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3\‘ On Project 3.2, measurements were made of transient particle velocity
and diaplacement, relative displacement, and liner and rock atrain, on

24 of the 43 tunnel liner sections used in the tunnel liner response
studies (Project 3.1) on Shat Hard Hat. Of the 108 inatrumentation
channels installed, only about 45% of the gage channels produced useful
records. Some of thease records were partial being terminated by cable
breskage befors completion. '

'The records obtained ahow peak values satisfactorily close to the
aet ranges; no records were lost due to over-ranging or under-ranging.

No detailed interpretation of these dats has been attempted on this
project; they will be used primarily in conjunction with other data ob-
tained by Project 3.1, Une genaral conclusion drawn from these data is
that the majority of the structures showed maximum loading nearer the
. transverse than the radial direction,
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CHAFTER 1

INTRGDUCTION

1.1 OBJECTIVES

The objectives of this project were to make measurementa of the input
to and response ~f tunnel liners under counditions of explosive loadiny
produced by Shot Hard Hat (depth of hurial 950 feet, predicted yleld8 ki) and
to report the data obtained in a form useful to structural enginears and
designeras.

‘The measurementa to be made ware primarily those specified by
Project 3,1 ( Reference 1) technical representatives and their consulants, However, the Stanford Research
Irutitute {SRI) recognized that a part of the SR1 responsibility was to design and utilise
the moat effective techniquea for ohtaining the desired data, recommending
modificatinns to the overall experiment whenever the resulta could be
improved thereby.

1.2 BACKGROUND

The Department of Defense { DOD) has need of data on the input to and re-
aponae of tunnel liners of various vonfigurationa, resulting from nearby
nuclear explosions. Theac data are required for guidance in the deaign
of protective construction for underground facilitiea as well as for
design of shafta, tunnels, and associated facilities in underground
nuclear teata. A limited experiment of this type was originally planned
for Projeoct Gnome. It waa expanded and transferred to Project Lollipop
early in the planning for that event.

Stanford Reasearch Institute undertook a portion of Prugram 29 of
Project Lollipop under contract with the Atonic Fnergy Commission.
That project involved dynamic rmeasurements essentially identical to those
covered by this report. The purchase of moat of the neceasary capital
eiquipment and aupplies and the inatsllation of the recording equipment
at the site were nearly complete under that project. These facilities

were transferred to Shot Hard Hat and the experiment was completed under
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CHAPTER 2

EXPERIMENT DESIGN

The overall program of Project 3.1 involved utilitation of 43 test
sections having a variety of liners, or no liner at all, originally to be
located at three ranges (500, 350, and 250 ft) from the sero point
(Reference 1). These three ranges were selected to give maximum proba-
bility of producing meaningful damage without complete destruction to the
sectiona at one or more rangea. Under Project 3.2, a total of 108 elec-
tronic measurement channela were planned (Table 3.1 and Pigure 3.8},

The following paragraphs describe the division between
types of measurements to be made.

2.1 LINER DFFORMATION

Moat of the linera were circular in cross-assction (Figure 2.1). A
single measurement of the change in the diameter along a radius to the
shot point was expected to give satisfactory information on the distor-
tion of the liners, since they weres expected to deform primarily in a
sinple alliptical mode with the total circumferential length essentially
unchanged. However, as a check on the validity of this expectation,
deformation acrosa two diameters was moasursd on some linere, Deforma-
tion meaasurements were made in 17 test sectiona, f{ive of which were
instrumentsd on two diameters.

2.2 LINEHK MOTION

The abacluts 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 SHI
(Reference 2). In general, one such measurement was expected ta 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 closest

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

10
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with three of them instrumented in theme Lwo positions. These linera

included 14 of thouse on which deformation measurements were made.

2.3 STRALIN IN LINERS

Measurement of circumferential atrain in the linera was considered
an important meamure of incipient failure. These data were obtasined by
attaching SH-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 sepa-
rated by 90 degrees. In addition, one of the liners was instrumented with
strain gages to measure longitudinal strain in the liner material in theae

same two positions.

2.4 RADIAL STRESS IN THE [SOLATION MATERIAL

Many of the test sasctions were separated from the formation by an
annulus of plastic foam or cinders. Streas in these isolation materials
under dynamic loading ia an important measure of their usefulneas. The
unit load on the liner or on the wall gives a satisfactory measurement of
thia atress. On this project, a atreas gage vas mounted flush with the
aurface of the liner. Such measurements were made on 10 liners, wight
of which were isolated by foam and two by cindera. Saven of these liners
were inatrumented at two positions 90 degreea apart. On one liner these
measurements were supplemented by measurementa of the change of total
thickness of the isolation material under dynamic loading,

2.5 STRAIN IN THE SURROUNDING ROCK

The presence of the tunnel itself has an effact on the dynamic
pattern of atress and strain in the surrounding medium. This effect is
reduced when a vary stiff tunnel liner it placed in intimate contact with
the medium, but it is by no means eliminated unleas 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.

