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HIRCDICTION

SYSTEMS & COST ANALYSIS PR A NUCLEAR SUBTERRENE TUNNELING MACHINE
- A PRELIMINARY STUDY -

by

J. H. Altseimer

ABSTRACT

The basic system components of lerge Tock-melting Nuclear Subterrene
Tunneling Machines (NSTMs) have been conceptuslized and defined for a prelim.
inary tunnzling cost estimate and comparison with costs using tunnel-boring
machires (TBMs) and other conventionel tunneling techniques, Two initial
types of NSTMs are considered: 1, peripheral kerf-melting penetrators
plus centrally locsted rotary cutters for soft ground and rock; and Type II,
kerr-melting penecvrators plus multiple, hot ruck-fracturing penctratore fo.
very hard rock. Tunneling costs for NSTMs &re very close to those for TBMs,
if cperating conditions for TBMs are favorable, However, for variasble forms-
tione and unfavorable conditions such 28g scft, vet, bouldery ground or very
hard rock, the NSTMs are far more effective, Estimates of cost and percent-
sge use of NSTMs to aatisfy U,S, transportation tunnel demands indicete a
potential cost eavings of 850 million doidars (1969 dollars) through 1990,

An estimmted NSTM prototype demonstration program cost of $100 million over
an eight-year period results in a favorable benefit-to-cost ratio of 8.5.

The NSTM systems are characterized by large capital coste compared to conven~
tional TBMs. However, meny higher-cost items snd components are expected to
have long service lives and will te used for mors thsn one tunnel project
inetead of writing off the tunneler after each project as in current TBM
practice. The ccst of thermal energy for rock melting is not a large
percentags of the totsl project cost.

B, _Subterrene Program Background

A. _Study Objectives —

The general study objentive, considering the
present early stage of Subdbterrenc concept develop-
ment, wvas to egtablish & clear indicetion of the
cogt effectiveness of Nuclear Subterrene Tunneling
Machines (NSTMs) as spplied to national demands
for lsrge tunnels. To achieve the sbove, three
specific objectives vere establiished: first, to
develop technicslly sound conceptusl designs; sec-
ond, to meke a cost comparison with the conceptual
R5T™Mc on the one hand end tunneling with Tunnel
Boring Machines (T2Mr) and conventional excavation
netheds, on the cther; and third, t determine the
benefit-to-cost ratio for & projected major

Subterrene development program costing ~ $100 x 1!.‘)6

oveET an eighi-year period,

The need for irnovative spproeches to the solu-
ticn of major problems in excavation and tunneling
technology has been summarized in recent publice-
tions by the Underground Construction Research
Council and the Rational Academy of Sc:ienctm.:"':a
A research and development progrem in excavation
technolegy, vased on rock-melting, is being conduct-
ed at the Log Alamos Scientific Laboratory (IASL).S"‘
In eddition to identifying many potential applica-
tione, this program hes indicated that the Sudter-
reng concept cen offer, through an integrated tun-
neling esystam, solutions to the multiple sroblems
in the three importunt arzas of conventional
tunneling technology:

e Forming the hole.



& Maintaining wall integrity and forming a

primery support.

® Removing the debris.

The program has also indicated that the rate of
penetration in varying geological formations can bve
predicted and is relatively insensitive to the ma-
terial being melted..5 In addition, the input power
requirements for small-diemeter, electricrlly heated
Subterrene devices are easily handled with conven-
tional eguipment, as has bcen substantiated by LASL
1sboratory and field teats.6 A recent study of cur-
rent tunneling systems and economics indicated the
areas ¥ which a Subterrene system could signifi-
cantly contribute to advancing the tunneling and
excavation technology.7 The study clso contains an
extensive und selected bibliography and should be
considered as complementing this report,

While electric neating appears to be quite
practicel for smell Subterrene devices, a nuclear-
powered subsystem was assuczd to be most feasible
for the sizes considered in this report., A detailed
technical and cost-tradeoff study to establish
crogsover points between electric and nuclear sys-
tems haes yet to be conducted, but indications are
that 8 demand of ~ 10 MW {electric) mey be the level
above which practicel considerations of power supply
end distribution become unaitractive for an electri-
cally heated system, This demand is in the approxi-
mate pover-level range needed for the smallest tun-
nel congidered in this report. A cost advantege of
the nuclear gubsystem is offered by the fact that
thermal energy is applied directly to the rock ‘and
that the circuitous procedure of an electric system
cen be avoided in which thermal energy 1is generated,
converted to electricity (at an efficiency of =~ 39%)
and then converted back to thermal energy at the
rock-melting penetrator bits, Another advantege is
that the nuclear subsystem cen meke the tunneling
system almost completely self-sufficient, minimizir,
external expenses such as large specially installed
power lines to the tumnel portal. Other character-
istice that meke a nuclear subsystem feasible are:
{1) compmctness, i.e., reactor diemeters of 1 to 2 m
1hus fitting into even a small L-m tunneling ma-
chine; (2) lack of rotsting or moving components
except control rods or drums; (3) low conteinment
pressuies dus to the use of heat pipes to transfer
heat out of the reactor core, and, (i) sufficiently

long component operational lifetimes to be useful
for this application.

The chemical generation of heat has been con-
gidered in a report by Ha.nold.T It was found to be
unattractive for various operational end environ-
nmental reasons and therefore was not considered for
this study.

C, General System Assumptions

A circular tunnel cross section was assumed for
convenience in calculeting power requiremenis and
to facilitate the comparison with TBMs which are,
of necessity, circular. No economic advantage was
teken from the fact that NSTMs can form noncircular
cross sectlons, which could minimize the excavation
volume and automatically incorporate features such
as utility line gengways or partially finished
roadway surfaces,

The finished tunnel diameters* studied ranged
from 4.0 m {~ 13 f£t) upward. The minimum dismeter
of 4,0 m vms chosen because the required melting
power (= 7 M) appeers high enough for economical
use of nuclear devices and because the envelope is
clearly large enough for their accommodation at
this stage of development, No maxirmm-diameter
1imnivations for NSTMs have yet been established.

Any such limitetions would probably result from
practical considerations external to the NSTM equip-
ment., Such a construint might result from excessive
tunnel support requirements due to lerge structural
spen dimensions,

Two bapic NSTM design concepts were considered
iu this preliminery study. Both were chogen be-
cause they appear to be logical progressions from
existing technology incorporating the new nuclear
Subterrene designs, end both require only partiel
welting of the working face. {Applications in which
the excavation face is almost or completely melted
wvill be examined at a later date as well as many
other conceivable deaign variations.) The two
concepts considered are illustrated in Iigs, 1 and 2.
The conceptual designs are:

) J--use# & peripheral kerf penetrator

to form the tunnel wall, whereas the main
excavation face is removed by mechanical
rotary cutters, This device is 1atended
for use in softer formatione.

¥
Throughout thie report the Tinished tunnel diameter
vefers to the inner diameter of the completed tun-
niel, inclwilng final suppcevt lining.



" Fig, 1, Conceptusl design of Type-I NSTM with periphersl kerf-melting
penetrator and mechanical central-face cutter,

Utitities

Frocturing Penetrators

Flg. 2, Conceptual design of Type-II NSTM with peripheral kerf-meltin
penetrator and central-face thermal fracturiuz panetrators,



o Type II--uses a similar kerf-melting device, [
but the rotary cutters are replaced by an 9

array of hot penetrators which thermslly
crack and fragment the rock at the working

face., ‘[liis concept 1s applicable to very
hard rock,
The important advantages in soft-ground tunnel- .
ing of the Type-I NSTM concept have been emphasized
by Htmold.7 The potentiel ability of the peripheral e

kerf melter to continucusly seal, stabilize, and

support the soil of the tunnel well immedlately be-

hind the NSTM as the tunnel hole is formed is s

major breahthrough in tunneling technology. Howeven °
the kerf-melting penetrator designs are not limited

tc the anaular, extended-surface types illustrated;

this is discussed later in the text. [}

D, Future Study Plans
The NSTM design and economic models, and cost
evaluations, will be expanded and refined as exper- e

imental deta and firmer deeign data become available.

