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INTRODUCTION

It 1s conceivables that internatlional developments
could bring about a condition under which ths United States
would be vitally interested in placing many critical instal-
lations beneath the cover offersd by native rock. If this
sltuation were to arise, the supervision of these under-
ground construction projects would be placed in the lhands of
engineers, many of whom possibly would have had little or
no experience in underground rock excavation.

It is hopsd that this papew.will be of some hﬁlP to
persons charged with initiating underground construction,
by provliding a background of informatlion and by describing
same factors that affect the excavation phase of tunneling
in rock.

The paper 1s not designed as a complete Investigation,
but rather as a summary of essentlal considerations and
modemmn practices applicable to rock tunneling. Frequent
use has been made of exlisting literature; it is hoped that
the bibliography will be helpful in gulding more detallsd
study on some phases of tunneling.

A glossary is provided in which some terms used In the
text and common in the tunneling profession, are definsed.

Chapter VIII, Conclusions, summarizes the major pointa
covered in the paper, and may be referred to as an abstract

of contents.



Chapter I
SITE EVALUATION

The purpose of this chapter is to describe the factors
that affeet the choles of a tunnel site and the steps to
be tsken in determining that choice.

Non-Gsologlcal Factors

Ultimate Use. Any tunnel project is inherently
expensive; therefore a careful and detalled study of a
proposed tunnel site, with emphasis placed upon how a tunnel
so sltuated will £111 the use requirements, 1s necessary.

It 1s evident that if the tumnnel cannot fulfill ths use
which is contemplated, due to impractical conditions of
distancs and sccess, the project will be of little value.

Topography. The axiéting water table in the pro-
posed site must be determined. A water table above the
proposed tunnel grade l1ls troublesome, and at the least
poses problems in water control and drainage. The course
of the tunnel should avoild passing beneath valleys, as these
areas are often saturated with ground water.

Tunnel location and work plan should be chosen to take
advantage of natural drainage. It is a decided advantage
to drain the tunnel by gravity, during beth construction
and uss.

Terrain sultable for saay disposal of the excavated

material is highly desirable. It is advantageous to have



only a short waste haul, if possible using the extractead
roek for roadbed or other construction.

The possibility of snowslides and rockslides at the
portals should be considered.

If the tunnel 1s to be used as an underground manu=
facturing plant, a site should bs chosen that will allow
access by portals rather than by shafts. This will simplify
both constructlon and ultimate use problems, as 1t elimin-
ates a double load trsnsfer to and from a shaft skilp or cage.

Construction. Position of existing utilitiss
(water, power, transportation and housing) usually has an
important bearing on cost of construction, hence should be

glven consideration in site selection.

Geological Factors
Where a choioce exists in site selsction, the deter.

mining factor should bs the geology of the tunnel site.
Other things being equal, the least expensive, and thus the
most practical tunnel, is the one driven in rock requiring
the least support. Defensive tunnels must be driven iIn rock
that will stand unsupported, if at all possible.

Rogk Condition. Although certain types of rock
have & greater propensity for tunnel hazards than others,
it 1s diffiecult to classify the types of rock as to their
desirability for tunneling, for each type has a wide range
of sultability, depsending upon the rock defects.



1
The following terms have been used to describe rock

condition. The conditions are listed in ordsr of least

support required.

Y

Terzaghl, Karl, Introduction to Tunnel Gsology: Roek

Tunneling with Steel Supports, R. E. Proctor and T. L.
White, p. 87, The Commercial Sbearing & Stamping Co.,
Youngstown, Chio, 1946.

"Intact” rock contains neither joints nor hair
eracks, Hence, 1f it bresks 1t breaks across
sound rock.

"ioderately jointed" rock contains joints and
hair cracks, but the blocks between joints are
locally grown together or intimately interlocked.

"Stratified" rock consists of individual strata
with little or no resiatance against separation
along the boundariss between strata. The strata
may or may not be weskened by transverse joints.

"Blocky and seamy" rock conslsts of chemically
intaet or almost intact rock fragments which
ars entirely separated from sach other and
imperfactly interlocked.

"Crushed® but chemically intact rock has the
character of a c¢rusher run. If most or all of
the fragments are as small as fine sand grains,
and no rgcementation has taken place, crushed
rock bslow the water table exhlibits the pro-
parties of water-bearing sand.

"Squeezing® rock slowly advances into the tunnel
without perceptible volume increase. Prerequi-
site for squeeze is a high percentage of
microscopic and sub-microscopic partlcles of
micaceous minerals or of clay minerals with a
low swelling capacity.

3welling" rock advances into the tunnel chiefly
on account of expansion. Thes capaclty to swell
seems to be limited to those rocks which con-
tain clay minerals, such as montmorillonite,
with a high swelling capacity.



In practice there ars no sharp boundaries

between these rock categories and the propsrties

of the rocks indlicated by each one of these

terms can vary between wide limits.

Tunnel Hezards. Faulted, altsred, or thrusted areas
are generally points of unpredictable rock strength and as
such should be avolded. Faults are very often sources of
heavy flows of water.

Such tunnel hazards are & source of expense and dalay.

The following table ligts the hazards common 1in the

dilferent rock types:

TABIE I
Rock Posslble Hazards
Sandstone Unimportant above water table.
Limsstone Water reservolirs in limestone bslow

watar table. Cavities.

Shale Me thane , hydrogen sulfide. BRock
swelling. "Kettlebottom," low
cohesive strength.

Schists Water discharge, high rock load,
swelling. Low cohesive strength,
particularly with mica schists.
Extreme hazards from unkeyed blocks.

Intrusive lgneous Water. Swelling if altered. In
(grenite, etc.) general low hazard probability but

treachesrous.

Extrusive igneous Unconsolldated tuffs and brecclas.
(basalts, rhyolite, Gases (COg and Hy8). Lower parts
etc.) of flow apt to be brittle and

glassy.

Geologlcal Survey
Do not proceed with a tunnel project without a thorough



geologlcal survey. Often ths most logical site from the
standpoint of access will be unsatisfactory geocloglcally.
The survey must be carrled out in detall by a compstent
geologlist., IHls work should include the following:

Ragional Geology. A detalled study of stratigraphy
and structure with location of areas of block faulting,
fracturing, and lsavy sheeting. Aerisl photographs may be
useful in this work,

Local Geology. This study should include the sur-
face geology with projections carried into the area of the
proposed tunnel. The projsctions should include the
followings

l. Vertical cross-sections on ths tunnel line.

