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MARVEL REVISITED: EXPERIMENT DESIGN 
AND DATA ANALYSIS 

ABSTRACT 
As part of the research performed for the Defense Nuclear Agency program defining 

the in-trench environment for the MX missile system, the nuclear data base was reviewed to 
determine if any of it was applicable to the problem of air-shock attenuations in long, 
shallowly-buried tubes. Because of its unique shock-tube geometry, the LLL MARVEL 
event, fired in 1967, was judged one of the few relevant nuclear events. 

This report describes the MARVEL event, including emplacement geometry and em
placement of instrumentation to measure shock time-of-arrival (TOA) in the shock tube. 
TOA data from the event, including uncertainties, are discussed and analyzed. Finally, us
ing shock-tube theory, the flow parameters D (shock-tube velocity) and P (peak pressure in 
the air behind the shock front) are derived from a fit to the MARVEL TOA data. The data 
derived from those parameters are consistent. 

INTRODUCTION 
The Earth Sciences (K) Division of Lawrence 

Livermore Laboratory (LLL) has been supporting 
the efforts of the Defense Nuclear Agency (DNA) 
to define precisely the in-trench environment of the 
MX missile system. Part of LLL's effort included 
examining its nuclear data base and making 
available data from past nuclear experiments that 
may be relevant to the definition of in-trench en
vironment. 

This year efforts have concentrated on. a par
ticular previous LLL even!, MARVEL. Tiiis event 
was detonated on September 21, 1967, in Yucca 
Flat of the Nevada Test Site (NTS) in drill hole 
UlOds at a depth of burial (DOB) of 176 m. The 
measured nuclear yield was 2.2 kt. 

A large portion of the DNA program defining the 
in-trench environment is concerned with air-shock 
attenuation in large-diameter (~4 m) concrete 
tubes, buried at a shallow depth (~2 m). Although 
it was not specifically designed to answer pressing 
MX questions, the MARVEL experiment did yield 
some data relevant to the part of the program con
cerned with air-shock attenuation. The MARVEL 
experiment consisted of a long horizontal shaft, in 
which a !22-m long, 0.99-m (39-in.) i.d. Transite 
line-of-sight (LOS) pipe was emplaced. This LOS 
pipe was air-filled and connected directly to the 
device zero room. Diagnostics designed to measure 
initial radiation, shock propagation, radioactivity, 

and cavity pressure were emplaced along the LOS 
pipe in four alcoves, and in an alcove at the end of 
the LOS. The MARVEL event geometry is shown 
in Fig. 1; this figure is taken from a previously 
published report by Crowley, Glenn, and Marks.' 

The specific purpose of MARVEL was to obtain 
data on the flow of energy and device debris 
through the tunnel. Thus, it was a test of the Project 
Plowshare "get lost" concept, as applied to nuclear 
cratering. To reduce the amount of nuclear 
products released on a nuclear cratering event, it 
was proposed that the emplacement hole beneath 
the nuclear device be left unstemmed, so that the 
device debris would be channeled down this open 
hole and trapped there. MARVEL, however, was 
not a cratering experiment, and the "get lost" hole 
was the horizontal shaft. The diagnostics along the 
tunnel were designed to obtain information 
concerning the TOA of the shock through the tun
nel, the amount of channeled energy, and the frac
tion of channeled device debris. 

Various aspects of MARVEL have, been 
published previously l _ 4 ; these include most of the 
experimental data and at least a cursory description 
of experiment emplacement and technique. These 
reports are referenced herein, on the assumption 
that the reader has access to them. Many of the ex
periment design and emplacement details, however, 
come from previously unpublished LLL event files. 
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Fig. 1. The MARVEL event. 



and are reported here for the first time. We hope determine the uncertainties inherent in the MAR-
that by combining the experiment design emplace- VEL data. The experiment data can then be used 
ment, and results with some new analysis, we can with increased confidence. 

EMPLACEMENT GEOMETRY 
MARVEL was emplaced in hole UlOds at the 

NTS of the U.S. Atomic Energy Commission 
(AEC). * Figure 2 shows the exact location in 
Area 10, which is in the northern part of Yucca 
Flat. A discussion of the general details of construc
tion and emplacement, including the zero room and 
tunnel geometry, follows. 

General Emplacement 
The MARVEL site, seen from the air, is shown in 

Fig. 3. With a view to the north, Fig. 3(a) shows the 
ground-zero area during the emplacement opera
tion. In the background is the crater lip of SEDAN, 
a Plowshare cratering experiment. Figure 3(b) is a 
closeup of the ground-zero area. The rig is directly 
over the access shaft, UlOds; the horizontal drift in 
which the tunnel was emplaced extends to the right. 

In addition to the access shaft, 10 other vertical 
holes were drilled preshot. The location of each hole 
is shown in Fig. 4. The drift was mined due west of 
the access hole, and table holes were drilled at the 
end of each of the four alcoves and at the end of the 
tunnel; two exploratory holes and a free-field in
strumentation hole were also drilled very close to 
the access hole. The purpose of each of these 
10 holes and its distance from the access hole is 
summarized in Table 1. 

After the drift and alcoves were mined, a concrete 
pad was poured along the tunnel to facilitate em
placement of the 0.99-m (39-in.) i.d., 1.07-m (42-in.) 
o.d. Transite pipe sections. To facilitate emplace
ment of the chemical-tracer sections, 6.1-m (20-ft) 
gaps in this concrete pad were left at rive places 
along the tunnel. These sections had a larger o.d. 
than the Transite pipe sections and were construc
ted in place. Figure 5 shows the view down the drift 
prior to instrumentation emplacement. 

After emplacement of instrumentation, the four 
alcoves along the tunnel were grouted. The grout 
was designed by the Concrete Laboratory of the 
U.S. Army Engineer Waterways Experiment Sta
tion, Vicksburg, MS, to match the properties of the 
alluvium found at the MARVEL site. The con-

NTS is now part of the U .S. Department of Energy. 

stituents and properties of the grout are sum
marized in Table 2. Figure 6 shows views inside one 
of *he alcoves during the grouting operation. The 
alcove at the tunnel end was not grouted, but filled 
with sandbags before emplacement of the Transite 
pipe. Figure 7 shows Alcove 5 after it was back
filled. 

Next, the Transite pipe sections were installed 
along the drift, as shown in Fig. 3. * The space be
tween each section was filled with a waterproof 
epoxy sealant. Space provided for each chemical-
tracer section remained unfilled to permit construc
tion. Figure 9 shows the inside of the tunnel after 
completion. 

Following installation of the Transite pipe, the 
entire drift and the accompanying cable holes were 
partly grouted and stemmed with sand, as shown in 
Fig. 10. The zero room was then furnished with the 
equipment, the. region around it was backfilled with 
sand bags, and the access hole (UlOds) was 
backfilled with NTS sand. The MARVEL event was 
ready for execution. 

The emplacement of the Transite pipe sections is discussed in 
Ref. 2. 

Table 1. Distance of MARVEL drill holes from 
UlOds and purpose of each hole. 

