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AQUARIUS STUDY - ENGINEERING AND ECONOMIC CONSIDERATIONS

Roger F. Griffin
Bechtel Corporation

The two previous papers described the scope of the Aquarius
Study and the various applications considered in evaluating the
use of nuclear explosives for the development of water resources
in Arizona. Surface storage behind a dam created with the use of
nuclear explosives was selected for the major effort, primarily
because it could afford the most valid direct comparison between
nuclear and conventional methods. In this paper I will focus on
the engineering and economic considerations involved in
developing and evaluating three concepts for constructing a
rockfill dam using nuclear explosives. Engineering development
and economic evaluation of the concepts was the principal
responsibility of Bechtel Corporation as a consultant in the
study to the Arizona Atomic Energy Commission. We depended
heavily on information supplied by the Federal participants,
notably the U.S. Bureau of Reclamation for site data and the U.S.
AEC's Lawrence Radiation Laboratory for information on nuclear
explosives effects. Since the study report has not yet been
published and additional material is still forthcoming, some of
the information I will present, such as the cost estimates, may
be subject to change and should be considered preliminary.

Clear Creek Site

The site selected for the study of dam construction
techniques is on Clear Creek in northern Arizona. One reason for
selecting this site was the availability of site data previously
obtained by the U.S. Bureau of Reclamation for the preliminary
design and cost estimate of a conventional dam in the same area.
This site also is relatively remote and has a number of favorable
physical features which make it suitable for a nuclear dam. The
main drawback with this site, or any other available site in
Arizona, from a nuclear explosives standpoint, is the relatively
small dam and reservoir which can be constructed.

The first slide (Figure 1) is a simplified topographic map of
the site and immediate vicinity. Clear Creek flows in a
northerly direction. The site for the conventional dam is just
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downstream from the confluence of Willow Creek and Clear Creek.
Further downstream the creek makes a right angle bend to the left
followed by a hairpin turn to the right. The canyon is
relatively steep-walled and averages about 500 feet in depth from
the stream bed to the flat plateau above the canyon rim. The
height of the dam would be about 220 feet above the canyon floor,
providing a reservoir capacity of 45,000 acre feet. Dam height
and reservoir volume are limited by the fractured nature of the
limestone formation (Kaibab) extending from about the middle of
the canyon to the plateau surfcice. Beneath this is a sandstone
formation (Coconino) which is quite impermeable. Mean annual
flow at the site is about 55,000 acre feet with a design flood of
57,500 cubic feet per second. The next slide (Figure 2) is a
simplified perspective of the site.

Several techniques for constructing a dam at this site were
considered initially. Of these, the nuclear quarrying, throwout
dam, and retarc dam concepts appeared to be appropriate for the
site and were investigated further. Nuclear quarrying was
selected as the reference concept for the study for the following
reasons: (1) it requires the lowest device yield (and thus has
least severe yield-related problems such as ground shock and
airborne radioactivity release); (2) it has minimum potential for
surface water contamination; (3) it has fewest uncertainties
affecting the design concept and cost estimate; and (4) technical
feasibility and cost are least sensitive to the assumptions which
must be made. On the other hand, this concept may be considered
relatively unimaginative since it fails to take advantage of the
material movement effect of the nuclear explosive. Therefore, I
will also describe the other two concepts and the problems we had
with them, some of which are site-related.

Nuclear Quarrying Concept

In the nuclear quarrying concept, the nuclear explosive is
used only to produce fill material while hauling and placing are
done in a conventional manner. The explosive is emplaced at a
depth which will produce a retarc (or nuclear rubble mound) and
thus provide a maximum of fill material above ground with minimum
device yield. The retarc can be located at any convenient site
in the vicinity of the dam in order to adapt to local conditions
and safety considerations.