11
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Figure 2.1 Typlcal tunnel liner, Shot Hard Hat.
(DASA 032 (NOU-072-08) NTS8-82)
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CHAPTER 3

INSTRUMENTATION

3.1 THANSDUCERS

All transducers were balanced variable-reluctance or variable-

reaistance half{-bridyes except some of the atrain gage circuits which

were full bridgas. Theas jnatruments were selected tc be compatible

with the recording equipment usel and whenever poaaible to be of types
proven in similar tield uses

3.1.1] Relative Diaplacement Gages. The gages used for measurement

of liner deformation and the deformation of isclation material ware the

Sandia-Si] relative displacement gages (Figure 3.1) used for aimilar pure
posea on a number of operationa (Heference 3). In principle this gage
consiatas of a apring-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 anchor 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 ayatem,

These gages were mounted and calibrated during the normal build-up
period, but the operating wires were then disconnacted to peimit access
to the linera for other oparations. In the final button~up these wires

were reconnected to the anchors after all other acceas requirementa had
besn met.

1,1.2 Velocity Gagea, The velocity gages uausd for measurement of
the absolute motion of the linera were a modification of the standard SRI

Mark II velocity gage (Reference 2) permitting their operation at a
slight angle off the horiszontal (Figure 3.2). They consist essentially
of the standard Mark Il periodic vertical velocity gage with s weaker

supporting apring inatalled and 1djusted to support the pendulum at the
angle at which the gage was mounted (23° [rom the horiszontal in Drift A

and 17° in Drift B). The spring was adjusted to produce zero electrical

18
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unbalance when mounted. No critical locking or unlocking signals were
required, but & cocking circuit was used for final time constant deter-
mination (Section 3,3.2).

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

were used for all strain measurements. In reinforced concrete linars
they were attached to reinforcing roda made accessible by wnodsn plugs
placed in the concrete during conatruction, The usual techniques of
grinding the rod and mounting the gagea were used. On corrugated steal
linera the gages were placed directly in contact with the liner at a
point midway between a trough and a ridge in the corrugations to measure
as nearly as possible the compressives astrain without bending effects.
Thia precaution was necessary, because it was not feasible to place strain
gage elements on the outaide of the liner as well as on the inside. On
linars with woad or steel lagging and heavy supporting rings, the atrain
gages were placed on the web of the supporting ring (Figure 3,3)

3.1.4 Radial Stress Gages. The unit loading on the liner was

measured by mounting a Carlson-Niancko streas gage flush with ths outer
surface of the liner in a apecial mount walded or poured in the liner
during conastruction (Figure 3.2). The conatruction procedures vere such
as to provide s smooth surface of foam or cinders covered with a light
plaatic film. A mounting ring was provided for the Carlaon gage, which
alloved the gage to be forced, by a neries of screws, againat the foam
or cinders,providing a small amount of pre-stress 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 important,since 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 assembliea prepared by the U.S. Bureau of Mines for thia operation
(Figure 3.4). This application followed the same construction and in-
stallation practicas developed by the Bureau of Mines for a number of

tests involving HE shots of various sises (Heference 4). TheNi-4 gages were
14
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cemented on prepared surfaces of granite corea taken from the general
vicinity of the turnel. These cores were then inserted in drilled holes
and cemented in place with a grout matching as nearly as posaible the
characteriatics of the granite. Electrically,chcle gages were connected
in the usual full-bridge circurt,

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 ia a plan view of the test drift sections indi-

cating the liner material and filler and the instrumentation orientation.

3.2 RECORDING EQUIPMENT

The basic recording aystem waas easentially the same as that used on
many previous operations (Reference 3). Consolidated Electrodynamics
Corporation (CEC) 3-kc carrier amplifier aystems were used on all
resistance-wire strain gage circuita., The other gage channels utilised
modified Wiancko oscillator-demodulator carrier systemas, All channels
were recorded on Miller or CEC directe-recording oscillographs, many of
them in duplicate to avoid the poasibility of loss of dats from the
failure of a single recording oscillograph. On some of the dual channels,
gelvanometers with different sensitivities ware used to provide a wide
dynamic range of usable sensitivities. Using a paper speed of about
40 in /sec, the standard oscillograph was limited to a recording time
of slightly under 2 minutes. A timing signal of 100 and 1000 cps was
applied to all records simultaneously from a single source, having a
time accuracy of better than 10 parts per million. Thia gives the ssme
time bame to all records for time correlation of the separata sventa.

All instrument recording gear was located in a wooden shelter about
2000 feet southesst of surface sero (Figure 3.6). This location was
chossn as a compromiss between excessive cable length and the expected
ground motion reaching the recording point. No protection from redia-

tion was considered necesaary.

The recording equipment was powered during set-up and test by 120-
volt 80 generatora, but during the shot,storage batteries were used as
the powar 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

18
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relays. Power was applied for warm-up at H minus 15 minutes backed up
by an H minus S5-minute signal. Oscillographic recording started at 4

minus 15 seconda with a back-up contact at H minus 5 seconds.

3.3 CALIBHATION

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

wers used on the shot itself. At the time of each calibration a ayathetic

calibrating aignal, generated in the oncillntor-amplifiervlylcam, vas
applied to the channel and the resaultant galvanometer deflection waa
observed. This asame signal was automatically applied approximately
5 seconds bafors zero time on the final run,so that the ratio of the twu
deflections could be accurataly measured and used to compute any inten-
tional or unintentional changea in ayatem aenaitivity subsequent to cali-
bration. This system has been uasd by most of the agencies participating
in blast affects measurements. Calibration procedurea for the different
types of gages differed in detail but not in principle.