Surface 
distance 

from UlOds, 
Hole m Purpose 

UlOds 0 Emplacement hole 
U10ds-1 20 Exploratory hole 
V10ds-2e 15 Exploratory hole 
U10d5-6 8 Free-field instrument 

hole 
UlOds-lA 31 Alcove 1 cable hole 
U10ds-2 61 Alcove 2 cable hole 
U10ds-3 81 Alcove 3 cable hole 
U10ds-4 100 Alcove 4 cable hole 
U10ds-5 126 Alcove 5 (end of 

tunnel) *able hole 
U10ds-8 125 Reaction history cable 

hole 
UlOds-VH 5 Vent hole 
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Las Vegas 

Fig. 2. Location of Ike MARVEL event «t the Ncvifa Test Site. 
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Fig. 3. Growd-zero area or MARVEL event, (a) Lcohing north, with crater lip olr SEDAN in background, (b) Closeup, with shock tube 
drift extending to right. 
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Fig. 5. View down the MARVEL drift showing concrete pad. 
Area in foreground has been lefl open for emplacement of a 
chemtcal-tracer section. 
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Fig. 6. Grouting the alcoves along the tunnel, (a) In the early stage, grout just covers the floor of the alcove, (b) In the later stage, grout 
covers most of the instrumentation. 
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Zero Room 
The MARVEL zero room was a cylindrical steel 

tank 1.05 m (3.4 ft) in diameter and 1.5 m (5.0fl) 
long, The nuclear source was placed at the approx
imate center of the room, and the remaining volume 
in.side the tank was filled with material having a 
density of 0.9 Mg/m .̂ Thin sheets of lead were 
placed at each end of ihe tank. Figure 11 is a 
ger :ralizud schematic of ihe zero room. 

A detailed drawing of the zero room, actually 
more complicated than descrihed here, will be in
cluded in (the classified) part of this report. 5 

Calculations showed that the details of the zero 
room did not appear to affect the tunnel flow 
significantly, therefore Fig. 11 is adequate for the 
analysis presented in this report. 

Transite pipe 

Thin lead plate-

tit;. 11- (rf-Rcra'ii/t'd sketch <>! MARVEL tern r 

INSTRUMENTATION 
Overview 

The emplacement of the MARVEL instrumenta
tion related to shock TOA is listed and briefly 
described and discussed in detail later. This in
strumentation included the following: 

1. SUWR (uWfv—SLIFER, an acronym for 
"Shorted Location Indicator by Frequency 
of Electrical Resonance," is a method for 
continuously measuring the position of a 
shock front involving an oscillator and a 
shorted coaxial cable/' As the cable is 
crushed by the shock, the cable inductance, 
and thus the oscillator frequency, changes. 
The oscillator frequency is recorded as a 
function of time and converted to uncrushed 
cable length vs time. This is directly related to 
shock-front position vs time, if the initial 
length and position of the cabie are known. 

On MARVEL, seven SLIFER cables, 
located immediately outside the Transite 
pipe along the tunnel, indirectly measured 
the position of Lhe shock front inside the tun
nel as a function of time. Two additional 
cables were em placed in the vertical instru
ment hole, U10ds-6, to measure the free-field 
shock arrival in the alluvium. 

2. Side Shock Tubes—In each of the four 
alcoves perpendicular to the tunnel, a small-
diameter shock tube was positioned so that it 
looked directly into the main tunnel. The side 
shock tubes measured, more directly than the 
SLIFER cables, the position of the shock 

front inside the tunnel al four discrete posi
tions. Light piper, were emplaced along the 
length of each side shock tube, to measure the 
exact position of the shock. 7 his data was 
then plotted and, by extrapolation, we could 
determine the TOA of the shock in the main 
tunnel. A thorough discussion of the design 
and purpose of the side shock appears in 
Ref. 2. 

Tourmaline TOA Gages—Off-the-shelf 
tourmaline-crystal siress gages were used to 
check the performance of the side shock 
lubes at two of their four locations. These 
gages measured shock TOA only. Hie gages 
were s! rapped to the side shock tubes on the 
working-point (WP) side, directly against the 
Transite pipe. Thus, for direct comparison 
with the side shock lube data, we had to 
allow for the shock transit time through the 
Transile pipe. 

Stress Gages—Tourmaline stress gages also 
measured stress waveforms in the alcoves and 
in the instrument hole. In the alcoves, the 
gages were oriented to observe either the 
radial shock wave off the tunnel or the free-
field wave from the WP. In the instrument 
hole, the gages were oriented to observe the 
free-field wave from the WP. 

Although 19 such gages were fielded, data 
from these gages, except tabular TOA and 
peak stress, is sparse because the original 
stress waveforms are no longer available. 
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5. Cavity-Pressure Gages—One attempt was 
made to measure late-time cavity pressure at 
the far end of the MARVEL tunnel. Three 
pressure gages were located in a gage 
assembly close to the tunnel, and a surplus 
U.S. Navy gun barrel protected the cables 
from the ground motion. 

Figure 12 ' schematically shows the location 
of some of the MARVEL shock TOA in
s t r u m e n t a t i o n d i s c u s s e d a b o v e . T h e 
measurements from each type of instrumen
tation will be discussed in the next section. 

SLIFER Cables 
Seven SLIFER cables were emplaced along the 

MARVEL drift to measure shock TOA through the 
tunnel. In addition, two SLIFER cables were em-
placed in a vertical instrument hole, U10ds-6, cen
tered on the pipe 9.14 m from the WP (see Appen
dix). These were grouted in place to measure free-
field shock TOA. 

All cables were 1/4-inch foam heliax, wrapped 
with lead tape to reduce radiation interference. The 
2-Mc oscillators were all located downhole. The 
cables from the oscillators were brought to the sur
face through the vertical cable holes located at the 
end of each alcove. 

All SLIFER cables were cmplaced along the tun
nel on the concrete floor in a prepared groove. This 
geometry is shown in Fig. 13, and is detailed in the 
appendix. From this figure and the wall thickness of 
theTransi le pipe (41.3 mm), the calculated approx
imate closest distance from the SLIFER cable to the 
inside of the Transite pipe is 52 mm. The cables 
were routed from the grooves close to their ends in 
order to attach the oscillators. The oscillators were 
located either along the tunnel or in the alcoves. 
This geometry is shown in Fig. 14. More detailed in
formation on the tunnel SLIFER emplacement is 
given on the engineering drawing in the appendix. 
Because the chemical-tracer pipe sections were 
significantly wider than the Transite pipe sections, 
they interfered with the typical SLIFER emplace
ment. In such instances, the cables were emplaced in 
wood trays on the concrete tunnel floor as close to 
the pipe as possible. In all cases, however, the dis
tance from the SLIFER to the inside of the tunnel 
was greater than for the typical prepared-groove 
emplacement. Figure 14 also shows the location of 
these tracer sections. 

All SLIFER systems were emplaced and grouted 
p r io r t o emplacement of the Transi te pipe. 
Figures 15-22 show a typical SLIFER oscillator 

assembly and an oscillator and cable emplacement 
for each of the tunnel SLIFER cables (H1M-H7M). 
The SLIFER systems were carefully emplaced so 
that the cable would be stationary during the subse
quent Transits pipe emplacement or tunnel grouting 
operations. 

Side Shock Tubes 

To measure the TOA of the air shock inside the 
Transite pipe, small-diameter shock tubes were 
mounted perpendicular to the main tunnel. One side 
shock tube was emplaced in each of the four MAR
VEL experiment alcoves before the transitc pipe 
sections were emplaced. After the Transite pipe was 
in place and both the experiment alcoves and the 
tunnel were grouted, holes were drilled through the 
Transite pipe to expose each shock tube directly to 
the tunnel environment. The emplacement of the 
diagnostics associated with the side shock tubes are 
discussed in this section; the experimental technique 
is reviewed more thoroughly in Ref. 2. 

The side shock tubes were steel cylindrical pipes, 
with a 50.8-mm i.d., a 152,4-mm o.d., and a 3.20-m 
length. Ten light pipes (fiber optics), spaced at 
0.305-m intervals long the tube, monitored the 
propagation of the air shock inside the shock tube. 
The end of each light pipe was recessed 3.2 mm in 
the steel wall; a -mall opening (3.2-mm i.d.) allowed 
the light pipe to view the inside of the shock tube 
directly. The light pipes were alternately fed into 
one of two photodetectors, as shown in Fig. 23. 2 

At the center of the tube, two light pipes were 
mounted, each feeding into a different photodetec-
tor. Such placement provided redundancy at this 
position. The signal from the photodetector was 
split. One signal from each went to one of two os
cilloscopes; the other signal from each detector was 
fed to another oscilloscope with a different sweep 
time. 

