montreal. 1962).
sible a~id -vtt. tical. The st ructure arid surroutiding geo- 1 G. Everlirie. "Model Tests C'oncernirig thle Interaction of'
logic environment are envisioned as a single int(enacting Gond and Roof Support in Gatc-Roads" t.Jui.Rk
tinit iii which fihe behavior of tile structure itself can- Alec/i. and M1i,. Sci.. Vol 1, No. 3 (1964) ppt 319-326.

not be predicted withioutt giving (lie consideration to 121).NW. lotihs. "Scarle Miodel Studies ot' Strata Movement
Around Mline Roadways. Apparatus. Technique. arnd Somethe behavior of lte surrounding geologic environmrien t. Preliminary Results." lInt. Jouri. of! Rock Mlcl. and Alin.
Sci.. Vol 3, No. 3 (May I1966) pp 101128:, "Scale Modlel

Thue tise oif' geoiechartical mrodels appears t(o be Studics of' Stirmla Movement Around Mine Roadways I. It.-
tile onrly technique available anraly tical or experi- Ill." Int. it 'urn. of' Roct' Alech. anid JIn. Sei.. Vol 5. No. 3
menital 'for de teriniing thre behavior of iidergrotind (May 19681 p~p 21 9-251.

IF. I lovk. Rack Practure Under Static Stress Conditions,.openings thirough all stages of' loading and de forrmat ion, ("Sill Rvpen I MEG 383 (Nat. Nicli. Eng. Rles. hIst.. Pretoria.
both elastic and ineliastic. Lit pto( failure. Sourith MAt' 196.5)1.

1I 1:. , rita rat I , "Mo tdelI Siitil ation tiof Roc Me'Nechraniics Prob-
The theoretical basis of riodell stir dies itn gene ral he.'



wotikiso limlited vale1 inl a eetra iderstandinig of' The similitude requirements governing the choie
theittt~u. ace f te vrialesaltccijugthebehvio ol ot nilodct rock K mate al and thc nicidel structural lincr

artdergrotind openlings in, roc k. I'm exam ple, ill thle ate given inl A ppendix A. Al though th is analysis was
studies cited abv h oktnes~uidwr u- developed inl prCViouls studies by liener and I-lendron, it

jected to plane st ress rathor than the plane %,train load- is rcpea ted ill A ppcndix A to give the reader a better
igwhich tunnmels are subJected to inl thle field. lin understanding (if thle basis for thle choice of the si ruc-

aIddiioni, the model tiaterials uised by tilie itivestiga tors (tural linings tested in this study.
listed above had ntgles o f initer ntal frictioti ranging fro mtFlte hdi11d d 1-11 f o s r c i g [ i5' to 20" 11ndcr1 sigiifictn t N1t esss aftd thu1S would leadrte iett otanIkud ofcsrctiiIle

tat iuderest imtation of' t he sirengt h ot* rock mna terials joitetd nm lICI are descrilied in Chapter 2, which also
aroun t unites in he feld.reviews sL reigt I properties of the intac t model materialarolildtilllles il th fild.and gives strettgth propecrties of the joint surfaces. De-

Ilier and I-lendron"' have overcom~e thlcew diffi- tails otf th e ,~odei instrumentation are also itlclu~ed.
culties bw developing a device ito sibJect mlodel tunniels ( Appendix BI describes the miodel loading apparatuIs.)
to plane strain loadinlg anld IW deCVel(I itig a Model Chtap let I discusses select ion of the model structural
material withlt an angle (it' intternal triction comparable liners and mq' '!is results of tlte experimiental mneasuire-
to many real rock materials. lit additIion. tech niques ilctie I. Ali analysis of' the data and the conclusions
have been developedl for acquiring detailed quantitative which can be drawn fromt tltese tests is in Chapter 4.
nieastiretnen ts of' thle behavior of tile rock mass hehinid
tte tunlwall 1 6 Recentt devel opmen ts also enahle
tile -aiodlel~tig of' thle imteractiott oft structural linings
with join ted rock masses. '"2 GO EH NC LM D LN
Scope of Study. lit thtis study a, ntumber of models TECHNIQUES
were tested to stu dy their beha~v ior. The models were The linoddl material. tile techniques of ilodel conl-lined wvithi plexiglass Iinters oft varyinig thicknesses to sIctoatdtleistrmnttin 1( odirgeip
simlate reinforced concrete tuntnel flters in a join ted iettsdolti otat(AA2-0C05)wr
rock mass. The effect oft thle ratio of tile Itunnel diatie- -e t sdot hsctDtat(AC C7--05)wr
ter to jointI spacitgg on structural behavior was also iall developed oti a previoums contract (DC

C, 39-67-C-0009) with the U.S. Army Engineer Water-studied by testitig three ditferet size openings inl the wy xeietSain opeedsusoso
miodel rock tnass composed ott 1]-imi. square joit these earlier phases of' tlte project arc given by IiCcuer
blocks. The structural behavior of thle model was as- atid lemidroit. I letter, and I lendron et al. Thle remiaitnder
sessed by mcamis of quantitative measuremien ts such as o'ti hpe sabif icsin(ftemdln
clip gage tmeasurerment~s of diamteter changes (if thle tehiusdil this chptris asreI.(icsn of the m u'dehirt
litier, and miodel extetisotieters to mileasutre displace. tc tqe sditti hs ftepoj't
ui nts inl tile rock miass behind tlie tunel wall. Development of Jointed Models. The loading framne

Used waIs designed to test 24" x 24" x 8" models in
platte strain (tio strain alottg thle axis of thle tUtinel).R.F flte anld AAi. ltindron. (;(tPo'*/efhaicaI Model Stiady file model tunnecls testedl oti this study were 4, 6, and

of' the Behavior of4 Undergroundl Openings in Rork ,SIlh- Iild hog
jecited to Static ioads: Report /. Derecopitent (4 Ahodeing 8 itnchtes itt diatetr atnd were (rle hog h
Terliniqiu's. Contract Report N-69-1 I .S. Artiy I'nginecr ceitter tif tite 24" x 24" faces. 'I hus, the miodel tunnel
Waterway% Experiniemi Station I WES 1 , Octoher 1969). sintitlat es a sect ion itt the axial direc tin. All of tlie

1 11T.I. fieIuer anid AT. tendron. Geoint-luznical Mvotltt Joi inted tmodels were cotist ructed to have two sets of
Stu1iu'...Report /-. R. i:. i mer, '-G-oniecanit tt Niodtt Sturdy lltaIVpl)Cdilrjonsretdprleloth
i' the Btehavtior otf U nderir tnd Openintg% inl Rock tib uulyprptdclrjitt eitd aallt h
ijel(t ii Static Iovts." I1h. 0. 'Thesis di nvem -Y ot* ttifinois tuttttlel axis. Figures 1 and 2 show Ithe joint con ligu ra-
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I'igures I and 2 show thai a large animber of joint conlverted into a saw for accurately cutting joint block-
bloks were required for fhe construction of a single (Fig. 4). )iamond blades are w:ed quite successfully for
model, I'wvo possible methods could be used lo manu- sawing joint blocks with this inachine--it has been pos-
I'itlme such a large numher of'joint block.": they could sihle to saw hlocks as snall as 1/2" x 1/2" x 8". A jig
eilher he cast in a mold to i he propel shape, or they was also made to fit the saw for cutting the triangular
could be sawed ',ut of larger blocks of' model material. cross-section block.i used around the edges of models
Bet aise tf the large anount of lime-t:-nsu aninhg work which have oints oriented at 450 to the principal i-
anticipated in a sawing process, it %V;.' dccded IWOrs, to rections of loading (Fig. I).
try Molding tile blocks by vibl ling i sMd-water- Since exactly the same material was used in the
plaslei mix in a mold. The anticipated model blocks joint blocks as was used by Hcuer and Flendron in the
w\oud be required to have a h w cohe.io., c, so they solid blocks, a new series of material properties tests
COnld he failed by tile testing machine and a high angle was not necessary. The standard nix is made in the
,,f shearing resistance, 0, to accuratey simulate the ratio of 1.2/1/9,'.01 (water/plaster/sand/retarder) by
prlperties of rock. It was necessary for the blocks to weight. The plaster used is white molding plaster. The
have a very dense packing of, san grains to prevent sand is the fine tra, tion of a Pleistocene sand dcposit
c~lapse of their structure at high confining pes- obtained from the Sang:anon River valley near Ma-
sores. ' Also it was desired to use the same kind of hornet, Illintis. Tie grain size distribution of the fine
san and iaster i the vibracted medel material as had Sangamon River sand is shown in Fig. S. The retarder
b-a used in the compacted model material used in the used is sodium phosphle (Na2.HPO 4 ) in the dibasic
solid model blocks.' >  anhydrous powder formn.

Attempts to make joint bhocks by vibrating materi- The sand. plastet and retarder are mixed together
al in a mold proved to be futile because the blocks dry for ahou 5 minntes in a concrete mixer. The water
were too fragile to be removed from the mol. (These is then added while the mixer is running and the batch
were 2"" x 2" x 8" blocks). Fhe failure to successfully is mixed wet for about 5 minutes. When the wet mix is
extrude the vibrated joint blocks was due largely to the homiogencoils, it is placed in the mold in aboui 1/2-in.
very low cohesive strength ,f the material, thick layers and compacted with a pneumatic tamper

After attempts at molding joint blocks failed it by the same method used by Heuer and Hendron.
was decided to make joint blocks by sawing them out The intact shear strength properties of the model
of larger compacted blocks. Steel molds 20" x 20" x ruiterial are shown in Fig. 6. The angle of internal

6" were used to compact 20" x 20" x 3" blocks using friction is ¢ = 330 and the unconfined compressive

he same compaction procedure and the same mLx strength is q0 555 psi.

proportions as used by Heuer and liendron on 24" x

24" x 8" solid model blocks (Fig. 3). A decided ad- The Mohr failure envelope for the intact material
vantage of this procedure is that the intact material of in Fig. 6 is essentially a straight line up to confining
the joint blocks would be essentially identical to the pressures as high as 1000 psi. This is in marked contrast
it:tac material composing the solid models tested pre- to the behavior of most previous model materials
viously by tetuer. This model m'aterial developed by which approach 0 = 00 behavior at high pressure. Since
Heuer and Hendron is probably the best reported to a high frictional shearing resistance is one of the most
date for modeling the properties of rock. important properties of Jointed rock masses. ;, is es-

sential .that a model rock material have high frictional
After compaction, the blocks are allowed to air resistance.

dry for three days, then put into an oven to dry at
105 0F for about a week. When tile 20" x 20" x 3" A series of three direct shear tests were run on 2"
blocks are properly cured, the' are strong enough to be x 6" sawed joint surfaces of the model material. These
handled easily without breaking. They also saw very tests were conducted in the direct shear machine in the
easily. A metal surface grinder with a moving table was University of Illinois rock mechanics laboratory. Tests

were run at normal stresses of 50 psi, 150 psi. and 400
ps. The measured maximtm shear strength in each

m R.iF. Itetiir. (htpinechanic'al Model Study. case respectively was 33.3 psi, 97.5 psi, and 230 psi.
1"R.E. Ilcuer and At. iendioe. (GeoMuechiaicl Moh'l These three points are plotted in Fig. 7, which shows

Stud ,..Rplrt I that tile effective angle of shearing resistance on tile
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Figure 1. Jointed model conii it i on used it- Joint Block :4,, # 7 and #8.

I J wT

Figure 2. Jminted modlel conli i;,mni~on used it Jloint Block an, #1. l0.
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ioul t suirtjaces decreases f'rom 33" to 21)" willh increas-
ing- iornal pressuireN. All three direct shear specimens
haid flt-top shear streungth VS. detornIationl ( Urve . for a
g.ivenu normal pressu re. In all three cases, the residwil
shear strength af'ter 3 cmn of slip along the joint was
essentially the samne as tile peak shear strength. These
tests indicate that a value otr the angle of' shearing re-
sistance for use in an analysis of' the joitnted mlodcls
should be slightly lower than the value obtained in thle
I riax ial tests oif initact salmplc2 shiown in Fig. 6. For thle
theoretical elast(-plist ic analysis, thie 'uppropria te angle
of' frictional resistance Should be taken as thle angle ol'

- frictional resistance along the joints, not thle angle of'
intertnal friction derived fromn triaxial tests onl intact Figure 8. Joiinted model ready for test.
samp~les oft' the model inaterial (lle' dron anid Aiyer. 20

The :sawing tolerance onl thle No, s is abou t ± .01
in. Thlis mleans that in a miodel with 2 in. joint spacing,
if' all of' the blocks onl one row are 0.01 in. too !hinl and smal~ll b~eadj of' silastie caulking compound which is al-
onl thle next row they. are all 0.01 in. too thick. the lowed to ecure f'or two dayi. The tunnel wall is then
maxximumi oIffset ot' the joints across thie tulodel would pain ted with SR-4 Strain aiecement for waterproof-
accumulate to as mnuch as 0.24 iti., which is ititolerable. ing, purposes and thre cement is allowed to cture for one
The test blocks mutst theref'ore he constructed by se- dlay. The instrunwtnitcd tutnnel liner is then installed in
lcting thle blocks so thal they lit togetfler to make thle tunnel and the base of thle liner is sealed wvith si-
Straight joint Nines with iimumil~l Offsets in botth di- last ic. when thle silast ic Ii as en red, the liner is g~rou ted-
rec tions (Fig. 89). Thle blocks are constructed onl edge in With a litiuid grout11 conSiStin" of onIe part Watler to
onl a table and then moved block by block into thie one part sul faset rock bolt cen it by weight. The
testitng machine. Each of' thle external faces of' "e con- groutI is cii red for one day atnd then the loading head is
st ructed block is flattened by grinding and] is t.og- pae ntpo h oe sn w aeso i
ly cleaned of' dust with cotmpresscd air before placitng it polycethylene sheet aInd a layer of' laster to get close
in the testing tmachitne. con tact betw~een thle m~odel anid thle testitig head. This