Approximately 725,000 cubic yards of rockfill would be
required for the dam embankment. The next slide (Figure 3) shows
the assumed cross-section of the nuclear quarry retarc. To
minimize loading and hauling costs, the retarc was sized to
produce sufficient fill material above the original ground
surface. Based on size distribution data from nuclear shots in
other media, it was assumed that 75 per cent of the broken
material would be less than the three-foot size considered
maximum for this application. Assuming that another 25 per cent
of the above-ground material is inaccessible or otherwise
unusable, about 1.4 million cubic yards of material as bulked
would be required above the original ground surface.
Extrapolating the rather limited data on retarcs and assuming the
data are applicable to the sandstone medium at the site, a device
yield of 15 kt at a depth of 500 feet would be required.
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The next slide (Figure 4) shows the location of various
features associated with this concept. A point about 4,000 feet
east of the damsite and on the plateau well back from the canyon
rim was selected for the site of the nuclear quarry. This
location results in a maximum haul distance of about two miles,
all downhill, and also permits gravity drainage of contaminated
wash water to the evaporation pond to the north. The quarry
location was selected away from the canyon to avoid the
possibility of base surge fallout on the canyon walls or stream
bed and to assure that no contaminated water could flow from the
retarc to the stream, either on the surface or through subsurface
fractures. The east bank location was selected to be downwind
from the stream and work site with the prevailing wind direction
assumed to be from the west or southwest.

Immediately following detonation, upstream and downstream
rockfill coffer dams and a diversion tunnel would be constructed.
These provisions would be the same as for a conventional rockfill
dam. The tunnel would provide a diversion capacity of about
10,000 cfs which is adequate to pass the maximum flood normally
expected during the construction period. There is some
probability that a flood would exceed this diversion capacity and
flood the construction area, but this calculated risk is normal
for conventional construction.

After initial preparations (such as building a haul road and
clearing and excavating to provide a competent foundation),
hauling and placement of the fill would be carried out in a
conventional manner except for washing of the fill material to
remove radioactive contamination as discussed in subsequent
paragraphs.

Grouting of the canyon floor and walls up to the elevation of
the reservoir surface would be required at this site for any type
of dam to seal cracks and fissures and minimize leakage around
the dam. The upstream face of the embankment would be covered
with a waterproof barrier, assumed in this study to be reinforced
concrete, which would be tied to the grout curtain at the canyon
floor and walls. A 400-foot long spillway crest would be
provided along the ridge at the north abutment of the dam. This
spillway, together with the diversion tunnel modified to provide
normal reservoir regulation, would have sufficient capacity to
pass the design flood of 57,500 cfs.

The possibility of contaminating surface water with
radioactive debris probably is the main concern associated with
using nuclear explosives for dam construction. Suitable
provisions must be made to ensure that complete control would be
maintained over all potentially contaminated water and that
downstream contamination levels would be kept well within
allowable limits. Three potential sources of water contamination
must be considered: (1) base surge fallout in the immediate
vicinity of the nuclear explosion, particularly that falling on
the stream bed or canyon walls where it could be washed into the
stream; (2) contamination on the rubble within the true crater
which could be leached off and washed into the groundwater; and
(3) contamination, primarily tritium, deposited on the surface of
the rubble which is used for the fill material.
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Base surge fallout is considered minimal for a retarc but, in
any case, should not present a serious problem for this concept
since the quarry can be located so that there will be no fallout
within the canyon. Contamination of groundwater does not appear
to be a major concern at this site because of the very low
groundwater flow rate. Nevertheless, it is assumed that special
wells for monitoring groundwater flow in the vicinity of the
shotpoint would be provided and that production wells in the
general area would be monitored periodically.

The contamination deposited on the surface of the retarc
rubble to be used for fill material would be washed off before
the fill is put in place. This would control the contamination
close to its source and eliminate the possibility of
contaminating the stream in the event of a flood during
construction which exceeds diversion tunnel capacity. The
contaminated wash water would be collected and disposed of by
controlled evaporation to the atmosphere and by controlled
release to the stream. To minimize the possibility that
evaporation of this water would result in excessive airborne
tritium concentrations in work areas, the evaporation pond was
located to provide an exclusion distance of one kilometer and to
be downwind from the quarry and dam sites. Evaporation pond area
would be limited in order to limit airborne tritium concentration
under conditions of high evaporation rate or unfavorable
atmospheric diffusion. Additional evaporation when conditions
permit could be provided by a system of sprinklers.

