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ABSTRACT

\ On Project 3,2, measurements were made of transient particle velocity

and displacement, relative displacement, and liner and rock atrain, on

24 of the 43 tunnel liner sections used in the tunnel liner response

studies (Project 3A1) on Shot Hard Hot, Of the 108 instrumentation

channels installed, only about 4S5 of the gale channels produced useful

records. Some of theme records were partial, being terminated by cable

breakage before completion.

The records obtained show peak values satisfactorily close to the

act ranges; no records were lost due to over-ranging or under-ranling.

No detailed interpretation of theae data has bean attempted on thia

project; they will be used primarily in conjunction with other data ob-

tained by Project 31. One general conclusion drawn from these data is

that the majority of the structures showed maximum loading nearer the

transverse than the radial direction,

5
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CHAPTER I

INTRODUCTION

1.1 OBJECTIVES

The objeotivos of this projectwero to make measurements of the input

F to and reapon-e *-.f tunnel liner- under cundldLions of expiosive loading

produced by Shot Hard Hat (depth of burial 950 feet, predicted yieldSkt) and

to report the data obtained ir1 a form useful to structural engineers and

designiera,

'Ahe measurements to be made ware primarily those specified by
Project 3, I ( Reference 1) tachnlcaI rapreusntat:Lvem and thi corsulanw, Howevur, U•e Stanford P, eusarc,.hI InAtltb (SRI) recognlied that a part of the SRI responsibi ity was to design and utilize

the moat effective techniques for obtaining the desired data, recommending

modificatinna to the overall experiment whenever the results could be

improved thereby.

1.2 BACKGHOUND

The Departient of Defense (DOD) has need of data on the input to and re-

sponse of tunnel liners of various configurations, resultinN from nearby

nuclear explosions, Theaso data are repuired for guidance in the design

of protective construction for underground facilities as well as for

design of shafts, tunnels, and associated facilities in underground

nuclear testa, A limited experiment of this typo was originally planned

for Project Gnome. It was expanded and transferred to Project Lollipop

early in the planning for that event,

Stanford Reaearch Institute undertook a portion of Program 29 of
Project Lollipop under contract with the Atoniic Energy Commission.
That project involved dynamic reasurements essentially identical to those

cnveared by this report, The purchase of moat of the necessary capital

eqjuipment and Aupplies and the installation of the recording equipment

at the site were nearly complete under that. project. These facilities

were transferred to Shot lard Hat and the experiment was completed under

I)Ol) sponsorship.
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CHAPTER 2

EXPERIMET DESIGN

The overall program of Project 3.1 involved utilization of 43 teat

aections having a variety of liners, or no liner at all. originally to be
located at three ranges (500, 350, and 250 ft) from the zero point

(Reference 1), Theae three rangea were aelected to give maximum proba-

bility uf producing meaningful daimae withouL Lumplete destruction to the

sections at one or more ranges, Under Project 3.2, a total of 108 elec-

tronic measurement channels were planned (Table 3.1 and Figure 3,8).
The following paragrapha describe the division between

types of measurements to be made,

2.1 LINER DEFORMATION

Most of the liners were circular in cross-section (Figure 2,1), A
single measurement of the change in the diameter along a radius to the

shot point was expected to give satihfactory information on the distor-

tion of the linern, since they were expected to deform primarily in a
simple elliptical mode with the total circumferential length essentially

unchanged, However, as a check on the validity of this expectation,

deformation across two diameters was moasured on some liners. Deforma-
tion measurements were made in 17 test sections, five of which were
instrumented on two diameters.

2.2 LINEH MOTION

The absolute motion of a liner may be more important than the defor-
mation when damage to the contents of a structure is more important than
damage to the structure itself. In this experiment, absolute motion

measurements were made with the velocity gage developed at Sill

(Reference 2). In general, one aurh measurement was expected to describe

the motion adequately, especially when it was associated with a measure
of deformation, but in a few cases it appeared desirable to measure the

liner velocity at the point away from the charge as well as that cloaeat

thereto. Liner motion measurements were conducted on 18 of the liners,

10
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with three of them inntruinenlted iri theme two positions. These liners

included 14 of those on whirh deformation measurements were !,ade.

S2,3 STRAIN IN LINERIS

t Measurement of circumferential strain in the liners was considered

an important measure of incipient failure, These data *ere obtained by

attaching S[i-4 strain gages to the inner surface of a steel liner or to
the rods of a reinforced concrete liner, Such measurements were made on

11 liners, with five of these liners instrumented in two positions saps..

rated by90 degree:. In addition, on, of the liner: was instrumented *ith

strain gages to measure longitudinal strain in the liner material in these

same two positions.

2.4 RADIAL STRESS IN THE ISOLATION MATERIAL

Many of the teat sections were separated from the formation by an

annulus of plastic foam or cinders. Stress in these isolation materials

under dynamic loading is an important measure of their usefulness. The
unit load on the liner or on the wall given a satisfactory measurement of
this stresa, On this project, n stress gage was mounted flush with the

Aurface of the liner, Such measurements were made on 10 liners, eight

of which were isolated by foam and two by cinders, Seven of these liners

*were instrumented at two positionm 90 degrees apart, On one liner theme

measurement. were supplemented by measurements of the change of total

thickness of the isolation material under dynamic loading,

2,5 STRAIN IN THE SURROUNDING ROCK

'Re presence of the tunnel itself has an effect on the dynamic

pattern of stress and strain in the surrounding medium. This affect is

reduced when a very stiff tunnel liner it placed in intimate contact with

the medium, but it is by no means eliminated unless the liner is extremely

stiff, The strain was measured in the medium at two or three distances

from the surface in two or three positions relative to each of three types

of section: no liner, a very stiff liner, and an intermediate that is,

. limber liner, A total of 38 channels were utilized in these measurements.
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Figure 2.1 Typical tunnel liner, Shot Hard Hat,
(DASA 032 (NOU-072-05) NTS-62)