V procedutre f'or pl acetnen t of' thle loading h ead is thleThe jointed models are placed] in the testing mia- sm sta sdb lnr
chine onl a frictiotn redlucing satndwich comnposedl of' a
sheet (I tetlon plastic satndwiched between two sheels Free-Field Strain Measurement. In the jointed blocks,
of' 4 tuil polyetliylen'- plastic placed directfly onl the st rain gage neasu reien t oti the intact blocks ate mecan-
b~ase plate of' thle testing machine. Thle plastic sheets are itigless as iWa.;u re of' file free ild dst rain of' tlie model
used to reduce f'ric tion bet ween thle miodel and thie b~ase due to clt su re alon1g thle Joitnts. Thus buried ex tenso-
plate of' thre testing machine. mieters were used inl thle join ted miodels to measure the

average re'lat ive dlisplacemnint of two poinits across thle
When thle model is cotnstrttcted in thle testimig 1) 1 oc k. Ave rage strains of tlie block wvere obtainied by

machine. thle loading eletneti ts are pi t in place and a dividim , the relative displacement bet ween thle Points
small11 seating !oad of' about 25 psi is applied in both tilie

* ~ ~ ~ C hoiotladvria ieton.W l i e ii y tile distance, bet ween tilie poitnts, ( Al-/L). Fitz.9
horiontl an veticl diectons Wit fie satin, lall shows tile loc;adoms if-ex tensotneters a.nd] their identfit-

hld cotitan t, thme 4-in, diameter funticl is cored anid ca ~lo Code.

cleanedt it hoersetigthey tunil ar faCleti seae .witl The buried extetisomiieters are simply metal tods
joins itersctig tle (nne arethe seled ill .1 groutted With, epoxy into holes bored itito'the model110 to

tlie speci tied depth. The cx tensomieter holes ate bored
with) a miia1sotirv b)it. Plastic Ibing is used to cotitaiti

2 J Ali kclri~m mIid .. K. Ayr.r'.wvan ranluiia tlilt cpo\ 111 mum i t is extruded by pushitg tile ex fetso-
0-drial Tunnel i an havlo ,.Plvil. Ala frrial 'viI/ Pl I ~siliilUieItll .Fikr 0 hwanti', re~tinivml Re'port Mmia IDktrict, U.S. Armyv (irp% imiceterm opiitmm ntemdl i.ue1 hw
(if tivinver%. Jiniriy 1971f lii putiicatimnil). Series lt' cxIIS110C' temisoeter 10md tohe tilled With) epoxy
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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 I summarizes tie 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

Figure 10. Extensonieters ready for installation in test contract (DACA 39-67-C_0009). 2 2 JB #7 through lB
block. #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 = Oh/Or = I so that
the results could be compared to an elasto-plastic theo-
ry with dilatancy developed by Hendron and Aiyer.

and installed. The extensomneters are composed of a Comparisons between this theory and the model test
piece of I/4-in. diameter metal roJ with a seating hole results are presented in Chapter 6.
drilled in the end. Two pieces of plastic tubing are usedto make a cup to contain thle epoxy on one end of the The usual type of liner of interest for practicalextensometr and another piee is use i as a spacer to protective structures problems is a reinforced concretecenster the od in othe l a telce osf the model integral liner in rock. For example, consider an 18-in.(Fig. It a o). A i th overall installation of two buried thick reinforced concrete liner in a 20-ft diameter(x tensoieters is shown in Fig. I l b. The epoxy is very opening. The circumferential stiffness of the liner would

viscous and will not flow out when tie extensometers be approximately Et/R = 3x 10 psi x 18 n.
are held in a horizontal position. Figure 12 shows an 10 ftX 12 in/ft
extcnsonmeter as it was exposed after a test. Tile model psi and the jointed rock mass might have an effective
must be under a seating load when the extensometer plane strain deformation modulus of about Er = I-2
holes are drilled and when the extensometers ;are x 10' psi. These figures would give a linear stiffness to
grouted in place. rock mass stiffness ratio of Et/R = 450,000 psi =

Er 1-2 X 106' psi
The ImOVelini1s ofl' tihe extenlsolncle:rs ale nollS-Er 1- 10ps

hedwit memns clip the " ltime tse uedS 0.45 - 0.225. In these model tests, three sizes of
ured with beryllium-co}pper clip gages like those used peils ieswr sda hw nTbeI h

plexiglass liners were used as shown in Table 1. The
to measure diameter changes in the tunnels of tle pre- circumferential stiffness of these liners varied from
vious tests. 2 ' Tese gages consist of 5-in. curved strips 16,700 psi to 25,000 psi, whereas the range of model
of beryllium-copper with seating points on the ends. stiffness, Em, for models JB #7 through JB #10 was
Each strip is gaged with four strain gages wired on a 61,000 psi to 64,300 psi (Table 1). The ratio of the
four-arn bridge. These clip gages can be accurately cali- circumferential stiffness of the liner, Et/R, to the plane
brated with a standard strain indicator :in( they are strain stiffness of the model, Em, varied from 0.261 to
lineaJr over a range of abotil I inl. deflction. Figure I I be o0.410 (Table 1). Thus the models had a circumferential
is a detail of the seun used to measure thle movements stiffness to rock mass stiffness ratio similar to that of
of the buried extensometers. the prototype structure mentioned above. The ratio of

Each of the clip gages is calibra led before and after the bending stiffness, EI/R , to the circumferential
each test while wired to tile sane lerminals used during stiffness, Et/R, determines whether a liner will fail by

1 R i. I leir. (h'nopc/mniral Mndl X-tsdr. 2 AJ. I lendron e t al, Geomre'hanical Model StudY ...Report 3.
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aluinum 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 'he

thrust stiffness of the liner to a value !ess 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

Figure 12. Extensometer exposed after test. Young's modolus of the plexiglass, E, of 400,000 psi.
'Fhe value of E was determined by testing an 8-in. long
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 E, =

38.000 psi and thus the thrust stiffness of this liner was
buckling or by simple circumferential compuession fail, lower than the model stiffness as desired.
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 With the aid of the information above JB nt was
while values for the liners used in the nodels are constructed using -in, joint blocks oriented at 450 to
0.0625 and 0.046. Thus the model liners are more like- the loading directions; and a 4-in, diameter plexiglass
ly to buckle than is the 18-in. thick concrete liner in liner /8-in thick. B #6 was tested at a principal stress
the 20-ft diameter example prototype structure. In the ratio N eh/av = 2 /3 to compare with six previous
model ,.sts, none of the plexiglass liners buckled and tests 2 S conducted at N 2/3.
two of them failed in circumferential compression as a Figures 13 through 15 are summary plots of the
prototype concrete liner would. Thus the selection of data obtained in the testing of JB #6. Figure 13 is a
plexiglass liners prevented a buckling mode of failure plot of the vertical stress-strain curves of the model.
which had previously been experienced with aluminum The stress-strain curve designated as "vertical-shallow"
liners.2 3 was obtained from a pair of extensometers buried 3 in.

The remainder of this chapter consists of a system- deep in opposite )ertical faces of the model as shown

atic presentation and discussion of the data obtained in in Fig. 9 and represents the average strain over the

the testing of the models J3 #0 through J13 #10. central 18 in. of the vertical model centerline. Thus the
"vertical-deep" stress-strain curve is more affected by

Presentation of Test Results strain concentrations due to the tunnel and the "verti-

Joint Block #6. #6 was identical to j13 .514 C_ cal-shallow" stress-strain curve is more representative
of the free-field strain of tile model. After initial seat-cept that a plexiglass liner was used in J1 44t and an

aluminum liner was used in JB #5. The change to plexi- ing movements, both of the vertical stress-strain curvesglass was made because the bending stiffness (EIR 3  are almost linear up to a vertical model stress of 1200

4.5 psi) of the aluminum liners was too low and the psi. Ahove 1200 psi they both show the strain to in-
circumferential stiffness (Et/R = 175,000 psi) was too crease at a slightly increasing rate with pressure. The

high to model reinforced concrete liners in rock. A separation of the two vertical stress-strain curves indi-

result the aluminum liners buckled before the ultimate cates that the movements of the deep extensometers

thrust capacity 'of the aluminum section was dle- were affected by the presence of the tunnel.

veloped. Also, the circumferential stiffness of the The wriametrical extensometers in J1 #6 were
placed at angles of 100, 350, 550. and 80 ° from the

23 A.J. Ilendron et al. Geomechanical Model Studr...Report 3.

2 A.J. Ilendron et al, Gome'hanical Model Stud v...IR port 3. 25 AJ. Ifendron et ;it, Geome-hanical Model Stud.'...Report 3.
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Table I
Summary of Model Blocks Tested

Tunnel Joint
Test Diameter Liner Spacing Joint "Etr
Block (in.) Properties* (in.) Orientation N - Em(psi) Em

J B &6 4 plxiglass I 45' 2/3 54.001 0.463
t = 0.1 25 in.
ti R = 25.1(1 psi

EI/R' = 8.15 pi

JB #7 4 plexiglass I 45 1 64,300 0.389
t = 0.125 in.
,:t/R = 25,000 psi

HiR = 8.15 psi

JB &8 6 pexiglass I 45" I 64,000 0.261
t = 0.125 in.
L t!R = 16.700 psi
EI/R' = 2.4 psi

JB #9 6 plxiglas I 90" I ,2,500 0.268
t = 0. 125 in.
t/R = 16.700 psi

EI/R 3 = 2.4 psi

JBIttO 8 plexiglass I 9I' I 61,000) 0.410
t = 0.25o t.
Et/R = 25,000 psi

U:l/R' = 8.15 psi

• liner stiffnesses calculated for a I in. length (f the liner.

crown and invert diameter instead of the usual 0°, 450, with respect to the free-field strain. At frce-field strains
and 900 used in the other tests. The extensometers of 2--3% the diametrical strains along these two diame-
were oriented this way to help determine the actual ters are about 1.5-1.8 as great as the free-field strain.
shape of the tutinel liner after deformation. Fig. 14 The diametrical strains on the 550 diameter and the
is a plot of these diametrical strains labeled as to the 80a diameter are less than the free-field strain because
angle they make with the crown and inverl direction. of ovaling. At higher loads, the 800 diameter would
These curves show that the liner was actually more have shown an actual increase over its original length
flexible than the model as even the springline diameter due to ovaling of the liner caused by testing at N = 2/3.
was compressed in this test. Joint Block #7. The second series of jointed

Fig. 15 is a dimensionless plot of the diametrical models (JB #7 through JB #10) was tested at a princi-
strain of the liner on four different diameters as a func- pal stress ratio N = ah/u, = I specifically to compare
tion of the vertical free-field strain. In this plot, the the test results to a theoretiL il elasto-plastic analysis
vertical-shallow stress-strain curve was used as the free- with dilatancy which was developed by Hendron and
field stress-strain curve. Presentation of the data in this Aiyer. The t;eory is valid for calculating stresses and
manner is helpful for an immediate comparison of the strains around a cylindrical opening in a homogeneous
diametrical strain AD/D with the free-field strain in the clasto-plastic material with dilatancy under symmetri-
rock mass. Note that ai strains less th,.n 1% the dia- cal plane-strain conditions for a principal stress ratio N
metrical strains along the 10' diameter and the 350 = Gh/Ov = 1.0. The required loading conditions are sat-
diameter are nearly equal to the free-field strain. As the isfied in this series of model tests. One purpose of these
free field strain increases above 1%, inelastic action of model tests is to provide test data ior tunnels in jointed
the model rock mass surrounding the liner results in media so that appropriate values of shear strength pa-
the diametrical strains increasing at an increasing rate rameters for jointed m:l.ses may be determined for use
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in this theory which will yield realistic results for tun- the model was behaving ahmost like a homogeneous
nels in jointed masses. This theory has already been isotropic medtium in spite of the joints. Note that up to
used to predict the non-linear diameter changes of a pressure of abou! 600 psi the behavior of the linter
tunnel liners in solid models of the sanc model ruaieri- was essentially elastic and at pressures above 600 psi
al where the models were subjected to stresses high the liner strains began to increase at an increasing rate
enough to cause inelastic behavior around the tin- with pressure. This i idicates inelastic movement and
nel.2 , yielding of the rock mass around the tunnel liner.

JB #7 was constructed of I in. joint blocks ori- Joint Block #8. JB #3 was constructed with a I-
ented at 450 to the loading directions The tunnel was in. joint spacing with the joints oriented at 450 to the
4 in. diameter and was line,' with a I /8-in. thick plexi- loading directions. The tunnel in JB #8 was 6 in. in
glass liner. The circumferential stiffness, Et/R. of this diameter and was lined with a 1/8-in, thick plexiglass
liner was 25,000 psi and the bending stiffness, El/I . liner. The calculated circumferential stiffness, Et/R, of
was 8.15 psi. JB #7 was tested at a principal stress rato this liner was 16,700 psi and the calculated bending
N lh/ov = I to a peak. model pressure of 1420 psi. stiffness, :E/R 3 . was 2.4 psi. JB #8 was tested at a
Figures 16 and 17 are summary plots of the data ob- principal stiess ratio N = OhO/a = I to a peak model
taimed in the testing of JB #7. pressure of about 1320 psi. At this pressure the liner

Fig. 10 is a plot of the average model stress- began it) collapse and the test was terminated to pre-
train curvesao of he #7as avege yfoder spars- vent destruction of the clip gages inside the tunnelt ri. Turves of JB #7 as ieasti edl by' four separate liner. Figu res 18 and 19 are summary plots of the data

pairs of external exten,;oreters. The shallow extenso- obtained ill the testing of JB #8.
meters measured over a gage length of 18 in. while th,:'

deep extensometers measured over a gage length of 14 Fig. 18 is a plot of the average model stress-
in. An average of these four stress-strain curves of JB strain curves of JB #8 as measured by four separate
#7 gives an average pl:ne-strain deformation modulus, nairs of external extensometers. The shallow extenso-
E,, of the jointed mass of 64.300 psi. Thus the ratio i,eters tmeaIsured over a gage length of 18 in. while the
of the thrust stiffness of the liner to the stiffness of the deep extensomcters measured over a gage length of 14
model Et/R was 0388 Ti vertical Ifomtn in. An average of these four stress-strain curves of JB

En w8 gives a deformation modulus of thz jointed mass,
modulus of JB #6 was 54.000 psi. JB #7 was stiffer Em, of 64,000 psi. Thus the ratio of the calculated
than JB #6 because JB #7 was tested at N - I while JB circumferential stiffness of the liner to the stiffness of
#6 was tested at N = 2!3. Under testing at N = 1, the the model E t/R for JB #8 was 9.260 as compared to
vertical plane-strain stiffness of identical models is Em
higher due both to increased confinement of t.he model 0.388 for JB #7. Fig. 18 shows that again in JB #8
and to a lack of shearing deformations along the joint the horizontal strains of the model were slightly greater
surfaces. If these curves (Fig. 16) were all true free- than the vertical strains This difference must again be
field stress-strain curves (unaffected by the presence of explained by experimental error; possibly a systematic
the liner), then they should all be coincident for testing error since it is in the same direction as it was in JB #7.
at N = 1. In Fig. 16 the deep stress-strain curves show in JB #8, the deep extensometers again measured more
more strain than the corresponding shallow stress-strain strain than the shallow extensometers. This strain gra-
curves because of the effects of the tunnel. Also in Fig. dient is due to the strain concentration caused by the
16 the horizontal stress-strain curves show about 15% tinnel.
more strain than the vertical stress-strain curves. This Fig. 19 is a plot of the diametrical strain of the
relationship was not expected and can he explained liner as a function of model pressure at four different
only by experimental error. diameters sp;ced 450 apart in the li:, r. These four

Fig. 17 is a plot of the diametrical strain of the curves are nearly coincident thus indicating that the
liner as a function of model pressure at four different model was behaving almost like a homogeneous iso-
diameters spaced 450 apart in the liner. These four tropic medium in spite of the joints. The liner sus-
curves are very nearly coincident thus indicaiing that tained 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

26 ilendron et al, Geoinechanical Model Sttld,..eport 3. failed at 1320 psi.

i8



it Vert. Shal low
* Vert. Deep
o Hor. Shallow 0
+ Hor. Deep

0.0

Soo0

C

400_____________

200

+30.00 0 2 4 6 a to 12 t4 '6 Is 20 22 24 %103

Average Model Strain, cm ' in /i.