The ranges of the side shock tubes from the W P 
and from the lead diaphragm are given in Table 3. 
These ranges differ from those reported by Glenn 

Table 3 . Ranges of side shock tubes from the 
WP and from the lead diaphragm. 

Range frcm Range from 
Side shock WP, lead diaphragm, 

tube in alcove m m 

1 28.90 28.15 
2 59.05 58.30 
3 80.47 79.72 
4 98.53 97.78 



Alcove 3 

Alcove 5 

Cavity 
pressure -

vessel 

Alcove 4 

H5M-

H 6 M -

H7M-

Scale: 100 f t 

Access shaft 

Free-field instrumentation hole 

Alcove 2 

H4M-

Alcove 1 

H3IVT J H1M • 
H 2 M J cable 

Working -
point 

c.-.D Side shock tube 

CZ==Z=D SLIFERS 

— —» Stress history gages 
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(a) 

Fig. 13. TimK] cross section showing (a) the typical view and (b) 
a dimensional drawing of concrete pad for OK Traaslte pipe and 
SLIFER cables. 

and Crowley 2 ; however, the latter agree with the 
ranges given on the appropriate engineering draw
ing in the appendix. The reason for the discrepancy 
is an arithmetic error on the engineering drawing, 
which gives dimension G as the distance from the 
center of the side shock tube to the WP. Dimension 
H is given as the center-to-center distance between 

the side shock tubes and the ion gages. Dimension 
G is correct for Alcove 1, which did not contain an 
ion gage, but dimension G for Alcoves 2, 3, and 4 is 
the distance from the center of the ion gage to the 
WP. For those alcoves, therefore, f'e distance from 
the center of the side shock tube to the WP is G 
minus H; this figure is listed in Table 3. 

The above calculation can be substantiated by 
combining the SLIFER cable survey with 
photographs of the as-built configuration taken in 
each alcove. Figures 24-27 show views of the shock 
tubes in each of the four alcoves. All show that the 
SLIFER oscillators (cmplaced and surveyed before 
emplacement of the side shock tubes) located in the 
alcoves were further from the WP than the side 
shock tubes were. In fact, except for Alcove 1, the 
side shock tubes were located very close to the posi
tion where the SLIFER cable left its prepared 
groove and bent into the aico»e. If dimension G on 
the engineering drawing were correct, the shock 
tubes would be located further from the WP than 
the SLIFER oscillators. The error was propagated 
into Glenn and Crowley's paper, 2 so that the TOA 
data plotted there are incorrect by ~2 m. 

After grouting the alcoves and emplacing and 
grouting the Transite pipe sections, we cut holes in 
the Transite pipe vail to expose the side shock tubes 
directly to the tunnel. Figure 28 shows the typical 
final emplacement from inside the tunnel. 

Tourmaline TOA Gages 

To check the operation of the side shock tubes, 
tourmaline TOA gages were installed in Alcoves 1 
and 3. These gages measured TOA only, as dis
cussed in Ref. 2. Figure 29 schematically shows the 
emplacement of these gages. The tourmaline crystal 
was potted in epoxy and surrounded on three sides 
by lead. Between the face of the crystal and the in
side of the Transite pipe were 0.54 mm(l/8 in.) lead 
and 38.1 mm (1-1/2 in.) polyureth'ane foam, in ad
dition to the 41,3-mm (1.63-in.) Transiie pipe wall 
itself. The total distance was 80 mm.' The units 
were strapped to the WP side shock tubes. 

The center-to-center distance between the side 
shock tube and the gage was 0.15 m. Hence, the 
ranges from the WP to the tourmaline gages in 
Alcoves 1 and 3 were 28.75 m and 80.32 m, respec
tively. Some photographs of the tourmaline gage 
emplacement appear in Fig. 30. 

This was further away than the SLIFEtt cables (52 mm). 
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Flf. 15. Typical emplacement of SLIFER oscillator thowlac (a) disassembled oscillator, (b) oscillator la lead boa, (c) oscillator stemmed 
with lead abot, aad (d) flaal assembly. 
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(a) 

FIR. 16. SLIFER HIM emplacement, <a) SLIFER HIM in 
prepared groove with oscillator in foreground. Tunnel Door was left 
uacemented for later emplacement of first chemical-tracer section 
(20 m from WP). (b) Beginning of SLIFER HIM in prepared 
groove prior to grouting (8.9 m from WP). 

(a) 

Fie. 17. SLIFER H2M emplacement, (a) SLIFER H2M os
cillator, located in Alcove I, looking towards back of alcove (30 m 
from WP). (b> SLIFER cable H2M after grouting as it bends from 
the tunnel into Alcove I. In the background is the beginning of 
SLIFER H3M (29 m from WP). 
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(a) 

Fig. 18. SLIFER H3M emplacement, (a) SLIFER H3M grouted in wood tray around area left open for emplacement of second chemical-
tracer section (39 m from WP). (b) SLIFER oscillator H3M along tunnel (43 m from WP). 



(a) 

Fig. 19. SLIFER H4M emplacement, (a) SLIFER oscillator H4M, located in Alcove 2, looking towards back of alcove (60 m 
from WP). (b) SLIFER cable H4M In prepared groove prior to grouting. Side shock tube is in foreground (61 m from WP). 
(c) SLIFER cable H4M where it enters Alcove 2 after grouting (60 m from WP). 
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(a) 

Fig. 20. SLIFER H5M emplacement, (a) SLIFER oscillator H5M, located in Alcove 3, looking towards back of alco»e (81 m 
from WP). (b) SLIFER cable H5M after grouting as it bends into Alcove 3. Side shock tube is in background (81 m from WP). 
(c) Beginning of SLIFER cable K5M after grouting. Area left open for emplacement of fourth chemical-tracer section is in 
background (72 m from WP). 
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x^mrr 

Fig. 21. SLIKER H6M emplacement, (a) SLIFER oscillator H6M located in Alcove A (99 m from WP| . (bl Beginning of cable 
H6M in prepared groove prior to grouting (89 m from WP). (c> SHFEft cable H6M along lunnel after grouting. Side shock lube 
is in background (1(10 m from WP). 
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nnel 
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Fig. 23, Technique employing shock tube, light pipe, and 
pholodetector to determine air shock TOA in main tunnel. 
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Fip. Z4. Side shock lube in Akote l.(a) Looking back into alcove, WP is to the right. Three stress gages and SLIFER H2M are to the left 
(2*i. * m from WP). (b) Side view showing light pipes and photodeteclors (31 m from WP). 
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Fig. 25. Side shock tube in Alcove 2. (a) Side view showing light pipes and phatodeteclors (6(1 m from WP). (bt Looking towards tunnel. 
Note position of SLIFER cable and oscillator H4M (60 m from WP), (c) Looking towards back of alcove. Note position of SLIFER cable 
and oscillator (6(1 m from WP). 



Fig. 26. Side shock lube in Alcove 3. (a) Side view, looking Inwards WP, showing light pipes and photodeteclors (81 m from WP). (b) End 
view looking towards Iuunci. SLIFER cable and oscillator H5M arc to the right (85 m from WP). 
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I'iu- 27. Sitk' shock tuliL- in Alcove 4. looking towards WP, showing light pipes and 
Mliotoclclcclors (11X1 m from WP.i. 