12
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CHAPTEP 37

INSTRURMNTATION

3, TIANSDUCERS

All transducers were balanced variable-reluctance or variable.

resistance half-bridges except some of the strain gage circuits which

were full bridgEA. Thpse ilntruirentm were selected to bc compatible

with the recording equipment used and whenever possible to be of types

proven in similar tield uses,

3,1.1 Relative Displacement Gages. The gages used for measurement

of liner deformation and the deformation of isolation material were the
Sandia-Sill relative displacement dates (Figuru 3.1) used for similar pur-

poses on a number of operations (lieference 3). In principle this gage

consists of a spring-driven drum around which is wound a length of small

piano wire, the far end of which is attached at the opposite side of the

liner. The wire is kept in tension by the spring-driven drum, and any

relative motion between the two anchot points is reflected in rotation

of the drum which in turn rotates a pntentiometer, The potentiometer is

connected as a portion of the bridge in the recording system,

These gages were mounted and calibrated during the normal build-up

periedpbut the operating wires were ther disconnected to pal-mit access

to the liners for other operations, In the final button-up these wires

were reconnected to the anchors after all other access requirements had
i been met.

3•,1.2 Velocity Gages. The velocity gages usod for measurement of
the absolute motion of the liners were a modification of the standard SRI

Mark II velocity gage (Heference 2) permitting their operation at a

slight angle off the horizontal (Figure 3,2), They consist essentially

of the standard Msrk II periodic vertical velocity gage with a weaker

supporting spring installed and ,djusted to support the pendulum at the

angle at which the gage was mounted (23* from the horizontal in Drift A

and 170 in Drift B). The spring was adjusted to produce zero electrical
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unbalance when mounted, No critical locking or unlocking aignala were
required, but a cocking circuit was used for final tirme constant deter-

mination (Section 3,3,2).

3.1.3 Strain in Liners. Conventional Baldwin SIA-4 strain gages

were used for all strain measurements, In reinforced concrete liners

they were attached to reinforcing rods made accessible by wooden plugs

placed in the concrete during construction, The usual techniques of

grinding the rod and mounting the gages were used, On corrugated steel

liners the gages were placed directly in contact with the liner at a

point eidway between a trough and a ridge in the corrugations to measure

as nearly as possible the compressive strain without bending effects.

This precaution was necessiryjbecause it was not feasible to place strain

gage elements on the outside of the liner as well as on the inside. On

liners with wood or steel lagging and heavy supporting rings, the strain

gages were placed on the web of the supporting ring (Figure 3,3),

3.1.4 Radial Streas Usaes, The unit loading on the liner was

measured by mounting a Carlaon.Wiancko stress gage flush with the outer

surface of the liner in a special mount welded or poured in the liner
during construction (Figure 3,2), The construction procedures were such

as to provide a smooth surface of foam or cinders covered with a light

plastic film, A mounting ring was provided for the Carlson gage, which

allowed the gage to be forced, by a aeries of screws, against the foam

or cinders,,providing a small amount of pre-stream to insure good contact.

Every effort was made to avoid producing any discontinuities in the sur-

face which would materially affect the distribution of the loading in

the vicinity of the gage.

In this use of the Carlson gage the difference in compliance of the

gage and the concrete liner was not considered importantsince both were

very stiff compared with the foam or cinders,

3.1.5 Strain Gages in the Medium The strain gages used in the

measurement of the strain in the surrounding rock were incorporated in

core assemblies prepared by the U. S. Blureau of Mines for this operation

(Figure 3.4). This application followed the same construction and in-

stallation practices developed by the Bureau of Mines for a number of

teats involving HE shots of various sites (fleference4). The .-4 gages were

14
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cemented on prepared surfaces of granite cores taken from the general

vicinity of the Lunnel. These cores were then inserted in drilled holes

and cemented in place with a grout matching as nearly as possible the

characteristics of the granite. Electrically),these gages were connected

in the usual full-bridge circuit,

3.1.6 Summary. A summary of gage types and locations ia presented

in Table 3.1. The identification used for the liners is that used on

Project 3.1. Figure 3.5 is a plan view of the test drift sections indi-

cating the line: material and filler and the instrumentation orientation.

3.2 RECORDING EQUIPMENT

The basic recording system was essentially the same as that used on

many previous operations (Reference 3). Consolidated Electrodynamics

Corporation (CEC) 3-kc carrier amplifier systems were used on all

resistance-wire strain gage circuits, The other gage channels utilised

modified Wiancko oscillator.demodulator carrier systems, All channels

were recorded on Miller or CEC direct-recording oscillographs, many of

them in duplicate to avoid the possibility of loss of data from the

failure of a single recording oscillograph, On some of the dual channels,

galvanometers with different sensitivities were used to provide a wide

dynamic range of usable sensitivities, Using a paper speed of about

40 in /esc, the standard oscillograph was limited to a recording time

of slightly under 2 minutes, A timing signal of 100 and 101)0 cps was

applied to all records simultaneously from a single source, having a

time accuracy of better than 10 parts per million. This gives the same

. time base to all records for time correlation of the separate eivnts,

All instrument recording gear was located in a wooden shelter about

2000 feet southeast of surface sero (Figure 3,6). This location was

chosen as a compromise between excessive cable length and the expected

ground motion rCaching the recording point. No protection from radia-

tion was considered necessary.

