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ABSTRACT

This report presents s nuabder o6f analyses to determine vhether the
construction of tve shafts assccisted with the Exploratery Shaft Facilicy
could influence significantly the long-tera fsclation capabilities of &
highelavel nuclesr vastes repositery st Yucea Mountain, on and adjscent to
the Nevada Test Site. The calculational effore, using analytical solu.
tions, focuses primsrily on the potential influence of the shaft liner and
the zone of increased rock danage arcund the ghaft (dus to shaft constric.
tion). The potential {apact of the shaft penetrating into the Calice Kills
unit on the sorptivity of zeclites of this unit &s also evaluated. 1Iwvo
mechanisas are consideread {n deteraining vhether the rock dassge tone (or
the godified permeabilicy gone, MPZ) can efignificantly enhance radionuclide
releases, These sechanisns includs vater flov dovn ths shaft fi11 and MP2
froc a highly fzprobable scenatio occurring at the surface, and air flov up
the shaft due to convective and barometric forces. The influence of the
liner on the parformance of the tepository is deteralned by evaluating the
potential chenical {nteraction betvesn ground vatsar and the concrete liner
and the gubsequent potentisl for precipitates to caposit vithin the KPZ and
the shaft £111. The sorption capadilicy of the Callce Hille unit {3
evaluated by caleulating the changas in ground.vater temperature a3 vater
pigrates dovn the lhl’t and M2, It Ls concluded froa these calculations
and the current knovledge of the hydrology of the unsaturated gone at Yuccs
Mountatin that the presance of the shafts and the assocfated MPZ and shafe
liner does not significantly fspact the long-tera fsclation capability of
the tepository. This concluston is reached because (1) highly feprebable
anounts Of vater postulated to enter the shaft can be dissipated effec-
tively at the base of the shaft (thess postulated ascunts of vater are such
greatar than the asounts anticipated to enter the shafts), (2) air flov out
of the shaft can be controlled effectively by esplacenent of shaft fi11,
(3) deposition of solids froa the interaction of the shafct liner vith the
ground vater (s s localfted phencnencn and shouléd not sfgnificantly
decrease the Crainage capadility of the rock at the base of the shaft, and
(¢) the elevation of the teasperaturs of ground-vater resching the base of
the shaft does not significantly fspact the sorptivity of cthe Calico Hills
zeolites. This report also describes methods to remove the liner, to
" resgtere the MPZ and to enplace & seal, {n the event that future analyses
suggest that these sctions are necessaty. o
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BACKGROUND OF REPORT

The original version of this report was prepared as a letter report in
response to the question: Do the shaft liner, the shaft internals, and the
{ncreased rock damage around the shaft (due to shaft construczion)
significantly influence the release of radionuclides from the repository?
The letter report was submitted to U.S. Department of Energy - Nevaca
Operations Office, Waste Management Project Office (U.S. DOE-NVO, WMPO) in
July 1985. The contents of this letter report were subsequently dlscussed‘.
during a NRC/DOE workshop titled *NNWSI Exploratory Shaft Facility Design
and Construction Werkshop® in August 1985.

. During the workshop additicnal concerns were raised by the workshop
participants on details associated with the appreach used to tresclve the
original question and the level of detail contained in the original lecter
report. To address the original question and the additional concerns
raised during -he August 1985 meeting, Sandia National Laboratories (SNL)
‘decided to prepare three reports. These reports wvere:

(1) *"Technical Basis for Performance Goals, Design Requirements and
Material Recommendations for the NNWSI Repository Sealing
Program,” -SANDBA-IMS.Aby J. A. Fernandez, P. C. Kelsall, J. B:
Case, and Dann Meyer (published),

(2) “"Modiffcation of Rock Mass Permeability in the Zone Surrounding a
Shaft in Fractured, Welded Tuff,* SAND86-7001, by J. B. Case and
P. C. Kelsall (published), and

(3) *"Analyses to Evaluate the Effect' of the Exploratery Shafts on
Repository Performance at Yucca Mountain,® SAND85-0598, by J. A.
Fernandez, T. E. Hinkebein, and J. B. Case.

During the preparation of this report, the designs and surface
locations of the expleratory shafts changéd. .These changes necessitated
performing additional calculations to address, among other things, the
impact of flooding and erosion at the new shaft.locactions . The impac:

e e o o e v




of flooding and erosion at the nev exploratory shaft locations vere raised
during snother FRC/DOE seeting in April 1987. :

'fhl: report, therefore, sddresses:
(1) the original question defined before July lﬁls.

(2) the concerns raised during the August 1985 vorkshop between KRC,

(3) the concerns raised during the April 1987 geeting betveen FRC and
DOE, and :

(&) additional concerns raised by the authors during the developzent
of this report.
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One aspect of the Nevada Nuclear Waste Stotage Investigations (NNWSI)
Project is the deveiopment;'%f_.the' Exploratory Shaft (ES) testing progranm.
The pﬁrpose of the E$ testing progran is to obtain at-depth site informa.
tion on the hydrology and geology at the site. The results from these
tests will be used to déternine the effectiveness of the geologic setting
at Yucca Mountain to {solate. high-level radicactive vaste. Before initiac-
ing the construction of the exploratory shafts (ES-1 and ES-2), it is
necessary. to determine the quality assurance levels to be applied to the ES
design end construction., The purpose of this report {s to provide a
portion of the technical basis for use by the U.S. Depaftment of Energy-
Nevada Operations Office (U.S. DOE-.-RVO) in establishing the appropriate
quality assurance levels for the design and construction of the exploratory
shafes. This technical basis is developed through the use of analytical
solutions that address the primary concern in this report: Do the shaft
liner, the shafe {nternals, and the {ncreased rock damage around the shaf:
(due to shaft construction) significently influence the release of
radicnuclides from the repository? The epprecach taken to resolve this
concern is to evaluate selected physical processes and bounding scenarios
vhich, {n our judgment, ansver the most {mportant concerns brought up by
the DOE, U.S. Nuclear Regulatory Commissfion (NRC) and by ocurselves.
Therefore, this report {s not intended to provide an exhaustive analysi': of
all possible scenarios and physical processes which could occur and may
{mpact the future repository performance but is considered sufficient to
fniciate construction of the exploratory shafts.

i R PA W g

i
N

Rather then performing a total systemi analysis, the significance of
the rock damage zone or the modified permeability zone (MPZ)* and the shaf:
liner on the long-tern performance of the repository are considered. A
secondary concern addressed in this report {s the potential effect of one

A

.-

*The modified permeability zdne is the zone immediately surtouhdiﬁg an
underground excavaticn {n vhich the permeability of the rock mass has been
altered due to stress redistribution and blast damage effects..
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shaft penetrating the Calice H{lls unit. Because the shaft pene:r&tes the
zeolitic portion of the Calico Hills unit, the: po:en:ial effect of elevated -
temperature of ground vaters on the zeolites at the base. of the shaft is
evaluated. The thickness of the Calico Hills unit at the ES-1 {5 also ‘
discussed {n this report. Because the shaft internals will be removed to
acconmodate emplacement of shaft fill, there is no impact of the shaft
{nternals on the postclosure performance of the repository.
. . . ’ ¢
Because release and transport of radfonuclides from the underground
facility can be due to several mechanisms, scoping calculations are pre-
sented in the beginning of the repert to provide a perspective on the more
important mechanisms that should be coensidered vhen assessing the signifi-
cance of the MPZ. From these calculations, release of radionuclides due to
downward water transport is considered to be the most reelistic and
dominant mechanism. Alr transport of gases by convective and barometric
forces through the drifes and/or shafts was also determined as important to
evaluate because of the thermal energy éifferences within the repository.
The calculations, therefore, focus primarily on conditions -that would
enhance the downwvard transport of radionuclides in the agquecus phase and
air transport of geses due to convection. '

In the first mechanism (downward water transport), it is assumed that
vater can enter the upper portion of the shaft, infiltrate to the base of
the shaft, potentially build up at the base of the ES, and drain into the
surrounding rock mass. The calculatien presented in this report first
defined a broad range of inflovs intoc the shaft. These inflows are depend-
ent on the hydrologic conditions agsumed at the surface. Of particular
concern 1is the influence of the MPZ on the inflow into the shaft. These
{nflows, {n turn, are assumed to be transperted to the base of the shafc
vhere buildup of wvaters can occur as well as dreinage. ’

Because, in genersl, vater entering the shaft {s predicted to be
contained within the exploratory shaft sump and subsequently drained, it is
concluded that the MPZ is not expected to influence the radionuclide
release perfo"rmance -of the Yucca Mountain Mined Ceologic Disposal System
(YMMCDS). TIn two cases (using the nevw ESF design) vhere limited water.
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entry through seals at the repository station* {s computed, the transport
of radlonuclides is not influenced. This {s because the maximunm computed
flow through the repository station seals is 40 nis. vhich -can be {solated
from the vaste disposal drifcs by te'posltoq passive design features.
These features can include constructing a sump capable of storing and
draining this volume of water near the exploratory shaft or within the
Exploratory Shaft Facility (ESF).#* In additien, with proper repository
érift grading, the water can be directed te the low point in the tepository.-‘
so that the water would not enter the waste disposal srea.

The authors cc_nclu&e that for water inflow the MPZ does not influence
the ﬁerfomince of the YMMGDS because (1) the occurrence of the scenario¥*t
selected to develop a source of water that could enter the shaft is highly
improbable or incredible, (2) even 1f this highly improbable scenario
occurs, the volume of water entering the shaft can be contained within the
shaft sump and/or -the ESF, and (3) both the ES-1 and ES-2 have been
relocated to more faveorable locaticns outside the flood plain of existing
arroyos and {n an area vhere the bedrock {s exposed.

An additional concern sbout the vater inflow in the MPZ and out of the
base of the shaft {s the potential to form precipitates in the MPZ and the
shafr fill. Precipitation could occcur because the concrete liner will
cause some modifications to the chemistry of the ground water. These water
chezistry changes may cause the ground wvater to becoze supersaturated with
respect to some minerals and precipitation could then occur. If precipita.
tion occurs abgve the repository station, lover water flows would be

*The repository station {s a location in the underground facility that
corresponds to the drifc area that is edjacent to & repository shaft at
the repository level.

++The ESF {s the exploratory shaft, any associated surface structure and
underground openings constructed for the purpou of site characteriza-
tion.

*+%The scenarto used to compute the unanticipated volume ot‘ vater

(~20,000 o ) is considered hlghly improbable because’ ie couple: a
ptobable maximum flood event with an obstructicn in the drainage basin
thu: can retain the flood waters above the exploratory shaft ‘locatiens
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expected to enter the base of the shaft. If precipitates form at the base
of the shaft, the drainage capacity at the base of the shaft could be
decreased. :

From the models of precipitate depesltionA in this report, precipitates
are predicted to form and quickly deposit at nucleation sites in void
spaces. This deposition is controlled by diffusional processes where the
diffusional path length (i.e., 1/2 of the pore diameter or 1/2 of the
fracture aperture) {s small and travel times are short. Hence, £orward‘
migration of precipitates in the porous medium {s expected to be limited.
As this process continues, a buildup of precipitates occurs in a frontal
advance. This precipitation front {s ptojected to start at the top of the
liner and progress downward in both the shaft £1l1 and the MPZ., It is
concluded that {f antlcipated volumes of water (=44 m /yeer) enter the
shafss, no significant formation of precipitates occurs. If unanticipated
volumes (-20,000 n’/event) enter the shaft, precipitates could edvance as
much as 60 m radially out from the liner in the MPZ where fracture poresity
{s small. Howvever, once the front advances beyond the base of the liner,
the maximum frontal advance will be 0.016 m/event due to the increased

porosity of the shaft fill. Hence, the depositicn of solids from the '

interaction of the shaft liner with ground water is expected to be &
localized phencmencn. We can, therefore, conclude that the fractures in
the MPZ sbove the repository horizon will tend to £1i1l with precipitate,
thereby reducing the permeabilicy of the MPZ where deposition occurs.
Because deposition is a localized phenomenon, the drainage capacity of the
rock at the base of the shaft should not be detrimentally reduced, assuming
that the shaft liner in the base of the shaft is removed during
decomnissioning. ' ' )

As mentioned earlier, the MPZ may be significant Lif it can substan-
tiaslly enhance the release of gasecus radicnuclides by increasing the air
flow through the MPZ, Because the eoplaced vaste in the repository will

. release heat, temperature gradients will develop in the rock mass. The

temperature differentisl will tend to cause air to rise in the exploratory
shafts. The convective -air flov analyses presented in this report consider
potential airflow in and near the shafts and also consider the potentul
flow through the rock above the vaste disposal areas.
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For several ccmbinations of host rock air conductivity above the
repository the percentage of flow through the shaft (including the MPZ) to
the total flov (including shaft, the MPZ, and the rock mass above the waste
disposal area) was plotted as a function of shaft fill, air conductivity.
It vas concluded from the analysis that shafts and ramps are not preferen-
tial pathways for gaseous radionuclide releases i{f the air cond.:tivity of
the shaft £111 1s less than ebout 3 x 10°% n/pin or an equivalent hydraulic
conductivity of 10°2 co/s, When the air conductivity of the shaft fill (s
greater than 3 x 10 a/zin the alr flow through the shaft fill and MPZ is’
predominantly through the shaft fill. It is only when the conductivity of
the shaft fi11 is lowv that flov through the MPZ is proportionally greater
than flow through the shaft £i11. However, when flow through the MPZ {s
proportionally greater than flew through the shaft £111, the total air flow
through the MPZ and shaft £i11, as cocopared to the flow through the rock
over the repesftory, {s extremely low, f{.e., less than 2.5¢. ‘Therefore, it
can also be concluded that the MPZ is not likely to detrimentally influence
the performance of the YMMGDS by enhancing the release of gasecus
radionuclides. '

A second mechanism vas considered {n assessing the influence of ‘the
shaft £111 and the MPZ on increasing the release of gasecus radionuclides
from the repository. This second mechanism involves the displacement of
a:r out of ES-1 or ES-2 due to barometric forces. The purpose of the
anilysis associated vith the mechanisz {s to predict what volume of air
eontained in the shaft 111 and the KPZ under unsaturated conditions can be
displaced due to several meteorclogical events. 1f only a portion of the
shafc f1ll and MPZ air volume {s displaced vhen the pressure drop occurs at
the surface, the surface afr v{ll be forced into the shaft fi{11l and MPZ
vhen the pressure reversal occurs &t the surface.

It i3 concluded from these analyses that the volume of air in the
- exploratery shafes {s not fully displaced during the occurrence of & broad
range of meteorological conditions {f the shaft £i11, air conductivity is
less than abeut 10°% o/min.

A final sreaof eval'g'za‘tton ‘mentioned sbove .wg's the penetration of the
ES into the Calico Hills unit. Froa the analyses presented in this report,
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the {mpact of this penetration on ﬁhe. sorptivity of the Calico Hills unit
vas found to be negligible. This conclusion was reached for the following

reasons:

(1

2)

(3

Vater ﬁusing through the ES will be separated from vaste stored
{n the repository. Therefore, the likelihood of water containing
radionuclides reaching the ES is diminished.

The minimum thickness (70 m) of the Calico Hills unit at the
eastern edge of the repository will be preserved while allowing
guch valusble information to be gained by sinking the ES into the
upper margin of the Calico Hills.

The temperature of wvater passing through the ES was calculated to
closely approach the global formation temperature for all con-
sidered vater flow rates, including the maximum flooding event
defined in this report. This calculated teﬁpetatdre increase
vill be far less than that required to have any significant
impact on the sorptivity of the Calico Hills zeolites. Therefore
{f any radicnuclides do reach the base of ES-1, radionuclides
would still be effectively retained at the base of the shaft.

The di{scussion and results presented above were focused on determining
1f the design and construction of the ESs could signiﬁcaﬁtly {nfluence the
performance of the YMMGDS. Should future analyses indicate that either the.
shaft liner or the MPZ could significantly influence the performance of the
YMMGDS, we have provided a description of the preferred methods for res-
toraticn of the MPZ, liner removal, and seal ezplacement. In this report,
the follovwing conclusions were reached on the preferred methods for

restoration of the MPZ, liner removal and seal emplacement.

o Grouting in the wvelded tuff {s feasible and {s’ the preferred method fcr
restoring the MPZ because drilling smooth-walled, grout holes allows an
examination of fractures in the modified permeabllity zone through the
use of a borescope.. Also, at present, it is not-certain hev large an
{nterface stress -can be developed through the use of only-ah expansive

concrete (one of the alternatives) or hovw effective such stress e
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developmn:.vould be in reducing cthe potential for flow in closing
fractures. Grouting the MPZ, however, does incur a greater cost than
constructing an expansive concrete plug. '

Evaluation of the advantages and diudvantiges suggests that the
hydraulic splitter method is the favored approach for liner removal,
although the other approaches 2re technically feasible. Conventicnal
equipment with the slight modification of suspending the 'splitters from,
chains may be used. The costs are somevhat less than for other methods
evaluated., The method does not leave pcténtlally undesiradle chemical
residue. While supplemental hand methods may be requireéd, this {s not
considered a significant disadvantage. '

The construction sequence for eoplacing a shaft plug entails making saw
cuts at the top and botten of the plug, removing the liner. excavating
the keyway, backfilling to the underside of the plug. placement of
concrete, and contact grouting. .
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1.0 PURPOSE OF REPORT

The Nevada Nuclear Waste Storage Investigations (NNWSI) Project,
maraged by the Nevada Operations Office of the U. S. Department of Energy
(U.S. DOE-NVO), is examining the feasibility of developing a nuclear waste
repository i{n an unsaturated tuff formation beneath Yucca Mountain. Yucca
Mountain {s located on and adjacent to the Nevada Test Site, Kve County,
~Nevada. One aspect of the KNWSI Project {s the déveiopment of the Explora-,
tory Shaft (ES) testing prograzn., The purpose of the ES testing p'rdgtam is
to obtain at-depth site information on the hydrology and geclogy of the
site. The testing will be performed in the unsaturated tuff at Yucca
. Mountain. The results from many of these tests will be used to drtermine
the effectiveness of the geologic setting at Yucca Mountain to {sclate
high-level radicactive waste,

_ Before initiating the construction of the exploratory shafcs (ES-1 and
£S-2), it is necessary to determine the qualicy assufcnce‘ levels to be
applied to the ES design and construction. The DOE-NVO is responsible for
assigning the quality assurance levels. This report provides analyses to
establish part of the technical basis for the appropriate quality assurance
levels. This basis is-established' By evaluating whether the heslgn and
construction of ES-1 and ES-2 could compromise long-term isoclation
capabilities of the repository. The concern raised vas: Do the shafc
liner, the shaft internals, and the increased rock damage arocund the shaft
(due to shaft constructicn) significantly influence the release of
radionuclides from the repository? Because the shaft internals, including
instrument conduits, utility piping, ventilation ducts, and conveyances
hardvare, vill potentially be removed for repository operations (i.e.,
development, vaste explacement, monitoring, and, if necessary, retrieval).
end vill certainly be removed to accomzodate emplacement (during decommis-
sioning) of shaft £ill, shaft internals will have no impact on the long-
term performance of the repository. Therefore, only the significance of
the rock damage zone or the modified permeability zone (MPZ) and the shaft
liner on the long-term performance of the repository is considered. The
approach taken to determine the significance of. the MPZ and shaft liner on
the long-ie:m performance of the ':eﬁoslto:y is to evaluate selected
physical processes and bounding scenarios which have been raised by the
DOE, the NRC or by ourselves. Therefore, this report is not intended
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to provide an exhaustive analysis of all possible scenarios and physical
processes vhich could occur and cay fmpacc the future repository
perfornance, but i{s considered sufficient to initiate construction of the
exploratory shaft. ' .