The General Research Corp., computer prog:ra.m8 for es-

timating excavetion costs is being acquired and is

expected to be especially useful for obtaining TBM .
and. convertionel coets, To provide an increasingly

realistic NSTM cost model, more information will be

required in the fields of rock-glass liner formation

and structural charascteristice; reactor design; nu-

clear fuel; heat pipes; heat-distribution losses;

component lifetimes and reliasbilities; tunnel ad-

vance retes; assembly, maintenance, and diassembly

cycles; and the ability of the NSTM to accommodete °
wide geologicel variations, Tredeoff studies will

be mede between importent paremeters in the excaves-

tion, materiels hendling, ena sipport operatiouns;

and labor, equipment, and materials cost estimates [
will be refined. Excavation demand information will

be updated as date from a brosder base become avail-

able from a projected U.S, tunneling-demand survey

by the National Academy of Sciences - National

Acedemy of Engmeering.g

11, LESCRIPTION OF N5TM SYSTEM ANALYZED
A. Summary of Assumptions and Subsysiem Choices

The following is a brief list of assumptions
and subgystems that were chosen to facilitate the P
preliminary coet analysis for )arge-diamster tunnel
construction projects esing the two conceptual types
of NSTMs ghown in Figs. 1 and 2:

The NSTMs are peripheral kerf-melting types.
NST™ tunneling costs are compared to coste
accrued by using TBMs and conventional
methods only, for both rock and soft ground.
Cut-and-cover and immersed-tube methods were
not considered.

Tunnel sizes studied range from sbout 4-to
12-m finished diameter.

Tunnel cross-section configurations for the
NSTM are not restricted.

culational convenience, circuler cross sec-

However; for cal-

tions are used.

The NSTM average operational sustained ad-
vance rate is 0.423 mn/s = 1.5 m/h, whichis
equal to 365m/day (=120 Pt/day = 5 ft/h).
Thermel energy for rock melting 1s obteined
from a nuclear reactor system installed in
the }NSTM.

Liquid-metal heat pipes are used to transfer
heat from the reactor core to a heat reser-
voir and then to the rock-melting
penetrators,

The NSTM-generated glass tunnel liner is
strong enough to eliminate the need for any
other form of temporary support. The liner
thickness is 4% of the finished tunnel di-
ameter (~ 0.5 in, per foot of tunnel diem-
eter) for unfavorable conditions end is 2%
of finished tunnel diameter for very herd
rock (e.g., basalt).

The permanent tunnel liier consists of the
glass plus & ususl concrete liner, with
overall thickness equaling 8% of the tunnel.
diemeter for a1l earth and rock conditions.
Because the temporary glesss liner is a
structurally sound tunnel support there is
no need for rapidly installing a permanent
liner.
free to either choose the most economical
liner schedule or to employ an innovative
continuous concrete liner process such as
the Extruded Liner System descrited by
Parker and Semple of the University of
Dlinote, X

The rock-melt glase liner, reactor contain-
ment structure, cutter drive motor, tunnel
air, etc,, are water-cooled,

Therefore, the tunnel contractor is
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Fig., 3. Two types of kerf-melting penetrato:r

designs.

e Closed-loop cooling-water circuits are used,
with filtering and cooling eccomplished at
the tunnel portal,

8 Electric power for other than rock-melting
use 15 generated at the portal utilizing
heat scevenged from the cooling water.

e The excavation face 1s sealed by a periph-
ersl seal and s face structwral diephrsgm,

® Muck removel is by the hydraulic-slurry
method using muck lines which penetrate: the

. face diephregm.

e Utility lines are continuwously extended. to
acccurodate NSTM advance by means of a
trailing-line extender asszembly.

® A manned control center is located in the
tunnel as e component et the aft end of

the NSTM,
B, Technical Description of Mejor Subsystems end
Thedir ation

1, Kerf Penetrator

Two types of kerf penetrator bit subsycteuns
could be considered, as illustrated in Fig, 3. The
single-ring penetrator, Fig. 3a, is (1) structurelly
simple, (2) requires & long, trailing kerf-melting
section to davelop & thick kerf liner, end (3) is
most applicable in very sound rock requiring only &
thin peripheral liner., The characteristics oi the
ennuler, extended-surface arrengement, Fig, 3b, are:

(1) heat flow to the outside wall cen be minimized to
just allow the machine to move through rock at the
desired rate, (2) heat flow can be meximized to the
annuler space where heat losses to surrounding rock
can be minimized, and (3) the extended hest-transfer
surfaces result in e higher permissitle advance rate
when thick liners are being considered. The annuler,
extended-gurface type was chosen for calculating
pover requirements for this report. Both kerf-
penetrator system designs need further detsiled
study and other design concepts will undoubtedly
emerge as the technology develops.

2, Nuclear Subsystem and Power Requirements

The nuclear subsystem will be completely
sealed and will include heavy bilologicel yediation
shielding and a massive, armored shell, Heat will
be transferred through the shielding and esrmor by
heat pipes into a heat-distribution reservoir,
Control rods will be actuated by water-cooled elec-
tric actuators. The reactor will operate at rela-
tively low internal core pressure and the shielding,
containment, and armor walls will be protected by
wvater~cooling. The nucleer subsystem will be re-
placeable, if necessary, in case of a malfunction,
Fuel life is estimated st 9000 h while the remeinder
of the system will have at least g lifetime of
90000 h.

To obtein an estimate of thermal power require-
ments, the thermal properties of typical tuff and
basalt mterialsn were used with the following
propertles, conditions, romenclature, end units:

Symbol Tuef Easalt
Bock denaity, Xe/ad Py 1800 2800
Rock gless dencity, 1:5/-3 Pg 2600 2800
Epecific heat, Jfig K [ 1000 1000
Hieat of fusion, 3feg o, 18 x20° 13 x 100
Melting tempersturs, X %, ~ 1470 s 1420
In-situ tempersture, X T‘ 290 290
Avarsge melt teap , K Tevg 1570 1570
Tunnel finished inside D, m
diameter
Gless liner inside Di’ n
ddameter
(lass liner outside Do’ n
diemeter
(n° - Di)
Glass liner thickness tl = P s



Aversge advance rate

Glass liner crose
sactional ares

Useful heat rlow rate Euse’ M
into the rock

Total reactor thermal E s MW
pover total

The glass lining thickness needed to provide
safe temporary support ie a function of the specific
project. Considerations of liner thickness may in-
clude such variables as overburden pressure, type of
ground, water flow, geologic consilatency, end ten-
dency %o swell, Due to these imponderebles, tunnel
designere have used empirical rulee that are appar-
antly conservative enough to have withstood the test
c? #3oe. According to one such rule, the permanent
coner:te lining should have a thickness of 80 mm/m
{2 fa /£t) of tunnel diameter.*® For a temporary
dines thickness, using gless, it was sssumed for
this.study that a thickress equal to ~ 40 mm/m of
tunzel diemeter (0.5 in./ft = 0,64 x D) would be ade-
guate in unfavorable ground end thet 20 mm/m of diame
eter '0.29 in,/ft 2= 0,02 x D) would apply for favor-
atle '3 conditions,” Then, using (0,04 x D) as the
linirg t. ickness, the diameter &nd glass liner crocs-
sectional wee relationships applicable to soft rock

or growad  re!

D, = )+ 2 (0,08 D)
n1=o¢2(o.oun)

n o, 2 2 2
Ag .,;(no -ni)=o,1uo7n.