The recording equipment was powered during set-up and test by 120-

volt ac generators, but during the shot, storage batteries were used as

the power source to gain maximum reliability. Multiple dc-to-ac con-

verters were used to avoid gross failure from any single converter failure,

All instruments were started in sequence from standard Edgerton,

Germeshausen & Grier, Inc., (EG&G) timing signal
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relays, Power was applied for warm-up at H minus 15 minutes backed up

by an H minus S-minute signal. Oscillographic recording started at H

minus 15 seconds with a back-up contact at H minus S seconds.

3.3 CALIBHATION

All gages were calibisted on the channel and cable with which they

were used on the shot itself, At the time of each calibration a synthetic
calibrating signal, generated in the oscillator-amplifier system, was

applied to the channel and the resultant galvanometer deflection was

observed. This same signal was automatically applied approximately

S seconds before aero time on the final r",zso that the ratio of the twu

deflections could be accurately measured and used to compute any inten-

tional or unintentional changes in system sensitivity subsequent to cali.

bration. This system has been used by most of the agencies participating
in blast effects measurements, Calibration procedures for the different

types of gages differed in detail but not in principle.

3.3.1 Relative Displacement Gages, These gages are subject to

direct calibration by simply moving the steel wire under tension a known

distance and observing the galvanometer deflection. In practice, a screw

mechanism was used to move the wire precise distsncesjand several points

were observed ranging from a fraction of the set range to 1,5 or 2 times

the set range in both positive and negative directions, A calibration

curve was derived from these points.

3,3.2 Velocity Gagas, When the SH! Mark II velocity gage is used

in any other position than horisontal, the armature in brought to balance

by a spring as shown in Figure 3,M The effective pull of the spring is

proportional to I sin a, where a is the angle of departure of the mounting

axis from the horizontal. For calibration, the agae is cocked by the

solenoidthen turned in the reverse vertical position so that the spring

is down, The solenoid is then released and the record in taken of the

output of the jega as the armature moves through zero, The force acting

on the armature as it passes through zero is proportional to 1 S plus

the force of the spring. The calibrationthenjis such that the distance

y which the spot moves in t seconds corresponds to a velocity of

gt(l + sin 0), so that the velocity per unit deflection is

S V/D gt(l +sin 1)/y

16
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In these gages the viscous restraint of the armature is produced by

a silicone oil of high viscosity. The oil viscosity does not change with

t temperature as much as do other oils, but the change is still of the order
.of 1%/'F. This materially affects the calibrationysince the temperature

at calibration may be quite different from that after inatallatioii. Cor-

rection for this temperature effect is made by measuring the time constant

of the gage at the time of calibration, and again as late as possible

after installation,

7 ý • •z ,, ' r, i,- •. folI

Immediately after calibration, the gage is mounted in its operating

position and the armature is deflected by the magnetic cocking coil, A

record is taken of the return of the spot to its aero position, This

curve should be an exponential, of the general form y - Ae'"r, The time

constant T is independent of the gain of the system or of the time chosen

for the start of measuring 1, and is proportional to the viscous restraint,

After the gage has been installed and has come to thermal equilibrium,

the procedure is repeated to obtain the final time constant T0 ' The

final senaitivity S0 is equal to STo/T.

In this project two mounting angles were encountered: 23 degrees

in Drift A and 17 degrees in Drift B. The gages were built, adjusted,

and calibrated for theme angles, The true angles at the time of use were

slightly different from theme values, but the re-adjustment of the springs

to these slightly different angles did not change the basic calibration

of the gage,

3,3,3 Strain Gages. The procedure used on the SH-4 strain gages

was the indirect method which is necessarily used on all gages of this

type, The gage factor of each gage is specifiad by the manufacturer.

This factor is the proportionate change in resistance of the gage in-

duced by change in its length (strain). This factor is usually approxi-

mately 2, meaning that a 1% change in length would produce a 2% change

in resistance. Known valuea of high resistance are shunted across one

of the gage elements for calibration, Such a shunt changes the resist.

ance of the bridge element by a known amount in a direction correspond-

* ing to compressive strainj hence• its equivalent strain may be computed

and the deflection produced thereby used as a calibration point. These

shunts must be applied as near as possible to the gage elements to avoid

17
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errors due to the resistsnce of the connecting wires. In this operation

this was readily possible, except for some of the core-mounted gages where

the shunts were necessarily applied about 10 feet from the gage, TI[e

error produced thereby is neglidible.

3 .3.4 Carlson-WiancKo Stress Gages, The stress gages were rnli-

brstedby placing the entire gage in the highi-pressure tank built for thii

purpose which provides electrical connection to the gage from the outside.

Several values of air pressure were applied to the tank and the calibration

recorded in the standard fashion.

3.3.5 General Procedures, Each gage calibration was calculated in

the field as a check on the validity of the calibrations and for use in

the field data reduction.