2» Vertical longitudinal sections on the tunnsl line.

3. A horizontal projection at the tunnel elsvation,

The report should inelude not only the type of rock
encountered, but the condltlion, defects, faulting, and attl-
tude of bedding and cleavage planes.

The geologlsts! evaluation should be supported with
bore~holes. Selsmographic exploratlion may reduce the number
of borings required. It has been saild that "you pay for
borings whether you get them or not." The dimmond drill
and the "ealyx" or shot drill are ths most valuables for
tunnel exploration, as they produce true, undisturbed rock

samplas.



Chapter II

3IZ8 AND SHAPE OF TUNNEL CROSS-~SECTION

Degign Conslderations

As a rule, the enginser will have certain minimum
dimensions of the tunnel cross-section spscified because
of the tunnel's ultimate use., If a tunmel 1s to accomodate
transportation, standard clsarances for motor equipment or
railread determine cross-section dimsnsions. If the tumnel
is to be used for an underground manufacturing plant,
careful investigatlon into space mquirements for assembly
work and handling of finished products must be made.
Ventllation ducets for wventllation during the tumnel!s use
mast be accomodated.

During construction, the largest pisce of equipment in
ths rock \excavation will probably be tihe mucking machine or
shovel., Clearance for the mucking machine or othsr equip=
ment may well be the dstax*xziining factor in choosing the
tunnel section, At times it may be desirable to enlarge
the opening slightly only for the purpose of accomodating

larger, more efficisnt equipment.

Hinimum 81ze
About 5' wide by 7' high is the minimum cross-section

for efficient tunnel driving. Sectlons smaller than this
restrict the working of men and equipment to the point of

diminishing retums. Some tumnel contractors and miners



have found that with present-day sguipment an economical
size of hsading is about 11'x11', This size has been chosen
bacause of increased ease of mechanized operation and the

possibility of a longer unit advanee or "pull.”
Max Size

From a practlecal standpolnt, very large tunnels undere
ground should be constructed only iIn rock that will stand
with 1ittle support.

Bacause of widely different rock conditions, it is
impossible to state ths upper limits of tunnel size.
Expsriments at the U. S. Bureau of Mines experimental oll
shale mins at Rifle, Colorado, indicate that an unsupported
span as wide as 110! may bse pr&cticai without arch in this
sedimentary rock. Limestone mines have found a span of 32°%
to be practical (see Fig. 1l). Many rock highway tunnels
stand well unsupported over 32' spans. Some engineers have
stated that given a rock such as sound granite, with a good
arch section, the span may be increased to much greatsr

widths.

Shape

In unbroken rock, it appears that 30' is the maximum
unsupported span that should be attempted unless experimen-
tation indlcates a greater span is feasible., In rocks of
very low compressive strength, unsupported spans of greater

than 20' should not be attempted initilally.
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Geologleal Factors. In deep tunnels, pressures may
be expacted upon the tunnel from all directions. In addi-
tion to the obvious load of overburden, residusl stresses
remaining from the original mountain-buillding forces may
cause squeezing and rock popping from the roof, sides, and
even the floor. The circular shape 1ls tlheoretically the
bast in this case, as the rock at the opening would be in
conpression even when loaded laterally. Ths circular
section has been used in this type of rock, although the
horsesheoe shape with curved invert has been a more widsly
used compromise, a&s ths horseshoe invert is easler to
excavate .

In hard rock tunnels at moderate depths, the lateral
pressures are often unimportant;so the (1) control of over-
burden load or tendsency to subside, coupled with the (2)
condition of the rock as to defects, are the gesologlcal
factors which will affect the tumnel shaps. The roof of
the tunnel should be shaped to approach the shaps of the
rock's stable arch.

Sound, horizontally bedded rock masses are somatimes
adaptable to the excavation of tunnels with flat roofs
(Fig. 1). The rock separatea readily along bedding planes,
but appears to act as a beam, sometimes as at the oil shale
mine, Rifle, Colorado, supporting the roof over great spans.
When concrete lining is contemplated, however, the flatl
roof shape 1s avoided because of the difficulty in placing

concrate .

10



Excepting the case of horigontally bedded or stratle
fled rock it may be stated that ihﬁ most generally practical
tunnel shape in rock at moderate depths, is a semi-circular
arch with straight side-walls. A 14' semi-circle, on a 4!
spring line has bhecome fairly well standardized for two lane
vehicular traffic (See Flgs. 2 and 3).

The gothic sheped arch more closely approximates the
natural arch of most rocks but has not been extensively
used.

Use Reguirements. In sound rock at moderate depths,
the height of a section may not be a decisive factor in
determining the dead load strength of a tunnel. Therefore,
the possibility of attaining maximum cross-sectional area
(where this i1s desirable) by choosing a shape with a high
compared to wide cross~section should be considered. This

shape could be efficient in some underground factories, as

floor space would be greatly increased by fabricating several

tierad floors within the axcavation.

11
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Chapter IIX
SUFPPORT

General Considerations

A great majority of all tunnels in rock requires |
support at some phase of theilr eonstrﬁatian Or use.
Although preliminary investigations may indicate that a given
site contains rock that will stand unsupported, invariably
certain sections will nsed support bscauss of rock incon-
sistencles.

Bad ground areas should be bypassed 1f possible.
Certain narrowly routed highway or rallroad tunnels must
"be driven on a predetermined lirie regardless of the rock
conditions.sncountered, The alignment of defensive Instale
1gtion tunnels may be changad to conform with tha most
favorable rock conditions. Plansg should be sufficiently
flexible to allow considerable change in tunnel alignment
to avolid bad rock areas encountersd during construction.
No large scale underground installation should be dellbsrate-
1y undertaken in rock that consistently requires oclose
support .

Defensive rock tunnels should be planned with suffi-
cient rock cover to proteect against bomb blast. Ths use
of heavy elaborate linings and supports to supply this
protection 1s costly and obviates some of the most important
advantages of undsrground construction. If greater pro-

tection is needsd, the tunnel should be driven at greater



depth.