3olving for Euse’ the power reqguired is:

E = -7
Euse Ag v pg ¢ (Tavg i) + Ag pg AH'.IC-
and, using the tuff propertiee previously defined,

. B s _
e © 620 D° V, MJ/s = M,

The various lossges of thermal power which could
occur around the peripheral kerf penetrstor bits
vere estimated and are shown in Fig, U4, itemized in
Teble I, and further illustrated in Fig., 5a, Then,
including losses equal to L0%, the thermal total
pewer source required is:

“The RQD (Rock Quality Designation) is a rating
gcele of rock quality introduced by D. U, Deerel3
and is based on specific geologic factors as
observed during analysis of core samples.

o

E‘?outr
Usatul Power Kerf Penetrator
. —
/ Euse Eaty
Efwd L
E
Ir / Heat Pipes
¢ NSTM _ - o N\ __
N Nuclear
Eypx *—
Reactor

Fig. 4. Schematic of heat fluxes related to pene-
trator, heat pipes, and reactor subsystems,
. Ege -2 2
E = PPv=1 D .
total = 0.6 030 x v, M

The above power requirement is shown graphically in
Fig. 6 for an advance rate V = 0,423 mm/s (5 ft/h).
This advance rate is equel to that already achieved
during small-scele penetration teets.6 The goal of
the current Subterrane project 1s & target advance
rate for the NSTM of 1.0 mm/s (11.8 f£t/h = 283
ft/day),

The loss to the surrounding rock around the
penetrator (Table I) is estimated to be 20% of
i;tom. As w11l be shown later, another 21% will be
lost to the rock during the glass liner cooling pro-
cess, meking a total of 41% of ﬁtotal' This radisl
dissipation of power will not heat the rock to any

TABIE I

ESTINM.IED PERIPHERAL XPRF-MELTING PENETRATOR
SYSTEM AND REACTOR HEAT LOSSES

Estimted
Fraction of

. __Eeat Loss Contribution Symbol  fotal Reactor Fower
Toss forverd and invard into rock face L 0,01
Radial cutvard best-flov loss into tm 0.20
surrounding rock
Loss &ft 1n%o cooler machind Wiructiwe o 0,20
Loas radially tmmrd L I 0,01
Loas from beat pipes .hp 0.0%
Iosses to reactor conteinment iﬂ 0,0k
Total Prection of Losses 0,40
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significant distance from the tunnel-liner outside
diaemeter, To illustrate this point, consider the
cagse of & 7.3-m tunnel in tuff with a reactor power
output of 23.4 MI, The energy dissipated to the
rock could be stcred in a l-m-thick annulus outside
the tunnel 1iner, with the 1470-K rock-melting tem-
perature at the inner radius and the 290-K rock in.
situ temperature at the outer radius. In basalt,
the above snnular thickness would only be 0.5 m,
3. Face Removal
a, Type-I NST™M

The Type-I KS™ concept (see Fig. 1)
uses & rotary cutter assembly to remove the face
soil and rock inside the melted peripheral kerf,
The ro*ery design is assumed to be similer to the
cutters now being used in TBMs. However, the effec-
tiveness and useful. life of the cutter assembly in
the NSTM is expected to be better then in a TBM,
Carstens™ has pointed out the generelly accepted
fact that the outside gege cutters, in comparison
to the interior cutters, account for the greatest
share of the total cutter cost, ranging from 30 to
60%. In the NSTM, the usual gege cutters and their
problems will ve eliminateq completely, the periph-
eral rock being teken care of by the kerf-melting
penetrators. In competent rock the kerf penetrator
aids the cutters in two other ways, First, the rock
in the peripherel area of the rotary cutter head is
thermally spalled and cracked by the kerf penetrator.
Second, this vock is subject to some heating and

b: Pawer Distribution ot
Liner Cooling Sectlon
and Other Internal Components

Power dictribution for a Type-I NSTM,

hence some lessening of strength, In loose soils a
rotary heed suitablz for such strata will be used,
operating in the signirTicantly edvantageous situation
of e stabilized tunnel bore provided by the NSTM
with its continuously formed glass lining.

Tae cutter drive motor will be located aft of
‘the face-seel structural diaphragm and thus will be
in & favorsbly clean environment, If necessary, the
motor ran be cooled by a line branching off of the
main water-cooling system, Suitable entryways for

)
10 20 30 40
] {
60
s
[
g q0f-
[=]
a
_E "
S20f
-
[o] 1 i 1 1 1 1 1 1 1 |
4 6 8 10 2
Finishad Tunnel Diameter (m)
Fig. 6. Reactor thermal power vs finished tunnel

diemeter.
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cutter removal or chenges and general maintenance
mst be provided in the face seel structure,
b, Type-II NSTM

The Type-II concept (shown in Fig, 2)
substitutes an array of spike-like rock-melting pen-
etrators for the rotary cutters of the Type-I assem-~
bly. The Type-II concept is applicable to very hard
rock, the rock being fragmented by thermel-stress
fracturing, This design, while theoretically sound,
still contains meny yet-to-be resolved parameter
optimizations, such as penetrator spacing, power,

size of each penetrator, and adaptability to geologie

variations.

The total rock penetration and fragmentation
power for the Type-II NSTM, is ass'med equal to that
of a Type-I machine (see Fig. 6). Type-II in besalt
and with a liner thickness equal to 0.02 D, requires

a useful liner power, Euse’ equal to 0,55 Euae of

Type-I in tuff, The remaining 0,45 power fraction
is used for the spike penetrator bits and redistrib-
uted heat losses in the Type-II mechine,
L, Glass Liner Cocling

The glmsss liner will be cooled in two
ways. Liner heat will be dissipated radially out-
ward into the spurrounding rock and will elso flow
redially inwerd into the liner water-cooling system.
The structural cheracteristics of the liner will be
determined by the cooling process, from averesge
rock-melt temperatures to about 900 K, If the NSTM
vere completely automated, high well temperatures

might be permissible at the aft end of the machine,

However, water could be used to cool the wall down
to about 305 K (90° F). lLocal refrigeration and
cool air circulation eystems installed inside the
NSTM could provide adequate working conditions.
Final wall-cooling could be accomplished by a water-
cooleG air eirculation system es explained later.
Considering only the heat sbsorbed by the water
Plowing through the reactor and the liner coolant
Jjacket, ﬁcool’ five heat flows a:r? 1nvoi|.v'ed, shown
schematically in Fig. 7. ‘Three, Euee’ Eaft’ and
Erx’ vere defined previously snd are equal to 0.60,

0.10, and 0.0k of E, a1’ respectively. The other

two heat flowe are: Eoutﬂ’ the heat fl?w radielly
outward into the surrounding rock, end El’ which

is residual heat in the glase liner after the liner
water-cooling egection hag moved on. The quantities

}E:Qm,’2 and E‘e are estimated to be 0.21 Etotal and

0.01 E v regpectively. Then, the water heat

tota.
load from the liner and reactor is,

cooleuse+Ee.ft+En:'E -E

1t

(0.60 + 0.10 + 0.0% -~ 0,21 - 0.01) B tel

= 0,52 Etotal'

5. Air Cooling end Circul.tion
The air cooling and circulation subsystem
is shown schematically in Fig. 8. This subsystem
will cool the wall to a final low temperature by
flowing air in direct contact with the wall, The
air will also absorb heat generated in the forward
sections of the NSTM, e.g., &t the cutter drive mo-
tor or muck machinery and will provide for a reason-
ably low temperature inside the NST™ for personnel.
The circulating air cen be replenished es necessary
by meane of an air utility line from the portal,
The circul_ating alr, kept in motion by an electric.
motor drive fan, is continuously cooled in a water-
cooled heat exchenger,
6. Total Water Hest Ioad
It is estimated that the various machines
within the NSTM gen:erate a thermal power load, f-:m,
equivalent to 0.06 Eto This amount -- added to

tal’
estimated values for Bosd? Ehp’ Ei.n’ and E, (the heat

in the liner ebsorbed by the eirculating air) --
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eguals the total heat load absorbed by the cooling
water in the air-circulating system and is called
Eq (see Fig. Sb for an illustration of the shove

pover distribvutions).