After return to the laboratory, the data were reprocessed without

regard to the field calculations,

3.4 PREDICTIONS

In an experiment of this typepredictiona must be made of the magni-

tude expected at each gage of the various parameters being measured, so
that the gage range and the sensitivity of the recording equipment may be

selected appropriately, Theme predictions are made for this purpose only

and not with any intent of developing general prediction criteria,

On this projectlthe gage ranges were set in accordance with predic-

tions furnished by Project 3.1, as shown in Table 3.1. The predictions

for strain in the rock and particle velocity were also derived independ-

ently as a part of Project 1,2 (hleference 5). These two sets of predic.

tions were found to be essentially identicaln s no changes were made to

the 3,1 predictions,

18
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TABLE 3.1 GAGE LAYOULT

(Gage code is defined at the end of the table.) ppkc p"r perthouja~nd

Liner tkaterialI Filler flange Gage Code Gage Type Sot Re n g
f t

)zA3a FB/C Hwy None 244 A3&YR VH230  70 ft/eec

-A3a R/C Iiwy None 244 AM al 9c flispi. 12 in,
A3b PlC Hwy Foam 244 A.3bVH VH23 0  35 ft/seec

A~b /YC Hwy Foam 244 A3liCi SC fluepl. 12 in.
vA3C F/C Lt . Foam' 244 A3c9M)0 Core 4 vvk

IA3cW-.1 Core 4 ppk
I AcSQ)2 Core 4 tp

AdIrn r DiC f1.~' 12 in.
A3ch4R Carlson 300 psl
A3cPP Carlson 300 ptl

AU~ IVL/ Hwy Cindera 244 ASOR1 hUt , uit/sec
Ad B/C Hwy Cinders 244 AMdf SC Diapl, 12 in.

AS@ No. 3 Steel Foams 244 ASaVB VTU~l 35 ft/seec
S AS&SC-L SR.4 5 ppk

A~sSC9V.-L SB.4 '2p 'AS&M SC Diap I. I .
ASOP1 8C lDlspl, 12 in,
ASafR Carlson 300 psi

____________________ ASeI'¶ Carlson 300 psi

A~b No. 3 steel Foam 244 A~bVR VH230 35 ft/sac
II ASbSm. L SR.4 5 It

AMR~ SCODimpI. 12 n.
_________________AMP. SC Di pl, 12 in,

Ale No. 3 steel Cinders 244 A5cVR ~ viM39 5 ft/seec
Asc No. 3 Steel Cinders 244 -OetM SC DispI. 12 in,

Dle UlMined None 334 BeCD-a0 Core 2 ppk* t _ _ _ _ _ BI&SCID I_ _

fla~ ~~~ ~~~ Ible None 13 s.l Cr p'* 1 _ _ _ _ _ _ _ _

None 334 Be1~ SSflIm 1

BMc P/ Lt.Ii o Nonme 334 BMcS).0 Core 2 ppk
FM a RB%- I

BS V w oe 34 B3AcYB VH17 0  18 ft/ee
K v oe 34 B~ag~L pP4 2pk

63 w om 34 B3eSCO-L SR*4 2 TOk
n~cC Hw o 3 S C DuaPl. 4 in.

c t Fs' 33 UCOIO Corleo 15 pal
MO
B6 SD
BU--
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TABLE 3,1 - Continued

Liner WaterisI Filler RNnge Gage Code Gage Type Set Range
ft

B3d R/1C Cinders 334 Bld VR V"1 0  27 ft/Wec
U3d.WU1.L S3.4 2 ~pp

S SC. Dlipl. 4 in.R•dPR Carl.son. 150 psi

B4U WF Steel Cinders 334 B4US -L SR-4 2 ppk
B4a Steel lU Cinders 334 134.SC90-L S-4 2 ,ppk _
B4b 5 F Steel Fame 334 B4bSM-L SH-4 2 ppk

SteL I a4b90-L 2 ppkBWJL0 •L 3 ppk
B4 90.-L 3 ppk

B4bVR 9C Dimpl, 4 in,
B4bm 9C fDi il 4 in,B ~ ~ Uai l eo p

'BP~bP"P, Carlson 1 5ýp-

Me Wood LI, Foam 334 B4cSW.L SR.4 2 ppk
9Sa No. ,3 Steel Foor 334 M ! aV?'il?- 18 ft/sec

hSIA I 00~I Vii 17 18 It/age
IB5 SO- L •-4 2 ppk

Rsea9 O.0L SA1:- ,Onso 9C Diapl , 4 f'l
iBUDP Sr Dimpl, 4, in,
lBORm~ Calsro• 150 i
SBSIP Carlson 150iEisenl SC Diipl.l 3 ini

BS-sIFP SC DiePl, 3 in,
BEb No. 3 Steel Foam 334 IYbS VlI17 0  18 ft/lec

MOMiso V1117 0  1lift/6ec
P4bSCU-L !lR.4 2

M XDiepl, 4 TnB•bDP SC: Displ, 4 in.
_MPH_ Carlsmo ISh psi

BNo No. 3 steel Cindu•r 334 BScVYR YRll1 27 ft/see
E hlsVnsO V1'I?a 27 ft/sec

l 9C rispl, i tn,
NOR~ rlrlio" 130 psin

Ems No. 3 steel Name 334 BgIvR A1 aH~ Is ftt/ive.
Bim No. S Steel oam 334 iE6VYR VII7 0 Ig8 ptait

SNo. 5 Steel Fota 36 B6b Cmrlson 150 pit,
3 No. Steel Foam 334 E16bgPP CArlson 150 pst

Bk No. S steel Cinders 334 B&CVR '•si?t  27 ft/ise
1B7s Horseshoe Nome 334 DIM SR MlAmpO, 6 in-,
Cic l/C Lt, Foulo 4? CUOI SC Dimpl. I in,
Clc P/C Lt, Foam 457 C,,F; Carlion 120 p-1Me Lt. Foam 457 CQcPP Carlson 120 pai