Purposs of Support

Support may be requlired to protect the workers from
raock falls and spalling during construction, to contaln the
back and sldes during the tunnel life, and to prevent subsi~
dence and acceleration of the surrounding rock mass.

The cardinal rule of support underground is "support
the rock mass before it has a chancs to accelarate.' The
quicker support ls placad under undependable ground, the lsss
timbering will be necessary. Doubtful segments of back are
relatively easy to retaln in place if "caught-up" before
movemsnt has progressed, but very difficult to control after
"working™" in the rock has taken place.

Load on Supports

On-the-apot judgment may be satisfactory in deciding
the type and extent of support for short stretchss of heavy
ground. However, 1f extensive tunneling is necessary in
rock requiring support, it 1s best to dssign the support for
ths particular rock conditions. Thse following table

2/ Terzaghl, Karl, op. cit., p. 91,

summarizes the loadings that may be anticipated from the
types of ground described in Chapter I. (See Fig. 4.)
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TABIE II

Roek load Hy in feet of rock on roof of support
In tunnel with width B (ft) and hesight Hy (£t)

at depth of more than 1.5 (B 4+ Hg).
Roek Condition Rock Load Hp in feet

Hard and intact 2810

Hard stratified. O to 0,.8B
or schistose*

Massive , moder- 0 to 0.26B
ately jointed

Moderately 0.258 to 0,35(B+Hy)
blocky and

seamy.

Very blocky (035 to 1.1)(B+H)
and seamy

Comple tely crushed 1.1(E¢Hf)

but chsmlically
intact.

Squeezing rock, (1.1 to 21.1)(B+Bt)
moderate depth.

Ramarks

Iight lining, re-
quired only 1f
spalling or pop-
ping occurs.

Light support.

Load may change
erratically from
point to point.

No side pressure.

little or no slde
pressure

Considerable
slde pressurs.

Heavy side pres-
sure, circular
ribs recommended.

#"The roof of the tunnel is assumed to be located
below the water table. If it is located permanently
above the water tabls, the values given fortypss 4

to 6 can be reduced by fifty percent.

#:8ome of the most common rock formations contain
layers of shale. In an unweathered state, real shales
are no worse than other stratified rocks. However,
the term shale 1s often applied to firmly compacted
clay sediments which have not yet acquired the pro-
perties of rock. Such so-called shale may behave In
the tunnel like squeezing or even swelling roock.

If a rock fomation consists of a sequence of
horizontal layers of sandstone or limestone and of

17



immature shale, tle excavation of the tunnel 1is
commonly assoclated with a gradual compression

of the rock on both sides of the tunnel, Involving
a downward movement of the roof. Furthermore, the
relatively low resistance against slippage at the
boundaries between the soe-called shale and rock 1s
liksly to reduce very congiderably the capaclty of
the rock located above the roof to bridge. Hence,
in such rock formations, the roof pressure may be as
hgavy as in a very blocky and seamy rock."

Support During Construction

Where support 1s required, following the excavation
closely with tinbering will reduce the time the rock must

stand unsupported and willl lsssen overbreak from rock falls.

Blast damage to timbering will result If the timbering 1is
carried too close to the hsading or if the drill-round is
improperly designed. Damage may be reduced by erecting
blast mats ahead of the leading set or by modifying the
blasting patterm.

In running ground, protection may be givangtha WOTrk=-
men by fore-poling. (Figs. 5 and 6.)

Timber Support. For many years timber was the
standard tunnel support. Although timber is still widely
used, it has been supplanted by steel supports on most of
the recent larger jobs. Some tunnel men state that wood
supports are safer than steel supports, bascause wood glves
warning by cracking and crushing when overloaded.

As wood ls most efficient when used In compression
parallel to the grain, (1200 psi. allowable in the grain

direction, only 35C psi. at right angles to the grain),
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timber sets are designed.to place ths wood in end grain
compression, In small tunnels the typleal cap and post
set, common in mines, 1s used. In larger tunnels, S~plece,
5-plece, or 7-plece arch scis, with interchangeable seg-
ments are used, Posts are placed uensath the first arch
segments, inclined outward if heavy slde-pressures are
present. A wall plate rests uLetween th@ post and the first
arch segment in tumnels driven by tle "heading and bench"
method. BSeveral timbersd arches are shown in Filgs. 2 and
3.

In heavy ground, tumnels of small sectlon may be
supported by bridge caps and posts (Flg. 7). Squeaze
blocks are put between the bridge and the set. whean
pressure builds up it can bs relieved by removing the
legging and picking out the back and sides. The outer
bridge will fall hefore the main set and can be replaced
without interruption to use oi the tunnsel.

In a tunnel job of any considerable size where tinmber
is used, careful framing of ths wood members is essential
to apésdy and accurate set erection. Power-driven timbsr
framing saws are most efficient for this work.

The usual sequence of erection in full face ovpera-
tions is as follows:

Set footblocks

Place posts

Place arch segments (dowelled joints) and block to
roof

Drive footblock wedges (pre~stresses entire arch)

Place collar braces (toenalled betwesn timbers)

Place lagging
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Posts and segments ave usually 12" by 12", while
collar bracing is 4" by 6" and lagging is 3" or 4" lumber
of rendom width.

Spacing of sets is usmually 5', although this may vary
undar different ground oconditions. Provision should be

made for placing jump sets where necessary. Maximum timber

set spacing is about 8'. In partieularly heavy ground
timber may be placed skin to skin.

Steel Support. Some of the advantages of steel
support are:

Faster erection

Smaller slze excavation

Uniform strength

Hot subjecet to decay behind final lining

less concrste requirsd in final lining

Continuous steel ribs ars supplied by the manufac-
turer in two segmenis, which bolt togethsr at the top butt
joint forming the complste steel set. Other types are
shown In Figs. 8 and S. Ths arech stesl is usually of He
beam rolled to the tumnel arch radius. Set spacing 13 4
to 8 feet and a design stress of 24,000 psi. 1s allowed.
As tunnels at moderate depth experlence little slde
pressure, the leg or post portion of the rib may be de-
signed by using standard column formulae. Lateral
bracing 1s supplied by sither steel or wood and steel
struts, although occasionally small section I«beams may be

used as collar bracas.
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Wood planking of thres or four inch thickness usually
serves as lagging, although steel liner plates are some-
times used. If bolted steel liner plate 1s ussed, no eollar
bracing is necessary.