Then,
Bagr = Bp * By * Byp + By + By
= (0.06 + 0,0L + 0.04 + 0,01 + 0,01)F eotal
= 0.13 E tota.l’
and, the total heat losd into the cooling water is:
Ewater = Ec ool * E
= (0.52 + °"3) total
= 0,65 ktotnl

7. Hydrgulic Slurpy Muck Removal

Complementary to the water systems used for
cooling the glass liner and the KSTM equipment, is
the hydraulic slurry smck removel system, It is as-
sumed that part of the cooling water cen be diverted
to fluidize the muck. In very fevorable circume
stances the resultant water outflow from the tunnel
might be discarded and fresh water pumped in, How-
ever, for cost purposes, it is assumed thet closed
eircuite ere needed with only some makeup water sup-
plied es necessery. At the portal, porteble dry-
cooling towers will reduce the water temperature to
e level edeguate for recycling. The water will alsc
be filtered snd cleansed before reuse, Some water-

L—Glass Liner

Schematic of eir cooling and circulstion subsystems.

cooliny circuits will be isclated fron the muck-
contaninated circuit to avoid fouling certain erit-
icel coolant-flow passages.
8, Portal Pover Subsystew

As noted in Section I1I1-B-6, above, the
ecoling Ater retwrning to the portal carries heat
equivelent to about 65% of the reactor hest relsase,
Most of this heat will be dirsipated tixcigh the
cooling towers emplaced at the portal. However, it
is aiso assuwed that a portsl pover subovstes (PPB),
extrecting energy from the cooling wter, vill gen-
erate the electricity needed for NSIM components
other than the penetrystors. This power will be obe
tained vith an organic Rankine-cycle pover sysiem
because of the relatively lov water terperstures
available. Powver generation and vater cooling can
be done, e.g., vith subsystems illustrated in Fig, 9.

PP C o
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Ory Oming
Toews

By weiw Re

thist Eaatungars

=
Turbe- Gemarsier T

Schematlc of portal power and cooling

" HBD 9.
subsystums,



Thus, except for startup, shutdown, emergency, and
cther niscellanecus pover requirenents, ©ost of the
NETM eparation could be approximately sustained
selely by tho nuclear reanstor power.
9. Sealrd Bxeavation Face

Me NSTM systen with its close fit around
the kerf penetrators end the glass liner cooling sec-
tion 12 ideally suited to a sealed and pressurized
vorrning~face operation. Thus, the prodlems of water
snd gas inflow into the tunnel, except in extrene
cages, are eliminated vhen the sachiae is opermting.
Hinimal leckage would norsally be expected through
the gilasc-lined wvells aft of the penetrators., 1Io
further isprove the face sezl), a periphersl sealing
devics could be essily incorporated. & dinphrapgn
bulkhiead structine could be uged to seal the cesntral
face zzen. The only optrational openings would be
those used to feed the muck into the slurry orushers
and grinders for cubseguent pumiag o the portal
for disposal, snd sccess to the rotary cutter head
for maintensnce snd cutter changes,

10, Thrusters, Cripmers, and Guidance

As projected in Fige, 1 and 2, the omin
structural component of ax NSTH 13 & cylindrical
snell nousing the various subsystexms. Thruster-
actuators push axislly on the mein cylindrical struc-
ture and react against rsdianlly expanding gripper
peds, Two sete of gripper pads sre located at fore
vard and aft stations, respectively. One set of
each palr can be gripping vhile the other shifts for-
ward 10 teke o new sdvance position. Machine guid-
ance io possible by adjusting the radisl extenaion
of the various gripper pads. It is ssmumed that
only very gradusl changes in direction will be re-
quired with the types of HSTMs studied, Hydraulic
actuators can be used becouse of the lov temperatures
inside the NSTM, 'The system is basically that in
use for most TBhe.

11, Utidity Lines and In~Tunnel Transportation

The main water-cooling lines huave already
been described, Other genersl-purposi utility lines
will be required for such needs as (resh air, aux-
11iary power, and cormunications, For extensicn of
all lines that cannot be unreeled conveniently, it
is projected that a line-extender acsembly will be
mounted on a treller towed behind the NSTM, Because
of the smoothness of the glass-lined tunnel walls amd
floor eitrer railed or vheeled vehicles can be used,

10

12, Control Center
A Pully instrumented, cooled, control cen-
ter mounted at the aft ond of the KSTM 4s anticle
pated, froam which the resctor and hest-trenaomission
cperation s8 vell as tho various other excavation
processes cAn be manually monitored.

III. COST ANALYSIS
A, NSTM Cost Estizeteg
The two initisl designs of NSTM systoms de-
scribed in Section II vere uced far cost estisating

purposes. One general econopic characteristic of
the NSTW systen 1 the fact hat it is guch more
capital-intensive than conventionsl and TEM excawn.
tion equiptent. Wrhereas, in past excavation pro-
Jects, 1t wis customary to write off a tunnelins
machine sfter a single zroject; mush of the sguip-
sent for NOTH sxeavation systems will be used untid
ita cperational lifetime will have been reached.
Fortunately, costiy Subtervene corponents are not
exposed S0 the harsh conditions that componente in,
e.8., Thés bave %0 endure. For exomple, the nuclear
energy system in the NST¥ will be completoly ene
cloged ond contained, Similarly, the heat pipes
will be enclosed, Aleso, duat and debris will be
containad in the forward face cavity of the NSTW,
and trailing equipment end utilizy lines vill en-
counter only relstively clesan and smooth glass-linad
tunnel wvalls, However, certain components, e.g.,
rotary culter easseablies, rock grinders, and
crushers i the hydraulic slwrry dispossl system,
will atiil de limited to more traditionsl opersting
lifetizen,

With MTMs, the tunneling contractor vill e
facad vith higher capital investments than with
conventiona) eyuipsent; i.c., the cost of capital
vill inerease and must be accounted for in the over-
all cost of & “unneling project. A firm might raise
capital by verisus mesnz, e.z., by 22lling stocke or
bonds, draving on reservms, or taking s luun.ls To
aTive at & cost-of-capital effect on oversll cost
in a simple manner the procedure presented in the
following discussion was used,

For the basic eguipment-cost estimations the
NSTHM wss categorized by identifying basic subasye-
temp, and operstional 1lifetimes were assigned to
each, The estimmted capital cost of eech subsystem
vas smortized over time periocds of approximately




TABLE II
EXAMPLE OF TYPE-1 KSTH EQUIPHENT COSTS, 7.3-» (ab -ft) DIAMETER, 23..4-¥ FOMER

{Costs Bazed Upon 1972 Doilers)