\V 
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• 1.63 in. 1 

1-1/8 in. 

lead 

Lucite cy l inder -

^ Epoxy -

1 in. 
lead 

-Tourmal ine-
crystal 
unit 

^ E D O X V ^ E p o x y 

Fiu- 28. Entrance lo pipe for Ihe side shock lube in Alcove 3, seen Fig. 29. Shielding and geometry of lourmaline~cr)stal pressure 
from inside grouted Transite pipe. gages mounted in Alcoves 1 and 3. 
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l*i)j. -Ml. Tttuimalim'-cr>Miil i^age emplacement in Alcove 1 (u) 
before slrappmj; to side shuck tube uild [b) final position. The 
plywood served as a dam during grouting. 

Stress Gages 

For MARVEL, 19 tourmaline stress gages were 
emplaced to measure the shot-induced ground mo
tion and the response of the groul in the tunnel and 
alcoves to the shock in the tunnel. Three gages were 
emplaced in each of the four grout-filled alcoves; 
two were perpendicular to the tunnel to measure the 
strength of the radial shock resulting from flow 

through the tunnel, and the third was parallel to the 
tunnel to measure ground motion, Three gages, sur
rounded by sandbags, were located at the end ol 
and parallel to the tunnel to measure the response at 
the tunnel end to the flow inside. Finally, four gages 
were placed in MARVEL instrumeni hole 6: two ai 
11.5m and two aL 30.2 m from the WP Tabic 4 
summarizes the location and orientation of all stress 
gages: more detailed information appears i.i the ap
pendix. 

Cables from the gages were broughi to the surface 
through the cable holes at the end ol each alcove 
and the tunnel end and at instrument hole (•>. The 
19-mm diam. 3.2-mm-thick piezoelectric crystals 
were emplaced in small. 76.2-mm o.d . I fi-riim-
thick-walled stainless steel cylindrical canisters. 
These canisters were then filled will; the same type 
of grout used to stem the alcoves and tunnel drift 
along the pipe. This is shown in more detail in the 
appendix. The canisters were mounted m the 
alcoves on aluminum stands as shown in I-IJJ. 31. 
This is a typical emplacement: note thai the crystal 
I'ace is located in front of the stand to minimize the 
shock-refaction effects of the stand, figure ^2 
shows the typical emplacement (e.j.' . Alcove 1| for 
all three stress gages I he tunnel end was stemmed 
with sandbags, and the j>aae canisters were placed in 
the correct position on ii n ol ihe s a n d b a r nd 
covered, as shown in Fig. 33. The distances o! these 
gages from the end of the umnel were -2.(>:v. 
(CR 13). 4.5 m ICR 14,. and .Vim (CR 15'. respec
tively. 

Kij». 31. Typical as-built configuration of stress gages in alcoves. 
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Tabic A. Stress gage locat ion and or ientat ion. 

-J.il 0.9S 29.56 

T 3.57 29.56 

w,, l> 6.01 29.35 

J 0.98 59.74 

1 3.57 59.74 

IVI> 6.(11 59.52 

1 ().')K 81.38 

I 3.57 KI.JH 

WP 6.0 1 81.16 

1 U.9K 99.66 

1 3.57 99.66 

\VI> 6.01 99.45 
\ \T. 1 (1.23 124.63 

Vil'. 1 0.2 1 126.46 

Wl\ I 0.23 127.MJ 

Wl> 7.(11 II..-.. ' 

Wl- 7.01 1 1.5 2 

tt'l- 28.79 30.21 

wr 28.79 UI.2! 

Fig. 32. As-built emplacement of three stress Rages in Ak-me 3, 
looking towards nacfc of ako>e. Two gages face tunnel: the third 
faces WP (to the right). 

•''Iimiu-I. 
''UorkiPi^ |..ujii. 
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Fig. 33. Fmplaeemenl of stress gage canister CR IS at end oT tunnel showing (a) gage on top of sandbags, (b) face of gage covered, and (c) 
gage totall) covered. 

Cavity-Pressure 
Measurement System 

In Alcove 4, a system was installed to measure 
late-time caviiy pressure. Three pressure gages were 
mounted at the front of a surplus U.S. Navy gun 
barrel (used to protect the cables), and except for 
the pressure-transducer housing itself, the gages 
were exposed directly to the tunnel environment. 

The cavity pressure system was located 100.6 m 
from the WP. Figure 34 is a photograph of the as-
built system before Alcove 4 was grouted. The ap
propriate engineering drawing in the appendix 
shows more detail. The pressure transducers were 
located approximately 1.65 m frnm the inside wall 
of the tunnel. The access pipe was open from the 
tunnel wall to the steel transducer housing assembly 
(0.9 m). The caps at both ends and the lead bricks 
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I-iC U. M \ R \ I I ca>iu fin \siirc sWim i-tii|il nad in Almu- l . 

inside the "groul form" lube against the tunnel wall 
were removed alter grouting was completed. 

The transducer ussemhly Itself was located inside 
a thick-walled steel lube, which was fastened to the 
end of the gun barrel 1 he housing was 0.76 m long 
and I).20 m in diam A 0.21-m-long tube filled with 
Dow Corning No. 200 silicone oil traversed the 
housing diagonal!). 1 hrec pressure transducers, a 
Norwood gage f 100-kpsi rating), un LLL-designed 
coil gage (l(K)-kpsi rating), and another Norwood 
gage (15-kpsi rating), were placed at the end of the 
oil-filled tube. The low-range Norwood gage was 
placed behind an orifice (4-ms oil-flow lime con
stant) to protect it from initial high-shock pressures. 
The system was calibialed preshot at the LLL high-
explosi 'e test facility (Site 300), 7 a n d again after in-

RESULTS OF 

Much shock TOA data was obtained from the 
gages and other instrumentation fielded on MAR
VEL. These data are reported for three distinct 
areas: (I) shock TOA along the tunnel, (2) shock 
TOA in the alcoves off the tunnel and in the alcove 
at the tunnel end, and (3) free-field shock TOA. 

stallalion in Alcove 4. by statically pressurizing the 
system to 10.000 psi. The 100-kpsi I.I.I, coil gage 
consistently read 30'? higher than the 100-kpsi 
Norwood gage. The two Norwood gages, however, 
agreed. 

After grouting was completed, a hole was cut in 
the appropriate section of the Transitu pipe to ex
pose the cavity pressure system to the tunnel en
vironment. All covering plates and lead blocks were 
removed. Figure 35 views the opening in the Tran
sit-.: pipe from inside the tunnel. 

The cavity-pressure experiment was "one-of-a-
kind"; although attempts to use long-lasting in
strumentation hud been made on Jome Plowshare 
events, no instrumentation had been designed to 
survive as long as that of the MARVEL system. 

EXPERIMENT 

Shock TOA along Tunnel 

The main results for shock TOA along the 122-m-
long MARVEL tunnel came from the SLIFER 
cables, the side shock tubes, and the tourmaline 
TOA gages. Figure 36 shows these TOA data, with 
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range measured from the WP and time measured 
from nuclear zero time; no corrections are applied 
to the data (e.g., to correct the SLIFER data for 
shock-transit time through >u". tunnel wall) in 
Fig. 36. These data are discussed in detail below. 

SLIFER Data 
SLIFER data were obtained from all seven cables 

(HIM to H7M) along the tunnel. The SLIFER 
records were not noisy, but contained blank spots 
resulting from strong, induced-current pulses that 
interfered with the oscillator, especially on the 
cables near the WP. On all cables, the frequency of 
any signal was easily read and the crushing was 
remarkably regular although the amplitude of the 
signal varied somewhat. No Irregular, "step-
function" crushing (or shearing) of the -ables oc
curred further from the WP. 7 Figure 36 plots the 
SLIFER data and compares them with the other 
TOA data along the tunnel. The SLIFER data were 
digitized from the original data plot. a Errors in 
plotting or reading the SLIFE' data necessitated 
an uncertainty of ±0.2 m in range and i l O ^ s in 
time. 