Throwout Dam Concept

In the throwout dam concept, shown in the next slide (Figure
5), the nuclear device is emplaced in the canyon wall downstream
from the desired dam location and the rockfill material is
ejected upstream to form the embankment. The steep canyon wall
overlooking the horseshoe bend in the creek downstream from the
rockfill dam site is a favorable location for using this
technique.

Since directed blasting of earth and rock has not been
demonstrated on a large scale, a simplified conservative
approximation was used to estimate the deposition of the ejecta
as a function of device yield and location. Assuming a 100 kt
device as a practical upper limit, the post-shot configuration
was determined to be as shown. As can be seen, the ejecta
pattern falls far short of producing an embankment of sufficient
height for the dam. The esmbankment would be completed by
mechanically placing the additional material required - - about
half of the total embankment volume. The effective downstream
toe of the dam was located at the lip of the true crater and
relatively flat slopes were assumed for both the upstream and
downstream faces of the dam because of the uncertainty concerning
the degree of compaction and resulting embankment stability which
could be achieved.

The next slide (Figure 6) shows the location of the throwout
dam and associated features.

Since all of the rubble would be contaminated by
radionuclides (notably tritium) which presumably could be readily
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washed off and contaminate any water flowing through it, all
stream flow would have to be diverted around the rubble even
under the most adverse conditions. This requires that the
diversion tunnel capacity be adequate for the maximum flood which
could occur during the construction period. At this site, six
20-foot diameter diversion tunnels would be required,
representing a significant penalty for this concept.
Furthermore, upstream and downstream coffer dams and at least one
of the diversion tunnels would have to be in place before the
detonation and possible damage to these structures from ground
shock would have to be considered.

The fracture zone might extend as much as 2,000 feet outward
from the shotpoint, thus increasing the potential for leakage
around the dam and increasing grouting requirements. Perhaps as
much as ten to twenty times as much grouting would be required
for this concept as for a conventional rockfill dam or for the
nuclear quarry dam. This requirement is another major penalty
associated with this concept.

A concrete dam facing and a spillway would be required much
as for the nuclear quarry case. However, since the diversion
tunnels must provide capacity for the design flood, it is
possible that they could be modified to serve as a permanent
spillway and that no additional spillway would be required.

Minimizing the amount of water which could become
contaminated and providing positive means of assuring that
contaminated water would not flow downstream uncontrolled present
particularly difficult problems for this concept. Base surge
fallout on the stream bed and canyon walls may be a severe
limitation. Since this is a cratering shot, some fallout in the
immediate vicinity is certain and there are no obvious remedial
measures which can be taken eeisily and cheaply if such fallout
could lead to unacceptably high levels of water contamination.
As with the nuclear quarrying concept, contamination of
groundwater is not considered a particular problem at this site
because of the low groundwater flow rate, even though this shot
is considerably larger than the quarry shot, and is below the
water table.

Contamination of surface water by contact with the rubble is
a particular concern with this concept since the detonation point
and most of the resulting rubble would be located within the
confines of the canyon. This requires that extensive precautions
be taken to prevent the stream from flowing into the rubble and
to collect and dispose of any water which does contact the
rubble. As described above, diversion capacity is required for
the entire design flood during the construction period. In
addition, rain water flowing through the rubble pile and any
leakage through the dam after it is completed would have to be
collected and pumped to an evaporation pond. A much greater
quantity of contamination would have to be disposed of than in
the nuclear quarrying case (about 2,000 vs. about 50 kilocuries
of tritium) and the pumping and evaporation would have to
continue for several years.
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Retarc Dam Concept

In the retarc dam concept the dam embankment is formed from
the upstream lip of a retarc produced in the floor of the canyon.
The desired embankment height is achieved by bulking of the
fractured material above the initial ground surface. In order to
provide sufficient material in the immediate vicinity of the
desired dam axis, a 75 kt device was selected for the evaluation.
The next slide (Figure 7) shows the assumed cross-section through
the retarc. The device would be emplaced approximately 1,000
feet downstream from the dam axis and at a depth of 1,350 feet
below the canyon floor. As with the throwout concept, only a
small fraction of the total broken material produced is used for
the dam embankment. Because of the likelihood of settlement of
the rubble within the retarc itself, the embankment would be
designed so that the effective downstream slope would intercept
the point of maximum uplift at the rim of the true crater. To
produce the desired embankment would then require that about
100,000 cubic yards of fill material be moved conventionally
after the shot. This amount of material is readily available in
the immediate vicinity of the embankment.