An {ntegral part of the overall repository system in the long-ternm
performance of the repository is the closure of the Exploratory Shafts (ES-
1 and £5-2). Therefore, it is necessary to deter- mine the desired
performance of these gealed shafts and, for completeness, the encire

~sealing system. Additionally, the development of a model for the MPZ is
‘required. 1In Fernandez et al. (1987), performance goals and design -

requirements for the sealing system are presented. The need for sealing is
also assessed by evaluating the vater flow into and out of the underground
facilicy, :haf:s; and raomps for anticipated conditions. In Case and
Kelsall (1987), a model for the MPZ in wvelded tuff i{s presented.
Cevelopment of the MPZ {s due to the blast damage effects and stress
relaxation. 1In this report, selected results frem both of the previcus
reports are restated. These results are supplemented by additional
snalyses that establish a perspective into the potential mechanisms of most
concern to radiocnuclide releszse, and potential geochemical modificatien of
ground.vater chemistry due to the presence of the liner. This report also
describes contingency plans to remove the liner, to restore the MPZ, and to
emplace a seal. This information is ‘presented in case future analyses
suggest that removal of the liner and restoration of the MPZ are required.
It {s not the intent of this report to present a total systems analysis.

Appendix A presents analyses used to establish a perspective on the
most likely mechanisms for radionuclide transport. Reference conditions
considered in this report are given {n Chapter 2. Chapter 3 presents the
analyses used to assess the lnfluenéé_of the MPZ on the performance of the’
Yucca Mountain Mined Geclogic Disposal System (YMMGDS). The analyses
described {n Chapter 3 assess the potential of water to enter the waste
disposal ares after entetltig the shaft and the potential for air flow (and
indirect'ly radionuclide release) out c‘f'the..t.eposlt‘ory due to convective
and barometric forces. The assessment of the amount of-\uter. that could |

-
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enter wvaste disposal areas from shafts is made by considering a range of
shaft {nflows that vary in time as well as in total flow. These inflovs
are then coupled with the drainage capacity of the ES sump to deternmine i.£
these could cause water bhildup in the sump‘.*‘ Vhere the buildup of
vater exceeds the sump storage capacity, vater flow into the underground
facility and duration of flovw are noted. Both water flow volumes and
duration of flow contribute to determining the potential for enhancing
radfonuclide releases. The assessment of potential air flow out of the
repository is made by considering the convective circulation of air in
response to thermal gradients and the movement of air in responu' to
changes in barometric pressures. The significance of this alr movement is
determined by considering how much air might flow preferentially through
the shafts and ramps. For the barometric analysis the volume of air that
can exit from shafts and ramps due to several, surface, weather conditions
is also evaluated. )

The potential influence of the liner on the performance of the YMMGDS
is evaluated in Chapter &4, and the interaction of water entering the shaft
with the shaft liner is evaluated. Once the potential changes in water
chemistry are predicted, the 1likelihood and location of mineral precipica-
tion i{s assessed. Remedial measures to restore the MPZ and remove the
liner are presented in Chapters 3 an’ &, respectively. Alsc, in Chapter &
the procedure for emplacldg a shaft seal is presented together with the
schedule and cost estimate for removing the shaft liner, emplacing backfill
and emplacing & shaft seal if this becozes necessary. Chapter 5 addresses
the potential influence of ES-1 penetration into the Tuffaceocus Beds of
Calico Hi{lls. Specifically, the potential change of the sorptivicy of the
Calico Hills unit is evaluzted. This potential sorptivity change may
result froa elevating the tenperatﬁrq of wvater potentially passing through
the ES. The thickness of the Calico Hills unit below the bottom of the
shaft 1is also discussed,

+The ES sump is i':hat, volume within the shaft between the repository
station and the base of the shafe,
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2.0 SHAFT DESICN INFORMATION

This chapter contains information primarily on the design of the ;
exploratory shafts. Limited {nformation on the repositery design is also
presented to better understand how the ESs are integrated 1nto the design

~of the repository.. In general, the repository in the underground facilicy

ls comprised of interconnecting access and emplacement drifcs. The
underground facility is planned to be located (n the unsaturated portion of,
the Topopah Spring Member approximately 20C.to 400 m above the ground.water
table. The Topopah Spring Member i{s predominantly a densely welded, highly
fractured tuff having a low matrix hydrauvlic conductivity.

Access to the underground facility is pto'}ldeg by ramps and shafets.
The current, repository design (MacDougall et al., 1987, pp. 4-10 to 4-12)
incorporates six openings to the underground facility, including four
vertical shafts and tve inclined ramps. Both types of excavation will
penetrate several stratigraphic units, including the alluvium and welded
and nonwelded tuff units. The ramps connect directly {nto the main access
drifcs at the northern end of the repository. The shafts are located in
the northeastern portion of the repesitory. The men-and-paterials and
emplacement exhaust shafts have ghallow sumps extending 24 and 3 m below
the repository, respectively. The bottems of both of these shafts are
wvithin the Topeopah Spring Meaber. The suzp for the ES-1 as originally
analyzed wvas 140 ot below the repository station. ES-l will penetrate part
of the unsaturated porticn of the tuffeceous beds of Calico Hills. The
bottom of the ES-2 will only slightly extend below the repository level
(MacDougall et al., 1987, pp. 410 to &4-12).% Figure 2-1 shows profiles of
the shafes superimpesed on the geologic stratigraphy at each location.

*The sump depth in the current ES-1 deugn 1: 110 @. The sump depth in the
current ES-2 design is 30 m. . :
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2.1 locazion of the Explozazory Shafss

Afzer this study vas concluded, nev locations for ES-1 and ES-2 (DCE-
¥v0. 1587, p. 1-3) vere selected. The old locations of £5-1 ‘and ES.2 (DOE,
1926) are located in a vide valley through vhich the north and south forks
of Coyote Wash flow at the northern and southern sargins (Figure 2:2). The
valley floor {s underlain by coarse alluviun and aud/debris flov deposits,
 with surficlal fina-grained sand, probadly of eolfan orfgin. Bedrock (ﬂva'
Caryon Member) is exposed {n the steep valley valls to the north and south
ané to the vest. Bedrock {s exposed {n the washes upstrean of the ES-1
locazion. ‘

The originally proposed locatfon of ES-1 is within the alluvial-filled
valley. The ES-2 site {s located out of the alluviun and fn a southvest
éireccfon from ES+.1. The nev locations are alsoc shown on Figure 2-2.
These nev locations for ES-1 and ES-2 will be approxis.ately 107 = and 93 m
norzh of and above the confluence of tvo szall ephezeral streams that are
tributaries of che Coyote Wash drefnsge system. The new locations for beth
shafss will be out of the alluviunm,

2.2 mmnmmhmﬂgmgmm

Before the underground facility (s constructed, an exploratory shaft
facility (ESF) vill be developed. The ESF primarily includes (1) the pain
shaft (ES-1), which will transport pecple, materials, and equipment from
the surface to the subsurface test area and will provide ventilation to the
ESF., (2) an underground testing ares, and (3) a secondatry shaft (ES-2)
vhich vill .provide secondary emergency egress, transport people and
cmaterials, provide for muck removal, and provide additional ventilatiocn
capacity. It is the current fntent of the NNWSI Project to incorporate ES-
1 and ES-2 {nto the underground fac{lficy desfgn. o

In the SCP-CDR, (MacDougall et al., 1987, p. 3-107 and p. 4-85) {t is
planned that the exploratory shafts and the vaste ramp vwill supply intake
alr for tﬁe vaste emplacemenﬁ area {ncluding the shops and decomnissioning
facility. 1In the SCP-CDR design hoiittn;'equipnenf and £lxéuteq would be
removed prior to vaste emplacement, but the concrete liners will be left in
place.

29




30

0o FieV

Surficial Geology of Exploratory Shaft Area

Figure 2-2.




The current design detalls for ES-1 and ES-2 follow The excavated
diameter for ES-1 and ES-2 will be approxlnately 4.3 m vith a finished
‘diameter of 3.7 m. . Both shafts are planned to be lined with an unrein:
forced concrete liner at least 0.3 m thick. Some reinforcement is planned
in the shaft collar and in the browvt at each breskout (DOE, 1988, pp. 8.4-
12 and 8.4-33). The collars for the nev locations of ES-1 and ES-2 will be
in bedrock. .Moest of the concrete liner will not be reinforced but will
contain some steel rods to hold the forms used to construct the liner. .
Both shafts will be mined using a conventional drill-blast-muck eining
sequence. During the mucking operation, minimal amounts of water will be
used to suppress the dust in the. shaft so that tests characterizing the
unsaturated zone will not be affected. Because the excavation of the
shafts {nvolves blasting, scme additional fracturing of the rock mass into
the shaft wall may occur. The blasting will be controlled ({.e., to en-
hance the vertical advance, limit damage in the rock surrounding the shaft,
and produce eccepteble-sized rock fragments (DOE, 1988, Section 8.4.2.1.1).

2.3 shaft Sealing Concepts
“The primary furctions of shaft seals are to:

© Reduce the potential for surface water or ground water te enter the
waste emplacement areas via the shaftes '

o Deter human entry to the repository via the shafts.
These functional requirements may be satisfied by one or more seal com-
ponents. For exazple, human entry will be discouraged by backfill or seals

placed belov the ground surface.

-

*The portion of the shaft 11ner that {s located at the upper portien of the
shaft and is generally reinforced concrete is the shaft collar. The shaft
brow refers to the roof rock {n the shaft station where the shaft operns up
fnto the shaft station.” The shaft station refers to the location where
the drifc intersects the shaft. :
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Flov through the shaft can be reduceéd by backfill placed along the
length of the shaft or by one or more seals (plugs) pleced at intervals.
Backf{ll alone may not be & satisfactory option {f there {s the potential
for significant flow through an MPZ adjacent to the shaft wall. In such a
case, it might be necessary to form a cutoff through the danaged zone,
possibly by keying a plug into the walls. Another alternative to reducing
the potential of water flow into the waste disposal area is the ‘emplacement
. of a repository station seal in the drift connected to the exploratory
shaft. Figure 2-3 illustrates the general arrangement for shaft seals. o

2.4 Preferred Options for Shaft Seals

Currently, the preferred option for reducing vater flow and detértins
human entry is the anchor-to-bedreck plug/seal because:

© The anchor-to-bedrock plug/seal can be located in a relatively
benign environzent protected from surficlal temperature extremes,
surficial geologic processes, and heat generated by the waste.
Station plugs, lecated at the intersection of the shafts and
repository station drifts, are isolated from the waste emplacement
areas by barrier pillars.* The paximum temperatures at the station
plug leocation are estimated to be 40°C (Richardsen, in preparation,
Appendix B). The {n situ stress would also.be greater than that
associated with a plug/keal closer to the surface.

©. The design requirement for the anchor-to-bedrock plug/seal is less
stringent than that for a seal at the base of the shaft because of
the lover maximum head (Fernandez et al., 1987).

° .Only one geal is required for each sﬂafc. making & total of four,
vheraas eight total seals might be required if seals are placed in
the shaft stations, ' '

*The barrier pillar refers to the rock zone surrounding the shaft thap:
isolates the shaft from subsidence effects of underground rooms. For a
nuclear waste repository, the barrier pillar also isolates the shaft from
a2 high temperature environment. ' :
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Construction of a seal at shallow depth in a shaft (about 10 m)
should be easier and cheaper than construction at the base of the .
shaft. 1If necessary, the alluviup can be-stripped away to
facilitate construction of the anchor-tosbedrock -plug/seal.

The anchor-to-bedrock plug cen be designed to reduce the potential
for flow through the MPZ, whereas simple placement of shaft
backfi1l would have no influence on the HPZ, Moreover, development, '
of the MPZ at the shallov depth of the anchor- to-bedrock plug
should be less than that at the station plug location vhere

{nelastic deformation is more likely to occur (Case and Kelsall,
1987).




3.0 INFLUENCE OF THE EXPLORATORY SHRAFTS INCLUDING THE MODIFIED PERMEABILITY
' ZONE AND THE SHAFT FILL ON THE PERFORMANCE OF THE Y)MGDS

Shafts represent potential pathvays that could compremise the abiu:)'r'
of the geologic repository to meet the perforzance objectives for the
period follovwing pormmn:’clcsufo. -As analyzed in this repoert, perfor.
zance can be compromised in two ways. First, vater could enter the
underground facility through the shafts and contact vaste packages in waste
¢isposal aress, potentislly accelerating cthe radionuclide release. Second.'_
release of gaseous radionuclides could occur through the shafts.

Two zones assoclated with shafts can affect the vater entry and air-
borne release--the shaft interior and the MPZ behind the shaft liner. The
intent of this chapter {s to deteraine {f the MPZ and the shafts could
stgnlftcintly affect repository performance. This {s accomplished by
issuntng that the shaft {s filled by a sicple granular material and by
using an MPZ model. Using this information, potential water flov {nto the
underground facility from the shafts and air flov out of the shafes is
cozputed. ' ) |

3.1 Mod¢ified Permeability Zone Charscteristics

This section presents a brief descripticn of a model of the MPZ that
considers modification due to stress redistribution and blasting. A nore
complete description of the model and the slte-ipectflc parameters at Yucca
Mountain that vers used in the development of the model fs presented by
Case and Kelsgall (1987) and is described briefly below.

It {s postulated that the significent mechenisms for medifying per-
ceability in fractured, welded tuff are 1) the opening or closing of frac-
tures in responss to stress changes, and 2) creating nev fractures or the
opening c! old fractures by blasting. - The approach for developing the
‘nodified perzeability zone model {ncludes the following five steps vhich
are described {n detafl i{n Case and Kelssll:
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1. Calculate stress -cbmgu a-tound a shaft by using an appropriate
closed-form solution for elastic or elastoplastic analysis of a
circular shaft located in a uniform stress field.

2. Obtain telations.hlps from published laboratory and field testing
results vhich describe the effects of stress on the permeabllicy
of single fractures and fractured rock.

3. Calculate rock mass permeability as a functicn of radius avay £rom.

the shaft based on the calculated stresses and the stress-per- .

meability relationships obtained from testing.

&, Estimate permeability changes due to blasting from evaluation of
case histories vhich indicate the depth of damage and estimate the
probable increase in fracture frequency in the damaged zone.

$S. Combine the results derived from performing it’eps 3 end 4 to
estimate the combined effects of stress redistribution and bla:c-

ing.

In the {nterest cf'slmpuficatlon. three assumptions form the basis

for the modified permeability zone analysis:
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1. Priotr to excavation, the in situ stress state is {sotropic and the
normal stress acting across each fracture is equal to the average
far-field value.

2. Stresses existing around the opening after excavation are
calculated by using closed-form solutions as normal principal
stresses acting in the radial and tangential (or hocp) directions:
shear stresses are ignored.’

3. The stress acting across each fracture after excavation is the

calcuated radial stress at the eappropriate location relative to '
the shafg vall. (Note-that the 'mdia_l.stt_ess is alwvays less than
the tangential stress in an isotropic stress field.)




These assumptions are conservative for the isotropic state of stress
(i.e., they tend to over-predict increases in permeability) in that stress
increases across some fractures are ignored and each fracture is, in
effect, assumed to be perpendicular to the direction of maximum stress
relief. Conversely, the simplified analysis does not account for the
effects of shearing along fractures. On balance, it {s the authors’
judgment that the model is a reascnable representation of permeabilicy
changes in fractured, welded tuff. ' .