Figure 16. Stress-strain curves for JB #7.

19)



1400

+ Crown + invert
* Springline
x 450

1200 0 5 _ _-~ _

1 000 _ _ _ _ _- ----- --

bn >

800 ___

b

0

+2500 0 10,000 20,000 30,000 40,000 50,000 60,000

Diametrical Strain of Tunnel Liner A D/D Lin./n.

Figure 17. Diametrical strain of' tunnel liner at tour different diameters for .IB #7.

20



1400

* Vert Snallow
It Vert Deep
+ Hor Shal low

1200-____ 0 H-or. DeepI{
0 Average of 4 Curves ;7- z-1

C1000 -

0

400

40 00 -1 ---- 4-

2000 0 4000 SOO '2,OOG 16,000 ?0,000 24POO 30,000

Average Model Strain jA in/in

Figure 18. Stress-straiin curves for J13 #8.

21



'400 T

• ,frr iCig ne

X 45
+ Crown + Invert

------ Aderoge

1200 . . ....

" 1000
CL +

bT

bmr ) +I

I 0

800U,
U,

Sx

2 /0

o -

60C .

If'
400,,',/ 2..... I ....

+2000 0 10,000 20,000 30,000 40,000 50,000 60,000

Diametrical Strain Of Tunnel Liner AD/D, Min./in.

Figure 19. Diametrical strain of tunnel liner at four different diameters for JB # ,

22



Jelit lIC ~. U~*~was constructed with a I th[le loading di rec ti, is. The t unnel in ill It0 was N m.i
ill- boutt Spacing with thejoill is mi en ted parallel to thle in diameter and wa ,fllned wi th a 1/4 'in. thick plemgkoisloading directions. The tunnel in J1 49# was 6 in. inl title[. U sing a Young's miodulus of' thle ple1Xiglass ill t hediamieter and was lined with a I x in). thick plexiglass circuierential direction of' 400,001 psi. tile caillied
liner. The calculated circumiferential stiffness (if' this circiilrentiaii stiffines ot' tile lineR.., wa s 0()finler, EFuR. was I 6,700) psi and the calculated hending InIl
stiffness IA/R3

. was 2.4 iisi. ill #41 was testeidl i adteclultdbnig tfies aI A, .iprincipal st'ress ratio N = ah!a, I to a r -ak model psi andi 1sa tieccaet edll at pifnielst 1.Srai
pressure of' abot 13 10 psi. at which piessure thle liner 8.1 psi, i to0 as teea d iioda prnilsses f t N40 ~
%n tdenly cracked loudly and the test was termina ted to Ol/, Itapeimolprsue('140pi

preven ati onse- witlie ut failirng. Figures 22 and 23 are sitinimary plolspeetcomplete collapse of' the tunnel ad cose o the data obtained in zhe testing oif J B10quenit destruction of' tile clip gages inside the tunnel
liner. Figures 20 and 21 are summary plots of the datau Fig. 22 is a plot oit tihe average model st ress-
obtained in thle testing of JB #9. strain cu rves of, JR l 0i as measured by foiir pairs oft

Fig.20 i a p~lt f te avragemode strss- exteintil extenlsometers. Ani average oif these fe cur 1rvFig.20 s a lotof ile verge odelstrss- Strain curves of jil ' 10 gives anl average plaite-straiinstrain curves of* ill 4 as ineasu red hy four separate deformation mnodulus (if tile jointed mlass about
pairs of' external extensomecters. The shallow extenso- 6,0 it hsterio-hcluae hutsifmeters measured over a gage length of' 18 inl. while tl the 00s.tusne tie r io oftile alclatc r stiff- ftl
deep ex tenlsomlelers mneasuired over a gage length of' 14 model, Et/R was 0.410. Fig. 22 shows that agini illtnt. Ani average of' these fouir stress-st rain cuirves of J1 13 JR 10 thle hoi iont a! strains were geat thian tile
'*9 gives an average plane-strain deformation miodulus vetia sta. Tiekcpetnoieesas -iue

of' tile jointed mass of' about 62,500 psi. Thus tile ratio vetclsri.1hedpetnoletrasoesue
of ilecalulaed ir~unifecn ialsti~hes o th lier more strainl tiiate shiallow ex tensonietcrs becitise of'

of th c lc l te c ro ni e en ia s ifuR ~ f tl i e the s rai nl concenta tions near [lhe tunnel.
to thle stiffiless of, the model, Et/. for Jl B 9~ was ,tlFmi Fig. 23 is a plot of the diamiet rical st rain othe
0.267 as cotmpared to 0.260 for I B -8. Fig. 20 tuninel liner as a function of' tile mlodel press! re abuigl
Shows that file horizontal strains in JB -1.) were again four different tunnel diameters. The datIa sho wn ill thik
slighltly greater than the vertical strains. This difference figure is different than f-or tile previous loitit Mlocks
is almost surely a systematic experimental error. The dsusdbcueIlr a odfnt ~suea

loadng ram ari th hyraulc eemets o tie lad- which yielding was apparent. Furthernmore thle average
ing system hlave been checked and rio cause for such a diametrical strainl at 1400 psi was about Y3% for thtis 8-
svsteniatic error was found. In JB #9 the deep extenso- in. tunnel liner, whereas the 4-iil. t'llel tested ill JRl

metrs gai mesurd mre tran tan he h::low #7 shoiwed about 57c strainiat comparable stress levels.exemeters dmaued oe strain grainthsale This was not expected because both tunnel liners, were
funnel. selec'ted for having thie same circumferential stiffniess.

Et ' R, and the 8-in. tunnel line~r should have shiowinFig. 21 is a, plot of the diametrical strain of the larger strains because the ratio of' tunnliel diatefr tol
tunnel liner as a function of model pressure oil three oint spacing was 8.0 rather than tile value of 4.0 used
different diameters. The change ill slope of each curve itJB 7
at a stress level of 400 psi indicates that inelastic action
in the rock mass surrounding the tunnel was initiated Comparisons of Test Data From JB :t7 through JB
at tis stress level, Inelastic action also started at about #10. Figuries 24 throughl 26 are suimimary plots oft
400 psi in lB #9. Inelastic action began at about averg aaoti io in the estso us # tilroull Jnr.6001 700 psi in JB #7 which had a 4-in, tunnel. Since !-10. The relative b-ehair ftieVaiu tiel liier
models JR #8 and JB 1f9 had 6-in, diameter tunnels miav bei compaured directly on thlese t'ires. All oif' these
and yielded at lowec stress levels thant iii : 7. the de- Models (JR :±7 thirough lJ l 0() weretseltapic

- crease in rock imass strengthl withl increasing tutnnel size pal stress ratio N h01/0,y= and all had jOitts spaced
is illustrated by these tests. This poitt will be (discussed at I itt. in two mutitually perpendicular irections. Thlus
in tile next chapter. all variables inl these fouiir tests wvere held constat tex-

Joint Bloek #10l. I B t10 was colnstruictedl with a cept the funniel si/c andt linei stif'filss.
I it). joint spacing with thle joinits riettd parallel to Fig. 24 is a p1e et of' tile avei ate streqs-st raril CUrve
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for each model obtained by averapin g all1 tour of tile pressure level of' 550) psi thie curves Ior JB #7 and JB
measured stress-strain cuirves. L'ach curve is adjusted to #10 (Fig. 25) diverge as the behavior of thle jointed
zero) strain at a model stress of .125 psi to eliminate the mass surrounding thc tunnel becomes inelastic hut file
effects of' nonuniformn seating mnoVeien ts. If the 1*in r (trend was surprising because it was though t that thle 8
models were all properly constructed with the sante in. i'dnnel (JB #10) would show larger diametrical
tolerances and model properties. then for a loading at ;i strains than the 4 in. tiimo': (l3 #7) witlh the same
principal stress ratio N = l/a I they should all hay:, liner stiffness.
tile same stress-strain curve. The f'our curves onl Fig. 24 In Fig. 26 the cmiv -, tit dliatmetrical strain of' (lie
are remarkably similar; each shows addi tiomial sea hoig tuninel liner versuis the a% , rag- frcc-field strain for joint

*movements uip to a model pressure oft ahon t 300 l)si blcs7trug 0a-sow.Nt ht tfe il

and then is essentially litnear with a slope ranging t'rout blockns 7belog 0 the staion cotetra aio fectorl

61,000 psi to 64,300 psi. Thle two models with Joints staDi))blw08,,,tesri ocetainfco

*oriented at 90" to the loading directions (0B 1 and I B -for thle tunic! liners in I B #7 and I B #10
#10) show slightly greater strains at similar model pr"s- -ff

sures than the two with joints orien ted at 45"'. (Ei/R "'.5,00 psi) ac- lower than thle strain concen-
tration fact ors kir thle imud liners tested in I B #8 and

Fig. 25 is a plot of the average diatictrical strain lB #9 (EFuR = 16,700 psi). At higher values of lte
of thle tunnel liners as a fuinction of Model p1ressure for free- field strain the test results of' JB #7, # 8. and P)
each of the four models (I B #7 through I B # 10). A~ll are nearly identical in htaving, -,train ci mcciration fac-
of these models were tested at N = I. and all had very tors (AD/D) of about 2 and 2.5 at free field st rains of
nearly similaf average stress-strain Curves as Seen inl Fig,. I ,
24. Thtus, thle miajor diff'erences between thle fouir 1.2'7! and 2'.respectively. Test block JB : l 0 did tiot
curies on Fig. 25 should be caused by differences in plot will- the other testilts because thle true free-field
the stif'fness of the liners and differences in thle ratio oif straitns of' tlte model were niot measured in 113 410. The
joint spacing to tunnel diameter. The joint spacing was 8-in, diameter tmincl was so larg 'e with iespect to the
I in. in all four cases, so the ratio of joint spacing. S. lo size of' the miodel thatt kae measured strains were af-
tunnel diam-eter. D. was 114 for 113 #7, 1/6 for MB :48 fected by thle large diametrical str-ains of the tuinnel.
and JB #9, and 1/8 for J11 #10. It has been tweeg~sted
by Hendron and Aiyer on the basis of' flield observa-
tions that a decreasing value of s/D should catise it)-
creasedl load on a tunnel liner at the satne value of free
field stress.

4 ANALYSIS OF TEST RESULTS
In Fig. 25, the curves for lB --' and lB #9are

almost exactly coincident up to a nmodel pressuire of* tiendron and Aiyer have analyz~ed the stresses and
1000 psi. These two models had the same stiffness strains arounid a cylindrical tunnel in an elasto-plastic
(Et/R= io,700 psi) and diameter liner and differed material wvith diilancy f'or a uiniformn stress field (N
only in joint orientation. Joint orientation should have alhic, = I) wnder plane -;train conditions. The loarding
no effect for testing at N = oh/la, = 1 if' thle boundary' conditions assumed it- thle analysis cited above are ex-
conditions in the testing machine are as ; sstmed. actly thre samne as the conditions in the model tests

coinduc ted ott this sludy. The main prohlem in apply-
lB #7 bad a 4-in, diameter liner 1/8-in, thick ing the theory to the Join ted models is it) determine

(Et/R =25,000 psi). Thus JB =7 and lB #10 both had what strimngth prolicitics should hie used in the analysis
thle samec calculated stiffness liner :tnd about the samec to representl a join ted nlass. I lendron and( Aiver eive at
tmodel stiffness. This is evidenced by the fact thtat the correlation hetweent the ratio 0o /q1, avid thme ratio D/s
plot of pressur-e versus diametrical strain i or these tests to01 ac:tual t muds% in Jointed rock masses (Fig. 2-7).

