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Semiannual Technical Report

Applied Research on Jydraulic Disintegration
of Rock for Rapid Lixcavation'

Thy subjeot program intends to establish that high velocity water
slugs when repetitively impinged on rock are oapable of stressing and
disintegrating the rock at rates suitable for use in rapid exoavation
systems. The damaging stresses are to be achieved by exploiting the
"vater-hammer" elastio pressure pulse vhich ocours at the instant of
impact of a water slug on a rock face. The use of the high pressure
"water-hammer" pulse is attractive because the necessary very high dis-
integrating pressures (up to 50,000 psi for hardrock) will ocour only
on the rock and thus permit the pressures vithin the water launching
system to be much smaller than this (2000 to 40OOO psi). The latter
pressure range, vhich is fairly modest, oan oonceivably be generated in
a variety of systems for which materials and methods are well within the
state-of-the-art. The feasbility of developing the water-hammer prin-
oiple into a practical system for rapid excavation appears quite gcod.

The disintegrating action of impacting small water drops based on
the water hamer ooncept has an extensive history in theory and practioe
relating to the damaging erosion inflioted by oondensate water drops on
stesm turbine blades and rain drops on supersonic aircraft. The ocurrent
program intends to effeotively exploit the known damage potential of
these small drops by the use of much larger slugs of water to achieve
a rapid ra¢s of rock erosion together with a practiocal energy input.

The ultimate objective of the program is a tunneling machine in-
volving a nugsle or gun firing compact slugs of water at a continuous
high rate. The ourrent program, vhich is oonfined to = fundamental
laboratory determination of the most effeotive type of vater slug,
employs an elementary simulation of the tummeling machine by the use of
a specially developed single shot, launcher or gun oapable of delivery-
ing full soale slugs of various diameters and lengthe with weights up
to about 1/2 pound. The velooity of the simulating test slug is also
full soale and can range from about 100 to 1000 feet per seoond.
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The research gun or slug generator is powered by compressed air and
fires a foamed plastic wadding or sabot of 6 inch diameter containing a
frontal cavity vhich carries the water slug. The sabot is arrested at
the gu muzzle and the test water projects on to strike the rock target.

A firing range permitting target stand-off distances of up to 5
feet has been provided. This range is equipped for high-speed still
photography of the slug in flight end at impact, and for flight velooity
evaluations based on timing of interrupted light beams. Target impact
pressures are being evaluated by special test firings involving a steel
plate fitted with a flush mownted quartz pressure transducer.

Test firings to date have established that impact pressures approxi-
meting a substantial part of the simple water-hammer value can be ob-
tained vhen firing large slugs of water.

Most of the program to date has been concerned with achieving the
neoeesary means of controlling the slug configuration and evaluating the
resulting impact pressures. Some extension of the slug pressure evalua-
tions will be carried out but most of the ramainder of the program will
be ooncernad with applying selected water slugs on selected rock targets
to estaliish the feasibility of producing high rates of erosion for use
in a rapid excavation system.

An extension proposal has been submitted for funding under the
FY 1972 ARPA program. This extension covers resesich and development
studies of methods for oontinuous high rate production of the preferred
vater slug established in the current single shot program. Followving
selection of a method of pulsing a simulating physical test model would
be built and tested. In parallel vith this development and test program
a separate study would be oonducted on the use of hydraulio disintegra-
tion for size reductiuvn of oversized material produced by primary dis-
integration at the tumnel face. The latter study relates to eventual
use of hydrsulic transport in the mucking operation.
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I. Introduction

The most common way cf disintegrating rock for the purpose of ex-
oavation is through the applioation of local pressure foroes which e.ceed
the inherent elastio limits of the rooclk material. AL wide variety of
mechanioal and explosive means of delivering the neocessary foroes are
available and are sucoessfully employed for excavating rock of low to
intermediate strength. Iovever, in the oase of stronger rook, the desired
rapid rates of exoavation oannot be maintained by lmown practioes.