Typical is codes @Peit 1 2 3 4 6

ro300 a . C KO-IC
AS& D S AUEMI
li5t V R SSlAlR

B"• P p l06b RI
I931 8 C N0 .L BUISCIO.L

To first group identifies the liiar e1 which Loa Maisspment is rode,

The iilOidle|tter defines tile typ fl 0€ asuromntq a foe Itral.l V tope !locity,
0 for dilestlr change Of liftial, P for Pressure oR lining, and F for compression

Theo third letter describes the wien~tati"of O the gas*; theeis a1 ceti n ft.t I

¢O~l~tll! hee€ ot npali|II~IICin • iluroment ef ©tcircuferential strata. R
rlose• i'rive L• I iost@~ i trd t wtt salpet to the tympn4 . For Other #sges,Sre~fer to i .ii Sen•t radial lith ri9P@Ct to the Shot. and P to ARnO ~tlltltioR
perpendictular to this radio&.bothel types beingt radial to the tunnel.

T~ fourth amber reform to the locaticl of a gage whom not othrtaell obviossl to
degrees (roe the wef point (which is the point closest to the shot). nown there to
no fourth somber. O is understood.

Tn fifth combat or letter explains the radial location of atai n it It PJ if
o t b i r , i t r e f e r s t o t h e n u m b e r o f t u n n e l r a id i i t i s d e ep f r o m t h e t u n n e l . 3 . 1.l~ l : Wl •

aI L indicates that it Is located on the loiner itself.,

Fate - nominlly 51 inches; Foal• - 24 inches.

T'he figure for range is the aline dlistance fro" shot point to the #igt,
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Figure 3.1 Relative displacement gape installed on Liner AMb
(I3ASA 047 (NOJU=084-06) NTS-62)

IR

I...

IVLtOCITY

I Figure 3.2 Foam pressure gage and velocity gage an
*Liner Be. (DA0A 032 (NOU-072-08) NTS-62)

, 21
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Sm

Figuro 3.3 Baldwin SR-4 strain gages installed on liner.
(DASA 047 (NOU-084-04) NTS-62)

Figure 3.4 Core strain gago before installation in formation.
(DASA 055 (NOU-08-05) NTS-62)

22
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Figure 3i.6 Recording area. (DrAtA 025 (vN.J-009-07J rlTw-62
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CHAPTER 4

OPMEATIONS

.i LCHANAV, IN .XP• kIOMKNI PLAN

No chianaea in the hitair Pvppriment. plan or Incation of oa&pa wPre

made aftar this project was in the early planning stages. Constructional
difficulties, however, required some small changes in the ranges and

angles of three drifts from the shot point, Theme revised dimensions are

shown in Fig, 4.1, which also ahowa the vertical section of the entire
experiment,

4,2 FIELD SCHEDULE

Part nf the necessary installations forz this project were conducted

in the fall of 1960, for the planned event Lollipop, The central station
equipment was installed in the shelterand nearly half of the cables were
run down the vertical shaft but not distributed to the tunnel drifts,

After Lollipop was indefinitely postponed, these facilities were maintained
as well as possible, including several trips to charge batteries, and so
forth, It is not entirely clear *hether these preparations were useful
to the completion of the installation for Hard liat., because part of the
instruments were removed from the shelter for use on Shot Antler and a
number of the cables were damaged by rodents; as a result the necessary

checks and repairs were time consuming,

Operations on Hard hat began on December 1, 1961, with a small crew
preparing and completing the cable lines and running the remaining cables

down the vertical shaft, Full-scale field operations began un January 3,
1962, and continued until the shot date. Considerable delays were occa-
sioned by continued construction activities in the tunnel, notably the
installation of the blast door near the vertical shaft (Figures 4.2 and
4.3). However, gage calibration, connection, and installation were egsen-
tiaily complete by D-6 when button-up operations were started in the

tunnel.

S 6
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The recording ahelter inatrumenta were checked out and buttoned up

by about 2230 on D - 1. Recurda were recovered on the afternoon of D-day

and were developed during the day of D + 1, Central station equipment

asa recovered on D + 2,and the field party left the site on D + 3.

I27
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SUFC

365 in, CASED HOLE
(STATION U 15a)

600 ft

ELEVATOR SHAFT --
(STATION 1500)

TETIRF-
TEST DRIFT-A

ELEVATION TS RF-

O¶F TSAT TEST DRIFT -C

Figure 4.1 Vertical. section showing locations of test drifts.
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Fiue42Batdo ntlainna etclsat

Figure 4.2 Bypast doorkingtenvironmenta erina tuhalt.
(DABA NOU-069 (O-108-0NTS-62)
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CHAPTER 5

RESULTS

5I! GAGE PERFORMANCE

Of th.. lf lam. uhgi.eai Tits lg d, u~abla reaulta we•r obtiined from

only 48 channels, representing 45% of the total, This high loan of chin-
nels appears to have recluLed from a number zf asptarte auses, ai filcows:

(a) Of the 10 recording oacillographe used on this project and
on Project 1.2 , Reference 5), on@ recorder failed to transport paper
thereby losing its gage records completely, Two others
produced partial records due to feilure of the circuits
designed to increase the light brilliance on recording.
This failure appears to have been caused by dusty or de-
fective relays, since the recorders operiited normally on
final checkout,