Other Types of Support. Some rocks require only
a thin coating of impervious material to prevent alr
slaking and subsegquent spalling. Gunits or a bituminous
c¢ompound 1s used for thils purposs. Reinforeced gunite may
be formed by plnning expandsd metal to the roof with longl-
tudinal rods anchored into the rock at intervals, then
sapraying the steel heamvily with gunite. Thils method has
proven very satisfacfory both as support and lining in
some cases.

In very bad ground it has often been found advantae
geous to drill long holes dhead of the blasting in order
to consolidate the rock by foreing in grout at high preg=
sure . Speclally constructed grout pumps are nmade for
this purpose.

When protection and support 1s required at the heade
ing and beyond as in running ground, forepoling or
splling i8 resorted to. This consists of placing tlmbers
outsids of the 1aadi§g set and inside of the next set,
forecing them into the heading by hammers or rams. Crown
bars are similarly placed but do not enter the Isading,
protecting the workmen by cantilever action supported
from the last set. (Fig. 10)
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Baoking. All types of support obviously require
strong contact between the rock and the supporting struc-
ture. This usually takes the fom of blocking and cribbing
betwean support and back. Wood is most sasily placed but
aventually decays. Stone and sand packing is most satise
factory and should be supplemented by grout pumpsd behind
the permanent lining. Extra effort exertsd in conscien=-
tiously placing dry packing will more than pay for itselfl
in reduction of the amount of grout needed after lining.

Lining

Purpose . The funetlion of lining is to retain
fractured rock in positlion, prevent alr slakling or spall-
ing, control water seepage into the tunnel, and provide
a8 more desirable surface during ths tunnsl's use.

Types of rock that require extensive support while
driving, will invariably requirs eithsr a costly tunnel
lining or extensive support maintenance.

Types of Lining. Steel liner plates have been
describad above. The other types of lining are gunite,
concrete, and tightly lagged lumber.

Gunite . 3ites for defensive tunnels should be
chosen in intaect rock. Therefore, it 1s believed that
gunite lining should serve the purpose in most construe-
tion of this type. Even 1f the rock has a tendsncy to be
jointed or blocky, the combination of expanded metal and



gunlte described above should often be adequate.

Gunite 1s a mixture of sand, cement, snd water applied
through a pneumatic gun. The following rules apply to
the spplication of gunite:

l. Apply to fresh rock, soon after it is broken.
2. Bs sure rock surfaces are clean and free from
dust (wash with a stream of water g«to 1 hour
before placing).
3. Control alr currents and temperature while
placing (canvas curtains are useful).
4, Employ expsrienced, skilled operators,
5. Have adequate lighting, eliminating shadows
confusing to the operator.
6., Hold the surface molsture content of the sand
batween 3 and 6%.
7. Limit thickness to 3/4" for each coat.
8. Equlp gun with an alr gauge.
9. Iimit hose lsngth to 150'.
10, With mare than 100' of hose, use 1" dlamster
nozzle. ; ‘
1l. With less than 100! of hose, use 13" dlameter
nozzle.
12. Adequate ventilation and effective resplrators
are needed during guniting.

Gunite mixture 1s assembled in commerciglly manu-
factured double chamber, contalners, and may be propor-
tioned from 2.5 to 4 parts of sand to one of eement.

When water is seeping from cracks In the rock,
metal plpe shauld be inserted and caulked tightly before
guniting. This will eliminate the possibility of hydro-
static pressure building up, and will provide an efficient
way to collsct the water for disposal, after the whole is

gunited,
Conorete Linlng. The most common twinel lining

is concrete, placed behind collapsible forms by pneumatic
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guns, Pumpcrete machine, or hand placing. Though probably
the best lining, it 1s also the most expesnsive, costing
from 30 to 40% of the total tunnel cost. Decause 1t is
intendsd for this paper to be limited to factors affecting
the actual rock excavation, the subjeet of concrete lin-
ing will not be treated in detail. However, some recent
trends in concrete lining will be listed:

A 10" lining thickness at the crown ié;the minimam
for rapid concrete placing.

Very wet mixes, in addition to resulting in wesak
concrete, leave volds and honey-combing. "Pumperete"
type placers allow a relatively harsh, dry, mix, which
can be effectively placed by the use of internal and
external type vibrators.

Conecrete pumps of the "Pumpcrete' type have generally
proven more satisfactory than pneumatic concrete blowers
or other methods of placing lining conerste. 1000!' of
delivery pipe is the practical maximum.

Crushing and batching plants should be located near
the tumnel portal. Often the excavated tunnel rock will
make satisfactory aggregate.

The placing of arch conerete first, and invert or
floor concrete last has many practical advantages.

The time for forms to remain in place ls determined
by pouring test cylinders of tunnel concrete. 4 strength

at strioping of 400 psi. is usually satisfactory.
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Depending upon the type of cement used, this strength is
reachad at from 14 to 24 hours. The addition of a small
percentage of caleilum chloride reduces setting time.

Tha use of steel forms instead of wood 1s increasing.
Although steel forms cost initlally from 3 to 5 times the
cost of wood forms, they ars more durable and will bes more
economical if more than 20 settings are contemplated.
Forms nmust be strong to allow vibration and pumping
pressures.

Weepsrs are placed In the lining at wet spots and
othe rwise at 40' intervals throughout the tunnel length.

Agltator cars are used to dellver concrete.

As it 1s imposslble to place arch concrete tightly
to the roof, plpes are inserted in the lining for intro-

dueing grout or sand. A grout mixture often used consists

of 50 lbs. sand to 1 sack of cement, to 9 gallénas of water.

Payment Lines. Figure 11 illustrates the 4, B,
and C payment lines used in tunnel contracting, with

aexplanations of thelr functions.
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Chapter IV
TUNNBELING METIODS

The purpose of thils chapter is to describe the dif-
ferent standard methods of tunneling in rock; with the

applications and procedure for each type.

Cholce of Method

The factors upon which the cholce of tunneling method

depends are:

1, Size of tunnel cross-section

2. Shape of tunnsl ceross-gsection

3« Ground support conditions

4., Equipmsnt available

S5 Price of labor

6, Time allowed

7. Ground-water conditions

The msthod i1s chosen which will glve the most effie
clent balance of these factors.