3.3.1 Relative Displacement Gages. Theae gagea are subject to

direct calibratien by simply moving the steel wire under tension a known
distance and obaerving the galvanometer deflection. In practice, a acrew
mechanism vas usad to move the wire precise distances,and several points
were observed ranging from a fraction of the set range to 1.5 or 2 times
the aset range in both positive and negative directiona. A calibration
curve vas derived from these points.

3.3.2 Velocity Gagoas. When the SRI Mark Il velocity gage ia used

in any other poaition than horisontal, the armature is brought to balance
by a spring as shown in Figure 3,7 The effective pull of the apring is
proportional to g sin a, where @ is the angle of departure of the mounting
axis from the horizontal. For calibration, the gage ia cotked by the
solenoid, then turned in the reverse vertical position so that the spring
is down. The solenoid is then released,and the record is taken of the
output of the gage as the armature moves through sero. The force acting
on the armature as it passes through sero is proportional to 1 g plus

the force of the spring. The calibration,then,is such that the diatance

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

gt(l + ain @), 8o that the velocity per unit deflection is
S « ¥V/D = gt(l * sin a)/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
temperature as much aa do other oils, but the change ia atill of the order
of 1%/°F. This materially affects the calibration, since the temperature
at calibration mav be quite different from that after installation. Cor-
rection for thia temperature effact is made by measuring the time constant
of the gage at the time of calibration, and again as late as poasible
after inatallation.

T ccewrrar ey A medr &n followe:

Immediately after calibration, the gage is mounted in its operating
pOli!ion)lnd the armature is deflected by the magnetic cocking coil. A
record is taken of the return of the apot to its sero position. Thia
curve ahould be an exponential, of the genera) form y = A¢~'/T.  The time
constant T is independent of the gain of the system or of the time chosen
for the start of measuring t, and is proportional to the viscous restraint,
After the gage has been inatalled and has come to thermal equilibrium,
the procedure is repeated to obtain the final time conatant T,. The
final sensitivity S, ia equal to ST,/T

In thia project two mounting angles were encountared: 23 degrees
in Drift A and 17 degrees in Drift B. The gages were built, adjusted,
and calibrated for these anglea. The true angles at the time of uase ware
alightly different from these values, but the re-adjustment of the aprings

to these alightly different anglea did not change the basic calibration
of the gage.

3.3.3 Strain Gages, The procodure used on the SR.4 strain gages
was the indirect method which is necesssrily used on all gages of this
type. The gage factor of each gage is apecifiod by the manufacturer.
Thia 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 values of high resiatance are shunted across one

of the gags elemants for calibration. Such a shunt changes the reaist-
ance

of the bridge element by a known amount in a direction correspond-
ing to compressive atrain; hence, its equivalent strain may be computed
and the deflection produced thereby used as & calibration point. Theae

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

17
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errors due to the resistance of the connecting wires. In this operation
this was readily possible, except for some of the core-mounted gages where
the shunts were neceasarily applied about 10 feet from the gage. The

error produced thereby is negligiblle.

3.3.4 Carlson-Wiancxko Stress Gages. The stress yayes were cali-

brated by placing the entire gage in the liglepreasure tank built for thia
purpose which provides electrival connection to the gage from the outside.
Several values of air pressure were applied to the tank and the calibration
recorded in the atandard tashion,

3.3.5 General Procedurea. LEach gage calibration was calculated in
the field aa a check on the validity of the calibrations and for uae in
the field data reduction.

After return to the laboratory, the data were reprocesasd without
regard to the field calculations,

3.4 PREDICTIONS

In an exporiment of this type,predictiona must be made of the magni-
tude axpected at each gage of the various parametera being mmasured,sc
that the gage range and the sensitivity of the recording equipment may be
selected appropriatsly., These predictions ure made for this purposs only
and not with any intent of developing general prediction criteria.

Un this projectythe gage ranges ware set in accordance with predic-
tions furnished by Project 3.1, as shown in lable 3.1. The predictions
for strain in the rock and particle velocity were also derived independ-
ently as s part of Project 1.2 (llefarance 5). Thess two aets of predic:
tions ware found to be easentially identical, ac no changes were made to
the 3.1 predictions.
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TABLE 3.1