The digiliz."t SLIFER data from each cable ap
pear below, along with the valid range over which 
data could be collected on each cable. It should be 
noted that, although each cable was placed in a 
prepared groove along the tunnel, it was removed 
from that groove to be connected to the SLIFER 
oscillator or routed around a chemical-tracer sec
tion (see Fig. 14). Figure 36 shows the valid data 
range for each cable, as well as the location of each 
of the five chemical-tracer pipe sections. 

1. SLIFER Cable HIM 
Located in a prepared groove 0.052 m from the in
side wall of the Transite pipe, positioned 8.9-19.5 m 
from the WP. 
Range (m ± 0.2 m) 

12.2 
13.6 
16.8 
19.1 

2. SLIFER Cable H2M 
Located like cable HIM, positioned 23.7-29.4 m 
from the WP, 

Time (f*s ±10M») 
.99 
109 
144 
154 

Range (m ±0.2 m) 
24.5 
24.9 
26.1 
27.5 
28.0 
29.3 

Time (us ±10 us) 
194 
199 
204 
209 
219 
229 

3. SLIFER Cable H3M 
Located like cable HIM. positioned 30.5-37.8 m 
from the WP. Between 38.6-42.7 m, the cable was 
0.26 m from the i.iside wall of the Transile pipe, t^ 
bypass a chemical-tracer LOS pipe section. 
Range (m ± 0.2 m) Time (fis ±10^s) 

31.5 259 
34.6 289 
36.7 299 
37.5 304 
38.0 314 
38.5 344 
39.5 369 
41.6 384 

4. SLIFFR Cable H4M 
Located like cable HIM, positioned 48.8-58.6 m 
from the WP. 
Range (m ± 0.2 m) Time (fis ± 10/is) 

49.1 424 
49.6 449 
52.1 494 
54 5 534 
5b.:- 549 
57.' 569 

5. SLIFER Cable H5M 
Located like cable HIM, 
from the WP. 
Range (rn ± 0.2 m) 

71.3 
73.1 
74.6 
76.2 
79.2 
79.8 

6. SLIFER Cable H6M 
Located like cable HIM, 
from the WP. 
Range (m ± 0.2 m) 

88.5 
89.1 
90.5 
92.4 
93.8 
94.9 
95.9 
96.2 
97.9 

positioned 71.3-80.2 m 

Time (us ± 10 ^s) 
834 
889 
924 
974 

1049 
1059 

positioned 88.4-98.7 m 

Time (^s ± 10 ;is) 
1374 
1414 
1489 
1584 
1639 
1694 
1774 
1779 
1879 

7. SLIFER Cable H7M 
Located like cable HIM, positioned 109.2-117.1 m 
from the WP. Between 117.8-119.2 m, the cable was 
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0.118 m from the inside wall of the Transite pipe; Table 5. Side-shock-tube TOA results. 
between 119.9-120.5 m, the ca jle was 0.148 rr from 
the inside wall to bypass 
section. 

a chemical-tracer LOS pipe Alcove 
No. Range from WP TOA 

Range {m ±0.2 m) Time us ± 10//s) I 28.90 m i 0.02 m 229.6 us ± 5 us 
109.7 
110.0 
110.1 
111.0 

2634 
2664 
2694 
2744 

2 

3 

59.05 m ± 0.02 m 

80.47 m t 0.02 m 

556.9 lis ± S us 

1012.8 (is ± 5 us 

109.7 
110.0 
110.1 
111.0 

2634 
2664 
2694 
2744 4 98.53 m ± 0.02 m 1819.7 us ± 10 us 

111.5 2794 
112.4 2844 
113.5 2979 
114.8 3079 
115.0 3099 
116.1 3234 
116.8 3259 
117.9 3479 
118.0 3489 
118.1 3504 
118.7 3579 
119.9 3984 
120.0 4004 

Side-Shock-Tube Data 
The side shock tubes, except the one located in 

Alcove 4, worked as planned. Data from all four 
appear in Fig. 37, with the time referenced to the 
TOA of the shock in the tunnel for each shock 
tube. 9 The TOA of the shock in the tunnel, found 
by extrapolating the side-shock-tube data, appear in 
Table 5. 

For each side shock tube, the uncertainty in the 
range from the WP is small, ±0.02 m. We estimated 
the uncertainties in TOA's based on the data plotted 
in Fig. 37. In the side shock tube in Alcove 4, the 

If 3 
Alcove 1 

t 
•o m i 
u> .D 
" 3 1 1 
P ^ 2 
=5" 
• ! • 1 1 f jSs 
<» i/jfr 

Alcove 2 

0.0 0.1 0.2 0.3 0.4 
Relative time — ms 

light intensity of the signal was not great enough to 
trigger the scopes for the first four light-pipe posi
tions, so no signals were obtained. The signal at the 
fifth light-pipe position was intense enough because 
two light pipes were embedded there, thus reinforc
ing the signal enough to trigger the scope. 
Therefore, instead of extrapolating the side-shock-
tube data a distance of 0.3 m (I ft) as we did for 
Alcoves 1, 2, and 3, we had to extrapolate the data 
from Alcove 4 by 1.5 m (5 ft). Thus, the TOA un
certainty for the side shock tube in Alcove 4 is 
greater than for the data from the other alcoves. 

Tourmaline-Crystal TOA Data 
The tourmaline-crystal TOA gages strapped to 

the side shock tubes in Alcoves I and 3 gave good 
data. The uncertainty in both range (± 0.02 m) and 
time {± 1 fis) is small. The TOA data appear in 
Table 6. 

T a b l e 6 . Tourmal ine-c rys ta l T O A resul t s . 

Alcove 
No. Range fiom WP TOA 

1 28.7 m ± 0.02 m 

3 80.3 m ± 0.02 m 

224.1 us ± 1 tis 

1088.4 lis ± I /is 

Fig. 37. Comparison of side shock tube data from Alcoves 1 ,2 ,3 , 
and 4. 

Shock TOA off Tunnel 

Data on the cylindrically diverging shock wave 
propagating away from the tunnel wall came from 
two primary sources; the straight portion of the 
SL1FER cables and the stress gages oriented 
towards the tunnel wall. Shock TOA information 
was also obtained from the three transducers 
located in the cavity-pressure assembly in Alcove 4. 
This section summarizes the raw data from the 
above experiments. AH pertinent data is sum
marized in Fig. 38. 
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SLIFER Data 

SLIFER data were obtained from the portions of 
the cables perpendicular to the main tunnel in each 
of the first four alcoves. 8 The length of the straight 
section of cable varied from 3.95 m (13 ft) in 
Alcove I to 0.66 m {1.1 ft) in Alcove 4. These cables 
were H2M (Alcove I), H4M (Alcove 2), H5M 
(Alcove 3), and H6M (Alcove 4). Initially, they 
paralleled the main tunnel along the n r : n drift, and 
then bent 90° into their respective amoves where 
they were connected to oscillators. 

Figure 38 plots the data for each alcove; the 
dashed line drawn through the data is the ex
perimenter's best fit. x The data from Alcove 1 
shows very regular crushing of the cable along its 
entire length, indicating a strong shock. The data 
are more erratic in Alcoves 2, 3, and 4, indicating a 
somewhat weaker shock, which would cause the 
SLIFER to crush irregularly. 

Stress-Gage Data 

Data from all 19 siress gages fielded on MAR
VEL are summarized in Table 7. 4 Data recovery 

was not as good as expected due to gage losses from 
bad cable connections, EM interference, or un
derestimation of the stress environment. All times in 
Table 6 are referenced to nuclear zero time. 

Figure 38 plots both the relevant TOA data and 
the SLIFER data. In Alcoves 3 and 4, elastic 
precursors developed in the grout before arrival of 
the shock wave, so where possible, the TOA of the 
peak stress is also plotted. In general, agreement is 
good between the SLIFER and stress gage data 
close to the tunnel. 