Although there are many variations, ths rock tunnel
driving methods may be divided into two broad classifica-

tions, (1) full face, and (2) advance headings.

Full Face. In the full face attack, the tunnel
is blasted out to 1its full sectlon with each advancing
blast-round., Small tumnels arve invariably driven full
face. The full face method should be chosen for large
tunnels alsc 1f the rock stands well, 1f appropriate
drill carriazes ars available, and if speed 1is required.
The only apparent disadvantage of this method is that 1f
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unexpected bad ground is encountsred, the full face is
open, hence timbering is difficult. As moving a largs
jumbo to a new drilling position 1s a times-consuming
opa ration, the round pull should be long enough to avoid
excessive movement. The two oycle day is usually practiced
with the full face method on large tunnels, although on
small tunnels the complete cycle may be finlshed in 3
heours .

The following operating cycle is used:

l, Drilling

2. Shooting

3. Ventilating

4, Mueking

5., Erecting support

3/
It is believed that the followlng example of the

§/ Bellows, K. C., Rock Tunnel Methods: ZExplosives
Bngineer, p. 362, 1940,

methods and sgquipment used on a large full face, highway
tunnel, will be the clearest way of illustrating the full

face attack:

Tuscarora Tumnsl, Pennsylvanla Turnpike Commission,
Huntingdon County, Pennsylvania. (Ses Fig. 12.)

Excavation

Formation penstrated: Dark gray to black shale strongly
‘sheared and fractured « red argillaceous sandstone,
quartz sandstone, and white quartzite aandstons.

How did rock break: Fairly uniform, close to llimits of
eross-sectional lines.

Dimensions of section blasted: 22' by 313%' (normal)
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Drill Machines: 13 Sullivan TJ9, Steels 13", Timken bits.
Drill Mounting: Drill gantry, columns with extension arms.
Top holes drill off: Platform and staging.

Drilled wet or dry: Wwet.

Locatlon of holes: Ses dlagram.

Explosives: 40% gelatin dynamite.

Cartridge size: 13" by 10%.

Datonators: No. 8 electric blasting caps - instentaneocus
and delays. :

Primer locatlion: Ssecond and third ocartridge from botiom
of holes.

Stemming: Patented rubber plug.

How detonated: Firing line from portal.

Holes fired by: 38hift boss. .

Handling misfirest: Holes refired.

Hole Depth: 9!, 12' and 15'.

Average depth of round pulled: 12!,

Cubic yards per lineal foot advanced: 27 cu. yds.

Mucking starts: 45 minutes after blast.

Mucking method: Hechanical.

Mueking machines: 1i cu. yd. elect. shovel and diessl
powered trucks, (six 6-yd. Euclids, turned by hande
opsrated turntables), bulldozer.

Vantilation: B. F. Sturtevant fan at portal, cap. 18,000
cfm, 30¥ metal vent pipe, 15,000 cap. booster Tan,

Mucking crew: Average 19 man.
Drilling crew: Average 27 men, one explosives truck.
Shifts: Four 6-hr. shifts - 2 rounds dally.

Progress: Average advance - 112' per weelk.

34
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Safety Features: Flrst ald room - ambulance at site
attended by nurse on 24«hour duty at portal. Dust
count and carbon monoxlde tests taken pesriodically.
Heading and muck plle wet down with hose.

Steel arch supports were placed on 4 to 6' centers
for the greater part of thils tunnsl.
Advance Headings. There is a wide variation in
advance heading metnods, but all of the methods have ths
4

following faaturas‘ in common:

4/ Reach, T. M., Highway Tunnels in the Western United
Stﬁtgﬁa Public Rﬁaﬂs, Pe 14:3’ Use 8 Eur’o of Publiﬁ
Roads, Sept. 1938.

1. The heading discloses the character of the ground
prior to opening the full tunnel section.

2. The heading offers access to point from which the
crown can be reachad and timbesring started if
required.

3. Short drill columms and drill bars can be used in
the heading, thus eliminating the necessity for a
large drilling setup and high working platforms.

4, Short blasting rounds are usually used in advancing
a heading, and the loss is comparatively small 1if
the blast falls to break to ths full depth of the
drill holss,

5. In hard rock, the blasting of the bulk of the
tumel section is more effective if there is a
hole, such 88 a heading, toward which the matsrial
can break.

It may thus be ssen, that if the ground is doubtful,
or if no adequate jumbo is avallable, or if economy of
powder consumption is a ruling considsration, soms type of
advance hsading method wmay be choseri,

Heading and Bench. In the heading and bench method,

the arch portlon of tie tumnel section is carried ahead of



the remaining bench a distance of about 1} times the
length of a blast round. Where a drill carriage is not
avallabls, thisg 2@ thod provides a platform on whieh to
mount dvills, bar doewn the back, place arch timbering, and
allows simultansous drilling and mucking.

The disadvantage of this method is that material or
equipment going into or out of the heading must pass over
the bench and muck pille with consequent confusion and interw
ruptlon of operations. Unless the bench is kept short and
relatively mmvy powder charges are used in the heading
blast rounds, the bamt}’; will retain a muck pils from the
heading blast, with consequent delay for bench mucking.

Perhaps the most desirable feature of this method is
that in rock which has a short bridging tims, roof supports
can bs placed gulckly in the hsading, to ba.' supported
later by wall posts placed under the wall plates.

Hodern tunnel contractors rarely use this methed,
finding that unless the ground is extremely ravelly or
gravelly, the prompt gacing of crown bars and steel suppoarts
will enable them to use the full face method.

In drilling for the blast, the top heading is sdvanced
by standard cut type holss, while the bench holes ave
usually drilled vertieally, by the use of Jaskhammers or
sinkers. It is sometimes necessary to supplemesnt the
vertiecal besnech holes with horizontal bench holes drilled
around the circumference of the section. The vertleal holes
should be drilled at least 1' beyond the neat line.



In Fig. 13, the bench holes are generally horizontal.
The bench holes are fired successively from the face;
then the heading holes are fired to clear the resultant
muick from the bench,., If mucking the bench is necessary,
the muck is usually scrépad down onto the main tunnel floor.
The following sequence 1s appllcable:
l. Drilling heading and bench. )
Placing bottom timbering ) simultaneous
(side posts). )
2. Shooting.