n
Intecest Cost per Cost per
Lifarines on Sajvage Advance Advance
AaoTiiTeiien,  ACHUA¥,  Capitel Rzmainder, Velve, Cumslative (Ve1.533 m/h), [VeS fe/h),
HSTH Subsyaten wp 3 Coss, WY i .t Cosr, M3 11, $1¢x
Tred gareivatoys 1 a300 5.500 0.120 10.150) 1.470 4.3 5.3
Hechantcal cutters 2 4300 o.e0e 0.08¢ - 0864 126.0 3.0
“:;_,'7’?;::‘”- rompe, ' €500 a.150 0.02 - 0.182 3.6 7.2
Linsr coating sutfste i sy 0.7150 9.080 (0.075) 0,238 107.2 52.7
Nuclesy fuel H 9000 0.701 0.085 - 0.787 $7.4¢ 1.5
Keat plyes s 0000 ©.300 0.078 (0.030) 0,345 1.3 3.3
Kechanteal tutler 4rive $ 206000 0.200 0.050 0.35¢ 8.2 2.5
Nucleny Sy3tes 1eas fual 0 90000 @193 T _— 8543 6.3 1.0
#atay coolant systen w 0000 0,350 0.156 {0.¢15) 94.291 2.2 9.6
ASy circulating system 0 22000 . 150 0.156 {0.21%8) 0.298 2.1 0.6
Thruater end grippens 0 20000 2,460 0.104 wes .04 1.8 0.4
Cantred cenker o) $0000 0,350 0.259 0.509 3.7 1.1
sweetet BUIE LT  WIYBY WETT wr miF
“:;'m;*":‘::,'“" f w500 0.109 o.008 - 0.108 15.7 e
Porial power snd cosiing w0 LI b.300 1.3¢8 {0.130) .58 18,4 s.8
Subtotat T 1.400 T Wy TR mwr W
Torad  10.646 6867 (5.318) 172.078 €53.8 199,2
Totsls Rafarved to 3663 Oaliers ** 9,359 8.006 {0.344) 16,553 £73.6 7R
twice the operatiocnal life of the subsystems; i.e.,
the actusl use-to-calendar time ratio is 0.50. -
Copital-aguliasint funds were borroved with intereet 1o 20 30 40
charges of B¢ of remaining capital, paid off over 25 T 1 |
the various smrtization perfods. Certsin cospo- Note: 1969 Dallery
nents made of relatively >xpensive waterials vere
assizned 2 107 salvage value. These include kerf- 20}~ Ker! + Mechonica)
melting penetrstor elaba, heat pipes, glass-liner — Cutlsrs
cooling surface slabg, wvater-cooliing jJacket, air 'g
cireulsating system locatgd in the HSTH, and the .s.
portal paover and water-coolins systems. Finally, O 5
coste in dollare per tunnel length vere celculated E
v apsuming an average NSTH advance rate of 0.L23 §,
wafe (9% f£/h). Table II summarizes typical esti- 4
mates coste for ¢ Type-I BSTM (kerf-melting plus s w&—
mechanicsl cutter) designed to produce m tunnel with §
e finished diemeter of 7.3 & (24 f£1) ot & nuclear a
poway level of 23,4 ¥ (thermal pover). These esti- o
mates are referred to 1972 dollars, To refer to s / Kerf + Thermal
1569 dollars, sn aversil inflation factor of 1% is Fragmeniatation
L
used from 1959 to 1972, The inflation rate for the
excavation equipsent enalyzed might very well be | i L 14 \ { 1 i
2 4 6 8 10 2

considerably higher, but this effect wvas not studied.
Sumpary total oquipment cost in 1969 dollars for

'o\mran naticnal infistlon rate for that period as
published by the U,5, Department of Commserce,

Finlshed Tunnel Diameter (m)

Fig. 10. NSTM excavation equipment coste va finished
tunnel clameter,
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TABLE IXI
TASES TOR ERQUIPMENT COST AND LIFETIME ESTIMATES

Basis

1. Heat pipes and
penetrators

2. Huclear coxponents

3. Mechaniesl cutter

4. Muck removal

5. Portal pover and
cooling

&. Control centesr

7. Other componeats

8, Operating ‘ife-
times

9, Scaling procedures

IASL experience since 1953. <Conservative scsumptions: Jlithiun/molytdenum pipes
at 200-to hOO-PH/mé capacity., Penetrator costy baned on use of polybdenum,
tungsten, and other refractory perts at average cost of 22 $/kg (10 $/1bv),

High-temperature gas-reactor clectric utility costan zultiplind by factor of 6
to allov for compact size needed for NSTH, NSTM reactor equipnent costs ere
$180/kW and fuel eosts ere .35 millwkWh, both btused on thermal pover (ot
electric) and on 1972 dollars,

Tunneling meéahine costs per Ref., 14 range from $250,200tc $1,225,000 in 1949 3,
the latter value being for s 21-ft-dism tunnel, For this study, & heseline
7.3-n-{25-9%) diar machine cort of $1,000,000{1972 %)uns selected to cover cost
of cutter wheel and structurnl mount, with 2200, 000 included for the drive motor,.

Coste given by Holrmes end Nerver, Inc.la and those derived from CO!U\RTlg for
current conveyor systeus very studied, It was concluded that the COHART costs
could be conveniently used to repreesat future slurry systeme without effecting
the overall results significantly.

Fover-industry-type costs vere used conservitively enough o rover sdditionel
costs for s mobile system end setup, Typicel costs of turbdbine sand electiric
equipment are 55 to 8L $/kw, based on 1973 dnn.nra‘r’

A enpt of $250,000 var mRieumed for sll eines ueing eimilar elsctronice, Thie
compares with $152,000 for cozpletely eutomsted controle for the LASL 370-M.
nuclekr spsce engine,

Beceuse many ziscellanecus smeller cozponents were not detsiled end their cost
effecte were obviously small, order-of-vkgnitude estizmeies only were zade.

For the penetrators, mechanicai c:fters, siurry corponents, liner cooling
surfeces, and utility lines, e lifetime of 4500 h was estimated for future
components considering the relatively favorsbhle NSTM environment.

For the hot penetroting eurjaces, a 4500-h lifetime was deemed feasibie. Thie
is indicated by szeli-scele LASL tests where, under very harsh conditions, 8
maximum hot-wall ercsion rate of 13 po/h (0.0005 in./R) was measured,

For the nuclear fuel, a 9000-h period tetween refueling operations is consisteat
with nuclear power-plant practice,

High-temperature heat pipes heve been operated well over 10,000 h, end a doubling
of their lives %o 20,000 h ie not considered too difficult,

Electric utility practice assumes a 30-ycar lifetime with some maintenance. The
long~lived components in this study were assumed to have a lifetime of only
10 years.

Scaling on size from m 7.3-m-diam tunnel baseline was done by wesuming that
costs varied with the square of the tunnel diameter except for the nuclear
system for vhich a sguare-root relationship vas used. As noted earlier, control-
center costs remeined fixed,
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the two types of NSTM systems are plotted in Fig. 10,
and Fig. 11 displays cimilar dats in e cost-per-
unit tunneling length lasis.

Tabvlc IIY liste the bases for the cost osti-
mates uzed to establigh the values sumasrized in
Teble 1I. In general, very conservative estimates
vere made for all nonconventional subcomponents of
the NSTM, However, the experience in refractory-
metal materisl and fabricsting coste geined thus far
in the project was factored into these estimates,
The eubcomponents that are based upon conventional
equipment technolopy were costed by using exipting
data for such equipment as rxtensively as possible.

Direct NSTM operating costs vere estimated by
ueing dete derived from the COHART computer program
for conventional and machine costs {besed upon 1969
dollars )* as a bese to arrive at reasonable conven-
tional or THM-type direct cost itcme and adjueting
these valueg for NSTM costs. These COHART dats were
supplied by Foater.lg Tables IV and V summarize
typicsl results of these operating-cost estimatees.
The tables show the percentage contribution to the
total in each case of the major project processes:
excavation, materials handling, snd supports,as well
ag labor, equipment, and materiale distribution. It
can be gcen that the coet distribution for NSTMs 1s
markedly different from conventional or TBM costs;

*me cost reference base wae choeen as 1969 dollars
because the COHART program data base utilized thie

reference,

TABLY IV
TYPICAL COST DISTRIBUTION FOR MAJOR EMCAVATION
ELEMENTS OF A 7,3-m-(24-7t) DIAMETER TUNNEL

3 of Tota) Project Costa

£arth - Yairials TIrport
Corditicny I Hachine Eararatson Hapdiing and tiners
Muiiue roch Trpe.1, K5 48 1) i
#ard goct Trpe-31, 15T 4 n Fd
Hedium rock 1 ] 1" 0 n
safe ground,
Variable Trpa-t, KSTH £« b2 i
Soft ground, ™ 9 a : 52
dry

for the NSTM a greater cost percentege ic concerned
with excavation and lege with supports and liners.
Thie difference iz sscribed to higher NSTM excava-
tion equipment costs and to sessciated lower costa
for liners and aupports. '

The COHART dats were aveilable as raw direct
cogts to which factors had to be applied to accoumt
for profit, overhsed, nnd reglonal cost effects.
According to Wheby and Cikenelié? the computer dats
are besed on 1965 dollsrs and on Chicago pricea.

By referring te pertinent mid-1949 issues of the
Engineering News Record (ENR) publications with
data evailable for pricee in 22 major U.S. cities,
it vas estimmted chat thr typical tunneling projects
the cost index vsed in COHART, based on arithmetic
averages for the 22 cities, is about 5% less than
Sor Chicego only., Therefore, an approximate cost
index of 1.00 was deemed satisfactory.