As excavation occurs, stresses are relfeved gnd blast induced fractur-
ing may occur. Considering a representative volume of rock adjacent to the
shafc, {t is to be expected that the geomechanical response to excavation
will be most influenced by rock mass properties (vhich teke into acecount
the effect of fractures) rather than by the properties of the intact rock
since the range of fracture spacing is small relative to the shaft diameter
(Figure 3-1). Similarly, the permeabilicy of the rock mass will be in-
fluenced by fractures as vell as by the rock matrix. ([This discussion
applies specifically to welded tuff and may be less applicable to nenwelded
unfts in which the typical fracture spacing is 80 ¢m to 200 cm (Langkopf
and Gnirk, 1986, p. €66).] The fracture orientations shown in Figure 3.1
are schematic; actual .ftact-v.zre patterns {n welded tuff are expected to
range from tvo oriented sets plus a random set to three oriented sets plus
2 random set (Langkopf and Gnirk, 1986, p, 48). Also. Langkopf and Cnirk
(1986, p. 66) estimate a fracture frequency of 2 to 16 corresponding to a
spacing of 50 cm and 6 em (see Figure 3-1).

The redistribution of stresses around an opening in fractured tuff
might affect the permeability of the rock mass in two ways: (1) by the
fracturing of originally intact rock ‘due to excessive compressive or ten-
sile stresses and (2) by the opening or closing of preexisting fractures
due to changes in the normal stresses acting across the fractures or ghear.
ing along the fractures. The potential for fracturing of intact rock was
evaluated by simple elastic analysis by Case and Kelsall (1987) for the
case of a circular shaft excavated in a homogeneous. isotropic and linearly
elastic medium, This analysis showed that the l_naxim tensile or compreés-
sive stresses at the shaft vall at repository depth are epproxinia:ely 10%
of the reportec mean values for tensile and unconfined compressive strength
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of intact rock. The analysis showed that fracturing of fntact rock due to
stress concentrations arocund & repositery at cepth is unlikely, even allow-
ing for vartation from the mean reported strength values and po:entul"
anisotropy in :he stress fleld.

Vhereas stress redistribution around a shafe {s unilkely to lead to
fracturing of intact rock (which csuld in turn lead to increased perme-
abilicy), the et_'fects of stress changes across fractures may have a sig-,
nificant effect on permeablility. This arises because the rock mass is
densely fractured and because the aperture of the fracture is sensitive to
the stress applied across the fractures.  Conceptually, permeability should
be fncressed vhere normal stresses are reduced across fractures, vhile
'pe‘meabluty should be reduced vhere normal stresses are increased.
Furthermore, the opening or closing of fractures {s dependen: on the
relative orientation of fractures wicth tespect to the shaft vall and the

" orientation o£ the stress fleld.

Elastic and elastoplastic stress analysis for a shaft excavated in
tuff wvere performed by Case and Kelsall (1987). Their results indicate
that a wide variation in.rock mass behavior might be observed, depend'lng on
depth, {n sicu sctress, and rock properties. Because rock mass strength*
may vary vith depth (due to variations in porosity and fracture spacing),
rock mass behavior may vary even within a lithologic unit. For the welded
units, the expected response s elastic in nonlithophysal zones, but plas-
tic response 1 ay occur in lithophysal zones or in intensely fractured zones
vhere strength {s lower. Plastic behavior i{s expected for the nonwelded

. Calico Hills tuff near the base of the shaft because of the relatively low

strength and the higher {n situ stresses due to depth. For the nonwelded
Paintbrush unit overlying the Topopah Spring the behavior may be elastic or
plastic depending on rock mass strength and in situ stresses. Formation

*Rock mass sttength is defined as the maximum stress that can be carried bv
the rock mass (Hoek and Brown, 1980, p. 150). The maximum stress level is
found to be dependent on the strength properties of intact rock, and
discontinuities, and is.dependent on confining stress. ¥
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of a plastic zone surrounding the shaft may be linited to less ‘than one
shaft radius from the shaft boundary; hovever, {f rock support is provided -
after excavation, this plastic zone can be potentislly reduced.’ However,
the effects of rock supporet {n limiting inelastic deformation were mot
considered in this analysis. '

Fractures pay also be introduced by blasting. Several {nvestigators
have described the pechanics of blasting in rock (Langefors and Kihlstrom . :
1978, Chapter 1; Hoek and Browvn, 1980, Chapter 10; Brady and Brown, 1985,
Chapter 17). Fracturing may occur in several ways after blast detonation.
Fracturing may be {nduced near the blasthole due to quasi-static gas pres-
sure that sets up tenslle tangential stress or by crack propagation vhere
gas pressure enters existing fractures and extends them. Fracturing may
alse occur further from blast detonation holes as seismic compressive waves
are partially reflected off free surfaces (voids or open joints).

In actual rock masses, the extent and pattern of fracturing will be
influenced by rock properties such as strength, anisotropy, pre-existing
fractures in the rock mass and {n situ stress. Fracturing i{s also in-

. fluenced by the blasting method and by the charge weight of explosives,

vhich are expected to be reduced near the excavation perimeter. _Because
relatively low charge weights can be used in the perimeter holes, the
damege to the rock beyond the perimeter can be limited.

In this report, the blast-damaged zone §s a zone extending from either
0.5 m to 1.0 o frem the rock wall where blast-fnduced fucturlng may occur.
The extent of the zone is derived from a general telationship betveen blast
damage and charge dansity for tunnel blasting conditions (Holmzberg and
Persson, 1980) where scae measures for controlling blasting are utilized.
Blasting {s assuned to increase the fraccure frequency by a factor of “three
{n the blast-danaged zone. 1t {s further assumed that the newly created
fractures have similar characteristics to existing fractures. 1In this
preliminary model, the permeability in the blait-dmazed zone would in-
crease by a factor of three due to an incresse in fracture frequency over
the i{ncrease that occurs due to strees relief.
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The {ncrease in permeability due to stress relief and blast effects
for the exploratory shaft for the expected case is fllustrated {n Figure
3-2 and summarized for expected and upper-bound cases at tvo depths in
Table 3-1. The analyses vere conducted for depths of 100 m and 310 m,
corresponding to depths near the top of the Topopah Spring and at the
repository horizon. The results in Table 3-1 are reported as a relative,
rock-mass perweabilicy factor, vhich s expressed as a ratic of increased
permeability to undisturbed permeability in the modified permeability zome.
and vhich i{s expressed for convenience {n subsequent calculations as a
uniform factor over an annulus extending one radius froa the shaft wall.e

The expected case 1s based upon an elastic analysis with expected
strength, {n situ stress, sensictivity of permeability te stress, and a
0.5-m-wide, blast-dsmaged zone. The upper-bound case is based upon an
elastoplastic analysis with lover-bound strength., upper-bound, in situ

stress, greatest senstelvl:y of permeability to stress, and a 1.0-m-wide,
blast-camaged zone.

For the expected conditions at 310-m depth (i.e., considering mean
values for rock mass strength, f{n situ stress, and stress permeabilicy
sensitivity, and a 0.5-m.wide, bilst-dmaged zone), the relative, rock mass
perzeability factor i{s 20 times the permeabflicy of the undamaged rock
mass. For the upper-bound condicion &t 310-m depth, the relative, rock
mass perceability factor is 80 times the undisturbed permeabilicy.

*The relative, rock mass permeability factor for the expected case is
calculated by first performing the radial integration of relative, rock
nass permeability from the shaft radius (2.2 m) to approximately a radius
of 10 ¢ and then calculating a factor by dividing by the area of the
annulus extending £tou 2.2t l0m ftoﬂ the shaft.
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Pemeabuity Zone(‘) (After Cue and Kelsall, 1987)
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(8)petative permeability factors are averaged over an annulus one radius .

wide around the 4.4.0 diameter ES,

: (b)‘rhu {s based upon an elastic analysis with expected strength, in situ

stress, sensitivity of permeability to stress, and & 0.5.m wide, blast
(c )damge zone,

This {s based upon an elasteplu:lc analysis with lower-bound s:tength

upper-bound, in situ stress, greatest sensitivity of permeability to

stress, and a 1,0-m-vide, blast damage zone.

3.2 anﬂm@iﬂﬂumﬂm.&ﬂn&sﬂm
the Exploratory Shafe ‘ -

The purpose of this section i{s to determine whether the presence of
the exploratory shafts and the rock damage surrounding a shaft, caused by
excavation of the shaft, can l'ignifi.cmtly enhance the release of radio-
nuclides. The relezse mechanism considered here is water éntering the
waste disposal areas through the ES and contacting the waste. Therefore,
{t {s necessary to establish the hydrelogic properties of the zone through
which water can be transmitted to the base of the shaft. This zone {n-
cludes the shaft {nterior and the MPFZ. Therefore, it {s {mportant to
define the MPZ and establish a scenaric of water entry into the shaft and
potentially intc the waste disposal area. Relative permeabilicy factors
for the MPZ are given for the expected and the upper bound cases (Seccion
3.1). Both MPZ models {nclude & blast-damaged zone and are evaluated to
provide a trange of water flews through the MPZ. The scenario of wvater
entry postulated {n this section includes two major events occurring at the
ground surface (see Section 3.2.1) which establish hydrologic conditions
that could lead to vater flov into the upper porticn of the shaft (see
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Section 3.2.2). This water then migrates to the base of the shaft where
buildup of the water occurs if vater entry into the sheft is greater than
water drainage. This portion of the overall model i{s described {n Section
3.2.3. 1f the water height in the shaft is greater than the floor of the
repository station, wvater entry into the underground facility through the
connecting repository drift is possible. This scenario and the hydrologic
model used are described below respectively in Sections 3.2.1, 3.2.2, and
3.2.3. - ' ’

3.2.1 Scenario Description

In arriving at a reasonable, upper-bound estimate of vater flov into
the ES-1, the scenario developed here assumes the occurrence of twe events,
The first event is surface, earth movement downgradient from the explora.
tory shaft which blocks the natural drainage course. Following this event,
a probable maximum flood (PMF) occurs, the waters of which are fully
retained in that portion of the drainage basin-upgradient of the blockage.
These waters are then assumed to flew intec the underlying bedrock, hori-
zontally i{n the alluvium, and i{ntoc the shaft and MPZ. No evapotranspira-
tion is assumed to occur,

Vhile {t is reasoﬁable to assume that a PMF can occur at the éxplon-
tory shaft location, {t {s highly unlikely that earth movement sufficient
to retain all the waters from a PMF would occur because:

1. A landslide large enough to completely block the valley down.
gradient {3 not credidble given the thin cover of alluvium and
veathered rock on the adjacent slopes. To impound & volume of
wvater aspproximately half of the volume of 159,000 m3 computed for
a PMF (Bullard, 1986, Table 10) would require & dam across the
entire drainage course having a height of sbout 12 m. Further, at
Yucca Mountain there {s at present no evidence of surface
impoundments formed by landslides (DOE, 1986, p.'6-232) and of the
size needed to contain this flood volume. As indicated in
Fernandez et al. (1987, p. &4-2 to 4-4), the occurrence of small
obstructions blocking portions of the wash.and slowing down the
flow, {s & more probable and realistic scenario. .
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2. Four areas vhere slide blocks occur have been 14en:1£1¢d in the
Yucca Mountain area. These slide blocks can be described as rock-
slurps that are gravitaticnally driven. Three rock slumps which
are very small,.{.e., 0.0i to 0.03 knz in area, are located on the
steep wvest-facing scarp of Yucca Mountain. A larger rock slump,
sbout 0.13 kmz in area, i{s located in midslope on the ridge routh
of Yucca Wash (DOE, 1988, p. 1-32, 33). The common characteristic
between these rock slumps i{s that they occur on steep slopes,
estinated to be about 25°. The slope near the exploratory shafts
is about 15° to 20°. Eecause (a) the slepe in the vicinity of the
exploratory shafts is less than that occurring in the areas wvhere
slumps do occur, and (b) massive lateral movement sufficient to
bleck Coyote Wash is not characteristic of these rock slumps,
blockage of the drainage basin associated with the e‘xplor‘atory
shafts by massive rock slumps is not considered to be credible. .

Nevertheless while this scenario is considered to be highly improbeble at
the new locations for the exploratory shafts which are cut of the flood
area, we have decided to mode]l the scenario to obtain a larger than
expected inflow potentielly into the underground facility.

3.2.2 Model Used for Water Flow Into the Shaft

In Figure 2-2 the upper portlén of the ES-1* {s located in the
alluvial-filled portion of the drainage basin; whereas, the upper portion
of the ES-2 is located in bedrock upgradient from the locaticn of ES-1.
Because the upper portion of the ES-1 i3 located in alluvium and at the
confluence of two vashes, Coyots Wash and the wash to the south, a greater
potential exists for surface-water entry into ES-1 than {nto ES-2. The
mechanisa modelled in this section {s water flov from saturated alluvium to
the shaft, Because the upper portion of ES-2 {s not surrounded by al-
luvium, this mechanisa does not exist. It i{s, therefore, assumed that
wvater from a major £Iooding event that saturates the alluvium can enter the

*The ES-1 and ES-2 locations used in the analysis are the locations pre-
sented in the final EA (DOE, 1986, p. &4-11).

45



ES-1 only. Using this logic, a hydrologic flow model was developed
(Fernandez et al., 1987) to estimate the amount of vater that could enter
the upper portion of the ES. This model, discussed below,. assumes that the
alluvium surrouriding the ES becomes saturated -and water can enter the.
shaft. This scenario is evaluated to arrive at a realistic, upper bound of
vater flov into ES-1. In reality, alluvium in en initially, unsaturated
state can provide an effective barrier to downward water infi{lcratien,
thereby limiting flow into the shaft. '

¢

At the conclusion of this study, nev locations of ES-1 and ES-2 were

proposed by U.S. DOE/NVO ('Plgure 2.2) further north and east of the
original locations. Because the propocsed locations for the exploratory
shafts are out of the alluvial-filled portion of the drainage basin, which
has & potentially high capacity to retain vater, and is farther removed
from the drainage channel, the potential for surface-water entry has been
reduced substantially. Therefore, ve feel that the estimates of water flow
entering the shaft provided in this chapter do represent conservative,
upper-bound values to water flov into the exploratory shafts. .

3.2.2.1 Model Description

The model used to compute the flow into the upper portion of the shaft
is fllustrated by Figure 3-3. Alluvium overlies the welded, highly frac-
tured Tiva Canyon Member. For the purpose of the present snalysis, the
upper portion of the shaft through the elluvium is assumed to be filled
wvith & coarse £111 to minimize restriction of flow into the shaft. The
lower portion of the shaft {s modeled as containing & £1ill having =«
saturated hydraulic conductivity of 10'2 cm/s, extending to the outside
diameter of the -shaft, (In reality, a shaft liner, having & lower hydrau-
lic conductivicty than the shaft f{1l, rezains in place. By ignoring the
presence of the shaft liner in the analysis, a Mghu" flow through the
shaft is computed.) The MPZ is modeled as extending one radius from the
shaft vall, Two cases for the MPZ are considered.in vhich the MPZ is -
efither 20 or 60 times the undisturbed, rock mass hydreulic conductivity.

+*The Probable Max{mum Flood (FMF) is the greatest flood that may tu::onably
be expected taking into account all pertinent conditions of location,
meteorology, hydrology and terrain (Chow, V. T., 1964, p. 25 to 72).
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This value of 60.1s the average of two values, 40 and 80 (see Teble 3-1),
associated vith MPZ models at 100 and 310.m depths. This is bélieved to
be a conservative assumption because {t i{mplies the permeability of the MP2
{s €0 times the undisturbed, rock-mass permeability over the entlre'length
of the shaft, including the MFZ dowvn to & depth of 100 m. For more detail
of the MPZ model used see Case and Kelsall (1987). : '

Flow progresses in three phases: an initial desaturation phase, a
steady-state phase, and a final desaturation phase (Figure 3-4). Befores
{niciacion of Phase I, it {3 gsshmed thai the alluvium becomes fully
saturated, and the water {r the shaft above the alluvium-Tiva Canyon con-
tact enters the upper portion of the shaft. Desaturstion of the alluvium
occurs first at curve "1" and progressively to curve "n" (Figure 3l.4a). As
the radius of influence is changed in response to desaturation, the radius
of {nfluence associated with curve "n" represents quasi-steady-state condi-.
tions that are held censtant until the supply of water replenishing the
alluvium no longer exists (Figure 3-4b). As Phase III begins, the only
water remaining {s that contained under curve "n." Desaturaticn then
proceeds from curve "n" to curve "m.® '

During each phase of-dragnage. four types of flow are considered:
unconfined radial flew under the Dupuit flow assumption, alluvial flow,
Tiva Caqyon flow, and flow through the MPZ.and the shaft fill. Each of the
flows are discussed below.

Redial flow {s computed using the following eqdatton:

2 2
#X (H® - H)

Q
' o
0
where R = radius of tnflueﬁce.
Q’ - floq rate into the shaft,
K = hydraulic conductivity,
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. H = plezometric level at radius R,
Hﬁ" piezometric level at radius Ty, and
I, - shaft radius.

This equation, taken from Terzaghi and Peck (1967, p. 167), assumes

steady-state flov {n the horizental direction under unconfined conditions.

Radiel flow {s {llustrated in.f‘igure 3.5a.