3. Ventilating.

4. ﬁuaking. ) .
Placing arch timber, ) Sioultaneous

The heading and bench may be useful to pass through
short sections of bad ground on tunnel projects driven
mainly by the fﬁll face method.

Top Heading. This method is similar to the head-

ing and bench method except that the heading ls advanced
much further aﬁead of the bench face; in some cases the
heading 1s holed completely through, and the bench 1s later
excavated in a separate operation (See FPig. 14).

The top heading method would be used where extremely
poor roof conditions exist throughout the tunnel length.
The same comments apply to this method as %o the heading
and bench method; the top heading method also would be used

only in/conéistently gravelly or sandy ground,

Y
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Although the top-hesading method has the advantage of
opening up a smaller portlon of ground where roof support
is eritical, 1t has the disadvantage of allowing heavy
loads to build up on the arch supports with subssquent
difficulty in later transferring the load to the wall posts.
- The top heading method may sometimes be used to pass
through weathered rock near a tunnel portal; a change is
made to the fuil face method when the rock becomes suitable.

Center Drift., Many large highway and rallway

tunnels have been constructed by the center drift method

or some modification of it. In this method a 10' by 10!

drift 1s driven through from pprtal to portal initially.

The remainder of the section is removed by ring-drilling

slabbing rounds in vertical planes at right angles to the
tunnel line, or conventional drilling, using the drift as
a free face (See Fig. 15).

This method provides good ventilation for the main
excavation, is economical of powder, does not require the
use of a jumbo (if the ring drilling method is followed),
and allows an opportunity for breakups to be made to the
roof 1line if bad ground 1s encountered. The method,
however, 1s considerably slowsr than full face, as the
initial drift must be completed before the main operation
1s started.

It appears that if underground defensive tunnels were

to be driven in somewhat doubtful ground, the center drift



method would merit consideration. In exploring the ground
ahead, an opportunity would be offered to change the
tunnel line when bad ground was encountered.

In ring drilling, as was mentioned in bench drilling
with vertical holes, the holss must extend at least a
foot beyond the neat line for good breskage. The drillsrs
use & clinomseter or sunflower in determining the proper
angle to drill. Caution must be used to design the center
drift large enough to allow the longsst change of drill
stesl.

Other Methods. To meset unusuval conditions, the

center drift method may be modified to place the initial
drift at the top or at the bottam of the final sectlon.
With this ecoesntric placing of the drift, ring drilling
is lmpossible with mmt sections as the size of drift will
not allow drill change for the long holes required.

In the side drift msthod, drifts are driven along
the foot of each side of the arch, breakups are made to
a mesting at the crown, and the arch is timbered. The
contral core remaihing is later removed in a separate
oparation., This method would only be used in bad ground
as it is very time-consuming. (Fig. 18)

In the bottom heading method, a headling to the full
width of the tunnel section and of convenlent height is
driven. The top part of the funnel is then shot down.

This method is essentially the same as that used in some
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room and pillar mines with strong roof rock. Although the
method 1s not practical in rock requiring support, it
could find application in strong rock such as that chosen
for underground factories.

A modification of the bottom heading method used in
driving coal mine entries or tunnels through shale, is to
excavate this soft rock by coal mining methods. A cocal
undercutting machine flrst undereuts the tunnel section.
Explosive holes are drilled with elsctric coal drills
provided with rock blits, and the broken rock is loaded

with duckbill loaders.

Deve lopment Plan

Several plans have bsen used to increase the speed
of tunnel driving by providing multiple faces that may be
worked simultaneously. In the most simple case, work
is started at both portals, and two headings are driven
towards a meeting. If shafts are driven along the tunnel
llne, two more working faces are provided for each shaft.
In some long tunnels, pilot tunnels have been driven of
small size and about 75' to one side of the main tunnsl
line. From this pilot tunnel, ecrossecuts may be driven to
the main tunnel at intervals, to provide two new headings
on the main tunnel for each crosscut.

It is belleved that in planning the construction of

underground defenslive installations, a procedure such as
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that used in room and pillar mining should be used. That
is, parallsl entries éhauld first be driven on, for example,
300! centers, with the rooms being turned off from the
entries at right angles. It can be seen thﬁt this msthod
would provide as many simultansous working faces as would
be desired.

With any of the plans of multlple headings, there is
a saving of equipment, as the working cycles can bs coor-
dinated so that one set of drilling or muecking equipment

may serve each of two or three headings in tum.



Chapter V
TUNNEL BLAST ROUNDS

The purpose of this chapter 1s to provide enough
information on explosives, the theory of blasting, and the
other factors that alffect the cholcse of a drill pattern,
so that an initial round for a given set of conditions
may be designed. After the first round is blasted,
adjustments may be made to take care of local rock peculliar-
ltiss.

Explosives

Explosives exert their foree wmn they are changed
from a relatively small volumé into a large volume of gas
upon deflagration or detonation. The rate of expansion of
this gas determines the type of action of the explosive.
Thus, 8 low or slow explosive will exert & heaving action
wille a high or fast explosive will have a shattering
effect. Although the ;ggfasive has a tendency to expand
in all dirsétians, the explosive will do work in the
direction of least resistance. Inasmuch as rock 1s rela=-
ti%ely strong In compression and weak in tenslion and shear,
blast rounds are designed to break the rock Iin tension
and shear.,

Types of Explosives. Black powder is a low explo-
sive, while the dynamites are high explosives. Thé)law



explosives are sald to deflagrate, while the high explo-
sives detonate. Beoause a shattering effect is required
in roeck tunnel blasting, high expleosiveg are used. The

following descriptions will be limlted to that category,

and furthern, to thoss high explosives nmost used in rock

tunnels.
Galstin Dynamite. This explosive is a mixture of

nitroglycerin, guncpttan; and sodium nitrate. ﬁlthough
it is available in strengths from 20% to 90%4, the. strengths
most used underground are 0%, 40%, and 60%. It is very
resistant to water and produces very feow fums. It is
wall adapted to rock work underground as 1t is denss and
plastie, If not confined, however, as in a drill hole,
it has a low order of detonation, hence it is poor for
mud-capping. This dynamite has a rate of detonation up
to 22,000 fest per second.