Cavity-Pressure-Experiment Data 

We conducted a series of dynamic tests with the 
MARVEL cavity pressure system to verify the per
formance of the gages and the orifice systems. We 
hoped that the massive hardware would protect the 
electronics and signal cables through the shock 
wave, but the system failer! at about 17 ms, 
presumably from ground motion which resulted in 
severed cables at the back of the alcove. 

The 100-kpsi variable-reluctance pressure gage 
(LRL coil) went into "resonant saturation'* with the 

T;ible 7. Results of experiment as recorded on MARVEL stress gages 

Distance 
from tunnel Distance 

Gage- centerlinc, from WP, TOA, Peak stress recorded, 
Location No. Orientation m in ms MPa (kb) 

Alcove 1 1 T a 0.98 29.56 0.36 c 
2 

T I. 
3.57 29.56 1.69 c 

3 WP1 6.01 29.35 5.70 5.1 MPa (0.51) 

Alcove 2 4 T 0.98 59.74 0.87 c 
S T 3.57 59.74 d d 
6 WP 6.01 59.52 a d 

Alcove 3 7 T 0.98 81.38 1.48 e 
8 T 3.57 81.38 2.91 •14 MPa (0.14) 
9 WP 6.01 81.16 f f 

Alcove 4 10 T 0.98 99.66 2.02 175 MPa (1.75) 
11 T 3.57 99.66 2.88 6.5 MPa (0 065) 
12 WP 6.01 99.45 3.98 -

fold of tunnel 13 WP, T 0.23 124.63 5.6S 35 MPa (0.35) 
14 WI>, T 0.23 126.46 e e 
IS WP, T 0.23 127.60 6.95 55 MPa iO.55) 

Instrument liolc 6 16 WP 7.01 11.52 3.05 c 
17 WP 7.01 11.52 3.05 c 
18 WP 28.79 30.21 16.79 28.5 MPa (0.285) 
19 WP 28.79 30.21 16.79 32.5 MPa (0.325) 

Gage oriented towards tunnel. 
Gage oriented towards WP. 

^Teak stress exceeded gage limit (15 kbar). 
Gage lost, bad connection. 

^Tiansducei had low lesistancc. 
Swamped by electromagnetic interference. 
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onset of pressure. The 100-kpsi bridge-type gage 
(Norwood) performed well and recorded a 2-ms-
wide initial pressure pulse with an amplitude of 
25 kpsi. , 0 The 15-kpsi Norwood gage was 
operational but gave little information because it 
was behind an orifice whose oil flow time constant 
was 4 ms. Table 8 summarizes the test results; the 
gage records of the test appear in Refs. 1 and 4. 

Although two of the three pressure gages 
operated for 17 ms after the MARVEL detonation, 
the pressure signals were different from what we 
had expected. Stress gages in the alcove also in
dicated the initial pulse shown by the 100-kpsi 
pressure gage at the same time. This could indicate 
that the initial "pressure" pulse was due to a shock 
wave passing through the alcove, not gas pressure. 
However, the later (TOA = 8.15 ms) 15-kpsi-peak-
amplitude signal may actually have been a gas-
pressure signal from the tube. The early system 
failure, however, made it impossible to determine 
the long-range character of the latter signal. 

Pressure-gage data, also plotted in Fig. 38, do not 
agree with the SLIFER and stress-gage data in 
Alcove 4 because the open section rt the front of the 
system allowed the shock from the tunnel to reach 
these gages more quickly. 

Free-Field TOA 
The SLIFER cables and stress gages in the MAR

VEL instrument hole gave good results. Figure 39 
summarizes these data. The stress-gage TOA and 
peak values from instrument hole 6 appear in 
Table 7. 

The geometry of the cable causes an abrupt 
change in the slope of the SLIFER crush curve at 
about 2 ms. As shown by previously performed 
calculations, the change results from the con
vergence of the radial shock off the tunnel and the 
free-field shock. A complete discussion and analysis 
of the free-field TOA data appears in Ref. 1. 

Table 8. Results of experiment as recorded 
on MARVEL cavity-pressure gages. 

Peak Maximum 
TOA, pressure, range, 

ige Principle ms kbar Itbar 

Norwood Strain i 2.10 
8.09 

1.70 
1.02 

LRL coil Variable 2.18 Saturated 6.8 
reluctance 

Norwood3 Strain gage 2.22 «0 1.0 

Gage located behind orifice. Gage response time calculated 
to be 4 ms. 
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Fig. 39. MARVEL free-field data. 

DATA ANALYSIS AND COMPARISON 
OF TOA RESULTS ALONG THE TUNNEL 

The data reported in the preceding section can be 
used to determine a continuous shock TOA curve 
along the MARVEL tunnel (10-100 m). Four data 
points, i.e., the results obtained from the four side 
shock tubes, can be used directly in this analysis. 
Other data, e.g., data from the SLIFERS and tour
maline TOA gages, must be corrected to account for 
the shock-wave transit time through the Transite 

pipe, grout, etc. Three procedural steps in the han
dling of the data to be adjusted are discussed below: 
(1) finding the time corrections for the data, (2) 
comparing all data by alcove and preparing a sum
mary TOA plot, (3) making a "best fit" to these 
corrected data, and calculating the shock velocity 
and peak pressure of the shock in the tunnel based 
on the derivative of this best-fit curve. 
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Method for Time-Correcting 
MARVEL Data 

To time-correct the data, we used the SLIFER 
data obtained in each of the four alcoves to deter
mine the radial shock velocity, D, at each location. 
Figure 38 shows these data; Table 9 summarizes the 
four calculated data points. Figure 40 plots D as a 
function of range, R. The shock velocity decreases 
approximately linearly with R according to the 
equation 

D (m/m&> = -0.011 R + }.S2 . « 
Since the distance from the inside wall of the tunnel 
to each gage or SLIFER cable is known (see section 
entitled "Instrumentation"), a shock-transit time, 
t s h , can be calculated if D is known. 

Many assumptions are inherent in this procedure. 
First, we assume that D so calculated at a distance 
0.6 m or more from the Transite pipe wall is valid 
also at distances much closer to the pipe wall, where 
the SLIFERS and tourmaline TOA gages are 
located. At those close distances, D might be larger 
because the pressure pulse in the grout would not 
have decayed. Second, we assume that D varies 
linearly with range, but there is no a priori reason 
that D should respond in this way. Finally, we 
assume that the material properties of Transite and 
other materials that are near the gages or SLIFER 
cables are similar to those of the grout. 

Since only a first order correction is needed, the 
method employed, with the above inherent assump
tions, is adequate. Other approaches, such as 
assuming a peak pressure inside the pipe and 
calculating the shock velocity decay in the grout 
may also be valid, but the objective of the analysis is 
to determine the peak pressure inside the pipe, not 
the means by which it is obtained. We attempted to 
use only MARVEL data in this analysis to deter
mine time corrections. 

The SLIFER cables were located at closest ap
proach, 0.C52 mm from the inside of the Transite 
pipe wall. The total correction time, t c , is 

: t«„ + t.< (2) 

where t 5 c is the time needed for the SLIFER cable to 
crush after the shock reaches the cable. Because the 
diameter of the cables is 0.0063 m (1/4 in.), the 
maximum closure distance needed to short the cable 
is 0.003 m. The particle velocity, U, is related to D 
for a strong shock by 

Table 9. Shock velocity in each alcove as 
obtained from the SLIFER data. 

Alcove 
No. 

Range from WP, Shock velocity (D), 
m/ms 

1 30.09 
2 59.43 
3 81.00 
4 99.28 

2.50 
1.75 
0.94 
0.51 

8 1.5 

Fig. 40. Shock velocity, D, vs range; data points represent 
SLIFER data In the alcoves. 

