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Foreword

This work was performed by the Soils, Construction Services, and Nu-
clear Weapons Effects (NWED) Divisions of the U. S. Army Engineer Waterways
Experiment Station (WES) during the period September 1967 through February
1968. The study was conducted for the Picatinny Arsenal. Work was accom=-
plished under the direction of Mr. J. D. Day, Chief, Blast and Shock Sec-
tion, Physical Sciences Branch, NWED, who coordinated the various phases of
the project and under the general supervision of Mr. G. L. Arbuthnot, Jr.,
Chief, NWED, and Mr. L. F. ingram, Chief, Physical Sciences Branch.

Project personnel were Messrs. M. A. Vispi and W. M. Gay of NWED;

F. P, Leake, Jr., Instrumentation Services Division; R. M. Rudd, Photo-
graphy Branch; H. M. Taylor, Jr., Soils Division; and R. N. Leggett, Con-
struction Services Division. The report was written by Messrs. Gay, Vispi,
Taylor, and J. K. Ingram.

The dimensional analysis and development of characteristic parameters
were outlined by Dr. A. J. Hendron of the University o;'*Illinois. The soil
analysis (Appendix A) was conducted by personnel of the Impulse Load Sec=
tion, Soils Division.

COL John R. Oswalt, Jr., CE, was Director of the WES and M». J. B.
Tiffany was Technical Director at the time of field testing. During the
writing and publication of this report, COL Levi A. Brown, CE, and
COL Ernest D, Peixotto, CE, were Directors and Mr. F. R. Brown was Techni-

cal Director.
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Notation

Cohesion intercept of the soil, 1h/ft2 or psi
Diameter of tunnel, ft

Explosive energy per unit length of tunnel needed for destruction,
ft-1b/ft

Acceleration ot gravity, 32.2 ft/sec2
Depth of cover, ft

Failure index, %

Length of tunnel, ft

Losding density, 1b/ft3

Tunnel volume, £t3

Charge weight, gr/ft

Scale factor. Subscripts m and p indicate model and prototype,
respectively. Other subscripts indicate parameter scaled

Mass density of soil, slugs/ft3

Normal stress, psi

Shear strength, psi

Angle of internal friction of the soil, deg
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Conversion Factors, British to Metric Units of Measurement

British units of measurement used in this report can be converted to metric

units as follows:

Multiply

cubic feet

feet

foot-pounds
foot-pounds per foot
srains

grains per foot

inches

pounds

pounds per cubic foot
pounds per square foot
pounds per square inch
slugs per cubic foot

tons per square foot

By
0.02832
0.3048
1.356
L.4h48

64.80
0.2126

25.40
0.4536

16.02

47.88
6.895
0.5154

95.76

xi

To Obtain

cubic meters

meters

meter-newtons
meter-newtons per meter
milligrams

milligrams per meter
millimeters

kilograms

kilogrems per cubic meter
newtons per square meter
kilonewtons per square meter
grams per cubic meter

kilonewtons per square meter



Summary

This report describes a series of explosive demolition tests on small
horizontal tunnels in soil using line charges of Primacord.

The objectives of the tests were to study the mechanisms of failure
of model tunnels in earth when rubjected to internal explosions end to de-
velop a means of predicting failure considering the soil properties (de-
tailed in Appendix A) end tunnel geometry.

A nondimensional approach to data analysis was proposed to account
for the many test variables, including soil properties, geometry, and ex-
plosive loading density; although only a limited number of tests were per-
formed, this method of approach appears to be valid. Results for the dom-
inant test condition investigated (depth of cover H four times the tunnel
diameter D) indicate that a minimum loading density of 0.3 1b/ft3 of
Primacord is required to destroy tunnels in a strong, cohesive soil.

A dimensionless plot was constructed from the results of these tests.
This plot includes only the condition H/D = 4 ; therefore, with this plot
and a known tumnel size, the amount of Primacord to destroy a tunnel of
H/D = 4 in various strength soils can be determined.
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DESTRUCTION OF MODEL EARTHEN TUNNELS
BY INTERNAL EXPLOSIVE DETONATION

Introduction

Objectives
1. The objectives of this study were:

&. To study the mechanisms of failure of small cylindrical
tunnels in earth when subjected to internal explosions.

b. To develop a means of predicting failure which takes into
consideration the soil properties as well as geometry.