Ammonia Gelatin Dynamite. (sometlimes called extra or

speclal galatin) This explosive is constituted similare
ly to the stralght gelatin dynamite, except that nltrate

of ammonia replaces part of the nitroglycerin. It is
available in strengths from 30% to 90%. It is usually
used in strengths 304, 40%, and 60%. Like straight gelaw-
tin dynamite, it is dense and plastle; it has a rats of
detonation up to 26,000 feet per second. It is sllightly
less water resistant than straight pelatin dynamite, but
has more shattering effect and has the least fumes of any

explosive.
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Semigelatin Dynamite. This explosive conglsts
chiefly of ammonium nitrate with some nitroglycerin and
guncotton. It is made in 40% and 60% only. Its water
resistance and fume characteristics are good but not as
good as the gelatins and ammonla gelatins. DBecause of
its low density it 1s cheaper than the gelatins. Its
veloclity of detonation, about 13,000 feet per second,
makes it appropriate for soft rock such ag limestone.

Ammonia Dynamite. In this explosive the explo-

slve material consists of nitroglycerin and ammonium
nitrate in equal amounts. It is made in 15% to 60%
strengths. It does not resist water well and has a low
maximum rate of detonaticn, about 13,500 feet per second,
which makes it also appropriate for soft rock.

Use in Different Types of Rock. In a survey made

of 43 modern tunnel jobs in the United States, through
all common types of rock, the above four explosives were
the only ones used. Ammonia dynamite was used on two
jobs, semigelatin on three, and gelatin dynamite and/or
ammonia gelatin dynamite were used on the others.

Table III shows the type of explosive used most

commonly in each type of rocks



Table ITI

Roek Type Explosive Type
granite gumonia gelatin dynamite, 30, 40,
50, 60% _~ :
pelatin dynamite, 25, 40, 60%
basalt gelatin dynamite, 40%
gneiss smmonis gelatin dynamite, 30, 40,
gggzgtin dynamite, 25, 30, 40, 60%
sandstone ammonia gelatin dynamite, 30, 40,
gfgimn dynamite, 25, 3C, 40%
shale gelatin dynamite, 30, 40%
limestone ammonia dynamite, 30%
semligelatin dynamite
granodiorite gelatin dynamite, 40, 60%
semigelatin dynamite, 40, 60%
diabase ammonia dynamite, 40%
andesite gelatin dynamite, 40, 80%
campacted gravel gelatin dynamite, 25, 40%
quartzite gelatin dynamite, 40%

semigelatin dynamite, 40%

quartz monzonite amuonia gelatin dynamlte, 40%

In Table III where several strengths are listed, the
higher strengths were generally used in the cut holes
while the lower strengths were loaded in the rellevers and

rim~-holes.
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Fumes. There are many other high explosives such
as blasting gelatin, straight dynamite, and the military
explosives, but they all have one or more bad character-
istics for use underground. The productlion of bad fumes is
the most common; TNT is a particularly dangerous fume
producer.

There is no explosive that is fumeless. However, the
explosives recommended above, designed for underground
work, have been constituted to produce minimum fumes.

That 1s, there 1ls sufficient oxygen present that carbon
dioxide rather than carbon monoxide is predominant, but
there is not excesslive oxygen avallable for formation of
the dangerous oxides of nitrogen. The explosives are
desligned to act the best under proper conditions of de-
tonation, tampling, and stemming, therefore improper
practice in any of these respects will not only increase
the fumes produced, but will also reduce the sff.cotiveness
of the blast. |

Strength. Dynamite 1s commercially rated by
welsght strength. That 1s its strength is compared with that
of an equal welight of stralght dynamite. For instance, a
60% gelatin dynamite cartridge would be equal in strength
to a 60% straight dynamite cartridge of the same weight.



The 50% straight dynamite 1s so called because it contains

60% by weight of nitroglycerin. A 60% strength cartridge,

howevsr, 1s not twice as strong as s 30% cartridge because
5

of other factors. The Tollowing table takes into ecorne

5/ Peele, Robert, Mining Engineer's Handbook: 3rd Edi-
tion, pp.5-17, J. Wiley and Sons, Lo41l.

siﬁaraﬁimn thess other factors and sllows comparative
powar of dilifferent strengths to be computed.
Table IV
Numbsr of Cartridges of any Given Strength Reguired

to Equal One Cartridge of Sams Density of any Other
Strensth.

One

Cartrldge 60% B50% 45% 40% 354 30% 25% 20% 15%
60% 1,00 1.06 1.09 1.15 1.21 1.20 1.38 1.50 1,64
50% 0,94 1,00 1,02 1,08 1.14 1.21 1.30 1.41 1.55
45% 0,92 0.98 1.00 1.05 1.12 1.19 1.27 1.38 1.51
40% 0.87 0.93 0.95 1,00 1.06 1,13 1.20 1.31 1.43
35% 0.82 0,87 0.89 0.94 1.00 1.06 1.13 1.23 1.35
30% 077 0.82 0.84 0.89 0.94 1.00 1,07 1.16 1,27
25% 0.73 077 0,79 0.83 0.88 0.94 1.00 1,09 1.19
20% 0.87 0,71 Q.73 0,76 0.81 0.86 0.92 1.00 1.10

15% 081 0.65 0.86 0.70 0.74 0.79 0.84 0,91 1.00




It must be kept in mind that dynamlte density may be
varied, The less dense types are manufactured for uss in
easler breaking rocks. They are more sconomical for this
type of work as they have the force required, but there
are of course more sticks in each 50 pound box. To emvert
from one stick count (proportional to inverse of density)
to an-gtm r, the above table would have to be adjusted by
8 factor equal to the ratio of the stick counts.

‘ - 8/
Table V listas the ususal stick count.

6/ Peele, Robert., op. git., p. 407.

Table V

Approximate Number Cartridpees

Per 50-1b. Case

Seml - Semle

S5ize of Straight Ammonla 35% 60% zelatin gelatin
Ctge. in. Dynamite Dynamite Celatin Gelatin (hi- {low
density) dnsity)
l1x8 158 167 132 142 156 178
118 x8 127 137 111 118 130 148
1} x 8 108 110 89 96 105 120
13 x 8 75 79 59 63 75 86
2 x 8 42 45 34 37 42 48

Sample Problem:
Required: Find the number of 1 1/8" x 8" sticks of
60% gelatin dynamite required to do the work of 10 sticks
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of 1" x 8" 30% ammonia dynamite.