For regionel factors (--hich take into account,
e.g., labor union regulations, militancy, and other
costly restrictions), Wheby and Cikonek present a
scale renging from 1,0 to 3.0 with 1,1 epplying
over much of the U,S, They list a factor of 1.5
for the Northeast Corridor, excluding New Yook City.
In tnias etudy, e factor of 1,3 wee estimated to
apply to overall U,S. tunnel projecte.

TARLE V
TYPICAL PROJECT COST DISTRIBUTION BY IAFBOR,

EQUIPMENT, AND MATERIALS
FOR A 7.3-m~(2h-ft) DIAMETER TURNEL

Earth 3 _of Total Coit
Conditions Type Machine Tabor Egu{gunt Haterinia
Hediva rock Typs-%, KSTW 42 a2 16
Hard roch Typs-11, NSTR “ 3? 19
Medfm rock ™ 51 21 28
Soft grounds

Viriable Type-1, NS 1 [t 18
Soft ground, TEY 43 16 41
dry




TABLE VI

COET FACTORS APFLIED TO KSTM AND COMART DIRECT
COSTS TO ARRIVE AT HATIONAL AVERAGE COSTS

NGTH COMART
Cost index .00 1,00
Profit 1,06 1.09
Overhead 1,27 1,27
Regional 1.30 2,30
Net 1.75 1.80

A 27% overhead rete and e 9% profit are recom-
mended in Ref, 20, In the NSTM case, for which the
large equipment capital coets are sssumed to coneist
of berroved capital plus 8% interest, a contractor
profit of 6% wme ellowed,

The factors spplied to the COHART data sre
sumsirized in Tabie VI,

B. Comparisons With Conventional and TEM Costs

Imta on conventional and machine-tunneling
costs were compiled for comparison with Subterrene
costs, #Although the cost spread 1s broad and the
desired consistency of the data is sometimes diffi-
cult to obtain, the goneral magnitudes and trends
of these coste vere ldentified.

Costs versus tunncl-diameter data for rock tun-
nels are shown in Fig, 12, The three curves desig-
nated () vere taken directly from Spittel et al.Z>
and represent equations and estimations from actual
tunnel data. The sensitivity to type of gevlogy ie
represented by FQD (Rock Quality l)el:lma'l'.i.v:m):I'3 val-
ues from 100 down to 25%, Two varisbles that vere
not teken into eccount by Spittel mare rock strength
and ebrasivenese., Their effect on the estimntes 1is
not clear because rock vith an RRD = 100% is not
aecessarily very kerd or sbrasive. To more cleerly
define cost characteristics of cutters, rock strength
andfor ebrasivensss should be considered. Duta des-
ignated @ for conventional excavetion were extrap-
olsted from Baker et a.l.l by teking lower-bound ex-
cavation-only costs and then dividing by 0,35 to
obtain epproximate total custa.

Data denoted by (1) were estimuted from COHART
progran deta. 19 It was assumed that these deta
were representative of medium-strength rock, i.e.,
rocks with en average compreseive strength of 135

b

W‘/ll2 (20000 lbf/in?). Carat.enalk concluded on the
bazis of actual cost dsta that rock compressive
strength wne the best veadily aveilsble parameter
for corrzlsting cutter costs, Using foctors esti-
mated from Ref, 1%, the data denoted (B) vere sceled
wp to the two curves marked ¢ = 275 m/na {40000
ib¢/1n.%) and o = 345 W/n° (50000 2b£fin,”) to ar-
rive at an estimate of the significant additional
coste which accur due to increared cutier Wear in
very hard rock. These latter curves arc designated
G .

If we compare the ¥STM date with the other date
in Fig. 12, we see the following: At RQDs of 7S and
100%, the cost curves denoted @ sre significantly
lover then those for the N5TM. However, for iess
favorsble rock condilLions, e.g. AQD = 25%, the NSTM
1s competitive and even a little superior. It hes
already been noted that the data plotted as (3) d1d
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not consider rock strength or sbrasiveness as vari-
a2bles and that the effect of these rather important
cost parameters is somevhet hidden, Nevertheless,
the data for FQDs of 75 and 100% show that, at tuis
stage of the economic evaluation, there are undovbt-
edly some projects in very favorable rock conditions
wvhere other simpler and more traditional techniques
will compete with the currently projectad NSTM
systein,

Howevez:, the advantazes of NSTMs Lecume impore
tant if we consider very hard rock, i,e,, with
compressive strengths of 200 to 345 lll/u2 (30, 000 to
50,000 psi). For exaxple, at a tuwnel diameter of
7 m (23 £4) snd at rock strengihs of 275 and 35
MA/u, the NSTM costs would b2 66 and Shf,

respectively, of those reculting from & rotating
cutter machine. The cost effectiveness bvecomes
greduslly even better as tunnel size increeees.

The ¥STH compares unfavorably to the coste
abeled @ » which are ainimum costs in rock using
conventional methods and are based on actusl data,
fHovever, for wrbsn usese, the NSTMs would havo im-
portant practical advantsges bacause they would
avoid the environmental probvlems caueed by dirill-
and-blast technigues,

Fig. 13 shows cost data for soft-ground excave-
tion. Data labeied (3) sxe eatimated from the
COHART computer progre=. The deta desionsted @
and (3) swmarize actusl dsta for both conventionsl
and machine technigues and were extracted from OECD,
Fanix and Scisson, A, D, Little, and Virginia
Degartment of Highvey sources, 201 2 2k

The lover bounded data (2) are for sofe, dry
ground vith the date sbove lateisa (3) being for
soft, wet ground, The spread of these data ilius-
tratee the strong influencc of geolegic variations
on costs., It aiso 1llustrates the need for the de-
velopment of nev equipment that is less senaitive
to the often encountered, but not necessarily antic.
ipated, geologic variations, Dats (L) are extrapo-
Juudﬁwtbewmmorttolsflma-mucor-
rolate vell with () and (3) . These values were
obtained by dividing Ref. 1 data, for the excavation
process only, by 0,35 to obtain overall tunnel costs,

Comvents pertinent to the comparison of FSTM
costs with the soft-ground cost data shown in Fig.
13 are ap fcllows, The NSTH estimates are nearly
ideqtical to the COBART estizmates, Curve () .
Rowever, btoth estimates fall far below historical
data, Curves (D , B , end () . There inatoste
that tunneling problems, €.g5., geologic variations,
are perhaps not correctly anticipated by COHART,

If ve veres to assune an additional multiplying fac-
tor to accownt for unanticipated earth conditions,
the CCHART data should be higher than the NSTM costs,
The ¥ estimate shown is meant to cover both soft,
wet, rmning, bouldery ground es well as coft, dry
conditions and, ihus, already discounts geological
vavristions, Roughly, it cppears conservative to
conclude tiat the NSTM would reduce average soft-
ground tunnel costs by ~ 507,
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TABLE VII
CUST CONTRIBUTION OF THERMAI, ENERGY ON £ DIRECT COST BASIS

(1959 Dollers)

Type 4.1-a-diaxn Tunnel ’ 10.7-n-diam Tunnel —
Ground Ttal fast. Tuel » §ystel Thermal Encru Total Cost, ruel ¢+ System ermal Energy
& NSTH 7). Cost, 3/m Cost, § $/n Cost, §/m Cost, %
Rack, Type 1 1040 46.7 4.5 3460 188 5.4

Ksrd Rock

Type 1 * 1020 46.7 4.6 3380 188 5.6

Soft Ground

Type ¢ ' 810 46.7 5.7 2800 188 6,7

C, FEnergy Costs and Refueling Considerations

The thermal energy for penetrating rock for
voth Type-I and Type-II NSTMs was consicered to be
the same. For the kerf-and-mechenical cutter case
{Type-1) a1l the energy ic used to develop a thick
temporary iiner, Where the kerf-and-thermal frag-
mentation penetrators (Type-II) would be used, the
rock ccnditions would be such as to require less
liner thickness. Thus, the thermel energy to the
kerf penetrators would be reduced and the energy
saved would be diverted to the therms) fragmenta.
tion penetrators in the central-face area,

The nuclear fuel costs used in this report in-
clude the external costs of refueling. It wes as-
gumed that specialized nucleer reactor industries
would handle all nuclear-related aspects of the ex-
cavation project, This would include reactor sy-i:m
menufacture, installation, on-the-job operciivon, main-
tenance, sefety, end long-distence trensportation,

No attempt was made to detail cost effects of
recovering some thermal energy from the cooling wa-
ter so as to generate electricity for running the
slurry pumps, air circulating fans, cutter drive
motors, etc.