Alluvial flow is assumed to occur through the shaded area as shown in

Figure 3-5b, under a hydraulic gradient that coinclides with the average
alluvial grade. This approach was adopted to simplify the calculations and
was compared to an alternate calculatfon that {nvolved uniform flow above
the shaft and a "zone of capture® near the shaft (Fernandez et al., 1987,
Appendix A-4). In the "zone of capture" calculation (Figure 3-6), all
vater flowing down the wash that lies within the capture zone is predicted
to eventually flow down the shaft. In this zone, the radial flow velocity
induced by the dravdewn of the water surface near the shaft is sufficiently
s:ror{g to overcome the tendency for flow to occur laterally dewn the
2lluvium in the wash. The more detailed calculation indicated that the
sioplified approach of computing the alluvial flow as the praduct of the
shaded area times the alluvial grade was reasonable

Tiva Canyon flow is the assumed vertical inﬁltntion of water through
the Tiva Canyon unit. It is assumed to occur through the shaded area under
a unit gradient as might occur for fractured rock that i{s nearly saturated.
It is recognized that the bedrock {s unsaturated and that infiltration
rates are likely to be higher: nevertheless, the flow calculation is
conservative in underestimating this cozponent of flow (greater proportion
of flow is directed to the shaft). :

KPZ and shaft flow is the vertical infiltration throu’éh the MPZ end
the shaft £111 and the shaft liner. In this analysis, it {s assumed that
the hydraulic conductivity of the shaft liner is equivalent to the
hydraulic conductlvlty of the shaft £111. It is also assumed that the
shafc fi1ll is near utura:ion, and s exposed tc atmospheric -conditions.
Accotdingly. flow occurs under unit gradient It is noted that the degree
to vhich infiltration would occur at unit gradient depends on the level of
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saturation and that initially the hydraulic gradient could exceed unicy.

These high infiltration rates would be asscciated with the saturation of

voids due to capillarity and not transmission of water to the base of the

shafc. As the lnfilt_ratio’n front reaches the base of fhe shafc, at vhich .

point water could potentially enter the repesitory, the hydraulic gradient
would be approximately one.*

These flows are superimposed such that flow can occur as Tiva Canyon

flow, alluvial flow, or shaft flow. Therefore, as a volume of water is’

computed for each portion of each phase, flow occurs proportionately
through the Tiva Canyon Member, alluvium, and the shaft, as determined by
the flow rate computed for each. Flow through the shaft {s either the
amount computed using the radial formula or the amount computed by the MPZ
and shaft f{ll model, vhichever amount is lower. The entire process of
desaturation continues until the vater supply is depleted. The potential
vater supply is assumed to be the waters associated with specific floocding
events. The input values and assumptions used for this model are dlséussed
below in Secticn 3.2.2.2.

To arrive at the maximum inflow to the shaft, it is assumed that
retainment of all the water associated with a flooding event occurs above
each shaft location. This impifes that the alluvium has a sufficient
storage volume to retain all the water from the flood event, an overly
conservative assumption that involves nc losses by evapotranspiration or

shee: flov downgradient from the shaft locations. In reality..a high

percentage of the precipitaticn 1s expected to exit the drainage basin,

with only a szall part perccla:ing'into the 2lluviun or expesed bedrock.

Further, it {s assumed that water flow is directed vertically downward

*This can be shown by the Green and Ampt solution for vertical infiltration
(Hillel, 1971, p. 142). At the base of the shaft, the hydraulic gradient

{s given by 1 + ~_f vhere H_ equals the pressure head at the surface,
g Lf °

He equals suction head at wetting front, and Lf equals the length over

vhich the wetting front has moved. If ve assune ‘the pressure head at the
surface is 9.1 @ (height of saturated alluvium above bedrock), the suction

head for the backfill {s -1.0 m (a typical value for coarse material) and.

the length over vhich the wvetting front has moved (311 m), then the
calculated hydraulic gradient is nearly one.
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inside the shaft liner or {n the shaft £il11 as the wvater percolates to the
base of the shaft. It {s further assumed that flow occurs through frac-
tures withir. the MPZ and that water is not absorbed within.the tuff matrix.

To verify the numerical results obtained from the model presented in
this section, &n alternate calculaticn was performed to check majer assump-
tions, analyses methods, and input (meterials properties and geometry).

This alternate calculation incorporates the concept of the "capture zone"

illustrated in Figure 3-6. A compariscn of the results from the model
presented above and the “"capture zone” model are is good agreement as
discussed {n Fernandez et al. (1987). ’

3.2.2.2 1Input Values Used

In applying this model, it was necessary to develop assumptions and
evaluate specific conditions for water flow. The following assumpticns
vere used {n applying the model.

¢ PMF occurs at :he ES loca:ion. The volume ¢f water used for the
PMF (s 159,000 m (Bullard. 1989),

© No sheet flow or evapotranspiration occurs and all of the flood
water: are retained in the alluvium upgtadient from the shaft
location,

o ES-1 has an {nside dismeter of 3.7 m.

o Both ES-] and ES-2 in the Tiva Canyon have en-ocutside dismeter of
4.3 m. In this anslysis an overbreak of 0.08 m on each side of the
shaft {s assumed giving an excavated diamater of 4.4 m. :

© MPZ in Tiva Canyon Member extends from shaft wall to & radius of
4.4 g from the ccntorllnc of the lhlft.

. ¢ Hydraulfc conductivity of the alluvium varies £rom 10" to 100 cm/s
(Fr;czc and Cherry, 1979 PP, 29, 147). .

© Hydraulic conductivl:y of the Tiva Canyon Member varfellgrdm 10°°
ce 10°2 cn/s (Fernandez et al., 1987),

¢ Alluvial grade of the vater course is 0 16 (based on average vater
course grade {n Coyota Vllh).. _

o Radfus of {nfluence i3 76.2 &' (ba:ed on :he approximate wldth of
alluviun st ES-1 location.
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¢ Depth of alluviun is 9.1 m (based on depth of alluvium at borehole
USW G-4).

o Porosity of alluvium is 0.30 (Fernandez et al., 3.987. Appgﬁdix D).
3.2.2.3 Inflow Volumes

Applying the model described adove, the maximun, yearly inflow into
the ES-1 i{s computed following a PMF event. Because no'evayotransplratlon.
and sheet flow out of the drainage basin are assumed, flow into the shaf:
w{ll continue until the initial water volume associated with the PMF {s°
depleted. For the majority of cases evaluated, the initial flood volume is
depleted within the first year following the flecoding event. Eigure 3.7
fllustrates the flow into the shaft for a broad range of conditions pre-
dicted by the model described in Section 3.2.2.1 and using the input
volumes given in Section 3.2.2.2., The flow volumes can range from ap-
 proximately 30 to 20,640 ms/year. By comparison, for anticipsted condit-
fons as defined {n Fernandez et al. (1987), the computed, estimated volume
of water entering ES-1 was approximately 44 m"/year. In some instances,
differences are observed between the two models assumed for the NP2,
Differences occur for two reasons. First, flow occurs through the MPZ and
- the shaft £111. 1f the majority of the total flow occurs through the shaf:
£1i11, the difference betwveen the flows associated with each MPZ model is
negligible or small. Secondly, flow into the MPZ and shaft f£ill can be no
greater than the rate at which the wvater is released from the alluvium
using the Dupuit assumption of radial flow to the shaft. Thus, when the
saturated, hydraulic conductivity of the alluvium i3 lowv, the volume of
wvater entering the MPZ and shafc £1{11 {s less than the full capacity of the
MPZ and shaft £f111. Therefore, no discripination between the models is
cbserved. A more complete explanation of the shape of the curves,
presented in Flgure 3.7, {s given {n Appendix B.

3.2.2.4 Duration and Rate of Flow Into Shaft
In addition to knoving the total flov down the shaft, it {5 also

important to understend the rate and duracion of flov inte the_shafe.
Figures 3-8 to 3-11 {llustrate the rate and duration of flow {nto the upper
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Figure 3-7. Estimated Volumes of Water Entering ES-1 (PMF, Shaft Fill
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CUMULATIVE FLOW INTO SHAFT (m?)

CUMULATIVE FLOW INTO SHAFT (m?)
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CUMULATIVE FLOW INTO SHAFT (m?)

CUMULATIVE FLOW INTO SHAFT (md)
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CUMULATIVE FLOW INTO SHAFT (m?)

CUMULATIVE FLOW INTO SHAFT (m?)

Figure 3-10.

HYDRAULIC CORDUCTIVITY OF ALLUVIUM = 10-2 cm/s

$
1° } Y 1 1 I L T

SOLIC LINES RIPATSENT 32 Trugs e

OASKES LINES ATPAZSENT 60 TIMES AMNC

10% |- YONC - TIva CANTON HYDRAULIC CONDYCTIVITY. : -

ANNME + UNDISTURSLD. ADCK MASS HYDRAULIC COND KCTivITY ’ T

107 -
10? -
®
10! -
100 -
‘o.' N ) | 1 i) } 1 [
10 104 103 107 _ 10! 100 10! 10 103
TIME (days)

HYDRAULIC CONDUCTIVITY OF ALLUVIUM = 103 em/s

10’ i 1 14 LIS L]
SOLIO LINES REPATSINT 20 TIMES RunC b
DASHED LINES REPRESENT 68 TIMTS RMNC

104 | temc . miva canvon mvorauiic conpucTmity -

AMNE + UNDISTURBED. AOCK MASE HYDRAULIC CONDUCTIVITY

-

10 -

[ o o

10

TENE + st emry TEuE 180 emve

TEHC » 9 %emn

WCHE - 18- emey .
1) [ 1 1 A1 1
104 L {- X N {1 10" 10° w0 . s

TIME (days)

Estizated Duration of Flovs Into ES-1- (PNF, Hydtaullc'Cohduc;_‘
tivity of Alluvium - 10°2 cz/s and 10°3 en/s)

59




Figure 3-11. Estimated Duratien
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portion of the shaft. The data presented by these figures are used as the
input functions of water flow into shaft to evaluate the potential for:
water bulldup {n the sump of the ES. '

Each graph in Figures 3-8 through 3-11 ulustntes' vater flowvs {nto
the ES assuming a constant value of hydraulie coaductlvity of the alluvium.
The range of hydraulic conductivity values for alluvium is 10'5 te 100 cm/s
(Freeze and Cherry, 1979, p. 29). Each graph further fllustrates the.'
effect of altering the hydraulic conductivity of the Tiva Canyen Member, -
located {mmediately below the alluvium., Because the MPZ models are related
to the undisturbed, rock-mass hydraulic conductivity of the Tiva Canyon, a °
discinction between the different MPZ models is also displayed.

As indicated earlier, duration of flow and rate of flow (Figures 3-8
to 3-11) are important considerations as to how wvater can potentially bullé
up at the base of the shaft. Both considerations are discussed below.
Duration of flov s dependent on the flow that occurs as described {n
Section 3.2.1.1, i.e,, Tiva Canycn flow, alluvial flow, and radial or shaft
flow. These flows are dependent on the selected hydraulic properties of
the alluvium and the Tiva Canyon Mezber. If the selected hydraulic
properties are low, the time to drain the waters retained in the alluvium
can be long. Conversely, 1f the hydraullc conductivities are high, the
duration of flow into the shaft is limited. This effect {5 clearly
displayed in Figures 3-8 to 3-11. Vhen the hy(_!rauuc conductivity of the
alluvium s high, 100 cm/s, the duration of flow into the shaft is computed
as approximately 10°2 days or less than 15 minutes (Figure 3-8a). When the
&lluvial hydraulic conductivity is lov, 10'5 cn/s, drainage of flow into
the shaft {s 'computed to occur up to 1000 days (Figure 3-11b) following the
PMF. The effects of changing duration is alsoc noticed vhen the hydraulic
conductivity of the Tiva Canyon Member changes. As the hydraulic conduc-
ﬂvlty of the Tiva Canyon Member decreases from 10‘.2 to 1077 co/s, the
duration of flowv into the shaft {ncreases. This effect {s noticed on the
graphs in Figures 3.8 to 3-113.: However, the effect {s more pronounced in
total durations vhen the alluvial hydraulic. conducti.vlty decreases.

Another f{mportant consideration, aside froz the duration of _fl,ow. is
the rate of flow into the shaft. Flow into the upper portion of the shaft
is controlled by the radial flovw from the alluvium to the shaft or the flow
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through the MPZ and the shaft fill. If the radial flov {s greater than the
potential for flow through the MPZ and shaft £ill, the flowv entering the
MPZ and shaft £i11 vill be controlled by hydrologic properties of the MP2
and shaft £111. This condition suggests that the more water flow that is
. restricted froa entering the shaft and the MFZ due to the properties of the
MPZ and the shaft £i11, the greater will be the flow down the wash in the
alluviun further reducing flov fnto the shaft. If the radial flowv is less
. than the potential for flev through the MPZ and shaft £ill, then the flov,
entering the MPZ and shaft £111 fs limited by the radial flewv toward the
upper portion of the shaft (Figures 3.8 to 3-11). For example, when the
alluvial hydraulic conductivity {s 100 to 0.1 co/s, radial flov to the
shaft s greater than the cipacity of flov through both the MPZ and shaft
£111. Therefore, a distinction between the cusulative flows for both MPZ
models is noticed. As the alluvial hydrauli{c conductivity decreases fur-
ther, the radial flow into the shaft decreases until the radial flov into
the upper portion of the shaft is less than full-flow capacity of the MPZ
and shaft £411. This effect is first noticed (Figure 3-9b) vhen the flow
model s €0 times the Tiva Canyon hydraulic conduétivity of 10'2 ca/s. The
flow rate into the upper portion of the shaft is further reduced as the
alluvial hydrauvlic conductivity is reduced. then the alluvial hydraulic
conductivity is extremely low, {.e., 10'5 cn/s, the flow through all MPZ
and shaft podels is controlled by the radial flow tevard the shaft. In
this case (Figure 3-11b), no distinction between any of the MPZ models {s
possible. It is elso true that vhen flow through these MPZ models is less
than their full flow capacity, the podel is only partially saturated. As
mentioned earlier, the data presented in Figures 3-8 to 3-11 are used as
{nput to estimate the potential for water buildup at the base of the ES.

3.2.3 Model Used for Water Flow cut of the Shaft

1f water enters the shaft at a rate faster than it can'i:e effectively
drained, bulldup of vater in the shaft fs possible. Further, {f water
buildup {s greater than the sump capacity, then lateral migration through
the repository station seal, {nto the underground facility, and ultimately
tovard the waste disposal areas is possible. The model and input used to
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determine the potential for water buildup {n the suzp of the ES-1 are
discussed belov. As indicated in Section 3.2.2, because the upper portion
of the old ES-2 location is not surrounded by alluvium and {s out of the
path of the PMF, the mechanism of vater flow from the alluvium fnto the
shafs as described in Section 3.2.2 does not exist.

3.2.3.1 Model Description

The purpose of this section 1s to descride the model used in assesslng'
the potential for vater buildup at the base of the ES. It {s assumed that
the concrete liner at the base of the shafc has been removed. This cor-
responds to an unlined portion of the shaft approximately 145.5 m from the
base of the shaft to the crowvn of the repository station drift. The
modeled sump depth {s about 140 @, {.e., the distance from the i{nvert+* of
the repository station drift to the base of the shaft. The excavated
diameter of the sump is 4.42 @ The entire shaft is assumed to be
backfilled with a shaft £f1ill having a porosity of 0.3. Figure 3-12
{llustrates the physical model described above. '

.To compute the maximum buildup of water at the base of the shafc the -
following conservative assunptions are made: (1) the amount of water
entering the upper portion of the shaft (see Section 3.2.2.4) {s trans-
ported {mmediacely to the base of the shaft and (2) no leakage outside of
the MPZ occurs above the buildup of water in the base of the shaft. In
reality, leakage of water {nto the rock pass outside of the MPZ can occur
as vater migrates down the MPZ. The reason for restricting the dowvnward
flow of water to the MPZ and shaft fill is primarily to maximize the build-
up of water at the base of the shaft. If vater inflow to the shaft is
dispersed intoc the undfsturbed rock mass, the significance of the presence
of the MPZ and shaft £1ll diminishes.

Once vater reaches the base of the shaft, bufldup of water occurs
incressing the saturation levels in the bulk rock. As water buildup

*The invert is the lowest point {n elevation of the drift.’ This s'n'nip depth
of 140 m corresponds to that presented in MacDougall et al. (1987,
p. 4-69).

63




REPOSITOAY LEVEL

Figure 3-12.

6

“ALLUVIUM | ‘ INPUT FLOW FROM

SECTION 3.2.2.4

GEOROCK

ASSUMED EXTENT OF
MODIFIED PERMEASILITY
ZONE (MP2) ° '

e I .
- .“'Qbﬂh

—= SMAFT FILL

A .

LA X ]

REPOSITORY STATION SEAL

Y

«”a®,

——

‘.D

1uom ?cum

» ‘."'

Schematic of Model Used to Compute Water Balance in the
Exploratory Shaft




occurs, vater can also drain through-the bulk rock at the base of the
shaft, predominantly through fractures. Only when the height of water in
_the shaft reaches the invert of the repository station drift does water
have the potentfal to pass through the repository station seals. (Two
repository station drifes extend from the exploratory shafc.)

Flow from the base of the shaft is predicted by analytical solutions
used for calculating the saturated hydraulfc conductivicy above the water,
table using borehole infiltration tests. Flow through the repository -
station seals {s described by Darcy's law.

Several analytical solutions described i{n Stephens and Neuman (1982,
p. 642) were considered in computing the flow through the sump of the
shaft. 1t should be noted that Stephens and Neuman .valuated the suit-
ability of several analytical solutions to predict the saturated hydraulic
conductivity of soils. The pressure head {n the soils evaluated ranged
from 0 to 1.6 & of water. (Stephens and Neuman, 1982, p. €44). The
pressure head in the matrix of tuff can range from O to -1000 m of water
(Peters et al., 1984, p. 2). However, because wve are computing the
drainage of water from & shaft sump that {s located predominantly in a
highly fractured velded tuff, drainzge will occcur primarily threough the
fractures. Because these fractures are clogely spaced and because the
range of pressure heads for fractures (0 to -1 m) (Wang and Narasimhan,
1685, p. 24; Klavetter and Peters, 1986, p. 20), is similar to that of
coarse sand, ve feel that selected analytical solutions presented by
Stephens and Neuman can reasonably approximate the drainage from a shafc.
Futhermore, a better understanding of the hydrologic characteristics and
the drainage properties of fractured tuff will be obutned by f‘eld tests
associated vith the Exploutcty Shaft testmg

The analytical solutions considered in this report included those
developed by Glover, Nasberg-Terletskata, and Zanger (Steﬁheﬁs and Newman,
1982, pp. 640-659). To evaluate the differences between these analytical
solutions, Stephens and Reuman defined two‘_ dimensionless quantities, (:"l and
H,. defined as ) ) ' '

DI
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vhere Q. = infiltration or duimge rate at steady state, © /s.
K‘ = gaturated, hydraulic conductivity, n/s,
t = shaft radius, m, and
H = height of water column in shaft, m. ' c .