In reoent years inoreasing study has been given to schemes involving
the applioation of disintegrating hydraulio pressure forces direotly to
the rock struoture. Illost of these schemes have basioally employed a
high speed water jot applied to the rock such that a destructive dynamio
stagnation type of pressure was maintained for an appreoiable time. As
an alternate to this approach it is also pcssible to employ a transient
high liquid pressure vhich is repeated at a high rate., This transient
pulse is achieved at the instant of impact of an air-water interface on
the roock face. Repetitions of the pulse are generated by firing dis-
orete water slugs at a high rate.

If it is assuped that hard rock may require pressures of the order
of 50,000 psi for disintegration and that a stagnation water pressure
is given by P= 58 V2 uhere P is in Pei and the fluid stream
velooity, V, is in fps, then a V, of the order of 3,000 ft/sec would
be required to achieve the necessary pressure. Since the generating of
a jet velooity of 3,000 ft/seo normally requires a pressure system in-
volving statio pressure equal to the stagnation pressure (50,000 pei)
very serious problems would be encountered in building and maintaining
the neoessary pressure generating system with oonventional oomponents,
materials, and established design practioe.

On the other hand a scheme employing the elastio pulse or vater
hanmer pressure relation, P = %‘_{- , where the water density, @ , is about
2 olugs/ft3 and the velooity of an elastio water wave, o, is about
5,000 ft/seo permits a pressure of 50,000 psi to be achieved on the rock
with a water mass impacting with a velooity of about 700 ft/seo. Since
generation of a water velooity of 700 ft/seo requires a statio pressure
of only about 3,300 psi the system problems of design streecs are oon-
gistent within kiown design practioe.
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The erosive effeots of impacting small water drops has bLeen kmown
and studiel for over L0 years and the general validity of the water
hammer theory of erosion is well dooumented [1 o 2]*. However, these
known prccesses relate to water masses vhich were well formed and coherent,
a oondition which oocurs vhen the slug size is small enough to be domi--
nated by interfacial surfacs tension forces. Such r.'sses do have marked
erosive character under high speed impact but their disintegrating in-
fluence is mioro-scaled and erosive removal oocurs through creation of
large surface areas with oonsequent large energy demands per unit volume
of eroded material. These energy demands might be greatly reduced if
the material removed per impact pcssessed a substantial volume and re-
latively small surface area. This is inherently not possible with small
drop syntems but is conceivably possible through the delivery of larger
individual blows via larger individual water masses. It is the objeo-
tive of this study to establish how large slugs of water can be delivered
to a rock mass with an air-water interface suffioiently ooherent to '
generate a strong elastio pressure wave approximating a vater-hammer
pressure value. It is reoognized that the simple water-hammer expres-
sion must be adjusted to oompensate for (a) the elasiic response of the
target rock to the impact (b) basio changes in the values of ¢ for
both the water and rock under high transient rates of loading ard
(c) the geometrio effeots of the frontal oonfiguretion of the water slug.
These adjuctments may be introduced into the equation through the use
of a ooeffioient k. The first phase of thic program has been oonoerned
vith developing a lamching system vhich oould fire slugs of seleoted
dimensions weighing up to 1/2 pound at velooities up to about 1,000
ft/sec wvith a ooherent interfacial front. The seoond phase of the
procxex will be oonoerned vwith evaluating the disintegrating influence
of these high-veloocity slugs on rock targets of lmown characteristios.

II. Test Fecilities

The first portion of the program was given to the design and develop-

ment of a single shot gun or laumnching device. The resulting gun arrange-
ment as shown in Pig. 1 is powered by a oompressed air reservoir using
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*Hmbors in braokate refer to references on page i2.
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plant oompressed air at up to 15 psi to launch water sluges of wp to 2 in.
dia. at velocities up to 1,000 ft/sec. The relatively low and safe air
pressure is made possiule by acoelerating the sabot in a 6 inch diameter
barrel of 20 ft lengtii. The general design «{ the gun follows that of

a somevhat similar unit desoribed in Ref.[B]. The test wvater slug is
»ctained in a frontal cavity in a foamed plastio cylinder which serves as
the wadding or sabot of the projeotile. The basio length and diameter
of the water slug is determined by the oavity provided in the sabot.