-are nearly identical straight lines in Fig. 25 tip ito a where a~, is thle cqitivalont uncofined compressh e
model pressure level of 550 psi. Note also thai thle test streipth oit the jointed rock mass alrounhd the tunnel. q,
results from lB #8 and JB #9 (Fig. 25) are also identi- is thle intact Mnconfine11d cotnlr,:esive Strength of (lime
cal straight lines tip it) about 500 ps at it lower slope rock, D) is mme tunnel diameter and s is the effective
than tests JR #7 and JB #10 because thle litner stiffness joint s pacing. The currelation is f'ront ficld measure-

*in lB #8 and JB #9 was only 16.700 pisi. Above a utlemt" of tuunlel bemai ior. rite modelCs tested uniider tis
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contract had values of D/s of 4, 6, and 8 with respec- = eo and (4) known or estimated values of v and 0 for
tive values of Ou/qu obtained from Fig. 27 of 0.65, 0.5, the jointed mass. Items ( 1(2) and (3) above are easily
and 0.35. Since the model material has an intact un- obtained from measurements on the model during test-
confined compressive strength of 550 psi, these values ing but the values of v and 0 for the jointed mass are
yield ou values of 360 psi, 275 psi. and 190 psi respec- not known precisely. The value of Poisson's ratio can
tively. The field correlations were from real tunnels be taken as about 0.25 based on previous experience
where the joints were not exactly regular plane surfaces but the estimation of this value is not critical since the
nor were they spacd evenly, and all oriented in two results of the theory cited above are not very sensitive
sets exactly parallel to the tunnel axis. Thus the field to the selected value of u. The value of the angle of
situation is not in general as unfavorable as the situ- shearing resistance for the tock mass may be conserva-
ation in the models and a lower value of o11/q1 would tively taken as the angle of friction along the joint
be expected for the models than for the field con- surfaces, Oj.2 

2

ditions. 'The.value of the angle of shearing resistance along

From the model tests conducted on this study the joints, Oi, is estimated from the results of direct
values of o can be calculated using the theory above shear tests on sawed joint surfaces shown in Fig. 7. The
in conjunction with: (I) measured values of AD/D =
e0 , (2) measured values of Em, (3) calculated values of
tile radial stresses between the liner and the medium "' A.J. Ilen'lrtn and A.K. Aiyer, Strc.ses and St. ais Arotund a
from the liner properties and measured values of AD/D C)lindrical Twne'
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results of the direct shear tests tin joint su rt -aces show curves from the iodA tests can he plot ted onl the same
that (lhe value of 0j decreases as the normal pressure on plot to g.et a cotupatison hetween theory and experi-
the joint surface increases. Thu1.1 for plastic behavior oif' nicut. Such curves ajre 1'lot ted in Figures 29 and 30.
the jointed model we should expect an effective value AB #8 aind JB -"11 were identi-al in all respects
of Oj less than the angle of internal friction, which was exep ta hNad different joint orientations. Joint

measredas 3* b traxia tets.orientation sl'ould have no effect for testing at a lpritlci-
The parameters used in the Hendron-Aiyer elasto- pal stress ratio N = oill/ov 1. Fig. 24 shows that

plastic analysis are EM1, P. oil OU, . (Tor and p,. Where indeed J11 * and ill -9 dlid behave almost identically
*Eni. M,. Oj and ou, are effective plane strain properties of onl a plot oit diametrical strain of tunnel liner AD/D as

the jointed model mas.s, co and Or are straitn and stress a function of' tmodel pressur'L of =(I po. In Fig. 29,
conditions at the point of interest and p(, is the frce the results of the niod.ll tests lB #8 and III #19 are

*field stress in the model (p0 = a,, u- a for the model plotted together with theoretical curves calculated
tests reported herein). Theoretical curves of the dia- fiorn the fletdron-Aiver analysis assumning the liner
metrical strain of the tunnel liner, AD/D, as a tunction propeities slio- %n on I Fig. 28, and the model properties
of the model pressure, (7, a p,. have been calcu- listed oin H.21). The curves for ill #8 and lB -#( are
lated using measured values of Em and assumed valuies essentially ldcniticalu oamoe dsue f10 s
of M, Oj and ar,. With known values of the liner proper- andl are plotted as a sitngle cuirve oin Fig. 29. The theo-
ties. Fig. 28. Or can be calculated as a function of co retical -mIfes in Fig-. 29) are plot ted assuming a value of
AD/D of the liner. Then a value of p,0 can he calculated NO 2 which corresponds to at value of' Oj 200. The
from the theory and theoretical curves of- AD/D =c) resul1tS oft the direct shear tests showvn in Fig. 7 show
versus p(, call be plotted. The actual experimental that the value of Ojdecreases with increasing normal

00

0z

0 40D0 8000 12.000 16,0 20,000 24,000 28PMX 32,000

inrStrain, 4L '(Ms)

Figure 28. Stress-sti .;n cuirve uised for plexiglass litners.

33



0 0 C0

too
S.-

0N it

w ;9
No

ev.

IA-

NN

c!sd 'o . anSOd IP

o 34



pressure on the joints. Thle dir,,ct shear tests indicated Thie experlimental curve for JB -#7 also starts out above
that between a normal pressure oit 50 psi and 4.00 psi, all the theorclical curves, hut it then crosses over all
the value of Oj decreased from 33" to 2W". Thie r.d! the experimnital curves, between model pressures (;f
pressures of interest ranged uip to 800 psi and the ma. 400 psi and S550 psi.
terial around tile opening would lso) he subjected to a
stress concentration dute to thle presence of (lie tunnel.
Thus it was decided to compare the experimental re-
sults of the mi. del tests to theoretical curves catculated
using a value of Oj 20. In Fig. 29., thle experimental 5 CONCLUSIONS
curve starts out well ah 'we tite theoretical cuirves indi- 'leI"INo iemdltssaerpre ncating that the effective 'value of oj at low pressure was Ih cil~o iemdltssaer~rc n
considerably higher than 200 as should he expected. At attalvied iot this repoit . Th tunnel liners used in these
a model pressure of 400 psi. thle Cxperirnental curve titodels were chosen so that the ratio of the circunifer-
crosses the theoretical curve tor NO = I 2.ol 00 psi. ential itunnel flter stiffness to rock mass stiffness
With increasing model pressutre, the experimental curve ( Et!R)El, wats simnilar to thtat for concrete liners in
crosses over thle theoretical curve for NO 2. o' 100 rock. 'Ilu pilexiglasshr udintisuyhate
psi, and then becomes piarallel ito the theoretical curve furthter advantage that the ratio of the circumferential
for NO = 2. ou = 0. Trhus te1htoen occurrorle it stiffness il /i R I to ttt! liextiral stiffness (EI!R 3- ) was
thle models could lie considered to he aI decreasing et- nearly tlie same ats tor weinforced concrete tunnlel liners.
fective unconfined strentyt ofI thione as~il li le model tests repoi ted here. nione of the plexiglass

increasing model pressure at constant No. As a matter liners buckled and two of iltemi ftile'J in circumferential
of fact, thie value of' N also decrear -s with increasing I'"~' . eltitrcdcnrt ie vt d
model pressure and a more detailed analysis would take lThus Cle uist: of pleiglass flners prevented huitcklivig
this effect into account quanititatively. However the miode oft fa-iluire whichi uid previously been expefiettcei
model material properties used arc estimates and so N~ith aliliititn linecrs.2 .

phisticated refinements of the analysis are not justified. The inadvsk oft the d:,ta reported herein shows
that elastic theory is not sufficient to predict the be-Fig. 30 is a plot similar to Fig. 29 with thle experi- havior ol' models .loaded to high model pressures. In

mental results of two model tests 013 - 7 and JB ::10) these tests. elastic theory was sufficiently accurate for
shown with theoretical curves calculated from assumed clu;tn h inerc!sriso h ie unl
values of the model properties. lB #7 had two sets of
joints spaced at I in. -.n(. oriented at 450 to the princi. uip to diametrical strains oif al-.out 1.27%. For diametri-

pal loading directions andl had ,4-in, diameter tunnel cal strains ,reater thztt 1.2%, tz.lculations from elastic
line wih z 1/-in thck lexilas lier.J13#10had theory underestimato the diatnetrica: 2rains of a liner.
lind wth 1/-mn thck ~l~igasslimerin 10 ad Ani elasto-plastic theory developed by liendron and

two sets of joints spaced at I in. and oriented parallel
to the principal loading directions wvith art 8-in. diamo- irwauedtaalethmolbhvornte

ter unnl lned~vih a1/4inthik pexilas lier. plastic range. Using ex perimientIally measured strength

These two liners have the same calculated circtitnf er- \ an tilvsicul paaeerse o etmodae the diameri-

ential stiffness (Et/R =25,000 psi) assuming the lilexi- cal atalss oul be tunne lineite pathicrngetrof

glass was the same in each liner. The average measured clsainor'. etrnllvrintepatcrneo

model stiffness of JB #7 (E,, 64,300 psi) was greater
*than that of lB #10 (Ell, =6 1,000 psi). The detailed analysis of* thle experimental data

preseted in thle previous chapter shtows that the pro-
The experimental results of Ill3 #7 and JB #10 plot cedire described below canl be used for predliction oif

ve ry ntearly on the same line tip to a model pressure of tunnel flner deformatiotns t(AD/D. diametrical strains)
about 500 psi above which they diverge rathter sharply, for a Iurtttel linei itn a jointed rock mass subjected to
T he experimental curve for .111 #10 %tarts ouit above all hydrostatic: compression. The Young's modulus of tile
the theoretical curves and then at a model pressure of'
about 300 psi becomes coincidlent with the experi-
mental curve for No 2, oil 3 00 psi arnd follows that
curve closely uip to, a model pr ssrr of ')50 psi. There,
it begins to trove toward curves for lower values of (r 2 A.J. I lentto~n ,I At.Goc'h'ua oe Stud v... Report
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jointed rock mass, Ent, as observed in these tests was 0,. shotld be taken as tile angle of shearing
about 1I/I0th of tlie Young's modulus. E, of tile intact resistance along tie joints, Oj.
model material which composes the joint blocks. If the (3) Thc effhctive unconfined strength of the joint.
Young's modulus of the jointed mass, Em. is used in n ed medium surrounding the tunnel, Ot, should

elastic analysis of the liner and jointed mass, it was e tn suron f the un cond

found that the deformation of the liner would be pre- strength of the intact rock material as shown

dicted within about ± 10% for dialnetrical strains itrFg. 27 the iractio d era a n n
in Fig..1-7, the fraction decreasing with an in-

(AD/D, less than 1.2%. For strains above 1.2%. the crease it the ratio of tunnel diameter tojoint
elasto-plastic analysis given by Ilendron and Aiyer spacing as shown in Fig. 27.
could be used to predict the liner deformations if the
jointed medium was assumed to have the following If thle above procedure is followed, the diameter

properties: changes of the structural liners can be predicted with-

in ± 15% for the test results piesented in this report. It
Em, T the ungesmls oe oid edkeniu, has been the writers' experience that the same pro-
Emout i th teli ranges souls be tken- a cedure can be applied to concrete tunnel liners in rock.

tabot modl 0ttei. YBut, if this procedure is used for concrete liners in
tact model materiat. rock, elastic analyses should not be used beyond a dia-

(2) The angle of friction ot the jointed medium, metrical liner strain of about 0.3%.
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APPENDIXA: SIMILITUDE CONSIDERATIONS

Fundamental Considerations. In most physical phe- There :re several advantagcs which may be gained
nomlena considered in civil engineering and geology it is from the dimesiotal analysis. First, the relationship
conventionally assumed that a *'cause and effect" re- between the .,i variables in tle 7ri terms often gives
lationship exists between the various independent and valuable insight into the phlenomeion being con-
dependent variables which iluence and describe a sidered. Second. the phenmetion is described in terms
phenomenon. This relationship is assumed to be ex- of a fewer nuniher of vaiiables, only ni pi terns instead
pressed by some funeit.l of the n origin al variables. This reduction of variables is

f(x I, x2 , x. .... x, ..... X)= 0 [Eq 1 often imoportat when studying the phenomenon ex-
perimentaily since it usually reduces the number of

where xi are pertinent independent and dependent vari- experiments which must be conducted. A third advtn-
ables. The function f(x, can usually be expressed ex- tage is th:it the dimenirvnal attalysis provides a theo-
plicilly for only the simpler phenomena. It may be retical basis !'or model sludies, by which it may be
determined from either theoretical considerations or possible to reduce even further the cost and lime in-
empirical studies. Because the most basic physical laws volved in studying the phenomenon being considered.
(such as Newton's Liws) are dimensionally homogene-
ous; that is, their form does not depend upon the units The functi in given inl Equation 2 is dinensionally
of measurement, it can be hypothesized that the more homtogeneous ;lnd completely general. If the pi terms
complex function fti) is also dimensionally homo- are indeCpendCll :1nd conlain all of the perlinent vari-

geneous, even though it is not explicitly known. ahles xi which influence ;ind describe the phen,,mentio,
then the tunction F(-i) completely describes the phe-

The theory of dimensional analysis. founded in the nomenon. regardless of tihe scale of units with which
mathematical theories of algebra, is summarized in the (itq'n ti tics xi are nieisured, and regardless of the
Buckingham's theorem. 9 which essentially states that absolute magnitude ol the x, quantities. This means
from the dimensionally homogeneous function or that if we wish to utilize models to study lhe behavior
equation describing a phenomenon, it is possible to of a prototype, we can he asstred that the behavior of
develop a relationship in which the variables appear in the model duplicatcs the behavior of the prototype ir,
a set of dimensionless products. (For a more complete a!i respects if each of' the pi terms for the model is
discussion see texts such as Murphy or Langhaar.) it equal to the equivalent pi term for the protot- pe: that
practice, dimensional analysis allows us to determine is. if
these dimensionless products, given the pertinent vari-
ables, even though we do not know the form of the (r) = ('Ti) protwhtpe I Eq 41
function ffi) which describes the phenomenon. Thus.
from Equation I. which is the basic function relatitig If such a condition exists, all requirements of' simili-
the pertinent variables xi in a description of the phe- Mide have been satisfied, the model is said to be
nomenon, we arrive by a dimensional analysis at -completely similar" to the prototype. and the phe-

F (ri ,r. ..... Ti ..... rm ) = 0 1 Eq 21 nonenon in the model is an exact replica of the phe-
nomenon in the prototype.

as a description of the phenomenon. Each term it

often called a Buckingham pi term, is a dimensionless Several maji pro leins develop in the practical
product of some number of the original xi variables, application o,' dimensional analysis to modeling. One is
Generally, the number m of independent pi terms is that it geierally is technically impossible to insure that
related to the number n of the xi variables and to the all of the xi variables which iifluence the prototype are
number r of fundatnental dimensions (such as mass, con., Jered in the dimensional analysis and are accu-
length, time, temperature) which are involved in the xi rately reproduced in the model by equaling the ;i
variables by terms of* the model and prototype. For satisfactory

m=n r IEq31 modeling it is necessary that the phenomenon be
understood well enoi-lh to know what variables (xi)
are must significant and which pi terms (iri) must be

1"II.L. .anghtaar. Dime'n~riohal ,nalysxis. p t duplicated most rigorously st that the model gives the
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tItus,1 accurate simtulation of thle pofwolyt. p, ~ilii it Is The veltical heec- fitld stress o,~ could be due to tile
both possible and practical ito attain. wei'ri of (tic overl~ im material, and at anly depth z