The dimensionless value, cu. wvas defined as follows:

ZRH.
C = R B (Glover)

U stonlag)-1

2,366 H
Cs = log,q (2 Hp)

. . 2 & uy [z . ﬁ]

u -1 [A a

(Nasberg-Terletskata)

(Zanger)

The value of A in the Zanger equation represents the length of the shaft in
hydraulic contact with the rock. Because the drainage rate is directly
proportional to C , a relative comparison of C, factors can {llustrate a
difference in the drainage rate out of the shaft . A comparison of the C.
factor, for the analytical solutions considered, is presented l.n
Figure 3-13a. 1In Figure 3-13b, the flow rates from the shaft, as computed
for each analytical sclution, are displayed. To be conservative, the
lovest drainage rate is selected in computing the drainage from the shaft
sunp. This suggests t.ha: the Nasbergo‘rerletskau formula £s used for the
majority of shafet, &. e., the lower 325 @ of the shaft. In the upper part
of the shaft, the Zanger fornula provides a lower dulnage rate.

Vhen the height of water {n the shaft is grea:er than the sump depth,

drainage can also occur through the station seals. Flow thtough the sta- .
tion seals is defined by the following equatton
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-QP'nglll“P

drainage rate thtough the :epository station plug;

vher
eQP

g—? = gradient of £10w between the two faces of the repository sta-
ticn seal; '
dh = change {n hydraulic potential over the length of the seal;
dl = assumed length of the seal, {.e., twice the width of the drife
cross-sectional; and, .
AP = cross-sectional area of the plug.
1f it {s assumed that the pressure head (equal toc the height of water
above) 1s dissipated by vertical flow, then as the height of water builds
up in the shaft, the gradient across the plug increases. The following
seczions describe the input values of K used in formulas given above.

3.2.3.2 1Input Values Used

The sump of the ES will be constructed predominan:ly in the densely
welded portion of the Topopah Spring Member vith approximately 15 m pene-
trating the nenwelded zeolitic portion of the tuffaceous beds of Calico
Hills. The Topopah Spring Member is considered to be freely draining and
has a2 high permeability because of its pervasive and abimdm: fractures.
The nonwelded portion of the tuffacecus beds of Calico Hills, is not ex-
pected to be as intensely fractured. However, the saturated, bulk-rock
hydraulic conductivity of either the densely welded portion of the Topopah
Spring Member or the wonwelded Calico Hills vitric or zeolitic units is
higher than their matrix hydraulic conducuvity. Estimates for the bulk,
saturated hydraulic conductivity are approximately 10°2 o 10°% enm/s (Scott
et al., 1983, p. 299) for the Topopsh Spring Member and 2.4 x 10°4
10'3 em/s for the tuffaceous beds of Calico Hills (Sinnock et al., 1984,
PP. 11-12 and Scott et al., 1983, pp. 299). In calculacing the drainage
rate from the sump, the saturated, bulk-trock hydraulic conductivity is
assumed to range from 10°% ¢o 10'2 co/s., The selection of a specific value
is dependent on and consistent with the undisturbed, rock-mass hydraulic
conductivity assumed for the MPZ model. . For example, if the undisturbed,
rock-mass hydraulic conductivity is 10°% cn/s, then the saturated,
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hydraulic conductivity at the base of the shaft is also assumed to be
10°% cm/s. Because the ES-1 is planned to penetrate slightly (appro'xl-
mately 23 m; DOE, 1588, p. £.4-31) into the vitric and zeolitic portion of
the Calico Hills nonwelded unit, the bulk, saturated hydraulic conductivicy
of the rock surrounding the sutp has been restricted to the maximum value
of 10'3 cm/s for the tuffaceous beds of Calico Hills when the undisturbed.
rock-mass hydraulic conductivity is assumed to be 1.0'2 em/s for the NP2
model. This restriction only slightly reduces the ovetall.~bu1k-rock..
hydraulic conductivity 6f the sump because the majority of the sump
(assumed to be 140 m in MacDougall et al., 1987, p. 4-69) potentially will
te surrcunded by welded and highly fractured tuff,

A similar logic is used in selecting the saturated, hydraulic conduc-
tivity of the repository station seal. 1In general, the repository station
drift seal restores the surrounding rock mass to its original, undisturbed,
rock-mass hydraulic conduc:lvity. The repository station seal i{f needed
will be located in the densely welded portion of the Topopah Spring Member.

3.2.4 Vater Balance in the'Exploratory Shafc

Using the inflow rates described by Figures 3-8 and 3-11 in Section
3.2.2 &nd the apptoﬁrlate drainage rate from Section 3.2.3, the water
balance in the ES is computed. 1In all cases, buildup of water is observed.
However, in two cases, 1. e.. vhen the saturated hydruultc conductivity of
the alluvium {s 10" *5 and 10 cm/s, the buildup is limited because the
inflow into the shaft and MPZ s very low. Therefote, graphs of height of
water in the shaft versus time are displayed for only six cases, i.e., vhen
the hydraulic conduceivity of the alluvium {s between 100 to 1073 cem/s.

The results displayed in Figures 3-14 to 3-16 show that the height of
vater buildup varies from essentially no water buildup to 126 m. 1In all
cases vhen the MPZ model is 20 times or 60 times the undisturbed, rock-mass
hydraulic conductivity, the paximum height of the water reached in the
shaft {s below the repository station invert. In all cases evaluated, no
flow through the reposltory station seal {s computed. Again, it should be
stated that shaft tnflows predlcced here are unanttcipa:ed and highly
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{mprobable. The approach used in this report was to develop a water flowv
scenario that would develop a realistie, upper-bound vater flow into the
shafts, ' |

Several genersl features are observed in curves in Figures 3-14, 3-15,
and 3-16. The duration of inflew in all curves is greatest vhen the Tiva
Canyon hydraulic conductivity i{s the lowest of the assumed range, {.e.,
10°3 cn/s. This s to be expected as indicated by the ‘duration of flows on,
Figures 3-8 to 3-11. The portion of the curves to the left of the peaks
represent the period during which the drainage from the sump {s less than
the inflow {nto the upper portion of the shaft. The slopes of the curves
beyond the peak are dependent on the hyduullé conductivity of the rock
nass through which the wvater s draining and the height of water in the
shaft. The greater the rock-mass hydraulic conductivity, the greater is
the slope. The lower the height of water in the shaft the slower is the
drainage and the longer it takes for the water in the shaft to fully‘ drain
from the shaft.  In scme cases plateaus are observed. These plateaus
represent the condition when the inflow rate into the shaft ts equal to the
outflow rate from the base of the shaft. Also, when the inflows are
greater for the 60 times unédisturbed, rock-mass high conductivity, the
height of water reached in the shaft is greater. ’

An sdditional cbservation is the point at which the peaks occur for 2
specific, undisturbed rock mass hydraulic c.onducuvtty. . There are -two
fectors cthat are lmporuﬁc’ in noétng vhere these peeks occurs, L{.e., the
magnitude of inflov and the duration of i{nflov, For exemple, when the
alluvial hydraulic conductivity is 100 cp/s, the duration of inflow into
the shaft {s short. As the hydraulic conductivity of the alluvium
decreases, the time for {nflow and drainage from the base of the shaft are
'extended.‘ This results {n an increase in the height of water reached in
the shaft. Vhen the hydrauvlic conductivity of the alluvium is approxi.
mately 10'2 cn/s, this trend is reversed. The high-water level is reached
vhen the hydraulic conductivity of alluvium {s about 10'2 cu/s and the
hydraulic condqcﬂv_lty of the rock mass is 10°° cm/s. As the hydraulic
conductivity of the alluvium decreases from 1 cm/s, the max{mum height
teached {n the sump becomes comparati{vely lower for the case vhore the
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rock-mass, hydraullc conductivity {is 10°2 en/s (see Figures 3-15 and 3-16).
Conversely, a greater buildup of water in the shaft occurs for the case
vhen the rock-mass, hydraulic conductivicy {s 10° -5 cm/s. This greater
buildup occcurs vhen the rock-mass, hydraulic ccnduccivity 15 10 slcm/s
because inflowv occcurs over a long periocd of time (see Figures 3-10 and
3-11) and the drainage from the sump is lower than vhen the rock mass,
hydraulic conductivity {s 1072 cn/s, |

3.2.5 1Impact of Relocating :he'Explotltory Shafts

After most of the analyses presented in this report were completed,
the exploratory shaft locations were relocated to the northeast of the
final EA locations as shown i{n Figure 2-2 and the design of the ES-1 and
ES-2 were modi{ffed. The concern rafsed by this relocation and design
change vas the following: Does the influence of ercsion and flooding at
the nev shaft locations adversely affect the long-term repository
performance? To address this concern a conparison is made of comparative
influence of (1) the ercszion and f!dodlng potential at the final EA
location and the new locations and (2) the applicability of the fleooding
scenario for the new shaft locations. Section 3.2.5.1 briefly addresses
the erosion potential at the new shaft locations. Section 3.2.5.2 includes.
the results from a flooding analysis which {llustrates the potential to
flood the exploratory shafts from the occurence of & PMF., Section 3.2.5.3
fncludes a descrlptton'ef a scenario that {3 perﬁaps more applicable than
the flooding scenario presented in Section 3.2.1. 1In Section 3.2.5.4 the
impact of the flooding scenario (described im Section 3.2.1) on the
repository perforaance ucing the mest current ES-1 and ES-2 designs is
discussed,

3.2.5.1 Ercsion Potentisl at the New Exploratory Shaft Locations

Figure 3-17 showvs the old and nev locations for the exploratory
shafes. The old location for ES-1 is located in the alluvial-filled
portion of the wvash., The old locltlon for ES-2 1s situated in bedrock
slightly west of ES-1,. Becsu:e the nev locations of ES-1 and ES+2 will be
collared in bedrock, the po:en:llI for eroding alluvium arcind the shafe .
collar {s nonexistent. Furthermore, the shaft collars will be located in
the Tiva Canyon Member that caps most of Yucca Mountiin. 1In these caprock.
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protected areas, erosion {s relatively slov providing a puch greater
resistance to dovnwasting than alluvium (DOE, 1988, p. 1-32). Therefore,
the impact of the potential for focusing waters into the ES-1 due to
erosion of rock at the new, exploratory shaft locations is considered to be
negligible in comparison to the erosion of alluvium at the old exploratory
shaft locations. TFrom an erosional standpoinf.'the’neu locations are
preferred over the old locations. )

3.2.5.2 Flooding Potentisl at the New Exploratory Shaft Locations

To 1llustrate the comparative influence of flooding, & map defining
the extent of the PMF was developed. In developing this map the existing
topography and the Manning equation for open channel flow was used. Eight
cross sections were used in developing the PMF high-.vater perks shown on
Figure 3-17. 1In applying the Manning equation, the asshmpttons used were
sizilar to those used by Squires and foung (1984, p. 24). Specifically,
the values for slope of the energy-grade line used {n Manning's equation
was assumed to be equivalent to the slope of the water surface and the
channel bottom. The value for the roughness coefficient, n, in Manning's
equation was assumed to be 0.060. Roughness coefficlents used by Squires
and Young ranged from 0.030 to 0,055, Because we are estimating the high-
level marks for the PMF and beceuse ‘n’ is proportional to the atea of
flow, a greater ‘m’ value suggests a greater area of flow. This greater
cross-sectional ares of flow corresponds to a lilgher water-level during the
occurrence of a PMF., Therefore selection of a greater ’'n’ value (as used
in this analysis) conservatively predicts a higher vater-level rise.

Figure 3-17 shows the high-water locations for the PMF relative to the
location of the expleratory shafts assuming two peak discharges. The imner
lines represent the clear water flovw onl& and the outer lines represent the
clear vater and debris flows. The peak discharge for the clear water flow
i{s 95 m’/s (Bullard, 1986). To arrive at the peak discharge for the clear
vater plus debris flew, the debris flow is assumed to be 50t of the clear
vater flow. Figure 3-17 illustrates that some potential exists for the cld
ES-1 location to be 1ﬁundate¢ by e PMF. However, the potential for .
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inundating the shaft entry points of the new ES-1 and ES-2 locations is
substantislly reduced. The herizontal distance of the high-wvater mark from
the ES-1 and ES-2, new locations {s 90 m and 70 m, respectively. The ES-1
and ES-2 surface locatfons are § m and 11 o above the highest level of the
PMF flows, ?igure J-18 presents the cross sectional diagrams of the
topography and the wvater elevations of the PMF ¢ the new locations of the
ES-1 and ES-2. These cross sections are presented to illustrate the
distance of the PMF flows from the nevw ES-llar?d ES-2 locations. .

From the preceeding discussion, it can be conclided that relocation of
the ESs to the northeast from the final EA"locations has subscantially
reduced the {mpact that flooding could have on repository performance
because the new shaft locations are at a greater distance from the water
level of the PMF than the old shaft locatiens.

3.2.5.3 Scenario Describing Uniform Dispersion of Surface Water at Depth

Another concern raised by relocating the exploratory shafts is the
applicability of the original flooding scenaric presented in Section 3.2.1.
As discussed earlier, the occurrence of the original scenario vas
considered toc be highly improbable. Because the shafts at the new
locations will not be in alluvium, the mechanism of vater flow inte the
shaft assumed in the original flooding scenaric s no l'onget present.
Therefore, the probability of water flov intc the shafts at the new
location {s even lewer than the probability associated with the original
shaft locations. |

Another hypothetical scenario that may be more applicable at the new

shaft locations is proposed below. This scenario was selected to depict

the possibility of a variety of flovs including fracture flow to intercept
the shafts and associated MPZs anywhere below the surface, . This scenario

‘involves {ntense rainfdll over the drainage basin assoctated with the

exp'loutory shafts. This rainfall {s equivalent to the volume associated
with a PMF. Follewing the rainfall, it {s assumed that all of the ratnfall
infiltrates intc the ground surface elther uniformly éver the entire .
drainage area’(Case 1) or only over & more vestricted area defined by the .

existing wvater c‘qursei (Case 2). These two cases are depicted en-

Figure 3-19. 1In Case 1 the area considered 1is upgradient from the new,
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exploratory shaft location. 1In Case 2 the area considered is upgradient
and downgradient from the new, exploratory shaft locations acknowledging
the fact that flov {nto the shafts can occur from surface locations
downgradient from the surface location of the shaft. Superimposed on the
drainage basin is a network of discrete areas or elements that .define the
zones where infiltration occurs. The amount of water entering each element
is proportional to its area compared vith the entire area into vhich
infi{ltration {s assumed to occut. In Case 1, {nfiltration occurs over the
entire drainage basin. 1In Case 2, infiltration cccurs only in the aress,
defined by the ephemeral stream locatiens.

In both cases it is assumed that all of the vater from the rainfall is
unltormly'dispersed by the fractures in the stratigrephic column pfnea:h
each element. The pertion of water that falls on each element and
subsequently enters the ES-1 and ES-2 §{s schematically depicted on Figure
3.20. The portion of water entering the shafts from each element is
defined by

A

Vi ® 360 & Veur
_ total
vhere V, = volume of water entering the exploratory shef:s £rom

rainfall occurring over elesent *{",
26 = angle formed by the center point of each element and the
" assumed extent of the MPZ around each shaft (in degrees),
Ay = the area of an element *{*,
cotal = the total area of all the elements, and
Veup @ voluze associated vith a PKF, 13.8 in. of rainfall over the
entire basin,

"The total amount of vater, V
elements would be

n ‘ n
Vshates * ifl Vi * 151 Vi|
for ES-1 - o for ES-2

shafts’ entering both ES-1 and ES.2 from "n”
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The farther an element is avay from an exploratory shaft, the smaller will
be the "2¢" term and the lower will be the flow of water from an element to

the shafe.

Using the formulas above, the total amount of water entering both
exploratory shafts for the scenarioc is 1250 03 for Case 1 and
1320 m3 for Case 2. These values are considered to be upper bounds for the
scenario because {t {s assumed that all of the rainfall, 13.8 in., falling
over the entire basin, inflltrates down through the stratigraphic units an¢

laterally to the exﬁloratory shafts. In reality, 13.8 in. does not

infi{ltrate dowvnvard into the stratigraphic coluen. The majority of
rainfall would exit the drainage basin &s a flood volume once the ground
surface saturates to some threshold amount. If runoff occurs after 2 in.
of rainfall, the upper bound of retention indiceted by Bullard (1986),
approxima:ély 85¢, would exit the drainage basin es tunoff. Of the smount
that saturates the soils, only a portion would percclate through the
stratigraphic column, It is therefore reascnable te assume only a fractien
of the 13.8 {n. of rainfall would percolate through the stratigraphic
colunn and migrate laterally to the exploratory shafts. A more realistic
volume of water entering both shafts would therefore be an amount 1 te 2
orders of magnitude lover than the amount computed earlier. Therefore,
volumes of approximately 10 m3 to 100 ns are more realistic estimates of
vater entering the shafts during a PMF. These estimated volumes of shafe
{inflov are extremely small volumes when compared to the maximum volume
computed from the original scenaric -described in Section 3.2.1. 1In face,
these small volumes could be contained within the ES-1 sump.