The sabot is arrested at the gun muzzle by a structural framing and
the test water slug projeots on through a limited hole in the arrester.
The arrester arrangement is shown in Fig. 2.

The sabot is loaded in to the gun barrel at the breech and the
breech is fitted with an expendable thin plastio diaphragm which serves
as a pressure barrier between the air reservoir and the gun barrel.
Sabot velooity is oontrolled by seleoting the pressure to vhich the air
reservoir is charged before firing. Firing is achieved by rupture of
the diaphragm with an eleotrioally oontrolled firing pin. The loading,
firing, and velooity oontrol of the developed eystem have proven to be
quite satisfactory.

' The arrester structure vhich stops the sebot and allows the water
slug ‘o projeot has been fitted to permit attachient of a variety of
sleeves, orifioes, and extrusion nozsles for exexrcising control over the
digrster and frontal oonfiguration of the air-water interface. The
oon. .gwration of the projected slug is reoorded by high speed still photo-
graphs which can be taken at seleoted points in the variable firing range
provided between the arrester and the target. Photo lighting employs a
General Radio Co. strobotac model 1538-A vhich is triggered vhen the
travelling slug interrupts a suitably located light beam. The time in-
terval between this light interruption and the interruption of a seoond
light beam a short distance down range provides input for an eleotronio
timer which pexrmits oomputation of the slug velooity. The photographio
and timing oomponents have in general proven quite satisfactory but sub-
stantial diffioculties were encountered early in the program because of
false triggering due to the indefinite or incouerent front which ooourred
on the water slug. This will be discussed later.
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In order to understand the response of a rock target to the impaoct
load it ras oonsidered necessary to first evaluate the pressure charao-
teriotios of the blow delivered by the impaoting water slug. To this end
a target consisting of a flat steel plate was fitted with a flush pressure
transducer to provide readout of the delivered transient elastio pressure
pulse. A compromise involving physioal sigze, sensitivity, maximm range
and ruggedness lead to the selection of a quartz piezceleotric element,
housed behind a 0.25 inch diameter stainlese steel diaphragm. The cali-
brated wit with a pressure range up to 70,000 psi was transducer #607C1
as made by Kistler Instrument Corporation,

III. Problems Enoountered

It was originally appreoiated that delivery of a strong elastio
pressure pulse could only be achieved if the air-imter interface of the
water slug contacted the target face without signifioant irregularities
vhich might entrap air and othexrwise attenuate the pulse. It was also
antioipated that the maintenance of a relatively smooth and coherent
interface on the water slug might be oritioally dependent on a balance
of viscous, elastic and surface tension effeots. A satisfactory balance
is Imown to exist with small water drops moving at low velooity but
little was known about the stability ¢i a large interface moving at a
high veloocity. These ooncerms were fully justified. The original
studies vhioch employed the gun oriented on a horizontal axis were plagued
by an inability to stabilize the slug front. This was believed due to
& oombination of the aerodynamio shear at high veloocity which eroded or
ablated the slug by shredding away the exterior in drops and mist and by
secondary motions imposed on the slug by the complex dynamios of accel-
erating the slug in the sabot and by the subsequent arresting of the
sabot. In addition most of the horisontal firings employed a light
frontal plastic diaphragm to retain the water in the sabot oavity. This
diaphragm was presumed to rupture and harmlessly shed from the front of
the slug in the arresting process. However, photographic studies of the
slvg in flight suggested that the shedding of the diaphragm was a major
disturbance to the ocherence of the slug front. Other attempts were
made to improve the frontal ocherence by adding viscous thickeners to
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the water bhut variations of this including viscosities on up to gel
oonditions failed to produce a satisfectory front although some frontal
improvement was observed. Other attempts to improve the front inoluded
the use of arrester nozzles which required thut the travelling slug be
extruded through acocelerating or non-acoelerating fixed nogzler. These
also provided some improvement but 4id not provide the clean front deemad
necessary for a strong elastic impact.