(b) The transient electromagnetic disturbance at zero time,
aometimes referred to as the inductipn signal, was much
stronger on this than on any other underground shot we have
instrumented. In some channels it was severe enough to
preclude recording, and in others it caused a baseline
shift which reduced the accuracy of the records,

The induction signal probably contributed to the loss of
Jol,n frim Lkn remiaLaumu wiia atrain gage* by flashover
of the lgog wire to the grounded liner or other material.
In some cases, it cannot be determined whether this or
cable breakage was the cause of fmilure,

In additiontote record losses mentioned above, deleterious
effects of the ground motion were experienced on cables
and recording equipment, Indications are that all of the
cables suffered breakage at some time subsequent to zero
time, A very few of these lasted as long as 300milliseconds,
Most broke at 30 to 100 milliseconds, On several of the
channels which were otherwise acceptable, cable breakage
may have occurred before the true peak was reachedresult-
ing in quoted peaks which are probably less than the true
value, The ground motion experienced at the recording
shelter was considerably higher than expected and was
sufficiently strong to damage some of the recording oscil-
lographs and some of the electronic equipment. As a result,
the tail end of a few of the records was Lost, but most of
the cables had already been broken before these failures,

so
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This massive amount of lost data in much more severe than we had
• experienced on any other shot, Some of the losses were unavoidable, but

some might have been avoided had they been anticipated. In particular,
S~the severe damage from the induction signal was totally unexpected at the

time that this experifnelit was planned since it had not presented an im-
portent problem on previous underground shots; on the other hand, Rome

cable damage was anticipated conaidering the nature of the formation and
the proximity to the source, but even this wan more severe than had been

a -a &C . i, . ' "I a ' *... -"U a a Qt- - - - - a r t Iy

I and nhanloarpi'nc nf t.he rornrdera ued, and modifications are presentlv

in progress to replace or backup the photographic recorders with multi-

channel magnetic tpe ayatem&,

S,2 DATA PRESENTATION

Table 5.1 presents the values of pressure, velocity, displacement,

and atrain recorded on this project, with the times of peaks and total

duration of the effective record. On channels where such a determination

is reasonably certain, a first arrival time is also shown.

The polarity conventions used in Table 5,1 and all other data pre-

sentationa herein are based on the expected direction of the predicted

major motion, aa follows:

(a) Particle velocity, VR, -Vfi 180, Poenitive ja away from the shot.

(b) Particle dispiacement, -Vl-.I), 'R 1804-. Positivea is away
fro-,, the shot.

(c) Liner relative displacement, -DR, Positive ia roduction
of diameter, liner relative displacement, -DP, Positive
is increase of diameter,

(d) Foam thickness change, 411, -FP, Positive is reduction

of thickness.

(e) Strain, 8. Positive is tenaion (elongation of gage),

Figu~ca 5.1trough 5,4 show normaliced and lineariied plots of the ma-

jority of the records tabuiated in Table 5.1, along with the pertinent

peak data, These presentationa utilize the same notation used in

Table 3.1 for identification of the gages, with one addition; when the

velocity records have been integrated to obtain displacement, the code

uued is the some as the original velocity gage with the addition o.7 a -D.

SE
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Many of theme curvea have been edite(' to remove extraneous noise

where this could he readily identified. Some of this noice may remain.

Many of the records such as A3bVII, II3aVII, and A3al)D aho* one or more

aharp spikes which may or mav not be spurious. In editing the records

it was thought best to err on the aide of conservatism and to leave in

thone which were in doubt. llowever, even if real, the spikes are

believed to be of little impcrtanceoend care is required in application

of the peak data.

Most of the records purporting to show the stress in the foam isr.

rmunding the liner show negative prezaurnz lv¢tgr than teems possible.

True, in the installations of these gages, a slight initial compressive

firce was applied between the Carlson gages and the foam (see
Section 3,1,4), but this force was a small fraction of the range of the
gage. These negative pressures are largely in the form of short spikes

which may be spurious electrical disturb1ances, but the long duration ofS~the negative pressure on C3011l remains unexplained.
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TABLE 5, 1 DATA SUMAORY

Particle Velocity
aLute R Hnge ArrivlI Pnaitivn Tim of Nae tive Tim of rnd of Percent of

Tim Pek Pa k Peak Record %et Range

ft sec ftaNc sac ft/aec sec sac

A.b -YR 24 0.015 32,8 0.0245 21.4 0,023 0.0.11 94
[A3d -YR 0.0153 10,1 0.0195 18,5 0.0295 0,030 -37

A4a .VY 0.O0s 104 0.0183 29.7 0,0220 0.025 300
Ma .Y, 334 0.019 130 0,039 0.060 370
B3b .VI• 0.020 22.7 0,030 9.4 0,104) 0,100 126

Wc -YR n.0?0 _0.2 n nfln AIQ 112
aid .YR n n.22 11.0 a.253 %1.0 o.OA6 0,073 115

B3. IOU 0V^ 0.0.12 40.0 0.0341 5.4 0.026! 0,063 22?
Blb .VI 0.020 41,0 0,0325 32,0 0.0 1
Bb .VR80 0.022 33.5 0.029 9,6 0.031 0,120 135

BSc .R 0,022 11.2 0.024 0,030 41.5
BSc YR180 0,0235 10,0 0,027 28,8 0,0295 0,070 37
Um -VR 334 0,021 24.3 0.021 11.9 0.0355 0,070 135
B6b -YR 0.090 24,2 0,042 15.0 0.034 0.042 134
B6 .-YR 0.020 13.5 0.0295 0.050 s0