Nevertheless, to demonstrate the effectiveness of the new ES-1 and
ES-2 designs, shaft inflows computed from the original £lood£ng analyses
are assumed to enter the ES-1,

3.2.5. 6 Analysll of the Drainage Cepacity of the New Exploratory Shafts
end Asscciated Facility

The dnaly:is‘perférmed in Section 3.2.4 were-férun assuning thé‘ngy.
ES-1 and ES-2 designs. In the nev ES-1 design the sump is 110 m rather
than 140 ., The new ES-2 sump {s approxlmacely 30 @ rether than 3 m.

Thus, the total sump storage capacity for the new ES designs remains
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spproximately the same as that for the cold Es'designs. Ic is also
{mportant to note that the drifts between ES-1 and ES-2 provide additfonal
storage and drainage capacity and slope tovards the ES-1. The drainage

pattern {s {llustrated in Figure 3-21. This drainage pattern suggests that
vater entering the ES-1 or ES-2 would first have to £ill up the sumps of
"ES-1 and ES-2 as vell as portions of the ESF drifts before water would exit
the ESF into the connecting access drifts. -

The results obtained fton running the same analysis described {n’

Section 3.2.4 using the current or new ES designs, are discussed below.
Because -the new ES-1 sump is approximately 30 m shallower than the old ES-1
design, the maximum height of water reached in the ES-1 exceeds the
elevation of the repository statien in two cases--first, when the hydraulic
conductivities of the alluvium and the welded tuff units are assumed to be
10°2 em/s and 10°° cn/s, respectively, and second, vhen the hydraulic
conductivities of the alluvium and the velded tuff units are assumed to be
10° -1 cm/s and 10° *5 cm/s, respectively. 1In the first case the maximum
height of water reached in the shafc was computed to be'approxima:ely 125 m
and the flow past the repository station seals at the ESF location was
computed as &40 nJ. For the second case, the maximum hefght of water
reached in the shaft vas also about 125 m but the duration of height above
the repository sctation elevation was much less than for Case 1. The flow
past the repository station seals vas cemputed to be 3 m for Case 2.

For the first case vhere the potential flow past the repository
station seals was cozmputed to be 40 aa. the storage capacity of the ESF and
the ES-2 would easily ccatain this flov. The .storage cipactty of ESF
between the ES-1 and ES-2, sssuming the drifts are backfilled was computed

as 650 nz. "In addition, the storage capacity of ;he new ES-2 sump {s about

100 m’.

3.2.5.5 Conclusions

From these computations it i{s concluded chat chd‘presence of the
exploratory shafts, including their associated MPZ and shaft £i11, ddes not

compromise the performance of the repesitory because:
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o Even vhen a highly {mprobable flooding scenaric (and possibly an
{ncredible scenario at the nev ES locations). is considered at the
nev ES locations, any water entry past the repository station seals
{s contained within the ESF. o

o The more realistic scenaric presented {n Section 3.2.5.3,
postulated shafc inflows assoclated with a PMF to be 10 to 100 m3~.
These volumes can be contained within the sump of ES-1 even if no,

drainage from the sump is assumed.
3.3 Pogentia] for Enhancing Radionuclide Release From Afr Movement Due go
- Convective Forces .

For a repository leccated above the water table, there i{s the pos-
sibilicy of release of radicnuclide by air flew out of the repository
through the shafts or through the host rock. In Fernandez et al. (1987,
P. 3-22) a performance goal for air flow out of the shafts and their
associated MPZs was established considering the total gaseou_ttehluses that
could potentially occur for C-14 and 1-129. The performance goal estab-
lished was that air flow through the shafts and their associated MPZs
should be no greater than 25% of the total air flov. This section evalu-
ates the potential magnitude of air flov rates from the repository and
compares the relative influences of the shafts, ramps, and hest rock in
zlloving air flow to occur. More specifically, the calculations examine
the influence of the MPZ around the shafts and ramps and the degreé to
vhich flow can be limited by backfilling or seaurig the shafts.

After emplacezent of waste canisters, heat is initislly transferred by
conduction from the waste canisters to the surrounding rock. Vertical
_temperature gradients will develop from the repository horizon, and poten-
tially affect air and vater density. If sufficient energy in the form of
heat {s {mparted to the air or vater vapor, convective transport is estab-
lished.

3.3.1 Mt" _Flow Mechanisms - -

Two pdtential air flov mechanisms are 111usttated in Figure 3.22.
Mechanism A assumes that no upward flow occurs through the host rock
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relative to flow through the shafts, ramps, and drifts. - ES-1 and ES-2 are
within the repository area, and the temperature gradient is relatively high
near the repository horizon due to the emplacement of .thermally hot waste
packages. The men-and-materials shaft, the emplacement eéxhaust shaft and
the ramps are located outside or just inside the repository perimeter, and
the temperature gradients are lover. 1In respons‘e to these temperature
gradients, alr will tend to rise in ES-1l and ES-2, end may be drawn in
through the other entries. The mechanisn mdy occur £ the shafcs and
drifts are open, or {f the backfill {s relatively permesble so that the
resistance to air flow through the backfill is less than that through the
rock. 1In Mechanism B, convective air transﬁer: is asgsumed to occur through
the host rock. The waste disposal areas are relatively hot and the heated
air tends to rise vertically through the rock as well as through ES-1 and
ES-2. Alr i{s drawvn in through the peripheral entries to maintain pressure-
in the rooms. A

The analysés presented in this report consider Mechanism B in detail.
As discussed subsequently for shafts filled wich an engtneeted material
(hydraulic conductivity less than 10° -2 cn/s), the flow of air out of the
repository would be dominantly through the rock. A detailed discussion of
Mechanism A and a comparison between the two mechanisms {s presented in
Appendix C of Fernandez et al. (1987).

3.3.2 Method of Analysis

The mechanism of convective air flov through a heated repository is
considered to be analogous to air flow through an underground mine resule-
{ng from natural venti{latifon. Drafc air preisurel are calculated by the
density method. Alr flows are assumed to be induced by the draft air
pressure and are calculated using a network resistance model similar to
that used in pine ventilation studies (Hartman, 1982, pp. 239-245). Flow
{s assumed to be governed by Darcy’s law, In Appendix C, a relationship is
derived for convective a{r transport through backfi{lled shafts and frac-
tured rock from the a_uump:ions me@tion;ed above..

The principal input parameters are the resistance to air flow of the
underground openings and the host rock, and the pressure gradient calcu-
lated from the difference i{n pressure betveen the inlet .and outlet points
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as derived by the air -density profiles. A detailed discussion of the
assunptions made {n the analys‘ié is presented in Appendix C. The assump-
tions mey be. sumnmarized as follpws: 1) Darcy’s lav is valid; 2) air tem-
peratures in the shaft are the same as in the adjacent rock; 3) air flow is
incompressible and the air is dry; and 4) air circulation occurs slong
specified paths.

3.3.3 Model Description

. _ ' _ A ¢

Alr flows were calculated by assembling & "network stiffness matrix”
(Zienkiewicz, 1977, pp. 12:13) of various resistances representing the
network of underground openings and the rock mass, by applying pressure
boundary conditions, and by solving a system of linear simultanecus equa.
tions to calculate nodal pressures. Afr flows were then calculated through
the network. The following sections describe the temperature and pressure
boundary conditions, air conductivities (material properties), and model
geometry (networks) used {n the analyses.

3.3.3.1 Temperature and Pressure Distributions

Draft pressures wvere calculated usins the accepted mine ventilation
practice of computing pressure gradients (st the repository horizon) on the
basis of differences in air density at the inlet eand outlet points. The
first step requires the temperature profiles at the potential repository
inlet and outlet points. The inlet and outlet tenperature at the ground
surface were assuzed to be 13°C. For purposes of calculeting air densi.
ties, a peak temperature profile was estimated for the ES-1 based on a peak
temperature of 115°C at the repository horizon. (The source of this tem-
perature {s the heat 1iberated from the radicactive wvaste contained in the
wvaste packages.) At the time at vhich the peak temperature is attained,
the temperature at the other entries outside the repositdry is assumed to
be 23°C, Indlcative of the geothermal gradient. Using & value comparable
to the geothermal gradient is conservative because the actual temperature
" at the repository ho: 'zon will be greater than 23°C. By assuming a value
of 23°C the temperature . difference between the inlet and outlet entries
wi1l be greater result{ng in greater pressure gradients and .subsequ_'ent_l_y_ ;
great'er ‘air flows. 1In this way, this analysis {s a’ntieipa:ed, to be
conservative. '
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The calculated draft pressure using the method described above was
0.35 kPa, vhich corresponés to 1.4 fnches of vater gage. By comparisen.
according to Hartman (1982, p. 240) the natural vent{lation pressure gener-
ated by natural geothermal energy in oines is usu;lly less than O S inches
wvater gage, and seldom exceeds three inches except in extteme cases. The
calculated drafc pressure falls within this range for this cechanisn and

"~ would be expected to be higher than 0.5 inches, since the heat generation

cdue to radicactive waste {n an underground ‘fuclear wvaste repository resulcs'
in larger temperature contrasts than those exp'erl_enced in a typical under-
ground mine. ' '

3.3.3.2 Flow Path Resistances

The resistance to air flov for incompressible fluid flow through
shafts and drifts is dependent on the lengths and cross-sectional areas of
the flow paths, and the air conductivities of the backfill, surrounding
MPZ, and host rock. In the present analyses, iPZs vere modeled around the
shafts and ramps accessing the repository, but not around the drifcs (see

below). The cross-secticnal areas and length for the flowpaths for verti- - V

cal and horizontal emplacement are summarized in Tables 3-2 and 3-3 respec-
tively. The. cross sectional areas of the MPZ developed around the shaf:s
vere assumed to extend out one radius from the wall. For ranps which have
& noncircular cross section, the MPZ area was calculated from the equiva-

- lent radius of a circle with the same area.

For flow through undisturbed rock it i{s necessary to know the cross-
sectional area of the roof of the repository (waste rooms, submains and
mains). This area is estimated to be 983,700 mz for vertical emplacement
or 486,000 nz for hor{zontal emplacement. 1In these analyses, the roof
areas above the mains and submains were included {n the calculation since
ft {s expected thermal convection would develop throughout 'the._undetgtound :
repository. The equivelent conductivity for flew through the rock to the
ground surface was calculated according to the relatien for flow in secies
(Freeze and Cherry, 1979, p. 34). In the present analyses, the thickness

of the wvelded units (Tiva Canyon and Topopah Spring) is 260 m and the
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Table 3-2, Summary of Areas and Lengths - Vertical Emplacement

(& Hodified

_ Backfilled Perpeability ’

. - Area (A) “2zone (Plarea © Length
o Flowpath - (nz) ' (°2) : (m)
Vaste Ramp 3.2 115.8 : - 2012
Tuff Ramp 42.8 136.8 1410
Men-and-Materials Shaft 29.2- . . 105.9 . . 31
ES-1 - 10.5 -~ g 42.9 : 311
ES-2 10.5 L2.9 ) b §

(a)

» (b)adck£111ed area 1; based upon inside dimension of lined shaft or ramp.

MPZ based upon three times the excavated ares of the shaft or ranp vhich

corresponds to an MPZ extending one radius from the edge of the
excavated, shaft wall. .

Table 3-3, Summary of Areas and Lengths - Horizontal Emplacement

Modified

Packei1lea(®) Permeabilfty
Area (A) Zene‘b)Atea ) Length
Flovpath (%) ? ()
Waste Ramp 28.3 96.5 . 2012
Tuff Ramp 30.1 . 96.5 1410
Men-and-Materials Shaft 29.2 105.9 314
EE Shaft 29.2 105.9 ~ k) A
ES-1 10.5 2.9 1l
ES-2 10.5 k2.9 , 31

gggaackfllied area {s based upon {nside dimensfon of 1ined shaft or ramp.
MPZ based upon three times the excavated area of the shaft or razp which

corresponds to an MPZ extending one radius from the edge of the
’ excavated, shaft wall. ’
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thickness of the nonvelded Paintbrush &s 40 @. The air conduc:ivl:y* of
the nonvelded Paintbrush vas assumed to be efther 3 x 10° er 3 x -
" 10° -3 w/ein. This cottesponds to a range of hyduullc .conductivity from
10°3 ¢o 10° -3 cn/s. ¢t The velded tuff unics (Tiva Canyon and Tepopah
" Spring) were assumed to have either an air conduc:tvity of 3x10° or 3 x
10°* m/nin. This correspends to a range of hydraulic conductivities of
from 10°° to 1072 co/s (Scott et al., 1983, p. 299).

Three combinaticns of bulk reck hydraulic conduc:ivity vere evaluated
in the analysis. These combinations were selected to cover a range of
conductivities for velded and nonwelded tuff and to examine the influence
of a thinner less permeable layer of nonwelded tuff on overall air flow
rates {f the welded tuff conductivicy were high (10 -2 cn/s).

Nonwelded Hydraulie Velded Hydraulic
Conductivity Conductivity
{cn/s) ' __(em/s)
Combinatien 1 (Low) 1003 107;
Combinaticn 2 (Internediate) 10 .3 10_2
Comrbination 3 (High) 10° 10

The equivalent air conductivity of the modified permeability zone was
- taken to be either 20 or 60 times higher than the conductivicty -of the
undisturbed tuff averaged over an annulus one radius vide extending from
. the shaft wall., The equivalent conductivity factor of 20 corresponds to
expected conditions at depth. The equivalent conductivity factor under.
- worst case assunptions ranged from 40 to 80 times the undisturbed tuff
conduc:ivlty.' The average value of €0 was selected for -analysis. The
equivalent conductivity factor of the overlying rock was determined, as
explained previously to take into account strata wvith v'atylng
conductl\rlt’iu. and the MPZ vas assumed to be either 20 or 60 times more
permeable than tha.' undamaged rock in each stratigraphic unitc.

tAfr conductivity may be derived by calculating an intrinsic permeablility
from the hydraulic conductivity relationship presented by Freeze and
Cherry (1979, p. 27) and then by" calculating the " ai.: conduc:ivl.ty using
the fluid properties of air. . _

++The range considered hete bounds value for the bulk uturated hyduuuc

conductivity of 2.4 x 10°% cz/s given by Sinnock et al. (1984, p. 12) for
the Paintbrush nonwelded unit.
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Alr conductivities in the backfill were varied over a range from 3.0 x
1.0'.6 ec/zin to 3.0 m/min, equivalent to & range of hydraulic conductivity
fron 10"' to 100 em/s. The upper bound for air cenductivicy corresponds to
& gravel, vhile the lover bound corresponds to a silty sand (Freeze and
Cherry, 1979, p. 29). The lover bound might also correspond to a cempacted
backfill engineered for low permeability by adding silt or clay fines.

3.3.4 Model Results , .

The convective air flovw analysis results are presented as a series of
- plots. The relationship of total flov rate ocut of the repository to the
shaft f1l1l1, air éonducuvlty for vertical and horizontal emplacement cone g
ﬁguraiions. and low and high modified permeability zone models are pre-
sented in Figures 3-23 through 3-26. The flow rate through ES-1 and ES-2
expressed as a percentage of the total flow rate out of the repository are
presented in Figures 3-27 through 3.30. The three curves on each plot
represent the low, intermediate, and high rock conductivicy combination
presented previously. :

The distribution of flow through the shaft £ill, the MPZ, and the tuff
roc€ rock was found to be dependent on the shaft fill, air conductivity.
vith high shafc £il1, air cendﬁctlvlty of 1 o/min, the flow into and out of
the repository is dominantly through the shaft £i11 with total flow ranging
from approximately 1 to 10 m3/n1n. depending on the conductivity of the
roof rock. With low £111 conductivities (less than 10'5 e/ain), flow into
the repository is primarily through the modiffed permeability zonme, while
flow out of the repository is dominantly through the tuff roof, and total
flovw rates are less than 0.1 m/min. The high conductivity MPZ model
.xresults in a somevhat higher flow rate than the low conductivity MPZ model
under these circumstances. The conductivity of the tuff units in serfes
influences the total air flow through the repository. For the high conduc-
tivity combinacion, the total flow begins to level off toward a constant
value at a shaft fil1, air conductivity of about 10°> m/min. 'For the
intermediate and low conductivity conbinations, this stabilizatien of total
flov cccurs at shafe £111, air conductivity of approximately 10".s n/min,
At low, backfill air conductivity, the total flow rate varies over two
orders of magnitude depending on the air conductivity of the rock.
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Figure 3-27.
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Figure 3-29.

Figure 3-30.
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dinindd sintinbi

In comparing total flow for the vertical and hori{zontal emplacement
modes, it {s apparent that the results are very similar. This is because
the geozetry of the shafts and ramps accesslng the reposl:ory are very
similar. At highs backf11l air conductivity, flow is dominantly through
the shafts and ramps. At lov, backfill conductivity, resistance to flov s
dominantly through che MPZ of the inlet shafts and ramps. In this
analysis, no attempt has been made to distinguish temperature fields be-
tveen the tvo emplacement modes although this may have some influence on
calculated upper-bound, convective air-flow rates. It is reiterated that
the assumption of the {nlet shefts/tampt being at geothetmalAteepera:ure is
conservative for both emplacement modes.

The analysis indicates that the percentage‘of flow through ES-1 and
ES-2 to total flow is also dependent on shaft fill, air conductivity. Vhen
the backfill conductivity i{s low, the percentage of flow through the shafcs
and vamps i{s also low, regardless of the existence of efther a low or high
conductivity MPZ. For example, for vertical emplacement, with a shaft £ill
having an air conductivity less than 3 x 10" g/ain (equivalent to a
hyéraulic conductivity of lO'2 cm/s) the contridbution of ES-1 and EX-2
shaft to total flow is less than 2.5%. The percentage is somevhat higher
for horizontal emplacement, and this is attributable to a smaller roof area
vhich tends to increase the percentage flow through 3-1 and ES-2. Never-
theless, for either emplacement mode the percentage is smaller than 2.5%
vhen the backf{ll afr conductivity {s less than 10°% n/min. As indicated
in Section 3.3, the performance goal established for air flow out of the
exploratory shafts was that no more than 25% of the total flow out of the
repository go through these shafts. The value of 2.5% given above
therefore represents an even more conservative release of air through the
shafts; l.e..-one order of magnitude less than the performance goal.