The next slide (Figure 8) indicates the assumed location of
the retarc dam shotpoint and embankment. The dam location was
moved upstream close to the site of the conventional dam because
of the likelihood that the ridge within the hairpin curve would
be highly fractured in this concept. This imposes a considerable
additional penalty because it requires that the diversion tunnels
be about three times as long as for the other two concepts. As
with the throwout dam concept, six 20-foot diameter diversion
tunnels would be required to pass the entire design flood to
preclude any possibility of flood waters passing through the
retarc area. Upstream and downstream coffer dams and at least
one of the tunnels would be required before the shot and possible
damage from ground shock would have to be considered.

Somewhat more grouting would be required for this concept
than for the throwout dam concept, or perhaps ten to twenty times
that required for a conventional dam, since the dam axis is
located closer to the shotpoint and fracturing of the dam
foundation would be expected to be greater. A concrete facing
such as that provided for the other concepts also would be
required. Since there is no convenient location for a
conventional overflow spillway at this site as at the downstream
site used for the other concepts, it is assumed that the
diversion tunnels would be adapted to provide the entire spillway
capacity.

Water contamination control problems are essentially the same
for this concept as for the throwout dam concept. Base surge
fallout should be significantly less, however, and the
concentration of tritium on the rubble and in the wash water
should be about half of that for the throwout concept.
Furthermore, it is likely that much of the total contamination
would remain in the retarc well below the canyon floor and not
have to be removed and evaporated.

Comparative Costs of Nuclear and Conventional Dams

The principal cost comparison made in the study is between
the cost of nuclear quarrying and conventional methods of
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constructing a rockfill dam at the Clear Creek site. Since these
two dams are essentially identical, the only difference in cost
would be in producing the rockfill material. The cost of a
comparable thin-arch concrete dam, previously estimated for this
site by the U.S. Bureau of Reclamation, is also included for
general comparison. Cost comparisons for the throwout and retarc
dam concepts were not made because of the large uncertainties in
certain aspects of these concepts.

The cost estimates are based on the following conditions:

1. No development costs are included. It is assumed that
the nuclear explosives technology required for the
nuclear quarrying concept will have been demonstrated
beforehand.

2. Construction wage rates for the Flagstaff, Arizona area
are used.

3. No premium or hazard pay is included for possible
exposure to radiation or handling of radioactive
materials.

4. It is assumed that construction bids would be taken only
after the prospective contractors have had the
opportunity to inspect the rock produced at the nuclear
quarry. A contingency is included to cover the possible
need for secondary blasting to produce rock of suitable
size.

5. Current (1969) unit prices are used with no escalation.

6. No land costs are included.

7. Adequate commercial power is assumed to be available
within one mile of the site.

8. Access roads are assumed to be available with no more
than a minimum of improvement required to permit them to
handle heavy equipment.

The next slide (Figure 9) gives cost breakdowns for the
nuclear quarry and conventional rockfill dams and for the
concrete thin-arch dam. The first item, "Preparation", includes
diversion tunnels and coffer dams, haul road for the two rockfill
dams, and excavation for the dam and spillway. "Embankment" for
the nuclear quarry concept covers the cost of washing, loading,
hauling, placing and compacting the rock produced by the nuclear
detonation. Also included are the costs of delivering wash water
and controlling and disposing of contaminated wash water. For
the conventional rockfill dam this item includes not only the
cleaning, hauling, placing and compaction of the rock but also
the production of the fill material by conventional explosives.

"Concrete" includes the cost of the concrete for the thin-
arch dam structure and for the facing and spillways of the
rockfill dams. It also includes the cooling system required to
control the temperature rise of the concrete in the thin-arch dam
during curing and the reinforcing for the facing and spillways of
the rockfill dams. "Grouting" includes all costs associated with
the sealing of the cracks and fissures in the canyon floor and
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walls and tying in with the dam structure or facing.