GAGF. LAYOUT

{Gage code 1s defined at the end of the table) ppk= pirts per thousand

Liner Material Filler fange  Gage Code Gage Type Set Range
ft
Ada R/C Hvy None 244 A3aYR vH23° 70 {t/sec
Ada R/C Hvy None 244 A3aTR SC Mspl. 12 1n.
A3b R/C Hvy Foanm 244 AW vH23° 38 ft/aee
AZb  R/C Hvy Foan 244 A3LR SC Diapl. 13 in.
A3c R/C L, Foam® 244 A3cS00: 0 Core 4 ppk
AJcSRO- | Core 4 ppk
A3eS00-2 Core 4 ppk
AlcWR Vil 38 fi/aec
! AR QO Mapl. 12 1n.
* V AlcPR Carlson 300 pai
AdcPP Carlson 100 pai
A3d H/C Hyy Cindera 244  A3dVR vigs® 50 fe/sec
Add R/C Hey Cindera 244 A3dMR SC Diapl, 12 in,
ASa No. 3 Stsel Foax® 244 ASaWR was® 38 ft/sec
A8a800- L, .4 § ppk
ASaSC90. L SA. 4 5 pgh
ASalR C Displ. 12 in,
ASalP SC Ddepl. 12 in,
ASaPR Carlaon 300 psi
ASalP Carlaon 300 pai
ASb No, § Steel Foan 244 ASHWR Hay° 38 fe/sec
ASHSCD- L .4 ) pgh
‘ ASbOR SC Displ. 12 in,
ASdP & Displ, 13 in,
ASc No. 3 Stee! Cinders 2 AScWR vins® 80 fe/aec
ASe No. ) Steal Cindera 44 AR 8C Displ. 12 in.
Bla Unlined None 33¢  BleaSCO-0 Corse 2 ppk
D1a8C0-1
BleWRO- |
BlaSCD-2
D1aSRO-2
B1aSC48-0
B1a8C%0.0
BlaSR90-1
BlaSC90-4
' Bla®C189.0
B Unlined None 184 BRaX0-0 Core 2 ppk
| l B2a800-1
BaSR0- |
B2800-2
22802
B2a8C90.0
BE2a8R90- )
B2.8090- 2
BR2aXC180-0
Bla R/C Hvy None AT Bla¥R VHL7° 38 fe/nec
gn A/C Hvy None 313 BhaSD-L R4 2 ppk
\ R Hvy Noms 184 B € Displ. & in:
B3b  R/C Hry Foan 334  BWbVR W17° 18 ft/aec
B R vy Fean 33 BLID-L -4 2 pph
n3b R/C Hvy Foas s BSbIR SC Nispl. 4 in,
Blc R/C Lt Fosn® 334 DB3eSXN-0 Core 2 pph
B3cSD-]
B3cSN0O-1
B3c900-2
B3¢SC90-0
B3c3C90-2
B3cWR W17° 18 ft/asc
33¢8C0-L R-4 2 ppk
B3eAS0-L  SA-4 2 ppk
B3<MR SC Displ. 4 in.
y B3R Carlaon 150 pai
Y Y Y Y R Carlasn 150 pai
19
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TABLE 3.1 - Continued

——— 7 —— — ) WP 3

Liner Material Filler Runge Gage Code Gage Type Set Range
fr
B3d R/C Cinders 334 BIdWR VH11® 27 fu/sec
! B34 SC0-1. SR-4 2 ppk
4/ * B34DR SC Displ. 4 in.
R3dM Carlson 150 pai
Béa WF Stesl Cinders 334 B4aS(D-L SR-4 2 ppk
Bda Steel lLag Cindera 334 B4aSC9N-L SR-4 2 ppk
B4d WF Steel Foam 334 B4bSQU-L SR. 4 2 ppk
Steql Lag B4bSC90- L. 2 ppk
‘ B4bSLO-L 3 ppk
B4bSL90- L 3 ppk
| B4bDR C Displ. 4 in.
| | | | BwP  SCDinl 4 in
Y y Y Y Babep Carison 130 pai
B4e Wood lag Foam 334 B4eSOD.L SR ¢ 2 ppk
BSa Ne. 3 Steal Foem® 334 BSaVR YHLT. 18 {r/aec
| HSaVH180 VH17~ 1B tt/sec
BSaS00- L SR.4 2 ppk
BSa9C90-L  SH-4 2 14
BSaDA SC Diapl. 4 in,
BSaDP SC Displ. 4 in,
BlaPR Carlaon 150 pai
BSapP Carlson 150 pai
BSaFR SC Displ. 3§ in,
Y BSaFF__ _ SC Displ, _ 3 in,
BSb No, § Stes! Foan 334 BSHWR VHH: 18 {t/s0c
BShVRI80 vH1? 18 ft/sec
R$LSCO. SR 4 2
3C Diapl. 4 in.
BSbOP SC Displ. 4 in,
BSbPR Carlson 150 pai
BSc  No. 3 Steel Cinders 334 BicWR YH17? 27 {t/sec
Bi.WR180 VH1? 27 ft/aec
* ¢ ¢ BSeDR SC NDispl. 4 in,
BScPR Carlaon 180 psi
B&s No, 8 Stes] Fosa® 38 BsaVR VH17° 18 fv/aec
B6b  No, § Steel Foam 34 B&bVA viur® 18 ft/aee
m No, § Steei Foam 334 BAbPR Carison 150 pai
No, 3 Steel! Foanm 334 BabpP Carlaon 180 psi
Bée No. 8 8teel Cindara 134 BseVR VH1?°® 27 f¢/nee
B7a Horaeshoa None I DR SC Displ, 6 in.
C3c R/C Lt Foan*® 487 ClelR SC Diapl. | in.
Q¢ RC L, Foam 457 CicR carlson 120 pai
Cde R/ Lt Foaa 487 C3cPP Carlaon 120 pat
Typical goge codes are: | 2 Y 4 [
C% 8 C © 1 C)e8CO-2
Als D R AYaIR
B V R BSaVR
Beb P P D&y PP
Bls 8 C 90 L BYaSCHO-L

The firat group tdentilies the liner on which the masuremsnt in made.