3.3.5 Conclusions

From the preceding discussion, it is eoncluhed that the exploratory
shafts (including shafe fill and the MPZ) are not likely to be preferential
pathveys for gaseous radlenuclide releases {f the air.conductivity of the
shaft £111 is less than about 3 x 10 g/pin. This conclusion {s reached

because:




¢ Vhen the air couduc:ivity 1's'gteicer‘ then this valua, the air flow
thkrough the shaft ful md MPZ is predomlnmtly thtough the shaft
£111.

© When the conductivity of the shaftc tiil fs lov, flow through the
MPZ is proportionally greater than flow through the backflll.
However, because the total air flow through the HPZ and the shaft
£111 as coompared to flov through the toof_r_ock over the repository,
is extremely low, i.e., less than 2.5%, the potential release of
air through the MPZ will alsc be low. -

o The temperatures used at the repesitory horizon {n the convective
air flov analysis are greater than those anticipated te occur at
this location. Hence the driving force for this air flov scenario
is larger than wh_it vould be expected under maximum thermal
convections at the repository. Also, as the repository cools and
before 4t hests up, thermally induced air flow {s of lesser
consequence.

Further, obtaining a shaft £1ill having a hydraulic conductivity of
10'2 co/s i{s achievable. For example, for cohesficnless materials ({.e.,
with no clay), values may range from as high as 100 cn/s for a clean,
coarse gravel or rock £ill to 10°3 cz/s for a fine silt. Specific values
wvithin this range can be engineered by crushing and screening crushed tuff.
Lower values of hydraulic conductivity can be ocbtained by adding clay or
crushed tuff. For example, a value of about 10° -10 cm/s can be cbtained
from a mixture of cmhed tuff vith 30 Ra-ben:onite (Fernandez et al.
1987, Appendix D).

"3.4 Potentisl for Erhancing Radicnuclide Relesse From Alr Movement Due to -

This section evaluates the poteritial volumes of air displaced out of
ES-1 or ES-2 due to barometric furces. These barometric forces are created

‘by pressure differences that are induced by postulated meteorological.
events occurring at the exploratory shaft locations. The purpose of the -
- analyses in this section 1s to predict what volume of air contained in the

shaft £111 and MPZ under unsaturated conditions can be displaced due to
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several meteorclogical events. If only a porticn of the shaft £i11 and MPZ
a{r volume is displaced vhen the pressure drop occurs at the surface, the
surface afr will be forced into the shaft £111 and MPZ when the pressure
reversal (pressure increase) occurs at the surface. As & result,
contaninated air that reaches the shaft is not continuocusly displaced by
barcmetric forces. h

3.6.1 Hodel Description .
Atr pressure differences between the repository and the surface will
cause air to move through shafts and rasps accessing the repository. Alr
movement may alsc be induced through the rock. The direction of air move-
ment will be from areas of high .preuure to those with low pressure. The
magnitude of the flow rate will be properticnal to the pressure difference,
the air conductance, and the cross-sectional area through which air flows.

A one-dimensional, alir flow model wvas developed to evaluate flow
induced by barometric changes at the surface. Assumptions used {n the
development of the model include: '

o Darcy's lav is valld for flow through the shafcts and ramps: this
assumption requires that air flow be laminar.

o Atmospheric pressure follows a sinusoidal function. 1Individual
pressure cycles occur within minutes to a year. ' The amplitude of
the periodic functions are related to barcmetric pressure highs and
lowvs found at Yucca Hountain for various events. '

© Air in the repository behaves according to the the Ideel Cas law.
For this analysis, the temperature of the repository is constant,
vhile the mass of the air in the repository i{s allowed to change in
response to barometric pressure variations. '

o Coupressive storasge of the air !.n'tl_\e.backftlled shafts and ramps"

and rock is negligible compared to the compressive storage in the
repository. ' ’ . g .
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o The MP2 model is the same as that used in the previous anilyses of
convective flow.

This medel is structured to describe porous media flow between the
repository and the surface air in response to a siriusoidal varistion in
barometric pressure. The pressure within the repository will alse vary
sinusoidally as air leaves and subsequently reenters the repository by way

of thirteen parallel pathways. In this model, these pathways ere the

backfi{lls and modified permeabilicy zones assocfated with all six shafes
and ramps and the host rock mass itself.

3.4.1.1 Physical Model

For purposes of model development, the repository is conceived of as
an enclosed volume with parallel conduits te the surface such as shown in
Figure 3-31. Gas within the repository may enter or leave by way of the
parallel conduits and flow within each conduit {s governed by Darcy s flow
law. A pachway may consist of fill emplaced in & lined shaft or ramp, the
surrounding modified permeability zone or the undisturbed rock. Because
the fill and modified permeability zone associated with each shaft and ramp
have different conductivities, flow areas, and lengths, they are treated as
independent flow paths,

3.4.1.2 Mathematical Model and Assumptions
Flov through each conduit is described by Darcy’s law:

KA | |
Q = T (P - P : (3-2)

= ai{r conductivity of the 1‘h flow path,
= cross sectional area of ith flow path,
= length of tth flow path,
= average density of air within the permeable conduit,
= acceleration due to gravity, . .
Q = volumetric flow rate (positivs for flov cut of repository).

where K

>

[, ] br-r'o- [

‘l
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Figure 3-31. Schematic of Repo:ltﬁry Used in Barometric Pressure Model
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repository pressure,

atmospheric pressure,’

= repository elevation above a reference datun, and

surface elevation above a reference datum.
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The use of P in Equation 3-2 {nherently allows for variation in the static
head due to repository and :uriucé elevation differences. Hence, the
difference (P, - P,) is sppropriaté for all shafts end ramps.

The sum of the volumetric flow rates through all flow paths is also by a
direct applicaticn of Darcy’s lawv:

KA ’
s . i
Q= Ty (P - By (3-3)

This volumetric flow rate pay then be expressed as & molar flow rate,

dn
L o .20 (3-4)

wvhere M = the molecular weight of air,
n, = moles of air contained within the repositery, and
t = time.

The meclar flow rate is also sssumed to be related to the repository pres-
sure through the ideal ges lav so that

—f o =X ol (3-5)
vhere Ve = repository volume,

R = idea) gas constant, and
T, = repository temperature.

n . - . .
Noting that =L . £ and conbining Equations 3-3 ‘through 3-5 ylelds an ex.

v M
r e
pression for the response of the repository pressure to atmospheric pres-
sure variations:
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il 4 . - .
dt. 4+ c (Pr P‘) 0 (3.6)
vhere
: n_RT K,A .
et gL (3D
gV i

The variation of atmospheric pressure with time is assumed to take the form
of a sinusoid: ' o

P‘ - Pao 4 o sin ot (3-8)

vhere P, . = the average barometric pressure,
amplitude, vhich is defined as mw = (P, - P)/2,

w = angular frequency = 2x/T,

.T = peried,

PH =« average high pressure for a specific event, and
PL « average low pressure for a specific event. .

The solution to this problem will be presented for various values of ampli-
tude and frequency.

The significance of the constant ¢ is that it is proportional to the
ratic of the voluzetric flow rate to the volude of the repository. It also
influences the amplitude and phase relationships of the repository pressure
under pericdic conditions as described subsequently. The constant c is
dependent on the air conductivity of all flowv paths. The placement of
shaft £111 under certain circumstances affects the pressure response of the
underground repository.

The solution to Equatiocns 3-6 and 3.8.1s

. e sin (wt) - ‘gm cos (wt) ‘
PPt ™ 2 . o (3-9)
' 1 +%
. c
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The volumetric flow rate can be calculated by substituting the pressure
relationships in Equations 3.8 ané 3-9 into Darcy’'s lav (Equation 3-3):

ngi c2 . 02

. S . L
Q-% Wi o sin (wt) (——‘—— . ) . = cog (vt)] (3-10)

or expressed as a sinusoid with a lagging phase angle

K, A
it e ¢ S N S
Q=2 gin jut - x & :m _ . 3-11)
b § ’51'1 e+ W [ \/cz #.uz]

Equation 3-11 may the be integrated over half of any cycle to give the
emount of ai{r entering or leaving a shaft as a consequence of the assu:ned
barometric pressure variation. Hence, the cyclic voluze of displaced air,
V, is given by

- _1_1 . : Y

Further, the cyclic volume of displaced air may be computed for any flow
path, §&: ’

v M e (3-13)

i ngi ch + wz

In Section 3.4.3 results are displayed in terms of the ratic of air
displaced from & shaft, Vl. to the volume of alr in the shaft £3i11 end MPZ.
The void volume in the shaft £ill was calculated from the total volume of
ES-1 vithin the lined shaft with a poresity of 30% and a volume of the
modified permeability zone and an effective, unsaturated rock porosity of
4.2%. The calculated volume of the voids in the exploratory shafts is
1,540 ms. It {5 assumed that the porosity of the shaft fill has & constant
value of 30%. This value is at the lower range of porosities ({i.e., 25 to
50t) for natural granular materials and artificisl paterials, indicated by
standard texts (e.g., Winterkorn and Fang, 1979, p. 257, Davis and DeWeist,

1966, p. 375).
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3.4.2 1Input to the Mathematical Model

The cyclic voluzetric éisplacepent relationship developed {n the

 previous section suggests that the displaced volume {s gropottlonil to the

pressure amplitude and inversely propertional to the frequency of the
weather event (propertional to the periecd). To cover a range of potential
veather events, the follewing were considered:

o A severe thunderstors event with a time period of five days
o A tornado event vith a time pericd of one minute.
© A seasonal barometric pressure event with & time period of one year

These events are indicated schematically in Figure 3.32 and include a
lovw frequency/lov amplitude sessonal event, an interucediate frequency/
intermediate amplitude event ané a high frequency/high amplitude tornado

event.

The severe thunderstorm event represents a bounding event to typical
atmospheric pressure fluctuations (movement of wveather fronts) that might
cccur at Yucca Mountain. The average high and lov pressures for the months
January through December have been compiled by the DOE (1986, p. 3-48) and
indicate thet the pressure amplitude ranges from 8.6 mbars to 19.0 mbars
(0.25 to 0.56 in. Hg). Various strip charts at Yucca Mountain have been
reviewed and indicate that a typical pressure variation for thunderstorm
event occurs over approximately five days.

There are no published values for barometric pressure fluctuations for
tornadoes vhich i{s due to pressure measurement difficulties during such
events. An approximate value pay be derived from the Bernoulli equation
for conservation of energy for fluid flov and the equation of state for an

adiabatic expansion of alr. If it {s assumed that the initial pressure is

850 mbars (25.1 fn. Hg), and that the tornado event results in an air
velocity of 200 oph (9.4 m/s), then the celculated drbp in pressure is 132
sbars (3.9 in Hg). This calculated value cay be compared to the difference .
betveen high and lew pressure extremes recorded in the United States

(Valley, 1986, p. 3-30). .The QIQh and lcw extremes are 1,063.3 and

954 .8 mbars respectively with a difference of 108 obars or an equivalent
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pressure amsplitude of 54 pbars. It is further assumed that the tornado
pressure event would hever over the exploratory shaft for approximately one
pinute (Church, 1987). :

The seasconal fluctuation in barometric pressure is derived from dif-.

ferences between average pressures in January anéd June (DOE, 1986,

p. 3-48). The calculated difference is 3.0 mbars (0.09 in. Hg).

Other parameters are required for conducting analysis, these include:
1) the air conductivities of the shaft £i11, the surrounding MPZ, and the
undisturbed rock; 2) the lengths and areas of the parallel flow paths;
3) the volume of the repository; and &) the repository temperature.

In these enalyses, the same range of shaft fill, air conductivities,
the same combination of rock conductivities, and the same modified per-
peability zone models were used as the convective air flow annlysei. The
analyses vere conducted for both vertical and horizental emplacement op-
tions &s in the convective air flow anslysis. Tables 3-2 and 3-3 summarize
cross-sectional areas and lengths for each of the flow paths.

The cross-sectional area of rock flow path vas again taken to be equal
to the combined roof area of all underground meins, subzains and rooms
(983,700 o for vertical emplacement or 486,000 mz for horizontal emplace-
ment). The area of modified pemeabiuéy zones surrounding either shafts
or racps was taken as three times the excavated area. 1In addition, the
temperature of the afr underground was taken as 115'C for determining the
mass of af{r i{n the repository.

3.4.3 Model Results
The results of the malysis are presented as a series of plots relatc-

ing the ratio of total flow or displaced volume out of ES-1 to void volume
in ES-1*, and the surrounding MPZ versus backfill air conductiviey. A

*WVhile the discussion for the-se analyses focus .on the ES-1, the results are
equally applicable for the ES-2 because the size of the ES-2 and {ts MP2
are equal to ES-1. . ’
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series of six plots for vertical emplacement are presented in Figures 3.33
through 3-38 for the three pressure events and the two podified per-
peability zone models. The complementary set of six plots for horizontal
emplecement are presented i{n Figures 3-39 through 3-44. Each plot presents
three curves for the three cases of rock air conductivity presented
previously.

For vertical or horizonu.l explacement, the results {ndicate that the
displaced volume out of ES-1 is dominantly affected by flow through the
shaft £1{11 at high shaft £111, ai{r conductivities and by flow through the
modified permesbility zone (MPZ zone conductivities 1s dependent on rock
air conductivity) at low, shaft fill, air cenductivities. For example, in
Figure 3.33 for Event 1 and the low conductivity MPZ model, the analysis
indicates that one to 10 times the void volume might be displaced {f the
shaft £111, air conductivity vere greater than 1 p/oin. The displaced .
volume {s independent of both the MPZ end rock conductivity. For shaft
fill, air conductivities less thar 1.0'2 p/win, the MFZ is more dominant,
and the displaced air volume becomes independent of shaft £111, air conduc-
tivity for the high rock air conductivity cozbinstion. Similar trends sre
observed for the low and i{ntermediate air conductivity combinatiocns. The
analysis i{ndicates that 1/10,000 to 1/100 times the void volume would be
displaced out of the shaft for frequently occurring veather events 1f a low
conductivity backfill were emplaced in the shafts and ramps. Further for
low conductivity backfill, flow through the shaft and MPZ is directly
proportional to the MPZ conductivity because very little air escapes
through the backfill. The analyses indicate that placement of a low con-
ductivity backfill will be very effective 1n reducing the flew volume {f
the surrounding MPZ has low conductivity. '

It is interesting to note that a lower rock air conductivity results
in the displacement of somevhat greater amounts of air at higher shaft
f111, eir conductivities. The "cross over" phenomenon is related to the
pressure phase relationship that develops between the surface and the
underground repositoiy. As seen from Equation 3.9, 4f the characteristic
constant ¢ {5 large, then the 'aémospheric"hnd repository pressures are {n
phase, and the differential pressuré inducing the flow rate is smaller
resulting {n a smaller displeced volume (Equation 3-11).
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In cozparing dl:piaced air volunes cut of the cs:.plontoty shaft for
variocus pressure events, it {s apparent that the severe thunderstorn event
is aost significant, and the tornado event least significant. As seen from
Equation 3-13, vhen the frequency of the event {s high (equivalent to a
szsll pericd), the displaced volune {s inversely proportional to the fre- .
quency (proportional to the pericd), and the displaced volume {s dominantly

~affected by the high frequency. The large pressure azplitude {s of secon-

dary fmportance for the tornado event. For the severe thunderstorm, the
frequency {s lover (by three orders of magnitude) and results {n a higher

‘displaced voluae. The seasonal barometric pressure event s of inter-

nediate significance. Because of the lov frequency (equivalent tec a large .
period) of this event, the ratic at large, shaft £111, air conductivities
approaches a constant ¢f 7/10 of the volume {n the exploratory shaft. This
zay be seen from Equations 3.7 and 3-13 {n vhich the frequency of the
pressure event {s much smsller than the ¢ constant. The substitution of

‘the relationship for the ¢ constant (Equaticn 3-7) 4into the displaced

T e e e i M o1 i v oy«

voluze relationship (Equation 3-13) results {n the displaced afr volume
approaching s constant vhere the shaft £{11, af{r conductivicy s high, and
flov 43 dominantly through the £ill of shafts and reamps.®

The results of the snalysis for the horizontal ezplacement option are
sizilar to the results for the vertical explaceaent option at low backfill
conductivities for the several events. This {s because, at low, shaft
fil1l, air conductivities, flov is doninantly through the modified per-
meabllity zone of the ES-1 vhich {s f{dentical for the tvo eaplaceaent
cptions. At high, shafs £fill conductivities, the ratio of displaced air
volume to veid voluns of the exploratory shaft {s scaevhat lower owing to
the saaller mass of afr {n the undarground repository for the horfzental
explacenaent option. )

*The displaced air volune approaches an asymptote vhich is dependent on the
initial air in the repositery, the pressure amplitude, and the ratio of -
the conductance of the exploratory shaft (ES-1) flow path to the suz of
the conductances of the other flov paths.
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-3.4.&' Conclusions

Froa the baroaetric, afr flov anslyses presented above, it {s
concluded that the exploratory shafts (including shaft £411 and the MP2)
are not likely to be preferentfal pathvaeys for gaseous radionuclide
releases £ the air conductivity of the shaft £111 {s less than about
10'1 n/ain. This conclusfen {s reached because the volune of air in the
exploratory shafts {s mot fully displaced during the occurrence of & ‘broad
range of meteorological conditions {f the shaft £i11, air conductivity is
less than about 10°% a/ain. .