CSC -YR 457 0,028 22.7 0.042 0,373 252

Partical) fiaplacement
Liner r.-e Range Arrival Pouitive Tim of Namgati* Tim of End of Percent of

Coa Tim Peak Peak Peak Peek %cord %et Pangs

ft see in. see in, sac ARc

A3b Vn.f 244 See 0,460 0,0305 0,32 0,024 0,031
Asd vR-.f Velocity 0.630 0,025 0,030
AS& YR-. ecords 2.34 0.02, 0,024
Ma YR-.D 34 15,17 0.0415 0.060

•b YR.D 6,67 0.0695 0,100
B3C V I-O j92 00108 0,108

ou YpR- 3,S6 0.039 0.074
Elc YRISO.- 74.85 (1.06i ,0.l
B•b V•.n SIM 0.053 0,070

BSb c 180.0 n1,2 0.!20 0.1Y0
BSc MTIO.M 0.21 0,028 3.30 0.0405
BSC VR.D n"0,4.3 010315 0,0315

B6 YR-.D 0.80 0.028 n,80 0,069 0.069
B YR.D 0,55 0,027 0.042
me YR-nfl 10,67 0.030 0.030
.ch YR-fl 451 7.98 0.104019

Strain

Liner Gage Range Aprrval Poaitive Tiwe of No atie. Time of End of Psr.ant of
Ca Tim Prak Peak Peak Peak Record Set R•ne.

ft cac in, ac in. sac sac

Ma SR90-1 334 0.019 0,88 0.024 0,033 32
113c SML L 0.022 0.67 0.037 1.03 0.0255 0.049 -52
B3d EX3.L 0.022 1.70 0.024 0.59 0.033 0,040 a5
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TABLE S.1 Continued

Relative Diaplacementt
Liner Q Range Arrival Poeitive T;: of Na tive Tim of FKd of Percent of

Tim Nalk PMAI k Ko N ak Record S.r Brnge
t eac in. Rea in, sac lec

Asa OP 244 0.016 5,89 0.026 2.40 0,0307 0.140 49
A3b MP 0.019 0.48 0.060 1.04 0,0245 0.090 8.7(.)
A•d OF 0.016 2,80 O.02Q 3,89 0,027 0.04R, 32(-)
AS& on 0.017 1.09 0.023 >2.77 0,02A 0,033 23(.)
AA np I .nI7 9.12 n-nhn I.2 n. nok n.nl3 7.
ASb O• 0.017 1,64 0,025 0.046 14
kb ,I 0.016 S,14 0.020 1.029 4.

B3. OR 334 0.019 4.82 0.031 0.031 121
B3b OM 0.020 3. 9 0.052 2,21 0,077 0,100 97
Weo OR 0.022 3.83 0,075 1.56 0.0735 0,115 96
USa up 0.023 1.82 0,037 >3.7 0,052 0,062 45(90-)
W.e DP 0,025 9,50 0.057 4.1 0.064 0,068 237
9b M 0.020 4.59 0.035 1.33 0.049 0,07 115
B6© OR 0.020 2,27 0.042 1,36 0.0M1 0.066 57
57. DR 0,023 3.81 0.029 1.44 0.O61 0,079 65

Foem Stresm
Liner Oe=k Rmig Arrival Positive Tim of N. etlive Tim of End of Percent of

Tim Peak Peak Pk Peak %cord fet RPa
ft sec pal sec pai age Le- I

AS. RM 2"4 0,0160 601 0,0255 "A, 0,028 0,035 200

I~ Ii

a P# 0.0169 A a 7 0.0,00 0,02T o e n
55 PR 334 0.022 142 0,01 0 0.110 97NO% pp 0.0'20 565 0,03 50.9 0,022 0.3-00 376
04b PR 0.021 169 0.0275 28.? (1,039 0.042 LIS

55 P 3 0,022 2.03 0,040 41,61 0,067 0,070 196•M a MO,02l 677 0.0475 2"9 0,087S 0, 09i• 451
PSI pp 0.026 197 0,0250 130 0.0365 0.055 131
•b FR 0.019 209 0,0233 w,0 0,030 0.04,1 139
COb PR 7 0.0110 49.3 0.043 29.0 0.080 0,090 41
Me© pp 0,029 Ila 0.,410 0,099 98

Foss De flection

LA nor r1• Ranll Arrivoal Positive Time of No iellv Tim of End of Percent of
a.o Ti•m Peak Peak R1mk Pe1ak Remcord it, Ran1p

ft age i n. see in. see• sac

BS& M 334 0,022 2.62 0,051 1.01 0,633 0,110 B?
B.Me S34 0.022 2.03 0. U9 4,61 0,6t 0. 090 1SS

34

SECRET



/r--328 1•/life
i t /

I II I '! ' -

"-- -1 0 32

SOL 2- 4. It/see

I 0 63

l1 04 V•tO

IL

104 !!iluc

0.00

a ,ist l! TIME, see

TIME, tee

Figure 5.1 Measured particle velocities and derived particle displaoements.
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Figure 5.2 Measured relative displacementa.
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CHAPTER 6

DISCUSSION

The objective of this project did not include tile analyasi of the

data obtained an it partains to the loading and reaponase of the liners,
-in-so rejpnnsibilitis wcFro taken bv Proie;L 3.-i.i hh jnCludcJ 'the de-
sign and analysei of the entire experiment. The discuasiona in this

report therefore are limited to pointinR out features of the data ob-

tained that are considered pertinent to and of interest to other project.

and which assist in the evaluation of the data obtained,

6.1 COMPAHISON WITH PHEDICTIONS

The overall experiment was deaigned with experimental linera at

each of three ranges. One of the purposes of auch a divislon was to in-
sure that at least one of the three sets of liners would be loaedd to
the point of at least partial failure so an to provide useful data,

Ideally, it was expected that the liners in A drift would be severely

damaged, those in B drift appreciably damaied, and those in C drift
eaaentlally undamaged,

The astudy of the gage recorda only donnot show concluaively the ex-

Lunt of the damage iuifafrd 6* the liners, 6uL wosl;hot ioapacticn and

exploration ahow that, indeed, the damage did follow this moat deeirable

pattern.