The second letter defimea tha Lype of mensurementy 8 for strain, V for velocity,

D'ler dismeter change of lining, P for prassura on lining, and T for compression
of foen.

The third letter describes the orientation of the gage; Lhers is & cortain ine
consistamey Mru for atrain ga o0, C ia o manuremnt of circumfarential strain, R
radial strain and L lounuduJ strain with raspect to the tunnal. For other gagey
R rafera to o meesurement radial with raspact te the ahot, and P to an orientatien
perpendicular to this radias, both types being radisl to the tunmel.

The fourth nuabar refers to the location of » gage when not otherwise obviocua, 18

degrees from the 1ere point (which is Lhe point cloaest to the shot). When thers ts
no fourth numdar, 0 in undarstood.

The fifth number or letter expleims the radial location of a ateain gagep if o
nuaber, it refers to the number of tunnel radii 1t 1a deep from the tuanel surface, amd
an L indicates that it ts located on the liner itaelf.

Foam ® nominally 9 1nches; Foun® * 24 inches.
The {1gure for range ia the alent distance from shot point to the gage.
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Figure 3.1 Relative displacement gage installed on Liner Abb.
DASBA 047 (NOU=084=-05) NT8-82)

Figure 3.2 Foam pressure gage and velocity gage on
Liner B3c. (DASA 032 (NOU-072-08) NTS-62)
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Figure 8.3 Baldwin 8R-4 strain gages installed on liner.
(DABA 047 (NOU-084-04) N18-82)

Figure 3.4 Coro strain gage before installation in formation.
(CASA 0556 (NOU-088-05) NTS-62)
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Figure 3.6 Recording area. (DASA 038 (NOU-088-07) NTB=-83)
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CHAPTER 4

OPERATIONS

4.1 ANGESN IN EXPEKRIMENT BPIAN
No clangaa in tha hanje exparimant nlan or location nf gagan were

made aftsr this project was 1n the early planning stages, Constructional

difficulties, however, required some amall changes in the ranges and

anglea of three drifta from the ahot point. These revised dimensions are

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

4.2 FIELD SCHEDULE

Part of the necessary inatallationa for this project were conducted
in the fall of 1960, for the planned event Lollipop. The central station
equipment was installed in the shelter,and nearly half of the cables were
run down the vertical shaft but not distributed to the tunnel drifts,

Aftar Lollipop waa indefinitely postpnnad, these facilities were maintained
as well as possible,

including several tripa to charge batteries, end sc
forth,

It ia not entirely clear whethier theae preparations were useful
to the completion of the instaliation for Hard Hat, because part of the

instruments were removed from the shelter for uasa on Shot Antler and &

number of the cables ware damaged by rodent:} as a result, the necessary
checks and repairs ware time consuming.

Operations on Hard Hat began on December 1, 1961, with a amall 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 ahot date. Considerahle delays were occa-

sioned by continued construction activities in the tunnel, notably the
installation of the blast door near the vartical ahaft (Figurea 4.2 and
4.3).

However, gage calibration, connection, and inatallation were easen-

tiaily complete by D-6 when button-up operations were started in the
tunnel.

28
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The recording ahelter instruments were checked out and buttoned up

by about 2230 on D -~ 1. Recurds were recovered on the afternocon of Deday

and were developed during the day of D + 1. Central atation equipment

was recovered on D ¢+ 2, and the field party left the site on D + 3.
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36 in. CASED HOLE
(STATION U 18a)

783 11
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(STATION 1800)
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Figure 4.1 Vertical seotion showing locations of teat drifta.
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Figure 4.2 Blast door installation near vertical shaft,
(DASA NOU=048 (NOU-086-04) NTS8 82)

Figure 4.3 Typical working environment in tunnel.
(DASA NOU-088-10-NTS-82)

29

SECRET



R ——— L L

RS T T P R

CHAPTER 5

RESWLTS

5.1 GAGE PERFORMANCE

Of the 108 sage channels installed, usabla results were obtained from
only 48 channels, representing 45% of the total. This high loss of chan-
nels appears to have resulied from a number cf scperats zauses, as follows:

(a) Of the 10 recording cacillographs used on this project and
on Project 1.8 ( Reference §) , one recorder failed to tranaport paper
thereby loaing ita gage records completely. Two others
produced partial records due to failure of the circuits
designed to increase the light brilliance on recording.