For asymmetric SLIFER closure, it is assumed that 
U (m/ms) doubles when the shock reaches the outer 
jacket; thus 

t s c - 0.003/2U - - 0 0 3 <Tp* ' ) . ( 4 ) 

For grout in compression at relatively low pressures 
(1-50 kb), 7 a 1.5. Thus, t s c st 0.002/D. 

The total correction time, t t (ms), is 

TJ • (3) 
; = 'sh + 'sc 
= 0.052/D + 0.002/D 
= 0.054/D, (5) 
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It is readily seen that the time needed to short the 
SLIFER cable is small compared to the shock-
transit time through the grout and Transite. The 
above expression for t<., coupled with the equation 
derived earlier for D as a function of R, is applied to 
the SLIFER data within 10-100 m from the WP. 

The two tourmaline TOA gages were also time-
corrected. The total thickness of material between 
the inside of the tunnel wall and the gage was 
0.08 m. Hence, a maximum t c could be found 
merely by dividing this thickness by D at the proper 
range for each gage. Table 10 summarizes the 
results of this division. However, the material be
tween the inside tunnel wall and the crystal face was 
not grout; it consisted of 42 mm lead and transite, 
and 38 mm polyurethane foam, the density of which 
was not recorded. Thus, another (minimum) t c was 
found by the same method used to determine the 
SLIFER closure time, t s c , i.e., by assuming that the 
polyurethane foam had a very low density and 
could be replaced with air in the time-correction 
calculations. In that case, the particle velocity 
would double when the shock reached the foam; the 
calculated l c would, therefore, be smaller. The 
results of this calculation appear in Table 10. 

The difference between the minimum and max
imum calculated values of t c is only ~20%. The t c 

values listed in Table 10 are consistent with, but 
slightly greater than, those calculated previously by 
Glenn 2 (Alcove 1 = 19 fis, Alcove 3 = 49 ps). 

The cavity-pressure measurement system data 
can also be used to obtain shock TOA in the main 
tunnel in Alcove 4. Only the 100-kpsi Norwood 
gage gave a readable TOA and peak; this was con
sistent with shock arrival, not late-time cavity 
pressure. Since this gage was located 1.65 m from 
the inside of the tunnel wall, a time correction was 
applied to obtain TOA of the shock at the ap
propriate range in the tunnel. The first 0.9 m of the 
cavity pressure system was open to the tunnel; using 
the shock tube data from Alcove 4, the shock-
transit time is HO^s from the inside of the main 
tunnel wall to the front of the 0,75-m-long stainless-
steel pressure-transducer assembly. The sound 
speed In stainless steel is about S.8 m/ms. 
Therefore, an additional 130^s must be added for 
the shock-transit time through the transducer 
assembly. The total time correction for the cavity-
pressure gage is then 240 ps, and the arrival of the 
shock at the range of the cavity pressure system in 
the main tunnel is 1.86 ms. 

We also attempted to time-correct the TOA 
values for the stress gages in the first four alcoves. 
Although the nominal sound speed in the grout was 
1612 m/s (14-day cure), the actual sound speed. 

Table 10. Time-correction range for 
tourmaline TOA gages. 

Alcove 
No. 

Range, 
m 

Shock 
velocity, 

m/ms 

Maximum tc 
(all grout), 

Minimum tc 
(grout + air), 

us 

1 
3 

28.7 
80.3 

2.63 
1.03 

30 
78 

25 
64 

measured from the stress gages, varied 2-3 m/ms. 
Since the stress gages were so far from the inside 
wall of the tunnel (0.48 m), time corrections could 
range from 240 to 160 its. This is a much larger 
spread than that derived for any of the gages close 
to the tunnel. Because of the large time correction 
uncertainty and the lack of original gage traces, the 
stress gage analysis is not included in this report. 

Comparison of Corrected Data 
Time corrections for shock-transit time for each 

gage or SLIFER cable, as derived above, were ap
plied to the raw data. The data for each alcove is 
discussed below. 

Figure 41 summarizes the TOA data in the 
vicinity of Alcove 1. Data from SLIFER cables 
HIM, H2M, and H3M, from the tourmaline TOA 
gage, and from the side shock tube were used. Ex
cellent agreement between the SLIFER and tour
maline TOA data was obtained; the side shock tube 
data is clearly later than all the rest by 15-30 its. We 
have found no satisfactory explanation for this. 

In the vicinity of Alcove 2, only SLIFER and 
side-shock-tube TOA data were used, as shown in 
Fig. 42. The side shock tube TOA agrees very well 
with the SLIFER data set, H4M. 

Figure 43 shows the tunnel TOA data in the 
vicinity of Alcove 3. Here SLIFER (cable H5M), 
tourmaline-TOA-gage, and side-shock-tube data 
were used. Agreement among the data is excellent. 

In the vicinity of Alcove 4, SLIFER data (cable 
HflM), side-shock-tube data, and one TOA 
measurement from the cavity pressure system were 
used (see Fig. 44). Agreement among the various 
data is also excellent at this location. 

A summary plot of TOA vs range- in the MAR
VEL tunnel of 0-100 m from the WP appears m 
Fig. 45. A relatively continuous curve can be drawn 
through the data. Table 11 summarizes all the 
MARVEL TOA data for the corrected SLIFER, 
tourmaline TOA, and cavity-pressure data and for 
the side-shock-tube data. 
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Tabie II. Summary of side-shock-tube (SST), corrected tourmaline gage (TC), 
corrected SLIFER cable (H-M), and corrected cavity pressure (CP) MARVEL 
tunnel TOA data. 

0.082 12.2 
HIM 0.092 13.6 HIM 0.127 16.8 

0.136 19.1 

0.175 24.5 
0.180 24.9 

H2M 0.185 26.1 H2M 0.190 27.5 
0.199 28.0 
0.209 29.3 

TC 0.1940.199 28.7f 

SST 0.2296 28.9C 

0.239 31.5 
0.268 34.6 

H3M 0.278 36.7 H3M 0.282 37.5 
0.292 38.0 
0.322 38.5 

0.398 49.1 
0.423 49.6 
0.467 52.1 

H4M 0.506 54.5 
0.519 56.9 
0.539 57.3 

0.794 71.3 
0.848 73.1 
0.881 74.6 
0.929 76.2 
1.000 79.2 
1.009 79.8 

1.010-1.024 80.3; 

1.307 88.5 
1.345 89.1 
1.416 90.5 
1.505 92.4 
I.S54 93.8 
1.604 94.9 
1.679 95.9 
1.682 96.2 
1.772 97.9 

Derivation of Shock Velocity 
and Peak Pressure vs Range 
in MARVEL Tunnel 

Experiment design, results, and analysis of those 
results have been discussed earlier. Figure 45 
presented the final results of shock TOA vs time in 
the MARVEL tunnel experiment. These results can 
be used to obtain information about other variables 
of interest, such as the shock velocity, D, and the 
peak pressure, P, as a function of distance through 
the tunnel, 

Using the least-squares method, the data set 
shown in Fig. 45 was fitted by a sixth order 
polynomial of the form R(f): 

R ( t ) - A | + A 2 t + A 7 t 6 ; 

the coefficients, Aj . , . A 7 , were: 

1.591199 

A 4 = 131.1180 
A 5 = -56.08275 
A 6 = 11.75495 
A y = -0.72003. 