In this approximation of fhe priltp by th below tile sit !'ace it would he given by
modell a second major problem arises from what are j ' Eq 51
know n as "scale effects." For exam ple , as physical size w e e t i i e a e a e i i e g t il h v r u d noft the modell varies, the relative imtporianice tit' differ- he iteAra'tu witutteovrrdn
ent fores may vary also. Body forces such aweight Follo wingz the :mmmnnent ist' Te r/.api and Richart. 3

due to gravitational altirae tioti varv as thle mass ot" thle anld Lkere. tile it ii/i I'mtre-field stress (;, is us-
*body, hence as the third power of)t linear dimensions, stilwed to fi: he l cli

while surface forces such ams pressurcs va.rN as area. it No, N-y z I Eq 61
hence as thre second power of1 linear dimnensionis. Thu11.
as thre physical sizc ot a omodel is reduced, thle ift tuetuce [lhe coettlicivcti N rehit ing o, and al is intimately re-
of body forces decreases mnore Yapi dly fliati itt of lted to rtle jpi-(, g.eoii lo gic. environ men t an d thle pre-
surface forces. It is po!,sible thiat flt, hehaviot of flt- vitv x-oh'uc 1ri~torv oF, the site and iav vary over a

prototype may be strongly intiun:eil h% hod.l forces. wide .niefvstleN.
but when a model is made at a reduced size, its be- Thie tre'e-h eld strmesses could alsoi he due tot thle
havior miay be stronmgly intitenc:ed by s'itrtaceI torces; It~d iniscd by a noclem t ci onat ion over at protee-
which are (if lesser itlportance fit lie prololype. Cac live stni ho.ut)i rock. In thlis catse thle major principal
flil consideration must he given 1 problkmns such :is Ole ~ i-e db,! tie dyniamic radial stress. of.d' ot thle
selection of pertmuent variahie. and. lihe po~s ;!W .y 4it .1~~ti~n~ uii t~~ naa~L jotdeea

scale effects ill developing a mlo-lel ieiliti 2 progrii. met. Iii: tif PIicPa!1 stress would he tife dynlamlic

Selection of Significant Variables. The dimensions ktt 0uentl1&is~ t I-tlel by
mass M,. length L. flt[ tini T are [fitulvte mosti ,* , -y* I i 1
commonly used dimensions hy ..mi 1dmvysal phet-.,7)
nomena are described. An eqliiallv, valid set of* kusi wliere v is l'ui,,sipn's ratio of tife rock mass. 'rte ratio
dimetnsions is force F, lentigh L, and tlinte 1. I-or am between thle minjoy amnd i'tor princeipal stresses. N. for
static system such as is being Considered, only force F thlis :se Coul~d Iaime from abolrt t /4 tit 1.0.
and length L are involved. This is fite set which wilt lie
usied in the following analvsis. ,* - -ase tile vaiu,. ,f N for both statm: and dy-

naiint ,t. . icid% s-aries tivr a fart e ranige, model tests
The sivnilicatit variables ;!ssociatcd with thle he- toi sittiilaic ci the e d t hicew problems should be con-

havior of an underground opetning which will lie con-t diueled ait vat bits :,huies of N rather thatn at a specific
sidered in this study are given inl Table Al. Thle reasons vailue of N 1 lilt-, Ior t'r ito dimtensional analysis
for thle selection of these variables and tile exclitn o~' f ~tl lh si iolem L.- iNside reu here hboth u;t. and all
others is discussed below. A nuiliher I ill thoth irmet- -,;Iilb 1w .,mmdeo'd :as independent vamriables.
sions columin means that the variable is dimensiomtles, Mituin-l3 7 has developed rigorous soluitions !'i
a pure memtber.

Free-field stresses. Thle pruototype chosen t i - sr itich t mlii u adron rai la ding ai the N an elf i.
study is a1 scigmlen t' a long, ,raighlt. horizontal Itrimlil tic 11:1 iitic I.I i'. rault loe aing 3 Mt or ('altjcd oud

buried ut dergrontnd at a 'depth several ltme%, givale i11crHsr llt sePte" rCul, n

than the tunnel diameter. The most signi ticmnt f orce%
influencitng thre tunnel behavior are a~sumed tli h- 'K. I mr' i I~ I I. Ricart Jr., -Sttcvt il t Rod, About
those dlue lo thme free. field streses which would exist at ,t~C' t-/nq.Volt 3 t 1952) 'NP 57-90t.

the location of thle tunnel if it were not prs-%enit. Thle .1  1M . DiWUICZI, 41 -ut l~ 't'nk 0r funtgt Rock
Umct vr li. iw ( tipre%-Ave I . iaditw.- by G. Iakrk and

two free-field stresses considered. tit amid (it. are tife R I) ( mtl4% State "'I Sirs i 1 al:~ 'ut R mdt

vertical and horizon tab st resses iii ar platite perpetndicumlar !f t kkVie. t 9r,1 11p 1~21I-323- r,t nGe-igiti Cons~ider-
to the tunnel axis (Fig. A I), and are assumed ito be iiiis'RockWe hIt. in I..:i. l'rart-.. Stagg~ -rutl Zicnkiewici.

principal stresses (which they wouild be inl an elastic ed1. 1,4111 U5tkc & Si. t1969).
hi. I. .Midtiti. Sit-% D istriottit i i A omnd A Tmntlel.' Nrot..hair space with a liorttuntal suirface). Thle iagititle tit -IS( !p' Apr'il I1 )Ili rp 6i Ilri4 2.

the third principal stress. oV. the horizo'ntal stress paral- Il A~ I"tc. Ste,. '11;4 Mitt'. (penilgx in a IImfQ0(i'el-
lid to the tunnel axis, will he Lonsidered later. . ' -,, kA', i. N ev% Y -i k, 1 1)5 t1
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Table AlI
Signifficant Variables

VariableDimensions

IFrec-.ield Sire'.ses,a% sun,.t to lie principal st rie'se

(;V. the vertical tree-field %tr"% I.
"ill, Ihle lho rizot al tree-field %I re%% FL1

Intact rock prpertes

C or It,. cotteion or MILeOnfined ttrnpressive i-tigtt te either onte t'
aingle t it' internmal fric tiin I
tensile strengyth

I'. Iok'ioni ra tiotI

Rock mass properties

angle tt frictional r, -tstanci' aloing jitnt stittac eN
0, 't~rientIatlion of joint plan"s wiIth repee I to

principal platnes

G;eomnetry of the opening

it or a, internal diamtner o~r radti (it' ot nlined 4-pen~n 2.

and 1) or R. dianmet em or rad ius tit' the (in igI

Support properties

I/11R1 . tksxurai sfiffne-s of lining. where F,. is thev
ni d ulus oft thle liner na teria I and I k~ the woment
of inertia of (the liner wall per unit length U

I~k~t/R, tcmpression stjftness tof lining, wli-re i i
the lining thickneN, VU2

Res;pons;e of system

it. ,idial def'ormations of the opening %v'all
r, ,tra,;n within the rock mavs ifound the ttpening

0. stress within the rock inas arotutnd the opecning FU'
Tthrust in the lining. e fortce Ivr unit length I: I.

NI, miomen t in the lining. inien t per tinit lengt i F

Clark"4 for mnore detail) show that if' tile ttunnel is at a hoth cases, tile -area inl which stresses are significantly
depth of three tunnel diameters or miore, thle stress iniittcnc' d by the tttntiel has a width of about four
distribution arouttd the tunnel call be approximiated timies Oil- diamieter of the tunnel.
very closely by thle (list rihtttion oif stresses about a cir- Thiese observations allow a considerable sirlpli-
cular hole in a biaxially loaded elastic flat plate. as fication it imodeling 'die stress field about ltc tunnel.
determined by thle Kirsch equations (se., for example. Tc bcvtinhatharanftecdythttnl

Timoheno ad Godir.3~ orOhet ad Dtva3 ~ In is about f'our tunnel diameters wide tucans that the

stress distribtution onl a square whose sides are fotur
tunnel diamieters long. concentric with ile tttnel. is

3 4 R. D. Caudle and (.;.lI. Clark. -Stres% Around %fine Openings very closely approximated by that illustrated] in Fig.
in Some Sitmple Geologic Structure%." Universxity of Illinois AlI where o~, and nh are the free-field stresses at the
Eng. E-xp. Sliz.. Bull. N~o. 430 (1955). locatiton tif the tunnel axis. antI An, and Aati are the

3 iS. Timosheniko and J.N. Goodier. TheorL' #)t IM'astic itY hne h r.fedstessbtve h o n
(McGraw-flill, 1951 ). cagsi iefe!fedsrse ewe h o n

3 L Obert and WV. 1. Duvall. Rock Mchlaniev and flit, Dei tile hot tom of, thle zone due to the wveight iof thle mla-
of Sinicluri's in Rock. (Johnit Wiley & Sons, 1967). leriai within it.
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frec-field stresses at tire tunnecl location than by theJJLL LLLLgravity forces onl the material within tile zone influ-H It frilenced by the Itunnel. Whlenr modeling the static bchav-
off, - ;0 ior of a turnel in this situation only the average frcc-

field stressvs as illustrated by Fig. A2 need be modeled
and tire body forces can be neglected. On thle basis of'
thie preceding argumients the body forces atid associ-
ated variables suich as the density of thle material are
not considered in the list of significant variables for file

44 present study. Thus, forces due to the weight of' loos.
cited rock ar-mind the opening are not being mnodeled.

- Intact ro~ck properties. A discussion of lIte failure
-~ Mechanism of rock materials is beyond the scope of

ILI IIL %this report. Trhe reader is referred to papers such its

Figure Al. Stress distribution some distance fromt fll- Jaeger' Ilieiiawskij" llendron29 and I-ock40 a
itch, examples ant! discussions of recent work in this area.

Regardless of the actual failure mechanism in rock
nialetials. it ii generadly observed that sonc form of
Moli, envelope cant Ilk titted to observed - xperirnental

'7 data amnd used to predict rock strength. In order to'
V h ijplity tlir d.imensional analysis andi sumbsequent dis-

I I i ctssion-s, it will he assumned that the genceal curvilincar
Mohr envelope can it e approximated by a straight line
in the compression pressure range oif interest. so that
the general Mohr f -ailuire criteria

T7. 0  j~q 81

canl he replaced by thle miore specialized Coulomb-
Navier failure criteria

c + atan ~ 1Eq 91

Aid I(For a more detailed discussion of failure criteria see

I INadai' Seely arid Smith,' Jaeger ,' and Obert and

I I IDuval.)

I Tlte two-ind(CIcndct Coulomh-Navier st rengthi

Figure A2. Approximate stress distribution some dis- 37.C. laeger, .Brit tle Fracture oh' Rock%," Nth Strp. on Rock
tancefromtunne. AMchl.. (A IME7. 1967) pp 3-13 1.
tance rom tunel. Z.T. Ificniaiwski. "MNluinisin ot Brittle F~racture or Rock."

Jnt. Jouri. Rock Aledi,. and Aiming Vd. (October 1967) pp
395-4301.

39A.J. Itenidrori. Jr., -Mechanical rcperfic% of' Rock," Rock
The observation that Nlindhlin's solutions for tuni- Mlch. M Lkog. I',arl.. Stag & Zienkicwicz. ed. (John Wiley

nels burie'd at more than three tunnel diameters are &~ S-)ns 1968)..Rok

closely approximated by Kirsch's solution means that 31.Hc.-61eFali o ok,
the tres disribuion f Fi. A canhe aproxmate 41A. Nadi.i Thur,' of low6 and Fracture of SVolids. Vols I and

by that of Fig. A2 with small error. This means thtat for , 11.M r~ctw- fnll 10.OuhAiacd3cwixnAa'il

the elastic case the stress distribution around a tunnel (mliii Wiley Son% 1952).
underground at a dlepth of more than threc tunnel I.C Haxncrtv, Prourr, and Plow (Nituen and C'o.
diameters is more strongly inflnuenrced by the average I td.. 1962).
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parameters are the cohesion c and thie angle of internal Rock Mass 1Prop~erie. 'fhe most important rock
friction 0. An alternate arnd equally valid pail are thle mass properties of a rock mass surrounding a tunnel are
unconfined compressive strength (I" and thle anglc of' thc spacing lid oritation of lte discottinui ties and
internal friction 0. Either a-or q,,, in conjunction with thle strength -along 'lie discontinuities. Thus for pur-
0, are necessary and sufficient to del'ine thle failure poses of' (linensional analysis. the spacing of the joints
state and describe thie failure envelope in lte comipres- or disc ontinruities. s. should hie considered as an midc-
sion range. In addition. the tensile streng-th ot must be pendent variable. The orientation of each joint set in a
defined, since Equation 1) is not valid in the tensile particular problelm is ,also very important and must be
stress range. 'The complete failure envelope, then, is as considered as anl independent variable. It is suggested
shown in Fig. A3. A rigorous consideration of the actu- herein lo specify thle orientation (if the joint planes, 0
al curvilinear Mohr envelope does niot chanuge thle basic %vith respect to the maximum friee-field principal stress
conclusions of the dimensional analysis. direction since thle orientation will govern the ratio of

The elastic constants, the modulus of' elasticity E riornial ;andi sheamr st res-ses on the joint planes.
and Poisson's ratio v, relate stress and strain assuming The strength pro~perties ofI thle joint surfaces must
the intact rock exhibits :i quasi-elastic behavior at low also he considiered. Ini thle model tests conducted on
andi intermediate stress levels. In general this quasi- this study thle models were composed of planar joint
elastic range is followed by a range in which inelastic surrfaces t-ree tit irreuilarilie%. Thle sliear strength along
strains occur, and then by some form oft failuore such a-, suich :1 plane suirlace canl be expressedl by
fracture or plastic deformation (Fig. A~4). No variables
are included to describe the inelastic :and plastic regiotis 7 J t1 Oi r-.j 101
for two reasons: (I1) because of thle wide range of, bc whero u,~ is hlie n&'rrnal si ress on the platnc surface aiid
havior exhibited by different rocks, and (2) becatse ofis: tpry('tlejnttttaswhcsoudb
the scarcity of real numerical description andi data forisaroetofhejitufcswihshldbincluded in Ilse dimensional analysis to represent the
this portion of the stress-strain curve. It is recognized anllJe of shearint! icsisiance along thse planar joint sur-
-.at the other types oif behavior exist. For example, a faces.