Background

2. A continuing need exists for improved means of destroying
underground complexes currently in use by the enemy in Southeast Asia.
It is expected that there will be a long-standing need for such methods
because of the tactics used in this area and perhaps other areas of the
world.

3. The U. S. Army Engineer Waterways Experiment Station (WES),
along with other Corps of Engineers and Army Materiel Command labora=-
tories and their contractors, participated in tunnel d@struction exper-
imentsl’2 conducted at the Clark Hill Reservoir in South Carolina. The
WES participation consisted of':

a. Measuring the blast pressure histories at several locations
on the roof of the tunnels.

b. Measuring motions of the tunnel roof with accelerometers
and high-speed photography.

c. Postshot damage surveys.

4. Coordination of the soil testing program.

e. Development of a crude analytic failure prediction method.

L. For the Clark Hill tests, the Picatinny Arsenal, with assistance
from the U. 8. Bureau of Mines and Miller Research, Inc., developed a num-

ber of detonable gas mixtures and methods of emplacement and designed the

initial tunnel destruction experiments. The intent of the study reported



l
lierein was to investigate the use of Primacord* charges3” (in lieu of
ictonable ¢as) detonated in small-scale eylindrical tunnels.

Procedure

\nalvtical aprroach
5. Dimensional analysis was used to scale the effects of this model

tudy .  The parameters acsumed to control the behavior of the tunnels
(rig. 1) are:

# = angle of internal friction of the soil, deg

¢ = cohesion intercept of the soil, Ib/ftz**

p = mass density of the soil, slugs/ft3
D = tunnel diameter, ft
H

= tunnel)depth, ft (distance from ground surface to the top of the
tunnel

= energy of explosive per unit length of tunnel, ft-1b/ft
g = acceleration due to gravity, ft/sec2

&
i

ENERGY OF LINE CHARGE
EXPLOSIVE F, FT-LB/FT

Fig. 1. Tunnel destruction test variables

% A trade name of the Ensign-Bickford Co. for a linearly detonating high
explosive made up of PETN (pentaerythriteranitrate) high-velocity ex-
vlosive core with a uniform detonation velocity of 21,000 ft/sec.

“+ A table ot ractors for converting British units of measurement to

m>tric units is presented on page xi.
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Significant dimensionless parameters or Pi terms are

g,

b

B, m —
¢D

Uiz

6. For an exact model test, each of these parameters must be held
equal for model and prototype. Thus, if the scale factor for a given -sari-
able is denoted by A , it may be seen that

BT "W
D

m
=== Of == ==- = =N, = A
- Dp Dp Hp A'D H L

where )\L ie the length scale factor and the subscripts m and p denote
the model and the prototype, respectively. Similarly, since hg =1,
W NS WS W xp/xc=x}2{=x§, md f = 4

7. Using the same material in all tests makes it impossible to scale
according to )‘c/)‘p = A, . Thus an exact model test camnot be conducted
and it is desirable to consider an alternate procedure. This alternative
consists of holding ¢ constant and approximately equal to the prototype
value, which allows plotting of test results in the form given by fig. 2.

¢ = CONSTANT

gpD

cb?

Fig. 2. Nondimensional tunnel failure relation



The nondimensional relation ng/c may be considered to represent a soil
strength characteristic and the relation F/cD2 to represent explosive
energy yield. By plotting these relations, characteristic response curves
riay be developed to determine the explosive energy required to fail a tun-
nel of given dimensions and burial within a given strength material. _

8. The shape of the curve cannot be predicted but must be determined
experimentally. Each point requires several tests since for a given
#pD/c and H/D the explosive energy F required for destruction can only
bte found by trial and error.

9. It is recognized that a more detailed analysis of this problem
might be presented. Such an analysis could include the pressure at the
tunnel wall from the explosion, gas flow properties, additional soil vari-
ables (i.e. void ratio, porosity, saturation, or modulus), and others. How-
ever, such refinements were not felt to be justified under the scope of
this study.

10. Finally, it is emphasized that the energy F and not the weight
W of the explosive is the important variable. ) Thus the test results may
be applied to different explosives provided the weights of ex'plosi.ves used
are aijusted to provide the required energy. ‘

11, It is difficult to define a positive tunnel failure criterion;
therefore, to minimize the differences resulting from human judgment, a
failure criterion was established as follows: failure occurred if the
postshot survey showed less than 70% of the original volume to be available
for occupancy. The tunnel was then considered to have been destroyed. On
this basis a numerical index of failure I was computed with 30% fallback
taken ac 1009 failure. '

xperimental procedure

12. Original plans were to perform many tests with sufficient vari-
ables to establish a family of curves (fig. 2) for the parameter H/D ;
however, because of funding limitations, the test program was limited as
shown in table 1. .