"Other" costs include the outlet structure, the electrical
system, and the mechanical system to control routine releases of
water from the reservoir.

An allowance of ten per cent was added to each estimate to
cover unlisted items and an additional 25 per cent was included
for contingencies. To this was added, for the nuclear quarry
concept, $1,600,000 for costs associated with the nuclear
explosive and its effects. These "Nuclear Costs" include
exploratory holes and the device emplacement hole, ground zero
and control point facilities, support services and security,
instrumentation, observation and communications systems, the
nuclear device charge, the cost of the entire safety program, and
an allowance for other charges. Due to the inability at the
present time to accurately predict the size distribution of the
rock in the aboveground portion 'of the retarc, an additional
contingency of $500,000 was included to cover the possibility of
a substantial amount of secondary shooting. Experiments in
production of rock by retarcs may make it possible to reduce or
eliminate this item.

The total costs represent direct field costs or the expected
bid prices, since each total contains reasonable overhead and
markup. Additional costs for the total dam project would include
engineering, procurement, supervision, administration, interest
during construction, and land.

As shown in the table, the conventional rockfill dam would be
the least expensive of the alternatives considered, based upon
the assumptions previously discussed and upon the order of
magnitude cost estimates prepared for this site at this time. It
is not surprising that the nuclear quarry dam is somewhat more
expensive, since nuclear costs are relatively insensitive to
yield and the unit cost of rock produced by nuclear detonation
would be relatively high for a small dam such as this.

Although the costs of the throwout and retarc dam concepts
were not estimated, it is clear that they would be much more
costly because of the measures which would have to be taken to
minimize the problems associated with these concepts. However,
future developments could make one or both competitive. For
example, proof of the ability to efficiently place the ejecta
from a throwout crater in a desired configuration might reduce
the costs of shaping and grouting enough to offset the cost of
the six diversion tunnels. Eliminating or substantially reducing
the problem of radioactive contamination of the rubble might
eliminate the need for five of the six diversion tunnels in both
the retarc and throwout concepts. Diversion tunnel costs are
roughly $8 million and $2 million for the retarc and throwout
concepts respectively as developed in this study.

Conclusions

Because of the many participants and widely divided
responsibilities in the Aquarius Study, I am not in a position to
draw general conclusions reflecting the entire study. Moveover,
the study was directed specifically toward applications in
Arizona and the concepts developed are quite site-dependent.
However, recognizing the more general applicability of much of
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this work,it is possible to make the following observations based
on our portion of the study:

1. Based on currently available data, it appears to be
technically feasible to use nuclear explosives to
produce material suitable for constructing a rockfill
dam. This applies to a wide range of site conditions,
provided safety criteria can be satisfied.

2. Economic feasibility of the nuclear quarry technique of
dam construction is highly site-dependent. As with most
applications, the larger the volume of rock to be broken
or moved, the greatar the advantage of the nuclear
method. Extrapolation of the results of this study
would indicate that for a dam embankment volume greater
than about 2 1/2 million cubic yards, the cost of the
nuclear quarry dam would be less than that of a
conventional rockfill dam, all other conditions being
equal.

3. Significant improvements in the economies of nuclear
techniques of dam construction should be possible if
future developments reduce the uncertainties and solve
some of the problems associated with the throwout and
retarc dam techniques. For example, in the throwout
technique, efficient placement of the ejecta into the
desired configuration would reduce the device yield
required and the need for grouting and shaping.
Eliminating or greatly reducing radioactive
contamination on the rubble would remove the need for
elaborate precautions to prevent contamination of the
stream. Even with the nuclear quarry technique, costs
below those estimated in this study may be possible if
the uncertainties are reduced and less conservative
assumptions and allowances can be used.

4. The potential for the use of nuclear explosives in dam
construction is sufficiently attractive to warrant
further development, including experiments aimed
specifically at some of the questions identified in this
study. With relatively little additional knowledge,
nuclear quarrying should be considered along with
conventional techniques in selecting a method of
constructing any moderate to large rockfill dam (or
other structure requiring a comparable amount of
rockfill) at a fairly remote site.

1197