Folloving the trials with the horizontal orientation the gun was re-
located to permit vertical barrel a'igrment as shown in Fig. 1. Thie
positioning permitted the water charge to rest in the sabot cavity with
& horisontal intexrface vhick was presun’d toc remain essentially undis-
turbed during the sabot acoceleration and early phases of sabot arrest.
For vertical launches, further modifications were made of the sabot
cavity and arresting oonfigurations. These included straight-walled
cavities delivering a oylindrical slug of diameter approximately equal
to that of the cavity and noszzled ocavities delivering an accelerated
slug of diameter less than the ocavity. Gravitational effects of the
horizontal orientation versus those of the vertical orientation proved
important to the slug quality in the partioular launching devioe employed
for the testing. However, this type of sensitivity would not necessarily
exist in other forms of launch devices which may be designed for eventual
use.

In oonjunction wvith the photograpl:lc studies of slug configuration
tha later studies have inocluded pressure evaluations for various slug
impact conditions. The problem here was tc obtain a reascnably acourate
graphic timépmo-me record of the elastic pressure pulse. An effective
breakout of rook requires (a) a pressure of magnitude in excess of the
compressive stress limits of the target rock and (b) a duration suffi-
ocient tc permit penetxration of disintegrating forces intc the rock far
enough to opall large pieces. Understanding the destructive process will
require Imcvuledge of both the smplitude and duration of the pulse Ilroni.
Since the duration was expected tc be only a few micro-secands, pulse
recording must necessarily be quite fast. In these experiments tho
record was made by projecting the water slug at the pressure transducer
flush mounted in a metal target and by photo recording an oscilloscope
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trace of the resulting voltage signal. The principal problem in oaptur-
ing a meaningful signel was in expanding the time base of the oscilloscope
reoord to suffioiently show the pulse character yet synchronizing tke
scope sweep to essure that the pulse was on the photo. This proved
diffioult in many of the earlier shots beocause pnor definition of the
slug front prevented olose synchronization. Continued improvement in
measuring techniques finally supplied pressure records suitable for
evaluation.

IV. Results Obtained

A reoord of the pressure history of an impacting water slug is shown
in Fig. 3 for the test conditions noted. The record Las been sketched
from the original photo, as the osoilloscope trace was too faint to per-
mit satisfactory reproduction. The pressure magnitudes indioated were
based on the oalibration of the pressure transducer as suppiied by the
manufacturer. It can be seen that a water-hammer pressure of magnitude
much greater than the stagnation pressure oan be obtained from the impact
of a large water slug.

The coeffioient, k, to be applied to the impact pressure QCV in
this oase is very olose to wnity. Analysis of the test results to date
have shown that k varies from about 0.2 to 1.0 for slug velooities up
to about 600 fps, with the bulk of the data indicating & value of about
0.4. The partioularly good reoord gshovn in Fig. 3 was selected as evi-
dence that high impact pressures oan be attained with a properly
generated siug. Theoretioal studies [2] indicate that k may range
from about 0.5 to 3 depending on the geometrio oonfiguration of the
slug and the value of the elastio oelerities, o, under high rate tran-
sient oonditions. In the real oase discrepancies may arise because
the pressure transducer might not be looated at the maximm pressure
point of the delivered blow and beoause the transducer, of (.25 inches
diameter, measures only an average pressure over its exposed area.

Further firings will be made in an attempt to better characterize
the nature of the elastio pressure pulse as a function of the controllable
test variables listed in I'ig. 3. Iowever, the attaimment of high elastic
pressures of the type shown in Fig. 3 justifies prooeeding to studies
with rockz targets.
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V. TFuture Studies

Since the end objective of this program is to obtain high rates of
disintegration of a rock target, the foregoing finding on slug generation
and the consequent pressure blow must be extended to the disintegration
of actual rock targets. To this end, L seleoted rock materials ranging
from about 2500 to 50,000 psi compressive strength will be used as target
materials. These rooks are to be supplied and characterized by the Twin
Cities llining Research Center as part of the general ARPA program.

The selected rook will be exposed to a programmed series of firinge
varying primarily in the size, vulooity, number and spacing of the impaocts.
The erosive loss of rock will be evaluated and an attempt will be made
to oorrelate the loss with various characteristios of the rock and of the

impaoting slug.
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Fig.3-Measured Pressure History of Impacting Water Slug