Figure 46 plots the polynomial fit R(t) with the ac
tual MARVEL data points. This fit is valid in time 
0.082-1.82 ms, and in range 11.9-98,8 m. Figure 46 
shows that the sixth-order-polynomial fit places a 
continuous and smooth curve through the actual 
data points. The shock velocity, D, is merely 

D(t) . dR£) 
dt (6) 
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the first time derivative of R(t). D(t) then equals 

D(t) = A 2 + 2A3t + ... + 6 A 7 t s . (7) 

D(t) and R(t) then are parametric equations in t 
which can be solved simultaneously to yield D as a 
function of R. This was done, and the results are 
plotted in Fig. 47. The plot shows that D decays 
from 155 m/ms (15.5 cm/jus) at 10 m to ~20 m/ms 
(2.0 cm/^s) at 95 m. 

Finally, if D is known, the peak pressure vs range 
can be calculated by the relation ' ' 

7T7"°D2 (8) 

For air at STP, p 0 = 0.001225 Mg/m 3 (0.001225 g/ 
cm 3), but 7 varies with P over the pressure range of 
interest, 1-30 GPa (10-300 kbar), because of ioniza
tion. Zerdovich, ! l however, gives a table which 
relates P to D for a shock propagating into air at 
STP. This information is plotted in Fig. 48. The 
equation for D(R), coupled with Fig. 48 can be used 
to determine P(R) graphically. The results of this 
computation are plotted in Fig. 49. Figure 49(a) 
presents a log-log plot of P(R) vs R; Fig. 49(b), 
shows a linear plot. Table 12 lists the data points 
used in these plots. 

The peak pressure curve so obtained is con
tinuous, with the slope constantly changing. At 
~30 m, the pressure is attenuating as 1/R; at 75-
95 m the pressure is attenuating as 1/R 6 . 
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Fig. 48. Peak-shock pressure vs shock velocity. 

Table 12. Summary table of shock velocity 
and peak pressure vs range in the MARVEL 
runnel. 

Range, D, 
m/ms 

P, 
kbar 

P, 
kpsi 

fig, 47. S*«k » * * y ™ '""«e n™* 1 1 ""« MARVEL IMMI. 

10 154 260 3820 
15 144 240 JS28 
20 134 210 3087 
25 124 180 2646 
30 113 145 2132 
35 103 122 1793 
40 95 105 1544 
45 85 85 1250 
50 78 70 1029 
55 69 55 808 
60 60 42 617 
65 51 33 485 
70 45 24 353 
75 40 19 279 
SO 34 14 206 
85 27 8.5 125 
90 22 5.6 82 
95 20 4.6 68 
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Fig. 49. Peak pressure vs range iit MARVEL tunnel shown by (a) log-log plot and (b) linear plot. 

SUMMARY AND CONCLUSIONS 
In 1967, the LLL MARVEL event was fired at 

the Nevada Test Site in a vertical drill hole. It was a 
unique experiment because it had a 122-m-long, 
0.99-m-i.d. horizontal air-filled shock tube (or tun
nel) attached to the zero room. Shock TOA data 
were taken along the length of the tunnel. 

Because of the nature of the MARVEL experi
ment, the data were applicable to the DNA MX in
trench environment research program. In this 
program, much information was needed concerning 
nuclear explosion-induced shock velocity, peak 
pressure, and tolal impulse vs range in long, 
shallowly buried trenches. 

The flow variables of interest can be obtained, 
within limits, from a shock TOA curve, provided 
that all data are consistent with each other and that 
the uncertainties are small. 

Part of the task involved examining the tech
niques, instrumentation emplacement, and recorded 
data from MARVEL; placing uncertainty bounds 

on that data; and rederiving the shock TOA curve 
inside the MARVEL tunnel. This curve had 
previously been published four times, but those four 
curves were slightly inconsistent with each other. To 
derive most shock tube flow variables of interest, 
the first time-derivative of the TOA curve had to be 
taken. The earlier inconsistencies led to large varia
tions in the slope of the MARVEL TOA curve, so, 
from the published daia, it was difficult to calculate 
the flow variables to the accuracy required for the 
MX program. 

During this investigation, the emplacement of all 
instrumentation designed to measure the charac
teristics of the air shock in the MARVEL tunnel (in
cluding SLIFER cables, side shock tubes, and 
various stress and pressure gages) wa« thoroughly 
examined. The un<" 'ainties in the "raw" ex
perimental data v found to be small. Time 
corrections were applied to the data set as required 
to account for shock-transit time from the inside of 
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the tunnel to the location of the instrument. These 
time corrections were derived from the MARVEL 
data set only. The result is a set of very consistent 
shock TOA data inside the MARVEL tunnel at 10-
100 m from the WP. We fit the TOA data set with 
sixth-order polynomial using the least-squares 
method. Finally, by a time derivative of the 
polynomial fit, we obtained the shock velocity vs 
range in the MARVEL tunnel. From that curve, we 
calculated the peak pressure in the air behind the 
shock front, using elementary shock-tube theory. 
These results show that the peak pressure in ilie tun
nel decayed from 260 kbar at 10 m to 4.6 kbar at 
95 m in a very regular manner. 

We can draw the following major conclusions 
from this report: 

The MARVEL event was designed and executed 
by LLL staff members in A, B, and K Physics Divi
sion, the Nuclear Test Engineering Division, the 
Chemistry Department, and the Plowshare Field-
Test Engineering group. L. Rogers was the project 
physicist. B. Killian, D. Glenn, E. Pelsor, and P. 
Compton contributed to the experiment design and 
predictions. R. Marks, D. Glenn, C. Sisemore, and 
P. Compton designed the instruments, and R. 
Guido was the event engineer. The overall project 
was under the direction of Dr. G. C. Werth, 
Associate Director of Plowshare, and Dr. G. H. 
Higgins, K-Division Leader. Other individuals 
whose names I do not know undoubtedly made 
significant contributions to this unique effort at the 
time of the event before I became involved in the 
work. To them I offer thanks also. 

Many people were helpful in this postshot 
analysis, including Dr. R. E. Duff, who asked many 
pertinent questions about the published MARVEL 
data and the experimental design; and B. Killian, R. 
Marks, and D. Glenn, all of whom willingly sup-

1. The details of the emplacement of the 
MARVEL shock instrumentation are known 
precisely. 

2. The uncertainties in the shock TOA data 
points are known; all are relatively small. 

3. When these TOA data are corrected for 
shock-transit time, the data set becomes much more 
self-consistent, and a remarkably regular tunnel 
shock TOA curve emerges. 

4. The derived peak pressure curve shows a 
1/R 6 dependence at 75-95 m. 

5. Through scaling or calculations, the MAR
VEL data can now be applied to actual MX em
placement configurations with increased con
fidence. 

plied much needed first-hand information about the 
experiment and the experimental results. J. Harri, 
R. Rossman, and B. Maranville of the Nuclear Test 
Engineering Division supplied much needed infor
mation on the emplacement of the instrumentation. 
Dr. G. H. Higgins supplied information on the 
overall purpose of the MARVEL event. 

Dr. George Ullrich was the DNA contract 
monitor, and Dr. Eugene Sevin was the head of the 
Strategic Structures Division of DNA during the 
period of this investigation. Both provided welcome 
support for the effort. 

Finally, 1 wish to thank S. Lauffer of LLL, 
Nevada, who reproduced more than a hundred 
photographs taken during the MARVEL event, and 
L. Burrow, whose efforts in preparing the initial 
manuscript are deeply appreciated. 

Work was performed for the Defense Nuclear 
Agency under contract No. IACRO 77-811 under 
auspices of the U.S. Department of Energy under 
contract No. W-7405-Eng-48. 
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APPENDIX 
MARVEL ENGINEERING DRAWINGS 

Nine engineering drawings, Figs. A1-A9, showing pertinent design and emplacement details for each of 
the major active ground motion and tunnel flow experiments on the MARVEL event, constitute this appen
dix. 
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Fig. A9. Cavily-press-jre-irans'Iucer assembly. 