It waa pointed out in Section 3.4 that the act ranges on thia project

were based on, but were in general lower than, predirtions of the free.

field phenomena made by both projecta, In Table 5.1 the ratio of the

observed peak values to their predicted peaks, in terma of percent of

&et range, are ahown in the last column. Theae data are summarised in

Table 6.1, where it ia obvious that predictions of velocity and preaaure

were aslightly low, while predictions of relative displacement were aome-

what high as judged by the geometric mean of the measurements obtained,

The acatter from these mean values is relatively greet, especially in

the relative diaplacement measurements, but this is to be expected in

44
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a project of this type. The sharp spikes observed on the record= und

mentioned in Section 5.2 are responsible for much of this scatter.

6.2 DIRECTION OF LOADING AND HESPONSE

Casual inspection of the data of Table 5.1 may result in conclusions

which are not warranted. In three liners, measurements were made of

relative displacements in the transverse (nearly vertical) direction (PP)

as well as the radial direction (Pn), In all three- AMe, ASh, and B5i-the

transverse deflection: DP wcrc larger than tha radial daflctiujn DAl byI

Where Loam stress was measured in the transverse as well as the radial

direction, three of the five liners- B3c, B4b, and C3c- showed the greatest

stress in the transverse position; the other two- ASs and MIe- showed a

maximum in the radial position.

From these observations, it appears the, the majority of the structures
showed maximum loading in a direction nearer the transverse than the radial

direction. In fact, poattest examination of some of the structures show

indications that this is true of the final positions.

But this conclusion is unwarranted from the data 4uoted above alone.

The conventions of polarity used are such that the positive DR should he
compared with the negative 11, since they represent inward motion, The

rather high negative peaks of A5aDP and BSaDP are both quite sharp spikes

and are unimportant if not spurious. The statistical approach to the loam

stream results is not warranted, five beinR too small a number for such

an approahi .

The relative magnitudes of DSsFn and 1S35P are rilto of interest in
this respect. In Figure 5.2, 145aMIl is seen to be predominantly positive,

whereas BSa&P is predominantly negative, indicative of an increased spacing

between the liner and the formation (thickness of foam) in the transverse

position accompanied by a decrease of this dimenrion in the radial position,

The relative displacement gages [lSaSl and UP shue that the diameter of' the

liner is decreised radially and increased transversly~ao that it appears

that both the liner and the tunnel are distorted in the same diroction,
the tunnel more than the liner, fhe early foam stress is positive in both
positions, but 35saPP drops to sero before BS1FP reaches its peak, as might

be expected. This structure, then, responded as expected, except for the
unexpected increase in I foam thickness" at 900.
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6.3 SHOCK VELOCITY

Figure 6,1 shows comparison of the arrival times observed on this

project with those observed in the free-field measurements, of Project 3.3

as quoted in Ileference 6. The free-field measurements show propagation

velocity in the ranges of interest from about 17,600 ft/sec All of the

definite arrival times shown on 'rable 5,1 are later than those shown on

this curve by times ranging from 0,5 millisecond to 3.5 milliseconds.
This is to be expectedaince there should be a considerable delay of the
ahockuave passing through the foam backing of the liners, The general
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TABLE 6.1 COMPAR1ISM2 OF MEASUREU.MTS WITH SET RANGES

Percent of Set Range

Type of Number of Max. Min. oC tric Mimu/Msn Moan/Mi.
lalrevintl Mealurasinta Man

YR 13 370 37 123 3,0 3.33
YR-0 a 22? '17 11 1.96 3.1

V 1' "' !70 %7 1112 201 VA

DF 13 121 8.7 51 2.35 5.9

DP3 237 43 99 2,4
D (total) 16 237 8.7 57 4.2 6.5

PR 6 451 41 132 3,4 3,3
Pp 5 376 9 1,1 1.7
P (total) 11 451 41 146 3,1 3.6

it 1 37

FPS1 I3I
r (total) 1 153 87 1.14 1,34 1.34

M-0*11 31
MD-,L H 85 52 66 l,|3 1,38
a (total) S 85 31 63 1.63 1.63

All 43 94
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CHAPTER 7

CONCLUSIONS AM) RECOMEMMTIONS

The technical conclusion to be drawn from the results of this project
in that the present state of knawi, ;tý permits extrannlnt-;nn nf Anto fr-,

one medium to another Rith sifieient accuracy for rance setting ind pcr-

hops for tentative structural diaaidn. This position should be further

improved after the final interpretations of the overall ovnorimenp

The primary recommendatio- derived from this experiment 1i that, if there

,is afuture similar experiment, much more drastic means should be used
to protect the cable from damage by flying and shifting rock and to pro-

tect the gage system from the induction signal at sere time, Work in

progressing along the latter direction in the course of planning of

other underground experiments.
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