13. Primacord charges of varying loading densities Q (pounds of ex-
rlosive per cubic foot of tunnel) were detonated on the bottom of the
cylindrical tunnels. The portal of each tunnel was stemmed (sealed) so



that the effect of the explosion was contained within the tunnel.

1h. The test site was located on a newly acquired tract of land ad-
jacent to the existing WES reservation at Vicksburg. A 20- by 8-ft instru-
mentation trailer and a 30-kva generator were positioned near the site to
house and power the recording equipment. The soil was cleared and grubbed
of all overburden and then graded such that vertical shelves of different
heights were exposed to facilitate augering of horizontal, circular tunnels
with a skid-mounted drill rig (fig. 3).

15. Two soil test pits were excavated, one at each end of the site.
Detailed soil properties of samples obtained from these pits are discussed
in Appendix A. The soil is an extremely strong silty clay of the Vicksburg
loess formation. Unconfined shear strength of approximately 5 tons/'ft2
was obtained at a moisture content of 22%. Based upon best available
data, it is believed that this soil is as strong or stronger than most
soils in Vietnam where tunnels have been found. The tests, therefore, are
considered representative of an upper bound for soil strength.

16. A 5-in.-diam pilot hole was first drilled and later reamed to
the desired tunnel diameter. It was possible to drill a straighter tunnel
by using this method than with the larger auger. Several tunnels were
drilled at the beginning of the program before testing. This technique of
predrilling was unsatisfactory because cracks propagated from adjacent tun-
nels when the charges were detonated. The procedure was modified by drill-
ing only one tunnel and testing it before augering the next.

Instrumentation

17. An assortment of electronic measurements were made in 0.5-ft-
diam tunnels 1-6 (table 1). These included pressure-time histories inside
the tunnels, accelerations at the surface of the soil and at middepth be-
tween the tunnel roof end the surface, and displacement histories of the
ground surface at the tunnel center line. Fig. 4 shows gage locations.
Approximately eight channels were recorded for each test. Gages used were
Endeweo 2500-g Model 2261 2 and CEC 500-g Model h-202-00016 accelerometers
for the motion measurements and WES-made IF cells7 for the pressure measure-
ments. A linear motion potentiometer was used to measure the displacement

histories. No electronic measurements were attempted on tunnels 7-1L.



a. Tunnel site after grading

¢c. Stemmed tunnel prior to detonation

Fig. 3. Tunnel preparation
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18. Pressure gages were mounted in a l-in.-diam thin-wall aluminum
pipe which was in turn grouted into a 1-1/L-in. hole drilled from the sur-
face to the tunnel roof. Gages were isolated from the aluminum pipe with
a nylon sleeve to prevent ringing. Motion gages were grouted in place with
a density-matching soil cement. Surface accelerometers were mounted on a
3-in.-diam aluminum plate fas'tened to the ground with three corkscrew type
rods.

Other measurements

19. 1In addition to the electronic measurements, a Fastax movie cam-
era operating at 2000 fra.mes/sec was used on most shots to photogreph the
surface ground motion against a graduated backdrop (fig. 5). The camera
was aimed along the ground surface
above the tunnel center line at the L
reference backdrop placed at right = whckoaoP
angles to the tunnel center line and
about 10 ft behind the end of the

tunnel. This method of transient

surface motion measurement was used

exclusively on tunnels 7-1l. Fig. 5. Surface motion photography



20. Preshot and postshot surveys were run on the ground surface
above the tunnel to determine the amount of permenent ground displacement.
Tunnels 4 and © were sectioned at midlength to determine the soil fracture
patterns and extent of the rupture zone.

21. Fallback material was scraped out of tunnels 6 and 9, and weight
and volume were measured to determine the percent fallback that occurred.
This was nct possible on tunnels that were badly cracked or essentially
closed up with fallback material (tunnels 5, 7, 8, 10, 11, and 12).

Results

Transient measurements

22. Table 2 gives the peek pressures, accelerations, and displace-
ments obtained in 0.5-ft-diam tunnels 1-6. No transducers were used on
tunnels 7-1h; only high-speed photography was used to determine surface
displacements.