cot.cave upward stress-strain curve is Commonly oh- Opeiinc geonwlirv. For this study, thle openitng is
served at low stress levels for very porous rock-;, for ;jstsumed to be of circular shape with internal diameter
highly weathered mv.cks, arnd for thinly bedded ort foli- d (radius :a). it is assumned that any lining oif the opeti-
ated rocks conipreised perpendicular to the bedding or Ing is oif diameter D) (radials R) which is the same mag-
foliation. The initial quasi-elastic behavior is possibly nlitude as the opening diameter d. and that thle variables
more common, however, arid is much more simple to d, a. D. and R may be used interchangeably for the
consider and miodel. purposes of dimiensional analysis. Hlowever. only one of

Time-dependent behavior such as creep) or viscous these variables tiay he considered as an independent
deformation is riot considered here. These properties of variable for lte purposes oif dimensional analysis, since
real rock are so poorly known :and under-stood that any they all eiiete %title thisig. tile size ot the under-
attempt to consider them in modeling the behavior of ground opening.
underground openings must lie considered a very ques-Lingpoccs"Uuprtdcynesad
ionable practice for the "present state of thle art." The Lnn'poc'is tnupre"clnesai

ore exception to this statenient would be in thle case of rinigs: general expressions for lte elastic deflection of
unuoraround openings in the evaporites: rock salt. pot- rings arid cylinders due(. ito loads which do not vary with
ash, and possibly gypsum and anhydrite. For these Z)~t(t ln h xsae eeoe niuweu et
rocks time-dependent behavior is so prioouncedl that it isteghomae l.teteoyfeatctyan
dominates the behavior. Indeed. because it is so pro- srutalnlsi(uiisScladSmtorTi-
nounced it can be :atid has been studied enrough so that shenko and Gere" 5.), It is seen from these expisions

intelignt tteptsto odelthetim~deendnt e. hat the deflection hl oif a point on a lotig cylinder due
havior of such rocks can be made 11see for example tobtinderaio cusdyetrinlodsPs
Thompson and Ripperger44 .~eib

6 b=C, P R" (I -I 2 )/Evl JEq IlI
"4E. Thomnpson and F.A. Ripperger "An 1:%perianrnted Tech-

nique for the lnvecsig~ation of the f:low of Halite lanti Syl-
vanite,- ;ixvth Svpppsium opt Rock %Ierhanirv (Univer~it -S. Tintienki -anti 1. (ere. ThrorYt' f Elastic Stahililvs
nf Mtissouri, 1964) pp 46'88 NMc(raw-11#1l. t'96t).

42



_Tension C.omessjj-jn

Pressure Range of

Interest

-- Actual

Approximate

Mohr Circle of Rupture for

Unconfinied Compression Test

q .
t U

Figure A3. Failure envelope cotisidered typical 1'4r rock.
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Figure A4. Stress-strain curve considered typical for rock.
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and te defecion~ 6, tie to circumferential compres- with radial spring supports) which is subjected to any
sion deformation is given by generalized r adial loading P, the radial displacement 5

6,=C, P R( I -vv2 )/Ev t [ Eq 121 of any point of tile ring is of lte form

The quantities C, and C, are constants whonse Values 6 -S (IEd13 KR/EQIl/R, .0) [Eq 141
depend upon lte contiguration of lte applied loads where K is thle m1odulus of subgrade react-on (the
and upon thle location of the point in question. Lane 4 6 "'nring constant" of thle foundation), and 0 is a meas-
and lDorris 4 7 give tables of values of C, for different tire of position on thc ring. In the case (X a long cylin-
loading configurations. Thle flexural and compression der instead of at ring, the term Egl/(l -ve) is substituted
stiffnesses of a long cylinder are the quatities E 1/R13  in place of' Ev . Note trit this is (I .ue). not (1-ve 2 ) as
(I-vV 2) and E~t/R(Ilvk,2) respectively. Thle termi (I previously. lte reason being that the elastic foundation
*VY"j arises because of the restraint offered by the axial reaction is not continuous but consists of discrete
stress parallel to the cylinder axis in plane strain prob- springs.
lenis. In the case of a ring subjected to plane stress. this .
term vanishes and the beniding stiffness becomes Cheney" and Luscher5  analyzed buckling of'
Et)I /R 3 .radial spring supported rings and found the critical ex-

Buckling of unsupported rings and cylinders uinder ternal buckling pressure to he
uniform and non-uniform external loads and pressures pter =-2 (KR)EvI/R 3 ) [Eq 15J
is treated in a number of texts and papers suich as Seely
and Smith, Timosheniko and Gere, Borcsi,4 8 Bodncr,4 9 As a first app~roxima~tion in these analyses of cylinders
and Anderson and 13oresi.i 0 The conclusion reached in and rings onl elastic foundations, only bending defor-
these investigations -is that for at long. thin-svalled cylin- miations are considered, and deformations dlue lo cir-
der, the critical external buckling pressure Pcr is given cnfrnilcmrsso ocsaeinrd
by an equation of the form Cylinders supported by a continuous elastic mcdi-

Per = C, Eyl/R3-( I _VQ2 ) I q 1-11 uml: lioe 5 4 gives in elastic solution for stresses and
where C., is ai function of the loading configuration and displacements oif ai cylinder in an elastic medium con-
the buckling mode. Note that lte significant cylinder sidering N7 futqo,.as at variable for the cases of perfect
parameter is the bending stiffness E 1#114k2 )R 3 , Which bond and of' free slp between the cylinder aind the
is reasonable since buckling is a bending phenomenon. mediumi. Ilec finds that the behavior is ai function of thle
As before, thle terml (I -v 2 ) is due to restraint fromn the relative compressibility and flexibility of thle cylinder
third dimension. and lte medium ats given by a flexibility ratio

Cylinders and rings on ela.~tic f'oundations: Helen- I /6( l-2v/1.t)N
yi-1 showvs that for a ring on elastic foundation (i.e., F Et, I/R3 (l _vQ 2) [Eq 161

'K.S. Lane, "Garrison Darn Tesft"tinei, I.valLiatiofl of Re- aJd itcmrsii iy ati
wu~ts" Traits. ASCfE, Vol 125. Pt 1, Paper 3n22 (1960) pp C = / -)[Eq 171
268-306. r. t/R(lI-Vg2)

'A.I. Dorris. Response of' Ilori:mitallv Orientedl Huried where M is the one dimensional constrained modulus
Ci'Iinders to Static andl Dwnani L~oading, Technical Report O ielldtlladvi iePisnsrtoo h eiNo. AIWLTR1-65.l 16 (Air Force Weapon% 1.abvtratory, o h idu n ii h oso' ai ftemci
1966). i. Note that the significant cylinder parameters arc

4 8 A.P. lioresi, "A Refinement ot thie Theory of Buckling of the samite as those for thle unsutpportedl cylinder.
Ringn Under Uniform I'rcssre," Jowr,,al oj'Appfird Median.
ics, Vol 22 (ASML, 1955),

4S.R. tiodner, "On lte ('insctvalivencss til Various listri- '2 . ( heney, "Btending and Buckling ot Thin-Walled Open-
tbuted Force Systems%." Journal ojtfhe A erontautical Sciences. Section Rinp. ." Nr. .lS('l: Joui n. Eng. Mfcl. tDiv. EMIS.
Vol 25, No. 2 (1958). Paper 3665 (1963).

S0 R.11I. Anderson and A.P. lBoresi, "Equilibriumi andl Stability 13 U. Lticher, Study of the Collapse ol' Small Soil-Surrounded
of Rings Under Nonuiniformly lDistributcd L~oads." P-oc.1'* 'r ube%, T'echnical Report AFSWC-TDR-63-6 (Air lsrCe
the F~ourthi U.S. Nat. Cong. of Applied Merht., Vol I (ASMIE, Special Weapons ('enter. 1963).
1962). 54 K. Itoeg, Presxsure Distribution on Underground . truetural
M. licienyi, Beams on l:'astic Foundatio'ns (University ot' C 'Hinders. Techsnical Report No, AFWVl.*TR*6S-98 (Air
Michigan "-,s 19~46). lorce Weapons; Labora tory, 1966).

44



Cylinders in soil materials: On the basis of empiri- Ilence, for the purposes of dimensional analysis
cal data from tests of huried culverts. Sp:mgler5s d level- and modeling, the stiffnesses EQI/R3 and Eqt/R are
oped the well-knowr *Iowa formula" in which the considcred the significant paraimetes describing the
deformations of a thin-walled buried cylinder due to tunnel lining, rather than the individual quantities E, I,
surcharge loading may he expressed in terms of p/Eyl/ R, and 1. This has the great advantage of allowing the
R3 and eR/EqI/R 3 where p is a measure of the stir- model lining to be made of any material, regardless of
charge pressure acting on the cylinder, and e is a pas- the prItotype material, since it is necessary to consider
sive deforiation modulus of the soil. Watkins and only the structural stiffness properties of the liner and
Spangler s 6  present arguments indicating that the not the actual liner material properties. This assumes
quantity "eR" and not just "'" is a constant for a that the prototype lining is subjected only to stresses in
oven soil. the pseudo-elastic, working-stress range, so that the

strength parameters of the liner material need not bcL u s c h e r s  a n a ly z e s d e fo r ml a tio n d a t al f r o m te s ts m d l d h s i e s n b e a s m t o o o t t n
on buried cylinders in terms of the parameters p/EQ / modeled. This is a reasonable assumption for most tun-
R3 a I 3

, wd ation modis nel linings. It must be uoted, however, that the ratio
and E'E/R , where E' is a defor ion between the two stiffnesses is distorted somewhat ifof the soil which hie found to correlate with M, the the model lining is constructed of a material differentone-dimensional constrained deformation modulus. fron that of the prototype lining. This means that the

It is interesting to note that Spangler's Iowa for- response of a model lining will not reproduce with
mula can be written in a form which is very similar to complete accuracy the response of a prototype lining
the first tern in the Hetenvi solution for the behavior constructed of a different material.
of ings on elastic foundations. Variables describin, the response of the system.

Hoeg ran tests on-cylinders buried in Ottawa sand rhe radial movements of the tunnel wall are given by
which agreed well with predictions from his 0:z!a-si,: u, strains at points in the rock mass behind the wall are
solution for the behavior of a cylinder in an elastic given by c. and stresses within the rock mass are given
medium. by a. The subscripts 0 and r will be used with these

Luscher 5 " summarizes data on the buckling of variables to indicate the circumferential and radial di-

cylinders in soil accumulated by a number of investi- rections, respectively.

gators and found that the bending stiffness Eel/R 3 of The response of the tunnel liner is given by the
the cylinder correlated with failure by buckling, displacements u, and by thrusts T and moments M in

the liner. The thrusts and moments are given per unit
A review of the preceding discussions shows that length of tunnel. pounds per inch, and inch-pounds per

the most significant cylinder parameter governing the inch. The actual stresses in the liner are not considered
behavior of a cylinder subjected to external pressures is because they are of less fundamental significance than
the bending stiffness EQI/R 3 (1 .UQ2 ). ;n the special case the thrusts and moments. The thrusts and moments are
in which the external loading closely approaches a uni- dependent only upon the more general, or "first-
form radial pressure, the hoop compression defor- order," variable such as flexural and compression stiff-
mation is more important than the bending defor- ness. The actual stresses, however, are also dependent
mations, and the important parameter becomes upon less significant, or "second-order," details of the
Eqt/R(I-vQ2). The quantity (I-vQ2 ) is quite close to lining design.
unity and may be disregarded with little error. 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

M.G. Spangler, 77Te Structural Design of Fh'xilh Jipe Cul- A2. These variables are the xi terms of Equation I,
verts, Bull. 153. Iowa Eng. Exp. Sta. (1941). which then becomes

56 R.K. Watkins and M.G. Span'lter, "Sonic Charactcriqtics of
the Modulus and Passive Resistance (i' Soil, A Study in
Similitude," IIRB Proc. Vol 37 (1958) pp 576-583. f(v, Oh, c or qu, 0, ol,E, o, d or a or D or R.

5 7 U. Luscher. Behavior of Flexible Underground Cylinders.
Technical Report No. AFWL-TR-65-99 (Air Force Wc-,.,,ns Oi, 0, s, EQI/R ), EQt/R, i. c, o, T, M) = 0
Laboratory. 1965).
U I. Luschcr. Behavior of Flexibh' Underground Cih'ders, I Eq 181
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Table A2 stiffnesses of the rock mass and the liner are of impor-
Dimensionlems Pi Terms tance in influencing the behavior. Alternately, from

I.oaidtng: Oh/Ov, ov/q 0  uvR 3 /EeI and ovR/Et it is seen that the behavior of
Intact rock: Gt/qu; 1, q, the linci depends upon its stiffness relative to the ap-
Rock mass: 0j. 0, D/s plied stress. The development of thrusts and moments
Support propertie: ER3 /EtI or oR 3 /EI . "R/l'-1 or avR/Lk is best expressed in terms of the parameters T/ovR and
Response: u/D. t. o/a r o/q, "' MI/arR 2  M/erR2 . The importance of many of these terms, of

course has been recognized for some time from other
work, but this dimensional analysis is an independent
substantiation of this importance.