This failure appears to have been caused by dusty or de-

fective relays, aince the recorders oparated normally on
final checkout

(b) The transient electromagnatic distucbance at serc time,
aomatimes referred to as the induction signal, was mueh
atronger on this than on any other underground shot we hava
instrumented. In mome channels it waa severe enough to
preclude recording, and in othera it caused a buseline
shift which reduced the accuracy of the recorda,

The induction aignal probably contributed to the loas of
daita from the resistunce witeo strain gages by flashover
of the gage wire to the grounded liner or other material.
In some cases, it cannot be determinad whether this or
cable breakage was the cause of failure

In additiontothe record lassss mantionad above, deleterious
effecta of the ground motion were experienced on cables
and recording equipment. Indications are that all of the
cablea auffered breakage at some time mubsequent to gero
time. A very few of these lasted as long as 300 milliseconds.
Most broke at 30 to 100 milliseconds. On aseveral of the
channels which vere otherwise acceptable, cable breakage
may have occurred before the true peak was reached, result-
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 waa
sufficiently strong to damage some of the recording oscil-
lographs and some of the electronic equipment. As a result
the tail end of & few of the records was loat, but most of
the cablea had already been broken before theae failures.

S0
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This massive amount of loat data is much more severs than we had
experienced on any other shot. Some of the losaes were unavoidable, but
some might have baen avoided had they been anticipated. In particular,
the aevere damage from the induction signal was totally uncxpecred at the

time that this experiment was planned,since it had not presented an im-
portant problem on previous underground shots; on the other hand, aome

cable damage was anticipated,considering the nature of the formation and
the proximity to the source, but even thia was more severe than had bheen
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aflvicvaipavuud, 4119 FR-ARE YRR - Y

£t =o o ma m® Aamb eombio. Ao ba ebho .
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and ohanlescance nf the racardera uzed, and modifications are presently

in progresa to replace or backup the photographic recordera with mulei-
channel magnetic tapa ayatems.

5.2 DATA PRESENTATION

Table 3.1 presents the values of pressure, velocity, displacement,

and atrain recorded on thia projsct, with the times of peaka and total

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

ia reasonably certain, a firat arrival time ia alao sahown.

The polarity conventions used in Table 5.1 and all other data pre-

sentations herein are based on the expected direction of the predicted
majuor motion, as follows:

(a) Particle velocity, VR, VA 180. Positive is away from the shot.
(b) Particle diapiacemsnt, -VR-I), YR 180-D. Positive ia away
from the shot.

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

(d) Foam thickneas changs, -FR -FP.

Positive ias reduction
of thickness.

(e) Strain, 8. Positive ias tension (elongation of gage)

Figurcs 8.1 through 5.4 ahow normalized and linearised plots of the ma-

jority of the records tabulated in Table 5.1, along with the pertinent
peak data.

These presentations utilize the same notation uaed in

Table 3.1 for identification of the gages, wilh one addition; when the
velocity records have been integrated to obtain displacement, the code

uued is the same as the original velocity gage with the addition ol a -D.
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Many of these curvea have been edited to remove extraneous noise

where this could be readily identified. Some of this noise may remain,

Many of the records such as A3bVR, B3aVIl, and AdalH

aharp spikes which may or mav not be spurious.

show ane or riore

In editing the records

it was thought best to err on the side of conaervatism and to leave in
those which were in doubt. llowever, even 1f real, the apikes are
believed to be of little importance,and care 18 required in application

of the peak data.

Most of the recorda purporting to show the astreas in the faam aur.
rounding the liner show negative presaures lavger than seems possible,
True, in the installations of these gagea, a slight initial compresasive
farce was applied between the Carlson yages and tha foam (aee
Section 3.1.4), but this force waa a small fraction of the range of the
gage. Theae negative pressures are largely in the form of ahort spikes
which may be spurious electrical disturbancea, but the long duration of
ths negativa presaure on (3cPil remains unexplained.
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TABLF 5.1

DATA SUMMARY

Particle Veolocity

STy ————— R T TL B L i

Lirner Gage Range Arrival Dositive Tima of Negative Time of End of DPercent of
(‘ogn Time Peak Peak ak Paak  Record Sat Range
[£3 sec ft/nec aec ft/nec sec sec %
Alb -VR 244 0.018 32.8 0.0245 21.4 0,023 0,031 94
Ald VR 0.0158% 10.1 0.019% 18.5 0.0298 0.030 =37
Ada -¥YR 0.018 104 0.0183 29.7 0.0220 0.02% 300
Bla YR hMY ) 0.019 130 0.03% 0.060 370
B3b -YR 0,020 2.7 0,030 8.4 0.100 0,100 126
Bl -VR n.020 0.2 0.040 0109 112
B3d VR n.n22 so 0.2%% R1.0 0.066 0,073 113
Bla -VRISS 9.031 40.9 0.0342 s, ¢.0268 £, c83 b
Bib YR 0.020 41,0 0,033% 32.0 (R R ead
BSb -VRIRQ 0.032 1.3 0.029 9.6 0.03% 0.120 188
BSe -VR 0,022 11.2 0.024 0,030 4.8
BSc VR180 Y 0.0238 10.0 0.027 28.8 0.029% 0,070 37
Béa -R LAY 0.021 243 0.028 11.9 0.033% 0,070 138
B&b VR 0.0%0 2.3 0,043 15.0 0.034 0,042 134
Bée VR 0,020 13.8 0.028% 0.03%0 50
Cic VR 457 0.028 21.7 0.042 6,373 252
Particla Diaplacement
Linar Ga Range Areival Positive Time of Negative Time of End of Percent of
. Time Peak Peak ak Pusk  Record Set Range
fr aec in. suc in, sec anc ]
ASb YR-D 44 See 0. 460 0.030% 0,32 0.03¢ 0,031
Add R.D Yalocity 0,630 0,038 0.030
ASa VR.D Recorde 2.84 0.0328 0,024
BYa YR.D AALY 15,7 0.0418 0.060
B3b YR.D 4,67 0.0698 0.100
B3¢ VR-D 9,2 0.108 0.108
Bid VR.D 1.5¢ 0.0%9 0,074
BSa VR180-D 24,88 0,083 0,068
B&b VRN 8.66 0.083 0.070
BSb VR180-D 1.2 0.120 0.120
BSc VR180-D 0.2% 0,028 3.30 0.0408
BSe YR.D .43 0.031% 0.0318
Bé&a VR.D 0.80 0.028 0,80 0.069 0,069
B&B VR.D 0.5% 0,027 0.042
B&e  WR.D Y ‘ .67 0.030 0.030
Clc VR.D 451 y 7.98 0.104 0.3%0
Strain
Liner G(;g- Range Arrival Dosttive Ties of Negative Time of End of Per.ent of
a Time Peak Peaak aak Peak  Record Set Rangs
fr sec in, asc in. sec sec ]
R2a SR90-1 334 0.019 0.88 0.024 0,033 32
Bic  SOO-L ; 0.022 0.87 0.037 1,03  0.0255 0.049 .52
Bid 0-L 0.022 1.70 0.024 0.59 0.033 0.040 85
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TABLE 8,1 - Continued