Postshot surveys

23. Preshot and postshot surveys of the ground surface sbove tunnels
7 and 9-14 are shown in fig. 6. The fallback debris in tunnels 6 and 9
was scraped out, and the weight and volume were measured. From these data,
the closure of tunnel 6 was calculated to be 9.5%, and the closure of tun-
nel 9 to be 6.25%. This operation could not be performed on tunnels 5,

7, 8, 10, 11, and 12 because of excessive caving that made removal of the
fallback impossible. Table 1 remarks on the postshot damage observation of
all tunnels tested. Typical postshot views of tunnels 6 and 9 are shown in
fig. 7. “

2k. Although considerable damage was done in the form of longitudi-
nal and radial cracking in the soil in all tunnels (fig. 8a), positive
failure did not occur until the o.36l+-1b/ft3 shot for 0.5-ft-diam tunnel 8
and the O.291-lb/ft3 shot in 1.0-ft-diam tunnel 10. Typical surface crack-
ing patterns from usable and completely ruptured tunnels are shown in
fieg. 8.

25. The soil above and around meny of the tunnels (tunnels 3, 4, 6,
), 11, 13, and 14) experienced considerable brittle spallation, but in-

sufficient amounts of the soll collapsed to cause complete closure.
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a., Tunnel interior after
detonation, tunnel 9

b. Midlength transverse through tunnel 6

Fig. 7. Postshot views of typical tunnels which did not fail
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a. Surface crack pattern, usable tunnel 13

b. Rupture surface, destroyed tunnel 12

Fig. 8. Typical surface views, usable and destroyed tunnels
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26. Fig. 9 is a plot of dimensionless Pi terms constructed from the
results of the tunnel shots. This plot relates to an H/b ratio of 4. By
using this plot and knowing the size tunnel, the amount of Primacord needed
to destroy a tunnel of H/D = 4 in various strength soils can be deter-

mined. Approximately 0.3 1b of Primacord per cubic foot of tunnel volume

is needed to destroy tunnels of the type tested.

Conclusions and Reccmmendations

Conclusions
27. Three tunnel diameters, varying by a factor of three, were

tested. It was found that a minimum Q , or explosive loading density, of
approximately 0.3 1b of Primacord per cubic foot of tunnel was required to
achieve failure. Since the L/D and H/b ratios were held constant, and
approximately the seze Q was required for failure of the {unnels tested,
it is surgested that modeling tunnel destruction is feasible. However, ad-

ditional tests should be conducted for verification.



Recommendations
28. Tunnel destruction tests should be continued in different soile.
In the interest of economy, the electronic instrumentation could be elimi-

nated or reduced. High-speed photography and damege surveys are effective
determinates and should be emphasized. Soil tests are required to document
test conditions.

29. Experiments should be conducted with point-source charges and
the results compared with linear charges of equivalent explosive yield.
This is recommended because of the belief that, in most tactical situations,
point-source or satchel-type charges would be easier to place.

30. It is recommended that exploration of additional test sites to
find soil materials with shear strengths of approximately 2000, 1000, and
500 lb/ft2 be initiated. The recommended order of priority for testing is
1000-, 2000-, and then 500-1b/ft2 materials. It is expected that suitable
sites can be located within a reasonable distance of WES.
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Appendix A: Soil Analysis

Objectives

1. The general objective of the study reported in this appendix was
to evaluate soil properties at the tunnel site. Specific objectives were:

a. To identify and classify the physical properties of the soils
at the test sites.

b. To provide representative soil strength data near tunnel
locations.

c. To provide input parameters for the analytical study of the
demolition of shallow tunnels.

The purpose of this appendix is to document the soil strength data for con-
ditions in the vicinity of the tunnels at the time of the demolition tests.

Site Evaluation

2. A preliminary evaluation of the test site was conducted in August
1967.*% Two test pits were excavated, one at each end of the site, and in-
dex properties and unconsolidated undrained strengths from these prelimi-
nary test pits were determined as summarized in the following tsbulations:

Dry Unit Weight

Water Content, % 1b/ £t3 Specific

Pit location LL PL PI Min  Avg Max Min Avg Max Gravity
1 North 32 22 10 6.3 9.7 13.2 9%.1 97.2 98.0 2.69

2 South 43 24 19 7.9 12.2 14.1 9k.k 9.3 97.7 2.68

Avg Shear Triaxial
Strength Compression Tests A
(Unconfined Apparent Mgokrant S tra‘.’ign e
Depth Compress:.gn) Cohes:.og Friction Angle Max Stress
Pit Iocation _ ft tons/ft tons/ft deg %
1 North 3.5 5.0 2.8 27 2.0
2 South L.o 3.80 2.5 28 2.6

% Memorandum for Chief, Physical Sciences Branch, NWED, dated 31 Aug 1967,
subject: "Preliminary Soil Test at Proposed Tunnel Demolition Test Site,"
by H. M. Taylor, Jr.