Table VII sumsarizes the contribution of the
costs of the nuclear fuel plus the nuclear subsys-
tem needed to convert the fuel into thermel energy.
On a basis of percentage of overall tunneling costs,
the thermel energy veries from 4.5 to 6.7%. It
should be remembered that the temporary liner thick~
nesses assumed for this study are very conservative,

and affect the power required and costs directly.
Nevertheless, the cost contribution of thermal

energy is certainly not dominaat.
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Power costs can be expressed in another menner,
i.c., in terms of costs per kwh., Fig, 1% compares
purchased electrlc powsr costs from two sources with
thoee used in this study, The NSTM date shown are
for Type-I NSTMa and for L- and 12-m-diam tunnels.
The bar at the left of the figure represents rates
ir dollare/kWh(e) as quoted for Los Alamos, NM,°”
vwhereas the bar in the middle is a national average
rate estimated by Hano].d..7 These two rates are
0,014 and 0.020 $/iWh(e), respectively. These date
are tased on power delivered - _iisting transmission
terminels near the tunnel portal and do not take
into account special hookup costs. Also, 100% con-
versjon efficiency from electricity to heat is as-
sumed, A factor to be considered is the regional
ospect of electric power costs, which can vary sig-
nificantly depending on location,
supplied thermal power (delivered directly to the
working face), costs range from 0.006 o 0.0l $/kWh
{thermal) depending on tunnel size,

D, NSTM Development Benefit-to-Cost Ratios

No detalled estimates of overall future exca-

vation demands for the world or the U.S. were

For nuclear-

0.03

Eectricity Copt
At Exlrting .
Trensmisuioh Termingl
Quitids of Tenne
ac2 . —
£ of New Mexico
3 | NSTM Thermal Powse
s Cost ot Working Foce T
00i— Funnal CHam & 4m =

Hanokd”
g Tonnot Dicm.=12m
~= Nuctsar Fus
Nuclear Sratem

0

. Fig. 14, Typicel electric and NSTM thermal pover

costs,



TABLE VIII
PROJECTED U,8, TUNNELING EXPENDITURES

Average Expenditures, B $*

Transportation All Tunneling
Time Period Only Except Mining
1970-1979 5.1 3k
1980-1989 9.3 65

* Peged on 1969 dollars.

readily available, Hovever, large future demands
are enticipated in such ectivities as geothermal
energy, mining, scientific studles, waste dlsposal,
water redistribution, utility conduits, high-speed
traneportation, and urban facilities like airports,
pover plants, manufacturing plants, gas storage,
housing, etc, Some recent projections for U.S. tun-
neling demands compiled by the U.S, Department of
Transportation (D.0.T.) were obtained from Foeter,1?
These piojJections cen be used to show benefit-to-cost
ratios based on KSTM savinge indicated previously,
They are shown in Teble VIII, Ref, 19 slso indicat-
ed that the percenteges of the total excavation de-
mands for rock and soft-ground tunnels are close to
50 and 20%, respectively, with the remaining 30%

of the total consisting of cut-and-cover and
imrersed-tube demands.

Estimated Subterrene characteristics and pro-
gram costs are summerized as follows: The program
will leed to a feasivility demonstration of a proto-
type NSTM, st which time the technology will be
available to industry. The program will cost about
100 million in 1969 dollars and will cover an eight-
year period., After demonstration the industrial
implementation of NSTMs will tske place in a linear
menner over a four-year period. The sbove process
is illustrated in Fig. 15. The dotted lines indi-
cate the early technology transfer from laboratory
to industry. Thiis is an important concept of the
program proposed by LASL, vherein it 13 planned
to: (1) cooperate with industrisl firms interested
in furthering the R&D effort of the Subterrene con-
cept, (2) train key industriel technical personnel
by encoursging them to work directly on the LASL
teem, end (3) award LASL eubcontracts to industry
to accomplish key elements of prototype febricatiocn.

Widespreod Use
e
industrial =~ -7~
Impleientation”
d - -~

pa - R

] 1
Subtaerrens Program

[ TP ST AT T N TEPURr T BT Tr |
1970 1980 1990
Calender Year

Fig. 15.

Schedule for NSTM prototype demonstration
and concept implementation, .

In Section III-B, wherein NSTM vs TBM end con-
ventional costs were discussed, an example of typ-
ical hard-rock costs showed NSTM cost savings of
34 and 46% over TBMs, Also, drill and blast methods
ere very undesirsble in most urbean environments and
probably will be eliminated in many future projects.
For soft ground, Fig., 13 showed that NSTM costs might
very eesily be less than half those of other methods.
On the besis of these considerations the conclusion
was reached that projects, excluding those where
rock and soil conditions eare very favorable for TBM
or conventional methods, could be done at cost sev-
ings of 30 and 50% for rock and soft ground, respec-
tively, if NSTMs mre used. ’

Two more estimetes are needed to arrive st a
final benefit-to-cost ratio; both relate to the per-
centage of tunneling where NSTM systems show cost
savings. These are estimated to be 50 and T5% for
hard-rock and soft-ground tunnels, respectively.

All cost assumptions are summarized in Table -IX,

TABLE IX

Ne'T™M COST ASSUMPTIONS AND BENEFITS T0 CY 1990
BASED ON TRANSPORTATION DEMANDS ONLY

Demands Available M
Fracticn Assumed

Type Fraction of to RSTH Average Benefit,
Tunnel Total, % 1982 to 1900 , B$ Done by NSTH, %  Savings, % Bg
Rock 50 279 S0 » 0.42
Soft
Ground 20 1.17 s 50 0.43
Total: .85

Net transportation benefir.to.cost catio = g—ﬁ- = 8.5,

7
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Fig. 16, Department of Tran portation demand data and NSTM benefits.

The net benefit-to-cost ratio is 8.5 vhen baged '

only on average projected transportation-tunnel ox-
cawntion demands up to CY 1990, Fig. 16 plots the
orfjginal D.0,T.-projected trensportation-tunneling
demmnd” in billions of dollars per year (1959 dol-
laus) to CY-1990 end some results of a later D,0.7,
survey of &emand which are categorized into 50, 90,
and 95% probabilities of actual impiementation.

The demand curves show a rapld decresee sfter 1993,
vhich (according to D,0.T.) 1s due to lack of
plsnning veyond & ten-year lead time by government
organizations and not to any expected ectual de-
criage in need for transportation excavation pro-
:]a:ts.“ The various shaded areas in Fig, 16 show
tbr $100 miilion cost for prototype demonstration,

Jrr'.i,he pverage demands listed in Table VIII corre-
spond to the data in Fig, 16 designated "Original
n,0.T. Projection,”

H.bl detailed study of past U.S, tunnel project his-
‘tory and development of more accuraite and compre-
liensive methods of surveying future demands may"
rzvenl 8 baglc cyclic trend.

b1

it e

the demands vhich were assumed as being met by NSTMs
for both rock and soft-ground projecte and, at the
upper right, the benefits thet would acerue from
sevings by use of NST™s, Benefit-to-cost ratio is,
of course, the integrated benefit area divided by
the program cost area., Thege curves alsc emphasize
that additional benefits will accrue if the project
had been initiated =arlier and shortened in duration,
E, Effect of Advence Rate on Tunneling Coste

The effect of changee in advance rate from the
baseline rete of 36.5 m/é was studied. It was as-
sumed that caepital costs and design remeined the
same as those of the baseline configuration but that
the system efficiency either increased or decreesed
to produce the change in penetration rates, The
results are sumarized in Fig, 17 where the ratio
of tunnel cost at other rates to baseline tunnel
project cost 1e plotted ageinst advance rate. The
point where the benefit-to-cost ratio would equal
zero 1s at a cost ratio of 1.375, at an advance rate

~of 22 m/d (3 £t/h), which 1s well below the baseline

rate of 36.5 m/d (5 ££/h). During penetration tests
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Fig. 17. Effect of advance rate on costs.

of small consolideting penetrators at LASL, rates
of 2 m/d were generslly recorded and, for short
times, were es high ss 36,5 m/d; however, at that
time, no attempt was mede to sustain such rates.