Relative Diaplacement

Liner Ga Range Arrival Positive T.m== of Nagative Time of Fnd of Percent of
Code Time Pesk Prnn ak Peak  Necord Ser Range
fr ssc in, T in. sec sec 8
Ala R PIY} 0.018 5.89 0.026 2.4 0.0307 0.140 49
A3b DR 0.01% 0.48 0.060 1.04 0.024% 0.0%0 8.7(-)
Al R 0.018 2.80 0,029 3.89 0.027 0,048, ()
Ala R 0.017 1.09 0.023 2.7 0.026 0.033 21(.)
ASa np n.o 9.12 0.080 1 A2 0n.02% 0,012 78
ASb R 0.017 1.64 0,028 0,046 14
Ash np 0, 0lg L. 14 0,020 4,029 4
ASc R 'f .18 i3.4 0.018 .45 0,025 0.03% 133
Bla m LM 0.019 4.82 0.0 0.0%1 121
B3b m 0,020 3.% 0.0%2 2.21 0,077 0.100 97
Ble m 0,022 3.8% 0.078 1.56 0.0738 0.11% 948
Bla s J| 0,023 1.82 0,037 ».? 0,082 0,062 4(90-)
Bla o 2 0,028 9.%0 9,087 4.81 0,064 0,068 v
Bib ) 0,020 4.5 0,038 1.3% 0.049 0.07% 115
Blc DR 0,020 2. 0.042 1.36 N.0681 0.066 57
Ba DA [ o.0n .81 0,029 146 0.081 0,079 88
Foam Strean
Liner oc:s: Range Arprival Poaitive Tise of Negative Time of End of Percent of
Time Puak Peak ak Peak  Record Sev Range
f we pai asc pat asc aec 1
ASa m HT T 0.0l60 601 0.025% 99.4 0.028 0,03 200
Ash m 0.016% 447 0.0200 0,038 14
Blc MR 194 0.021 143 0.1%4 0.108 93
Bleo P 0.020 188 0.033 $0.9 0,022 0.300 178
B4b m 0.021 189 0.0273 20,7 0,039 0.042 118
B4d P 0.022 203 0.0840 1.6 0,0368 0.070 196
B3u M 0.1 6717 0.047% 29 C.0875 0,09i 451
RSa PP l 0.026 197 0.0260 130 0.036%5 0,036 13
BSb R 0,019 209 0.0238 64.0 0.030 0,041 139
csb m ‘:7 0.030 9.3 0.043 29.0 0.080 0.0%0 §l
C3¢ PP 0.02% 118 0.040 0.099 98

Foam Deflection

Linrer Ga Range Arrival Positive Time of Negative Time of End of Percent of
. Time Paak Peak le Paak  fecord Set Range
fe aec in. sec in, a0c aec ]
BSs R N 0.022 2.62 0.081 1,01 0.63y 0,110 87
BSa P 1% 0.022 2.03 0.049 4.61 0.067 0.080 143
34
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Figure 8.1 Measured particle velocitias and derived particle displacements.
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Figure 8.2 Measured relative displacements.
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CHAPTER 6

DISCUSSION

The objective of this project did not include the analysis of the
data obtained as it pertains to the leading and responae of the liners
insan respansibilitiea scro taken bv Project 3.1. whien sncluded ihe de-
sign and analysis of the entire experiment. The diacuassiona in this
report therefore are limited to pointing out featuras of the data ob-
tained that are considered pertinent to and of interast to othsr projects
and which assist in the evaluation of the data obtained.