Development of Modeling Laws. Using die pi terms

The next step in the determination of the simili- just derived, E~quation 2 becomes

tude requirements governing a model study of this F(ot/fv, v /I,. athu. 40, E/qu, u, ER3 /EQI
phenomenon is to perform a dimensional analysis; that
is. to determine a set of pi terms as in Equation 2. By or IR/lj 0, D/s2 ER/Et1
inspection of Table Al and Equation 3 it is seen that or u,R/E~t,u/d, c, o// v
there are m = n - r = 18 - 2 = 16 dimensionless pi or ('/lu. T/uR, M/ourR 2 ) = 0
terms which describe the phenomenon. Rigorous me th-
ods are available for determining a complete set of This is the dimensionles, functional relationship de-
independent pi terms (see for example, l-anghaar or scribing tile phenonmenon. If the niouci study is to
Murphy). However, ,i complete set for the variables in accurately reproduce the prototype field )ehavior, it is
Table Al can be determined by iispection, and ire necessary that the pi terms as given in Table A2 and
Oven in Table A2. Equation 20 be identical for the model and the proto-

type. as indicated by Eqtiation 4. This is, f'or example:Note that in several places 'in Table A2 two ex-

pressions are given as being equally valid. The princi- (Oh/O) model = (Oh/Iv)prototype IEq 21
pies of dimensional analysis state that in any given set,
all pi terms are independent; i.e., no one pi term can be ( ) iodel = ( ) prototype
obtained by multiplying together any combination of and so on for the rest (f' the pi terms.
the other pi terms of that set. But there are an infinite 1f the symbol K is used to represent the ratio
number of sets of independent pi terms which can be between the value of one of the xi terms i the model
given for the n variables, any one set of which can be and in the prototype. for exatple:
derived from any second set by multiplying terms of
the second set together. For examples. either u/u,, or Ke, = (ov) model/(ov) prototype [Eq 221
O/qu may be considered as one of the pi terms, but then the requirements of similitude as given in Equa-
both cannot be considered as part of one set because tions 4 and 21 dictate certain relationships which must
they arc not independent. One can be derived from theothe bymulipliatin wth oher(iffilepi erm as exist between the K,, ratios. The Ki ratios ire called
other by multiplication with other of the pi terms as tesaefcos mdterltosisbtente

follows:tile scale factors, an.d tihe relationships between them
are called the model laws, The model laws for this

o/ov = 0/qu x (lu/Ov I Eq 191 phenomenon, as derived from tile pi terms of Table A2
by simple alg:cbraic manipulation. are given in Tableit was nmentioned earlier that much insight into the A3

phenomenon being considered could often be obtained
from the relationships of the variables in the pi terms. The nodel laws of Table A3 show that all of the xi
The terms oy/q,1 and uh/o v show that the free-field quantities having tile dimensions of length L scale in
stress level relative to the strength of the material is the same ratio K1, between the model and the proto-
important, and that the ratio of horizontal to vertical type- all xi quantities having tile dimensions of stress
stress is of significance. The term D/s shows that the FL": scale in the same ratio Ku; and all dimensionless
ratio of tunnel diameter to joint spacing is significant quantities such as strains and angles have the same
in the behavior of the tunnel. Tile rations ER'/EYI and magnitude in tile model as in the prototype. Further-
ER/Evt (E/I[/R1 and E/Evt/R) show that die relative more, tile model laws show that the scale factors for
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Tahle A3 The modeling ratios Kj: = Kqh, KC = 1, Ku = 1, and tihe
Model Laws strength requirements given above require that ihe

iar t'in~egion. t. . K: -. materials have the same Poisson's ratio and that on all
I iearDivemtits I, K, K~j Kit 0 I = KitR .

Slresws: K, = Kv. Knh = Ku - Kai = KI.1 dimensionless plots of strains or deformations versus
KI.V I/R0 = Kl.'k.,t/R stress the curves forte two materials must coincide.

Strains and .nglev K Ko K0  : K 1, -- K0  : I For example, if Fig. A7 were the stress-strain curves for
Rcpon'e: KT- K,Kl. KM = KKL1  the model and prototype materials at comparable con-

fining pressnres; i.e.. at a value of o3/qu which is the
same for both rnaterials, then on a dimensionless plot
of (at o )/ tq t vs c, the curves for both materials must
coincide as in Fig. AS. This means, for example, that in

lengths and stresses. KL and Ko, are independent and triaxial compression tests at comparable confining pres-
may be chosen arbitrarily. sures, the materials must fail at the same strains.

Hence, on a dimensionless plot oi* efaitu revs a3 /qu, the
The inter-relationships between the scale factors Kr. data for he tvo materials must collapse onto a single
KM, K0. and K L arc not to be interpreted as restric- curve.
tions upon this independency of K1 and KU but mere-
ly as a definition of the manner in which thrusts and In praclice these requirements are almost impos-
moments scale between model and prototype. sible to -'tisfy. In a model study of a linearly elastic

If the model laws of Table A3 are satisfied, then phenomenon, the strength modeling laws do not exist,

the requirements of Equation 4 are satisfied and tie and the deformation modeling laws are not so critical
since tile st ress-def'orna ion relationships are linear.

model is "similar" to'the prototype and behaves exact- sincexthe s t ra io ithserinear
ly as tiaC prototype. By measuring the x, quantities in Foeaml.K 2mihh lowditutsru-the model, the xi quantities of the prototype can be ly affecting the accuracy of the model. For a modelpredicted through the scale factors. The accuracy with study in which inelastic deformations and failure con-ditions are important. however, the model laws must
which the predicted prototype behavior matches the be satisfied as nearly as possible. Patterns of stress and
actual prototype behavior depends upon two factors: strain distribution in the prototype may change mark-

(1) The accuracy of the assumption that the xi edly as nori-linear, inelastic deformations occur and as
quantities of Table Al are the quantities failure conditions are approached or reaclhed. If the
which determine and describe the phenome- model laws are not satisfied and the model materials do
non, and not fulfill the requirements outlined above, tile pat-

terns of stress and strain distribution in the model may
2)tsfed. a cdiffer considerably from those of the prototype.satisfied.

Model Rock Material Requirements. Some very In modeling studies the most common solutions of

stringent limitations on the behavior of the model rock this dilemma are either (I) to conduct tests in only the
material are implicit in the ;deling ratios given above, quasi-elastic, working-stress range, where the modelThe model laws Kin = Kq1, = Ko' = Koh and K = 1 material requirements are not so critical: or (2) to buildreqTire that on any dimensionless plot of strengths, the the model from essentially the same material as the

data for both the model and prototype rock materials prototype, as is done in microconcrete model studies
must collapse onto a single curve. For example, if Fig. of reinforced concrete structures. These approaches are

A5 were the Mohr envelopes for the prototype and not feasible in geomechanical model studies of under-

model materials, then on :t dimensionless plot of 1qu ground openings. however.
vs O/qu such az. Fig. A6 file envelopes for tile two In the first case, underground structures are highly
materials must coincide. On any other dimensionless irideterininait so that local failres can develop with-
strength plot, such as (al u3 )fqu vs 3 /qu, thle out leading Io complete failure of the structure. In
strength envelopes for the two materials must also co- fact, the economics of underground construction often
incide. demand that such local failures be toleraled. Hence, a

A similar relationship exists for the deformation study of the low stress. quaOi-clastic behavior is not
characteristics of the model and prototype materials. sulfiient.
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quModel quProto

Figure AS. lPrototype andI miodel Mohir envelopes.

1.0 .~0

Figure A6. Dimencisionless prototype and( modlel Mohr envelopes.
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I ~strength of, fihe rock materials is generally so great that

.8 tile size of niodels const ructed of tlic prototype ria
OA terial which call economically be loaded to tI'ilurec in
W the laboratory are looi small to he of interest. Finally,

it would he very di fftiul to gct "identical samples'' forA I testing front a real rock mass because miost rock for-
Cn rmations are trot Sot! iCien111 ifs omogeneouis. H ence it is.

- I necessaury (o use ai i licial., low strength materials for

0 0 the construction of geonechaitical models.

Rita for itact roc k (for example, Deere and] Mil-

ler," ei, liendr' n " Handin and Iliager ,"
Ilandin et al," Corps of Eingineers, 1' 4 and Robert-
son6  indlicat Iililat on tilie ave rage, the propecrties of

f iniact rock are such iai the tensile strength is about
live percenti to tell percent of1 thle uincoitfined comlpres-

4A sive strengh and ifie midil's of'elasticity is about 250
to 500 timies (lie uincoil ined compressive strength (IE
being hie ;angeni t odu Ins at fifty percent of q1,),

Figure A7. Prototype and modlC stress-stra in curves. while (lie angle of- in ic riia trict(ion commionly varies
between 25" and (60. and v us between 0.1 and 0.3.
That is. for actual rock:

/,<IiI,< I (Y (' 200 < E/+, < 500;
250 < ,<60,01<v<03

The iate rial cho sen fi or the consi ruic ior of tile model
shouild also have propert ies withbin these ranges if sindlli-
tulde is to be achieved.

Test datIa indicate thfat rock specimens typically

InI

0

D.. Deer an R.,. illr .igneigCasfcto n

- Index Proi Udr ('(',cini ockure. Te aCO to

FigureA AT iesols rttp admdlsrs-4 o I Jnary 1957)na Ppets of-Rock.

stra~~J.fnin curve A *Il .V . ~t.cr -EVrimna De.fIration of-

peietlDeforuna on ori sedlimentary Rocks Under Con-
fiigProsure. Pore llrestirc Iesuull<' Bull. A.A.P. G., Vol

47 o 54\ay 1%.;) ppi 71 7-755.
Tet 4 o Stre'ngthu Cliatacte'risties 01 Rack. Pilt, Driv'er Prouj-

-Thc second approachl is not feasible for three rca- ve MR lab No. 64/90t 4U.S. Army. Nisk;ouri River Divi-

sons. First. discontinuities in the actual rock mass exist %ion Laboratoiry l NIRIDl Sept i1964); Te%ts for Streng~th

on a physical scale suich that it is impossible to obtain Chuaracteristic,; ol a Sclu;iose Gncum, NIRD Lah No. 64/493
Nlay~q I 9b5j) t;.t,, gtful'aim'u# Of'Selected Intermediate

samples of the rock mass smiall enioughsli-itht acirate QuaflYi Roc,e~ NIRt tal No. ,4,1493 ululy 1966).

model studies can bie performed when the effect of 'FC I~hrim '1 spcionfu StUdy of tile Strength (of
mass di%-ontlinities is beinig studied. Sceondly. the R~ock%, Hull. C.S,..1., Vol (,6 (October 1955) lip 1 275-I1314.
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fail in unconfined compression at axial strains of 0.2 to shear, or sonme evaporites which may fail by inter-
1.0 percent. In triaxial compression at confining pres- crystalline gliding with no volume change. A "general
sures equal to their unconfined compression strength, rock modeling material" should exhibit dilation during
rock specimens reach a peak stress difference (o -03) shear to satisfy similitude.
at axial strains which may range widely, from around
one percent for dense igneous rocks up to ten percent Typical stress-strain curves for a wide range of
to twenty percent or more for ductile shales or evapo- rock types are given in the references listed above. The
rites. Rocks commonly exhibit dilation during shear, modeling material chosen should possess stress-strain
possible exceptions being very porous sedimentary or curves which are of the same shape as those of a typical
volcanic rocks whose porous structure collapses during rock, as in Fig. A4.
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APPENDIX B: DESCRIPTION OF MODEL LOADING APPARATUS*

Laerl oain Eemnt. I e l ier~r1 tr~ I o adijust to any iii evular de torrni.tions of tile model
lte systemi ot' apply lug thle lateral pressu res. 0% and of,, while carrying equal lowias, (2) to aid in aligning thle
to thle mlodel were that it ble able to appltv a un iform elenients, anid (3) I o provide at large enough hearing
pressure up)t I 1,000 psi on the 24" x 8-' laces f the area at tile con tactis to prevent local yielding of thle
model for at total react ion oft I 92,00)0 pouns.1 anS,1d tl I Steel and flarttening o, lte contacts. Evenl So, high Coil-
it Ile able to deforr11 ii p to one-qluarter inch as thle tact Stl"C rssCX 1st, 11nd a1 high v id strength steel (T- I
miodel wats loaded. Alt houngh larg. irrepi ar (ICfor- steel) wais used for the transition heads and the angles
millions of the laces were not anticipated, a nonuini- of' Fleruen No. 1. This system ilf applying lte lateral
tormn concave ou twarrd deformiation Wats anlt iCipa ted for loads was; chosen 0Im two reasons: (1) the stuccessful
two reasons: ( 1) thle presence of tilie Itunnlel. and Q2) opera t i. ot' tlii similar loading systemt used by
rest raiinrg fric t ion aloing lite adjacent loading laces. IHock ,"' anid 2 ) thle simple, complet.!y inechamnical
I lence. [lhe lateral loads had to bc applied by at Ilexible natu11re otf thle sy"Icil., which 'irggested that it would be
tlading systemI whiChl Could adLjust to [lie irreguflar very dependable arnd fluggC.

riioel eforatins, athr tan b a i~jdloaing Load Distribution Characteristics of the Triangular Ele-
head.ment Lateral Loading System. The lozid distribution

It was decidcd6 that tire h ad si S ildt be aJctiVelvr cia rac erist ics; ill thle I riangulatr loading clement as-
applied to all four lateral sides. illter than actively ScmibN hI ' were stdied inl Soirie (ICltil to determine how
loading thle mlodel onI Iwo adjacent sides arnd pushing it well they s.i tistyv thre lateral boundary condition; that
ag-ainst a passive reaction onl ltre oppoisirig sides. Al- ol, a uini forml Ia teral st less distribution some distance
thotugh this increased lte conmplex ity tif the loading tror n thetri r'nel. It is recognized ilal tftle stress distri-
system, it was done to main lain loarding ',Vrilnlet ry ill bulior on tile face ofl ite model will be quite irregular
the modlel so that f'ric tiorn be tween thle model and flie due to thie fin ire Withr and thle finlite stiffness ot thle
longitudinal and lateral loading heads would he syru- loadingy elcinren ts. The philosophy guidinig thle design of
metrical about the ttunnel. thle elements wits thart they should be relatively narrow.