Loz Alamos Scientific Isboratory experimentasl ex-
perience suggests thst = rate of 36.5 m/d 15 readily
achievable and that higher rates are possible, as
indicated in Fig. 1iT.

If the advance rate were tw'ce the bageline
value, i.e., about 80 n/d (~ 260 ft/day), an sddi-
tionsl 30% savings mey result, However, at some as
yet undetermined high advence rate the cost may
reaci: » minimun and then increase with further in-
creases in edvance rate, This may well be ceused by
a tradeoff with increasing costs of equipment, e.g.,
slurry pumps, piping, end crushers, increased cutter
wear, longer glass-liner cooling sections, a larger
nucleer nower gystem, and larger portal power and
coolant equipment. When this occurs a new ayeiem
concept will become necessary, Such & new system
might teke advantage of full face melting as indi-
cated by projected long life of melting penetrators
(4500 h appears possible), Also, methoda of lowering
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Fig. 18. Effect of * 50% varistion in NSTM excava-

tion equipment costs.

the rock-melting temperature and reducing the vis-
cosity of the melt should be given consideration.
F, Effect of * 50% Excavatich Equipment Cost

Perturbation

A perturbetion of * 50% on excavetion eguipment
costs around the baseline case was studied; results
are shown in Fig. 18. The overail effects on tunnel
project cost vwere * 9 and * 17% for tunnel diameters
of k.1 end 10.7 m, respectively. The upper-limit
cost variations, if they occurred, would reduce the
‘benefit-to-cost ratios to between 5 end € based on
transportation-tunneling demands to 1990, Thus, we
may conclude that results would not be effected
significantly, even if equipment costs used in this
study were greatly in error, e.g., by 50%.
G. Other Benefits Not Quantified In This Study

The benefit-to-cost ratio discussed to this
point ineluded only the excavation demands for
transportation, i.e,, average of 9.3 billion dollars
for the period 2980-1989. As was shown in Teble
VIIi, an additional 56 billion dollars of excavation
demand is foreseen during that time period for other
tunneling projects, excluding mining, Thus, with
the incluslon of these additionsl demands, the bene-
fit-to~cost ratio could become considersbly larger.

Conceivably, es experience 1s gained with the
glage liner, the concrete structural well inside
the glass liner could be eliminated or greatly
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minimized. This would result in further savings in
suppert costs, Another NSTM advantage that should
be kept in mind is offered by the fact that the
NSTM can advance through the earth with a minimum
of distusrvance, thus maintaining the inherent
strength of the surrounding strata and, in fact,
enhancing their integrity by the cementing action
of the solidifying glass. Emphasizing thie point
Cording and Deere, a7 discussing tunnel support load-
ings, point out that liner loadings cean be rather
low even in highly fractured rock, if the joints
are tight and irregular snd if initiel loosening

is prevented.

Technology spin-off benefits from NSTM develop-
ment could include high-temperature abrasion-resis-
tent meteriels and high-temperature, high-heat-flux,
long heat pipes; such heat pipes could be useful in
high-temperature chemical processes; e.g.,, coal gas-
ification, Another spin-off or parsllel development
could be that of small electrically powered pene-
trators for installation of underground utility
lines, for exploration of natural rescurces, or
for mining. One of the most important Subterrene
applications could be the deep penetration into the
earth's crust to tap geothermal energyas for such
purposes as water desalination, surfece heating,
and electric power generatioa.

IV, CONCLUSIONS
The designe and cheracteristics of two lerge

Nucleer Subterrene Tunneling Machines (NSTMs) were
postulated and their cost-effectiveness for future
transportation tunnel projects was anslyzed. Both
designe are first-order extensions of present
Tunnel Boring Machine (TBM) technology and visualize
the addition of m periphersl kerf-melting penetrater,
which will form m continuous temporary support by
lining the tunnel walls with rock glass. High cost~
effectiveness is projected for both soft-ground end
very-hard-rock tunneling. Contributing to this pro-
Jection is the anticipation that NSTMs will be rel-
atively insengitive to varisble and unexpected
formation changes.
fhe major results of the study are:
¢ The preliminery economic enalysis indicates
excellent cost benefits for the development
of NSTM systems, Estimating thet unfavcreble
excavation conditions would be encountered
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at least 50% of the time in rock end 75% of
the time in soft ground, and using the best
avajlable estimates for hard-rock and soft-
ground excavation demands in only the trans-
portation sector up to CY 1990, the bvenefit-
to-cost ratio for a Subterrene development
program is 8.5. Many other potential bene-
fits outeide of trensportation applications
could increase this ratio significantly.

e Additional benefits will accrue if resesrch
end industriel implementation are acceler-
ated, LASL program plans are based on early
transfer eand availsbility of the technology
to industry.

& As an initiel step, large NSTMs using the
peripheral kerf-melting bit concept can be
integrated into technicelly sound excavation
systems,

» For a conservative temporary glass-liner
wall thickness equal to 4% of tunnel diam-
eter, the nuclear thermel power requirements
are 7 end 63 MW for 4- and 12-m-diem tunnels,
respectively.

¢ The cost of the thermal power required to
melt the rock is ornly sbeut 4 to 7% of the
total excavetion project cost,

¢ NSTMs are capitel-intensive systems as com~
pared to the labor-intensive TBMs,

¢ Penetrat~r material costs appear to be the
highest cost item, on & cost-per-unit tunnel
length besis, followed by the cost for me-
chenical rotary cutiers used to fragment the
central areas of the excevation face,

¢ The total costs for excavation, materiels
handling, and supports and liners, using
NSTMe, are very close to those for TBMs when
ground conditions are favorable, However,
the adventagea of NSTMs become outstanding
in unfavoreble ground conditions such as in
very hard rock and, particularly, in soft,
wet, running, or bouldery ground,

o Very high advance rates may require design
extensione beyond the two NSTM concepts
analyzed in this study.

Additional investigations in the following arean
are needed:

¢ Continue more detailed preliminary design
studies of NSTM tunneling system.



o Develop more specific future tunneling
demend data (both in the U,S5, and overseas);
including sizes, geological conditions and
variations, vroject locations, applications,
and schedules,

e Study other NSTM designe which will encom=
pass full-face melting designs and include
removal of molten rock from the tunnel.

e Develop system concepts and costs for
Electric Subterrene Tunneling Machines
(ESTMs) and corpave with NSTMp and TEMs,

» Evaluate the details of the supply and cost
problens of exotic components such as re-
fractory penctrator bits.

o Determine the most likely benefits achiev-
able by actively pursuing R&D related to
TBM and conventional methods, and compare
with ESTM and NSIM benefits.

¢ Study the environmental and social impact
of ESTM and NSTM full-scale immlementation.

¢ Adapt COHART or the General Research Corp.
computer program tc obtain additional useful
cost study date.

o Conduct investigations and tests to verify
glass wall properties and their wall-support
characteristics,

¢ Study effects on the overall syestem design
of greatly incressing the advance rate,

» Initiate failure-mode analyses, ¢onduct
maintainability studies, and develop com-
ponent life data,
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