3. Visual observation of samples and excavations and the results of
a seismic survey indicated a uniform soil stratum to a depth of approxi-
mately 18 ft. Classification according to the Unified Soil Classification
System indicated tan silty clay (CL) locally known as "Vicksburg loess."

Sampling and Testing

4. Samples were taken at the site on 12 and 13 October 1967 from the
surface to a depth of 7.5 ft with 5-in.-ID Shelby tubes at two boring loca-
tions about LO ft apart as shown in fig. Al. Conventional laboratory tests
were conducted on selected specimens from these samples as described in the
following paragraphs.

5. Laboratory testin,: consisted of routine classification and index
tests to identify the soil constituents, water content and density
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determinations to establish in situ composition, and slow and rapid triaxial
tests to determine shear strength characteristics. Visual inspection and
routine tests indicated that these samples were essentially identical to
those obtained from the test pits during the site evaluation except for
higher natural water content. Water contents from the test pits were from
6 to 149 while water contents from the soil borings ranged from 20 to 23%.
Rainfall occurring in the time between taking of the two samples was light
and not sufficient to account for the observed difference in water content,
but the site was graded during the interval. The samples from the borings
are répresentative of the soil conditions prevailing during the actual dem-

olition tests.

Triaxial Compression Tests

6. Thirty unconsolidated undrained triaxial compression (UU) tests
and ten unconfined compression (UC) tests were conducted on l.4-in.-diam by
3.0-in.-high specimens to determine the shearing resistance of the soil.
Eighteen static UU tests and ten UC tests were conducted on samples ob-
tained from the two borings. The strain rate was 3.30%/hin and confining
pressures ranged from O to 42 psi. The results of the static triaxial and
unconfined compression tests are summarized in table Al. Twelve dynamic
UU tests were performed on specimens using & rapid triaxial compression
device at a strain rate of approximately 330%/§ec and a range of confining
pressures from overburden pressure (2 to 7 psi) to 42 psi. The results of

the dynamic tests are summarized in table A2.
Discussion
7. Mohr stress circles and strength envelopes for static and dynamic

series of tests at approximately the same depths are plotted in fig. A2.

From Coulomb's shear strength theory, the failure envelopes are defined by:

Te=c + 0 tan )]

where
Te = shear strength, psi

A3
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c apparent cohesion, psi

o = normel stress, psi

2

The dynamic failure envelopes lie above, but are generally parallel to, the

]

apparent angle of internal friction, deg

static envelopes. This observation is interpreted to indicate a sensitivity
of the cohesive component of strength to rate of loading, but the friction
component is essentially unaffected for this particular soil. An index to
the effect of rate of loading, the dynamic-to-static cohesion ratio cd/cS
computed f'rom the unconsolidated undrained test results was found to range
from 1.3 to 1.9 and average 1.7.

8. A comparison of the average values of the soil properties from

the two different sampling locations is given below:

Test Pit Boring Test Pit Boring

Soil Property 1 1 2 2
Moisture content, % 10 21 12 23
Dry unit weight, 1b/ft> 97.2 95.2 96.3 97.2
UC shear strength, psi 69.5 12.5 53 15
Apparent cohesion,* psi 39 10 35 9
Apparent friction angle,* deg 27 21 28 20

¥ Static triaxial tests.

These average values are in adequate agreement when comparing one pit with
the other or one boring with the other, but shear strength measurements
trom the borings are definitely lower than those from the pits with respect
to both cohesive and frictional components. The differences in shear
strength are consistent with variations in water content. Since climatice
conditions do not account for the water content variations, it can only be
speculated that the observed differences are a consequence of ground water
table variations with the natural topography and possible readjustments of
soil moisture due to grading of the site. However, the samples from the
borings were taken closer to the test tunnels and are believed to be more
nearly representative of the shear strength prevailing at the time of the

actual demolition tests.
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