6.1 COMPARISON WITH PHEDICTIONS

The overall axpariment was deaigned with experimental linera at
tach of three ranges. One of the purposes of such a division was to in-
sure that at least one of the three sets of liners would be losded to
the point of at least partial failure so as to provide useful data,
Ideally, it waa expected that the liners in A drift would be saverely
damaged, those in B drift appreciably damaged, and those in C drife
easentially undamaged,

The study of the gage records unly dostmot show concluaively the ex-
tent of the damage suifated by the liners, but posutshot inapacticn and
exploration show that, {ndeed, the damage did follow this moat deairable
pattern,

It was pointed out in Section 3.4 that the set ranges on thia projecs
were based on, but wers in general lower than, predirtiona of the frae-
field phenomena made by both projects. In Table 5.1 the ratio of the
obsarved peak values to their predicted peaks, in terma of percent of
set range, are shown in the last column. These data are summariszed in
Table 6.1, where 1t is obvious that predictions of velocity and nressure
wero slightly low, whils predictions of relative diaplacement were some-
what high as judged by the geometric mean of the measurements obtained,
The scatter from theae mean values is relatively great, especially in

the relative displacement measurements, but tnis is to be expected in
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a project of this type. The sharp spikes observed on the records and

mentioned in Section 5.2 are reaponsible for much of this scatter

6.2 DIRECTION OF LOADING AND RESPONSE

Casual inapection of the data of Table 5.1 may result in conclusions
which are not warrantad. In three liners, measurements were made of
relative displacements in the transverse (nearly vertical) direction (PP)
au well sa the radial direction (PR). In all three= A5a, ASh, and BSas-the
teanaverse deflections NP were larger than the radial deflections DR by

Whare foam atresa was measured in the trsnaverse aa well as the radial
direction, three of the five linera~ B3c, B4b, and C3c- ahowed the greateat

atreas in the tranaverse poasition; the other two= A5a and BSa~ showed a
maximum in the radial positien.

Fror theae observationa, it appears tha: the majority of the structures
shoved maximum loading in a direction nearer the tranaverse than the radial
direction. In fact, poattest examination of some of the atructurea show
indicationa that this is true of the final positions,

But this conclusion is unwarranted from the data juoted above alone.
The conventions of polarity used are such that the positive DR should bhe
compared with the negative P, since they represent inward motion. The
rather high negative peaks of A5abP and BS5aDP ars both quite sharp spikes
and are unimportant 1f not spurious. The atatistical approach to thu [oam

atresa results ia not warranted, five being too amall a number for such
an approach.

The relative magnitudea of DBSalFR and B5akP are nlso of intareat in
this respect. In Figure 8.2, N5aFll is seen to be predominantly poasitive,
whereas BSalP is predominantly negative, indicative of an increased spacing
between the liner and the formation (thickneza of foam) in the tranaverse
position accompanied by a decreaae of this dimenrion in the radial position.
The relative displacement gages [35a)l and DP shuw that the diameter of the
liner is decressed radially and increased transveraly,so that it appears
that both the liner and the tunnel are distorted in the mame diroction,

the tunnel more than the liner. The early foam atreas is positive inboth

positions, but DSaPP drops to zero before BSaFP reaches its peak, as might
be expected. This structure, then, reaponded as expected, except for the
unexpected increase in  foam thickness” at 90°.
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6,3 SHOCK VELOCITY

Figure 6.1 shows comparison of the arrival times observed on this
project with those obaerved in the free-field measuremente of Project 3.3
as quoted in lleference 6. The frec-field measurements show propagation
velocity in the ranges of intcrest from about 17,600 ft/sec All of the
definite arrival times shown on Table 5.1 ure later than thoae shown on
this curve by times ranging from 0.5 millisecond to 3.5 milliseconds.
This is to be expected,since there should be 4 considerable delay of the
shockwave passing through the foam backing of the liners. The general

LPF®nu tontiima Ltoe vseiucity ustelMinea 1tum 1 1utece I, data
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TABLE 6.1 COMPARISON OF MEASUREMCNTS WITH SET RANGES

Percent of Set Range

{ Nusber of Max, Min, Geomstric Max/ Maan/
‘.'l.»upro.-u“" Measuremants Mean Maan Min

G ——

4] 13 3N w0 1238 3.0 3.8
VR-180 L] 227 W 116 1.98 il
v (t&al) 18 we v 132 2.4 1.8
R 13 121 8.7 L] 2.38 5.9
e 3 AT - 9 2.4 .l
D (total) 18 ri 8.7 LY 4.2 6.3
PR 6 (1) S ) R} 3.4 3.2
PP L] 3N 98 1.6 1.7
P (toral) i L) S ) 148 LI 3.6
m i L))
m 1 183
F (total) ] 183 87 114 L4 1.4
8N:90-1 1 L H
0L H] 8 66 1.48 1.88
8 (votal) 3 s M 4] 1,63 1.68
All L 4]
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

The technical conclusion to be drawn from the resulta of thia project
is that the presont astate of knowi-‘;u permits extranolatinn nf data fram
one medium to another with guificient accuracy for range serting and per.
haps for tentative structural deasign. This position should be further

improved after the final interpretations of the overall ayparimane

The primary recommendation derived from this experiment is that,if there
A8 a future 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 tero time. Work i»
progrearing along the latter direction in the courae of planning of
other underground experiments,
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