0.77 (10) 118 = 5,44 sticks
167

‘Some manuacturers rate dynamite according to bulk or
volume strength. A dynamite cartridge marked 40% bulk
strength would be comparable to a 40% straight dynamite
cartridge of egual slze.

Detonators. The high explosives used in tunneling

mey be detonated by eleetric caps, cap and fuse, or by
primacord. Electric cap detonation is the standard and
gensrally used method in modern tunnel practice.

Blectric blasting 1s used in tunnels becauss it is
safer (the men are unquestionably in a safe place before
the current is introduced), it is more certain, it is
waterproof if desired, and 1t permits a wide range of
delay explosions, essential in tunnel work.

Electric caps consist essentially of a dstonating
composition (fulminate of mercury, lead azide, or tetryl)
surrcunding a heir-like platinum bridge wire, the wholse
encased in a waterproof copper or aluminum case. When
current enters through the lead wires, the resistance of
the fine platinum wire causes it to become hot to incan-
descence, thus sebting-off the detonating composition.

A number 6 or larger elsctric cap is rsequired to
set-off any rock-type explosive satisfactorily, and no

gmaller size should be used.



Although primacord has not been used in tunneling
extensivqu, it appears to have some advantages. The
newly developed milli-second delay caps have proven good
for quarry work, and undoubtedly alsc have a good appli-
cation in tunnel blasting.

Delays. Delay electric caps have a known delay
element incorporated, in additlion to the other components
described in the discussion of the electric cap. Although
firing is initiated at the same instant by current passing
through a ¢ircuit containing caps of different dslays,
the different delays will cause detonation at different
times.

Delays are arranged to bring sbout and make use of
~ successively larger free faces in the blast round. Thus,
in a slmple example, the cut holes would be zero delay,
the relievers one delay, and the rim holes two delays.
Detonators in a elirecult should all be the product of the

same manufacturer.

Action of Explosives

#hen planning the arrangement of explosives to break
and excavate tunnel rock, the concept should be kept in
mind of a rapidly expanding gas, seeking quick escape.
Obviously the gas will break its way out in the easiest
way or line of least resistance. If confinement is too

complete, that is the sumounding rock is of strength or
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thlckness too great to be broken out by the charge of
aexplosive, little or no work will be done, and tle
placed char;e will be a fallure.

Thus, the distance from the charge to a free face, or
thickness of burden, is a primary consideration. The more
free face available to which the charge my break, the
more easily 1s the rock broken.

All tunnel rounds are designed on the same prineiple.
The objective 18 to remove a portion of rock at or near
the center of the face, and then successively enlarge this
original portion until the final cross-sectlon is obtained.
The first qutian or cut is ths most important part of
the round,:aé if it does not break the following holes
wlll not have the free face essentlal to thelr breaking.
(Sea Fig. 17)

Dril) Patterns

When the many factors are considered that may affect
the results of a shot, such as the size of tunnel, depth
of pull required, and the type of rock, it may be seen that
the proper spacing of holes is to the greatest extent a
matter of judgment and experimsntation rather than some-
thing to be detzrmined empirically.

Typss of Cuts, As has been noted, thse essential

holes of a round are the cut holes, inasmuch 23 the re-
lievers and rimholes merely break into the spacs created

by the eut, It is better to have the cut too hsavily
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loaded than not have the round pull propsrly.

The three types nof cuts commonly used in modern tunnel
driving with jumbo mounted drills are {1) ¥ or wadgs cut,
(2) pyramid cut, and (3) burn cut.

V-Cut. The V or wedge cut is probable the commonest
type of cut. In homogeneous rock the vertical V cut is
used whan the width of the tumnel ¢ ross-section ls greater
than the helght, but 1f the tumnel height ls greater than
the width, the horizontal V 1s used. In stratified rock,
the V 1s placed so that the holes will be drilled mcross
the strata. In Fig. 18, angle "a" should be a minimum of
45°, Por smaller values of "a%, the charges forming the
lags of the V tend to opposs rather than he;p sach other.
To increase depth of pull and fragmentation, the V cut
may be modified by placing another cut or "baby" V within
the large V to be fired prior to the main cut chargas.

Principles of Vecut Design

1. The width "d" should not be greater than & the width
of face "1",

2. The angle "a" at the vertex of the V should not be
less than 45° in average ground.

3« If opposite holes meet or come close at the apex of
the V, they will flre together regardless of thelr
primer delays.

4, If different pairs of holes are assligned diffarent
delays, there wlll be lass fly rock, and better
fragmentation, but greater powder consumption for
satisfaectory pull,

Spacing of pairs "e" in the Vecut will vary from 1} to

3 feet depending upon the explosive and rock strength.
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Figure 19 shows a typical V-cut of 13' x 13' section,
and 9' pull, and 1llustrates the progressive steps in
blasting to full tunnel sectlon.

Pyramid Cut. In the pyramid cut, three or more
holes are arranged to form & pyramid whose base is ths
conter portion of the rock face.

The pyramid eut will pull in tougher rock and allows a
deper pull baeause‘tm concentration of explosive in the
back of the holes parmii:s a smaller angle "a".

Tha pyramid cut is commonly used in eircular or horse-
shos shaped tunnels.

Prineiples of Pyramid Cut Deaign

l. The depthh of round broken compared to the Ve.cut is
inereased, because the angle "a" can be less than 45°.

2. A11 holes will detonate at the sawe time causing
considerable fly«rock, if the pyramid is large or
charge heavy.

Flpure 20 shows a typlcal pyramid cut round. Ths rock

ssction 18 18! x 16', the depth of pull 10!,

Burn Cut. In forming the burn cut, several closely
spaced holes are drlilled in the center of the face, and
parallel to each othar, Som of ths holes are drillsd
but not loaded with explosive, thus glving & very small
free face to which the loaded holes can brealk.

Filgure 21 illustrates typleal burn cut patterns. The

shaded holes are not loadsd.


















































































































































































