The oadng yste whch as hose Isa cni- sti ft, and closely spaced, and that each shotild apply
plctely mechanical one whose basic operado' n is qurite tire same total torce to tile niodel even if it deformis
similar to a system tised by I lock"' on~ small models 6" unevenly. Then, within ai short depth into the model,
x 6" x 1 ". It consists (.1 ar pyrrimiid oit h icreasingy aprx imately equiial to the wid tl )f the elemenrts, thle
larger triangtular elements proiluced lby welding angle atnlsrs itrtt o ol eit nysihl

iroti an'ltpae oehr sson i Fi.D.t,~ ( from thle averarge stress arpplied to thie boundary. To
ist setd ofla elens a re s tow pl the load t.oc chieck thie behavior of the loading apparatuis, thre
lstera fet of teme, arese thow inpl tg 1he l tidc things were done. F'irst, one set of loading elements

lat~alfac ofthemodl, s sownin ig.112 Tie lad wats instrumlented to determine the loads being carriedrs applied by at hydraulic jack against lte transition by the smallest triangles, under uneven deformations of
head clemen! arid dist ribtuted down through thle pyva- th-e aissemibly. Second. concrete blocks the size of thle
mnid toi thle model, which is in cointact with) the smallest ata oe lcs 4 4 " ohwt nacttvua elemnts modeln bloc 3s. 24" th 24''x x " bt thaitringuar lemnts liemei N. .. A th coi i.mebe without ttunnels, were tested ft biaxial comipression.
twenl thle elemc;., i.Uooves ti in. deep with at I 11. These were sprayed %ithi a brittle lacquier coating on air
raditis are ct in to tlie plates and thle angle corners are 1inhi aded 24" x 24'' face to sttrdy t(lie sitrain (list ri-
rounded oin a I /'I-in. radius. The pukrpose ot* tfile i o nteblc.Tid eoe etn is
grooves and rounded corners is Ilireefold: ( I) to) allow binh iebok hrbfr etn h is

tile elements toi ro tate with respect ito each other and~ inn iel Iti rnel, i solid block of thre model material wvith-
orr a tunn11el was tested with internal instrumentation

_T _ -kn- I 4ractRier'ruti,,
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Pyramid of Trianqular Element%,
- per Side

Hydraulic Jack
/

0
M~odel

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

to measure the strain field which was produced within entire pyramid of triangtilar loading elements and tran-
the block. These studies led to the conclusion that the sition head was then loaded and at successive stages of
lateral loading system was performing satisfactorily and loading the strain indicated by the SR4 gages on ea.L
fulfilling the design requirements and boundary con- of the small elements (No. 3) was recorded and corn-
dition. pared with the calibration curves to determine how

Load Distribution As Measured by the Instrumented much of the total applied load was being carried by

Elements. One set of triangular elements as shown in each individual element.
Figure B4 was used for this study. An electrical resist. This method of monitoring the loads carried by
ance strain gage (SR4 Gage. Type A-7)was placed on the indlvidtial elements is nol satisfaciory for general
center of each leg of each of the four small triangular usage, although it was sufficient for the purpose of the
elements (Element No. 3) as shown in Fig. B3. The two immediate investigation. The problem with this meth-
gages from each element were wired into opposite arms od is that it is very sensitive to bending moments in the
of a four-arm Wheatstone bridge and monitored by a triangle lcgs, which are in turn caused by bending of
strain indicator. Each of the small triangular elements the bottom flat plate of the element at the contact
was then loaded individually with the transition head with the model. This system of instrumentation is thus
to obtain a calibration curve showing SR4 gage reading quite scisitive to pressure distribution on the base of
versus total load carried by the individual element. The the elements. Ideally, the instrumentation should be
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sens'tt~ itive ln. o flt In I' k l tile trnro1ediarte investigation, tis diltfictiltv
legs of'tttle angles. Ill),iIi*\iipe a solved ;I,. shown in Fig, 134. A steel bar f/2"' X
by placing" anlother A- c cli , J ' ,1 lvk ine t/x" was placed unde r eachi edee oft each elcr. _.t anud
l t2 oppo)tlet cakil O~\kj't A 1-1 I, 1. Pi !i these in Iir~n were placed tipoilI a 1 /8 in. st rip ot* rih-
series will) the ,\I1J(1W' Irl. m:- ad- her. RIIIher snips of" ditlerelt stililess were uised to
ldce~it ll 11 ot, the Whel-O 11", (, I w11civlii induce dilterential mtovemnt ot' the elemient's during

nlelegs is ina~ccessi Ii 1 - a 1 Inadino' The tise (d' nrrow strips under the edges of'
done, the elements el imina ted the prohlem of' pressire (list ri-

1)111101 ac toss the base. InI addition thle elements were
placed uipon a 1 2" x 8'' x 1-1/2"' steel plate which
couild hie mloved l'reelv so that tile individual elemlents

h.nl e centered in thle test machine foi- calibration.
IIId theni thei whole assembly could he centered for

~"~' ' ~loadillu. In tik way thle wh ole loading" assemlbly could
he tes ted with the small elements in exaclslyfihe samne
po siti on and with exactly the samne base cond(it ions
wvith w hici thev were calibrated.

IXV -1 lie resullts of* the tests on the whole assembly are
shown in Fig. B35. [hie mlaximumin variation between

J~ '~".I elenment~s is -,:pproxirnately plus or mninus 2.3 percent of
&' ~ ~ the t otalf assemlbly load and was geeAFl; aroundl plus

or minus one percent. The variation between thle load
'~~~~~A '- _cried by each clement is almost equa! to the variation

* )In tie calibrathin of' the individual elements, so thatt
willtll the accu racy of, this mnethod oh, mC.raremlen t
the eleinenis are carrying eql,1 loads. This was ncas,-

Figure B13. At I I t111 tired during tests in wvhich significant movement of thle
whole assemblly and significant relativ movements of
indlividual elements were recorded as showvn in Fig. 135.

fin stltuniarv, this study showved that this lateral
I uding assemlyf can accomodate substantial dIiffer-
ential movements of' its base while distributing tile
total1 load equally across the base.

Longitudinal Restrain and Reaction Frame. The ineth-
OdI of' applying the longitudinal restraint and thle iet-
od olf sti pply'ing the lateral acking reatosreiti
inatelv related iii the designi of' thle loading machine and
mullst be considered together. As discussed previously. a
conldition of' planec strain shouild be approximtated in
the model. Three methods of' aichievingt this result were
list ed:

I ) A unif'ormi pressure against thle longituidinal
~. l' aces, controlled to 11ull a11ty longitu1dittal

V 1. ;41'. ,expansion whlich tendls to develop.

i~Ritid heads againist tile loii1gittlintal faces, tied
rigidly toq'ether across thle m1odlC.

Figure 114. hint, vt ()Rigid heads agaliust thie longituidinal faces
elcnit ith j controlle1-d loa.d applied to theml to nulli
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-ily longitudinal expansiol which tends to) itist he seated very carefully and tightly. Otherwise,
develop thle ex pansioin ot' the model which would oIccuIr hefore

Uniform Restraining Pressure Syster?. It is believed infitltt contact with the restraining loads was de-
that [lie uniform pressure ineilitid Nvould nut saitistv vClopeil would be )I' the sane order of* nignitudc as

the ounaryconitio saisfctoil~ ~iltio ~ l lte total expalnsion during tlie test. Ini such at case the
mlaerial is expected inl failure /ones which develop aictual test condition wouild approximate plane stress
around the tunnel, with sonme expansion occurring in More clksely than plane strain. In spite of' tis probleml,
thre lonii tudinal direction. More pressm e woul d he re- thle an1t iCilpa ied Si in plici ty Of thle testing pi ocedu rc withI
quiredl to mill longitudinal strains inl these reg~ions t11.a1 tit apparatuls of this sort is very attractive and the de-
inl regions awvay fromt tire tuinnel which are still behav- sigvn oif suich a systemnit~vs carefully considered.
ing elastically. A uniform illing pressuL' oi Id then 1o he accep table, thle Calculated deformation of
bie (too) low to prevent expansion in tilIe plastic /ones- suich anl apparatus sh ould nrot exceed about 1 0 p~ercent
and/or too high to exactly inull st rains inl the elastic of' thle plane stires, ex pansioin of* a model block. Such ani
z.ones. Hence, the longitudinal laces wo ni d not rem 'aml apparatus proved to(o massive to be practical. Thre prob-
plane duiring tlie loading, hutl woutrld warp. This. tlie ml i1t adeuIaely seat inrg a model inl an apparatus of'
system is unsatisfactory. thlis dlesijen remiains unset tled. Furthermore. such ant
Rigid Heads Tied Across Model. The second mtiehiod a1plialr1tsrepresen~tinig a sizable inivestmnent. would not
suggestedl has the obvious advantage (it grea tly Vsimph.- have thle Aaapt abilt and general capabilities ot' thle

fyig te tstproedue. nc t ie iodl s i tet ir~ designl fimally choseni. [or these reasons, it wats decided
position, tlie lotngitudin'ih heads are broughlt into C htr0' edstettcele crs h mdlwr
tact with it and tied together across ltre m-todel. probh- 10 ist>atr ci
ably at lte corners of' thie model. Thien diiingm tire

latralloaingthemodl i ret riiid fom ong itdi. Controlled Rigid Longitudinal Heads. The next ;ystemi
naal expasiongb the rid heis retaned ftis Th1isWi di d onisi dered is ,tio wi schematically inl Fig. 116. The hot.
elnaeninb the ed o moitoring amd riegTi thel tomi t ame aind imteral reaictions would be i-ombinledeliminate~~~~~~~~ ~ ~ ~~ ~ ~ ts edfrmntrn n rgltn ie jlo:ijngle uniit. [Ilie top head would conisist ot a prilllon1gitudinal deformations and loads. A serious prlhlehil %vot k ams shownn in Fig. B17 with at I-in, hot toiii cover
which must he given careful consideration wit h ant apl- paeilcnatwt h oe n /- o oe
para tts of' this sort is thie di fficumlty of seating with ile paei otc i ih oe n /-n o oeplate. I Iydratiiic jacks would force th lhead against thlerest raining heads against the model. Becatuse oft thie meltnll'iitdiaexnsoofte oe.
very smiall longitudinal expansion which would occir
eveii in thle plane Stress con1dition. lte restrainimie heads ('alculaition of thre deformation oh' this -rigid-'

L-1 tucj~lina! Sit.act

Ft Tr. q,* T 8tj~t " Frameus

Rers t im

Figure 116 Sketch oh possible can,;tileve'red lhiteal ie.Cim 1 iI1 (no It 14) scl)
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hlead. assuming at unilo0111N, distribti ted load f'rom file reac tiolis were symme1Wtrlical ly mipporled and dc for-
mlodel and point toads f~roml tile jacks, inidicates that Illation of, thle reaction, frame wvas [lot a major problem.
wvaviness of' thle surf'ace inl con tact with tile model 'This design is showni inl Figures 1BS and 1314. Overall
would lie less than rtis or minus 1t) percent ot' f ile views of, tile 'appa ratus1 are shown inl Figure 118 and B39.
longiuia mode lx~niuwihwnI cu n [wate rat I oais were applied by thle pyramids of' tr:-
lte plane st ress case, coiisiderint, bot h shearing an d anouIa r clenie its discussed previously, which were ar-
benditig deforma dons. This was conside red sadt sac tory ran ged as shown inl Fig. 1 I 0. The reactlions for the
and was actua1iv an overestimate sinice the jack re- lateral jacks were st: 1plied as shown inl Fig. 1311.
actions wout, he spread over lte area tit' the jack kses Thie horizontal I 3/4-inl. lods werc removed while posi-
and would vo t be point loads .tioning the miodel inl ti i loading f'ramc and scetting up

the test. These rodk had tile same cross-sectional area as
T1e dithrcut ty Wvith this de'sign 'as Ithat thle sup- thle hizion tat 3'' x 3'' x 7M,6 - angle i ron ties, and thle

port b'r the lateral jacks was not symmetrical. but %vas; ax is of' thie lateral jacks was spaced vertically midway
can tilevered oft' ttie bot tom frame. Thiis produced bet weeni the ccii ro id oft the rods and the cciit roid of
bentling stresses and d conlveX upward Curvature in tlie teans.ihtI te d ircos.1lce

bottom frame under the base oft the model. wh ichi was 5eiiding momentIs inl the lateral reaction f'ramne were
in tolerably large. A num111ber of' schemes were con- ke~pt to a iiImum. Moreover, the lateral react ion
sidered for reducing this Curvature bt tcalculais f'or system was in dependcent of' t he longitudinal system,
all schiemes showed that thle maxim timll def'orm at ion of' and def'ormations .i'm d momien ts inl the lateral systemi
tt'i center would be up to 20 percent (' the plane ha1d no0 effect upon0 the longitudinial de formations.

stres dforatin. uiles seelsectonsmuc lagerThe top longi tudhinal loading hlead was the same as
than shown were used. Thie conclusion reached is that Z

an ecenric upprt o th lat ra rea ti inswasun- shown iii Fig. 137. Note t In t his head contained anil 8'
stisfccetry. s p o t o i el t ra e ci n a il x 8"' tass window allow ing observation of the tunnel

during thle test. Thec bottom restraint was a paissive c-
Utilizing experience pained from previous con- ment, the 2' x 2' x 2' concrete cube as, shown in

sidterations, a final design was arrived at inl which thle Figures B 12 'and B 13 lThe reactions were supplied by

Figure IM. Lioad inig miac lioe.
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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 seating 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 tile concrete cube. As the model was put
in testing position a thin film of plaster (approximately
I/t 6-in. thick) was placed between the 3/8-in. plates to
ensure complete contact between them. Another thin
film f piaster was placed between the top loading
head and the model to ensure a tight. continuous lit.
Then, when testing was begun, a 30 psi longitudinal

Figure B12. Lower longitudinal reaction head and con- seating load was applied before the lateral loads were
crete pedestal. applied.

The hydraulic jacks used were twelve Simplex
RC-6010 double-at ting 60 ton hydraulic rams. They

top and bottom longitudinal reaction heads as shown

in Fig. B14, which were tied together by the four verti- were actuated by tl, pressure console seen in Fig. B8.
Z" The console was driven by air pressure and featured

cal 1 3/4-inch diameter rods. While considerable defor- the cnsole wsdr air sse and fatuedmatin o thee tp an botom eacion ead c- two independent hydraulic systems each capable of
curred, it was of no significance because the model did producing pressures of 10,000 psi from an air pressure
not rest directly against them. The model was shielded of 100 psi. Tile four jacks applying the ov loads to the

not estdirctl aganstthe. Te moel as hieded model were dIriven by oiie of thle consoles' hy'drauilicfrom irregular deformation o"the bottom frame by the ym wre tie for a y te lusods ere
2-ft concrete cube, while king loaded from the top by systems, while the four applying the h loads were
the hydraulic jacks acting against the top loading head. driven by the other system. A hydraulic pressure of
The system designed for monitoring the longitudinal 7.150 psi was required to develop the average stress of
strains is discussed later in the section on instru- 1,000 psi against the model. In the initial tests of
mentation of the model, model blocks without tunnels, the four longitudinal

hydraulic jacks were drivenfrom one common hand
For those members in which deformation was not pump. It was observed that any tendency of tile longi-

a controlling factor, the reaction frame was designed tudinal loading head to rotate could not be controlled
for an extreme fiber stress of 20,000 psi in both ten- with this system, and further testing was done with an
sion and compression in the rolled steel sections, which individual hand pump for each jack, ensuring positive
were of A36 steel. The horizontal and vertical tie rods control of the longitudinal loading head movements.
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