Further, 4f the shaft £i11, air conductivity {s restricted to & value of 3
x 10°% o/nin, as reconnended fron the convective air flov analysis, the
proportion of air éisplaced fron the exploratory shafts is cozputed to be
very lov for the three meteorclegical conditions considered:

© For a thunderstorz event, the duphc'od air volume from the
exploratory shaft is alvays computed to be less than 1/10 of the
total air volume in the shaft £111 and the MPZ vhen the shafr £il1,
alr conductivity s less than 3 x 10°% o/zin. Even vhen the shafc
£111, air conductivity {s high, less than approximately 0.1 m/min,
the total volume of air fn the shaft fill and the MKPZ is not
displaced. 4 .

o For a tornade event, {n all cases evaluated, the displaced volume
of air from the ghaft £11) and the MPZ s alvays less than the
total volune of air f{n the shaft fill and MPZ. Vhen the shaft
£111, afr conductivity is 3 x 10°% s/oin the anocunt of air
displaced {s alvays less than 171000 of the total volume of all §n
the shaft £111 and MPZ. ' ’ '

o For a seasconal fluctuation event, in all cases evaluated, the -
displaced volune of air is alvays less than the total volune of air .
fn the shaft £1i11 and the KPZ. Vhen the shaft £i1l1, afr
conductivity 1s 3 x 104 a/ain, the anount of afr displaced {s
about 1/10 or less of the total volunme of air in the shaft £111 and-
the MP2. S

b
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3.5 Remed{a] Meagures to Restore the Mod{ffed Perpesbility Zone

Vhen cons{dering methods for the restoration of the MPZ, ft is assumed
that a plug would be constructed to reduce the flov of vater down the shaft
or the shaft/rock interface zone. It s further -assuned that the plug
wvould be keyed into the rock (Figure 3-45). This provides the most direct
treatzent or locelized restoration of the MPZ, fn that when & keyvay s
excavated, the more tntc:{sely fractured portion of the MPZ {s removed. The
structural perfornance of a plug keyed {nte the surrounding rock is alsc
advantageous since overlying backfill loads would be transferred in bearing
cozpressien to the surrounding rock. A plug keyed into the rock should
exhibit a higher rigiédity vhen subjected to thermal or seiszic loads than a
sicple, nonkeyed plug. i

The construction sequence entails making sav cuts at the top and
bottoz of the plug, removing the liner, excavating the keywsy, backfilling
te the underside of the plug, placezent of concrete, and contact gro"uttng.
Initial sav cuts =23 cn‘ducp/around the top and bottom of the plug are
made. A series of holes is drilled horizontally at the top of the seal to
the full depth of the keyway and perhaps loaded with an expansive agent.
Because of the high strength of velded tuff, mechanical excavation of a
keyway may not be feasible, and other methods sicilar to those ezployed in
liner removal supplemented by hand sethods could be used for rock excava-
tion. The keyvay i{s fragaented and excavated over a length of several
pmeters to provide & larger vorking erea. Excavation cf the keyway then
proceeds fren the top to the botton of the plug. To accooplish this ex-
cavation vertical holes on a precise pattern are ¢rilled and loaded with an
expansive agent from this vorking ares to reacve the rest of the keywvay.
The rock {s removed to the surface. Fill {s then emplaced to the base of
the plug. The concrete {s placed and alloved to mature for a pericd of
tine to achieve adequate strength and stiffness. '

/ . .

Kethods for the trestment and restoration of the MPZ surrounding the

kayvay include

117




KLYWAY

—t \\ \N
o \\ h
—1- \\ \\
— 1 N
PRINARY GROUTING .83, ] . N\ $IcONDARY STAOE GACUTING
1 4 AL . * [ 3
CONSTRAUCTION =t~ ConeaLIt Piv3 N\ CONSTAUCTION
1TYPICAL) B \ GF NEICEESARY)
P
N
- - .
J LINER LEFT TO MAINTAIN CORNER
—— OARSL wn . )
IAGKNI.I. €S
... -' S. LINER RZMOVED AT PLUG
[ ‘s * LOCATION
N =% g, PLVG 13 CONBTAUCTED ON

COARSEL TUFF BACKFILL

PRIMARY QROUT NOLLS

Ry » INSIDL SHAFT RADIVE
(2.8m LONG X SemDIAY

"nem)

Az = EXCAVATED lunt KADIVS
1g2.4m?

R3e RADIVS OF EXTEINTY FON
PRIMARY SADUTING ta 8™

ALTEAKRATE RINGS
TO 8L GTAQQERED

¢ % & 8 NLvERS
b e—r
Scate

(b.) Primary Grout Patternin Plan

hgutc 3.45. Schemtlé of MPZ Restoration and Shaft Seal Empluceuht

118




o the use of an expansive concrete and tenperature control to develep
{nterface stress and close fractures in the HPZ, and

o prinary and secondary grouting of the MPZ. -
3.5.1 Restoration of the MPZ by Crouting

Ezplacing grout in fractures {s expected to reduce permeability in the
HPZ. OCrouting will reduce pernm‘billty in both the blast-fnduced and

stress-induced fractures, 1ttupectivc of vhether the rock deformed elasti-
cally or inelastically. However, grouting is not 1ikely to increase reock

‘mass strength significantly or fncrease structural stabflity. If grouting

15 needed, selection of the greut type and the method of grout application
vill be made based on the characteristic of the fractures defined during
exploratory shafts testing.

~ Grouting night be perforned either before or after liner removal and
plug ezplacezent (primacry) or after liner reacval and plug ezplacezent
(secondary). There are advantages to pregrouting the plug location befere
rezoval of the liner. After liner removal, there would be a gap of ap-
proxicately 0.6 m or more betwveen the work stage and the shaft wvalls. It
is easier to leocate grout pipes on the smooth surface of the concrete
liner. The grouting pattern might consist of a series of eight holes with
alternate rings staggered. This pattern.would result in a hole spacing of
approxi{nately 1.5 m near the shaft and 3.5 a at & éistance of 4.5 n from
the shaft excavation (see Figure 3-45). Kote that the distance would
depend on the size of the MPZ at the plug location. At the ends of the
holes, only the open fracture zones would have continuity of grout between
holes. By redrilling holes several times and grouting, & nearby inper-
neable barrier would be formed by a *laced” grout structure siaflar to the
pattern propossd by Kelsall et al. (1982, p. 122) for drilled cutoffs.

Priasry and secondary grouting might be effective {n reducing per-
pesbility of the MPZ., A series of holes is drilled to intercept conductive
fractures either before (p:m:y') or after (secondary). plug emplacenent.
The grout is selected to have a saall particle sfze -and lov viscosity to
penetrate under pressure into the thin fracture zones. Tests by Vatervays
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Experinent Station, (Kelsall et al., 1982, p. 113) shoved that the ratioc of
crack thickness to grout pa~ticle size should be at least 1.7 and prefer-
ably 3.0 or more for adequate penstration. For ordinary cements, the
-maxioun particle size £s about 100 gm, but this can be reduced to 10 pm
using ultrafine cement. Therefore, the minfmun size of aperture that could
be grouted {s 17 to 30 pga. The relationship of rock mass hydraulic con-
. ductivity to fracture aperture over a range of fracture spacing (langkopf
and Cnirk, 1986) {s shown in Figure 3-46. Over the expected range of bulk
' rock. ututatod hydraulic conductivities for velded tuff of 10'5
10 can/s (Fernandez et al., 1987), grouting {s feasible using cither s
nornal ceament for a welded tuff conductivity of froa 10° -3 to 10° -2 cn/s or
an ultrafine cezent froa 10°° to 10°% cays.

v Vhile there is precedsnce for pressure grouting of shafts and tunnels
under a variety of conditions (Dietz, 1982, pp. 602-608), there are a

nuzber of operational factors to be consfdered in constructing a grout _

curtain. These include the distance and time for transporting the grout,
the required {njection pressure, frictional losses through pipes, and grout
seteing time. At shallov depths, the use of packers mey suffice to seal
off sections of the Injection hole; at greater depths, steel 5:0&: pipes
nay be fcqultod since greater injectfon pressures would be used. These
factors increase the cozplexity of the design prior to field operations and
require sarpling the grout for physical prbpetuu during grouting.

3.5.2 Restoration of the NPZ Using Expansive Concrete

The use of an expansive concrete has been pro'poud elsevhere (Case
et al., 1984). 1In this method, a concrete is selected that forms the
expansive agent ettringite during cemsent hydratioen, resulting in volumetric
expansion. The volumetric expansion {in turn results {n the developzent of

interface stress, vhich vill close fractures {n the adjacent MPZ and -

thereby reduce the permeability in the KPZ. The degree to wvhich volumetric
expansion {s effective dapends on a mmber of factors: the temperature and
moisture enviromment, evolution of the thernonechanical preperties, and the
degree of external restraint. Placement tesperatures affect volunetric
expansion of the concrete. A lover ~p1|cene'n£ teaperature results in
elinination or reducticn of the heating/cooling cycle and the develdpinent
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of higher interface stress. In using an expansive concrete, it {s de.

sirable to pour the plug (250 .3) {n one operation to avoid potential )
leakage paths through construction joints. Auld (1983, pp. 209-211) '
describes methods of cooling ajgregates and aixing vater to eliminate

undesirable thermal effects. An alternative {s to provide pipes filled

with circulating vater during cement hydration that are subsequently

grouted.

The use of an expansive concrete to apply stress to the surrounding
MPFZ &5 most efficient vhere the stress-induced disturbance {s caused by
elastic defornation. If defermations are elastic,  then the reapplication
of stress woulé result in closure of open fractures. I1f deformations are
fnelastic, then stress reapplication aight not result in the closure of
fractures and restoration of permeability.. The use of an expansive con-
crete wvould result {n increased rigidity and increased confining stress {n
the plug and surrounding rock. The structural stability of the plug, vhen
subjected to backf{ll, thercal, and seismic loads, vould be enhanced.
There would be less tendency for shear failure at the plug rock interface
when the plug is subjected to conbined loading. ‘

The constructibility of the plug may be a key issue £n the use of
expansive concrete because use of an expansive concrete to restore an HPZ
has not been denonstrated. As mentfoned previously, the success of the
method will be dependent on envirenmental control of moisture and tempera-
ture. Saopling of concrete and monitoring of temperature and other
performance parameters may be regquired during and following construction of
the plug. For these reascns use of an expansive concrete alene to restore
the MPZ {3 not recomaended.

3.5.3 Conclusions
From the preceding discussion, it {s concluded that grouting {n welded
tuff {s feasible and the currently preferred method for restoring the MPZ.
This method {s preferred because drilling sncoth-walled, grout holes allovs
‘an exanination of fractures in the modified permeability. zone. Alsc, at
present, {t {sz not ccrccgh hov large an fnterface stress can be developed ) _
through the use of only an expansive concrete or hov effective such stress .
developaent would be in closing fractures. h
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Crouting the MPZ, houvet. does incur a greater cost. In Appendtx D,
the costs for liner resoval {n the vicinity of the plug and the construc.
tion of the plug are given. ‘l‘he estinated costs of primary and contact .
grouting add $145,000 to the $380,000 for plug construction. At this stage
of the design process, these costs are lntended to.be used only {n a com-
parative vay. :
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4.0 INFLUERCE OF THE SHAFT LINIR OX THE PERFORMARCE OF THE MMMGDS'

In this chapter, the influence of the shaft liner on the performsnce
of the MNCDS £s evalusted. Vhen a concrete liner is placed In the ESs, it
vill slter the ground-vater chezistry and i{n turn be altered by the ground
vater. The expected changes are the result of luchlng alkaline gpecies
from the cement. The concrete vill become more perzeable as minerals
dissolve, Siallarly, the ground water, coming {n contact with the concrete
liner, vill becons unetable vhen {ts pH {s increased, and precipitates will ~
form in the ground vater. These ptic!pitntc': vill then lodge {n pore
spaces vithin the shaft £111 and in the MPZ. The potential for changing
the hydraulic conductivity of the liner {s evaluated fn Section 4.1 and the
effect of precipitate formation is evaluated {n Section &.2.

4.1 Changes {n the Hydravlic Conductivity of the Liner

It h'muclpatcd that the concrate liner will be formed with conven.
tional asterials Including aggregate, sand, and cément. For these formula- -
tions, the aggregate and sand portions of the concrete are essentially
inert, and all chemical {nteracticns occur vith the cement phase. Also,
the hydraullic conductivity of concrete i{s dependent almost cozpletely on
the hydraulic conductivity of the ceaent phase. ‘

Vhen ground water copes i{nto contact with & cement, naturally occur-
ring aqueous carbonate reacts with alkali and excess portlandite to aodvify
the cenent structure. Carbonate minerals are deposited vithin the pore
structure of the cement, so that the natural tendency of the cement to
shrink and crack will be partially offset by the deposition of nev
uinerals. ' :

In assessing hov the hydraulic conductivity of the concrete liner aay
change dus to chemical slterations, it {s first fmportant to know the
initial hydraulfc conductivity. The range of typical hydraulic conduc--
tivities for concrete {s 16°% ¢o 10°6 ca/s, although hydraulic conduc.
civities less than 10‘1_° ca/s are achievable (Mather, 1967). . Values for
saturated conductivities obtained through laboratory testing of a
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grout, mortar, cnd a concrcto. dctominod u par: of ti\'o'.NNUSI Repos itory ‘
Sealing Program, varfed from 1. 6 x 10 10 to_9 S : 10 Vw,cn/c (Fernandez
et al., 1987, Appmdlx G).‘- ChE s e

Because tho vaste upllccd in the :cpository cm clwa:e the rock
texperature surrounding the vaste d(spcul nru. it h iopertant to know
bov the elevated tenperatures could affect’ cuung conpomntc. Hydro-
thermal experinents vere pertorncd lt rcnmylvmu Stato University (PSU)
(Licastro et al., in preparation) to detenlm thc effect of tezperature |
and moisture on selected seal nte:ull. Tvo ot thc materials (grouts and
mortars) had the saze conposltlon u thc 3rcut and noru: reported in
Fernandez et al. (1987, Appendix CG). . Tho byduulie conductivtty of these
materiels vas svaluated after the materials vere cxpeud to vater having a
cozpesition of J-.°# vater at 38°, 60‘. and 90°C. Inftial conductivities
in all PSU cases ranged betveen 10'm and 1()'1.1 cn/s. These inftial
conductivities are at the lov end of the conductivity spectrum for grouts.
For all of the naterials evaluated, no increase i{n hydraulic 'conduc_tivity
vas observed at 38°C over & le-year pericd., At 60°C, one cement sazple
showed a snall increase in conductivity after 1 msonth, with no ether
changes noted after that, Finally, at §0°C, one sazple showed a small
increase in conductlvlty'nftet 90 days. It is recognized that the
application of shert-term, high-tepperature experiments to long-term
performance may require further evaluation.

Using the results of Blanford reported in Morales (1985), the tem-
perature field at different portions of the liner can be approximated. We
estinate that the top 220 n of the shaft vill always be less than 38°C and
all but the 40 a above and belov the repository horizon alvays less than
60°C. Because elteration of the shaft liner at 36°C and possibly 60°C will
probably be 1{nited, as indicated by the laboratory experiments cited
above, surface-vater infiltration through the shaft liner will be
significantly impeded by the shaft liner.

*Vater from wvell J-13 has been nloctcﬁ as the totorcnco vater for
“experinental studies in the NNWSI project (DOE, 1988, pp. 4-39 and 7. -10).
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Frea the dh;ﬁu!on 'Abw'e'.”the'potent'ul for significant changes in
the hydraulic conductivify of the céncutc 1iner {s expected to be lov,
Therefore, surface-vater infiltration through the shaft liner willi be
ippeded by the liner. Certunly. the utunption that the hyduuuc
conductivity of the shaft 1£ner 1: 10° -2 cn/s astumed tn Chapter 3.0 is
extremely censerutive. This nsunption frplies that the hydraulice
conductivity of the concrete liner would have to change froz a range of
10° € o 10'10 cn/s to 10 -2 ce/s over the cntite Iength of the shaft liner.

1f the ltner at the bue of the thaft behwes in a siciler wvay, vater
vithin the shaft £111 would be {mpeded froz draining fnto the surrounding
rock. This discussion suggests that if restriction of surface-vater flow
1s desired, leaving the concrete liner in place above the repository
herizeon, particulerly in the izppet portion of the shaft vhere the tempera-
ture field is lover, would be prudent. 1If wvater drainage from the base of
the shaft is desired, removal of the liner below the ;epository herizen
vould probably be necessary. :

4.2 Effect of Cround-Vster Chepistry on the Hydreulic Conductivity of the

Explorstory Sheft Fill end Modifjed Permesbility Zone

In adéition to modification in the hydraulic conductivity of the shaft
liner, the liner itself pay cause minor modifications to the ground water.
These vater chezistry changes pay cause the ground vater to becoze super-
saturated vith some minerals, and precipitation, folloving lesching of
species from the liner (see Section 4.2.1), could then occur. The amount
of these precipitates as well as their eventual destinations is projected
in Section 4.2.3,

Vater entering the ES could have a range of possible concentrations depend-
i{ng upon the source of the vater. The primary source of wvater could have a
variety of coapositions. It could be rainvater, vater equilibrated vith
alluviuz, wvater equilibrated with tuff, or any of & va:lety'of ;ra\ind
vaters. In this paper, ve have assumed that the starting vater compositien
s that of J-13 vater (Ogard and Kerrisk, 1984, pp. 9-12). In future vork,

*This value is repruen'nuve. of a silty sand.
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ve vill consider the other possible choices through the use of the computer
code EQ3/6 (Wolery, 1979). '

Further, ve have sssuzed that local equilibriun will apply throughout
the ES. In actuality, there are several rate phenczena that are operative.
The leaching of pinerals fron the cement {5 governed by the diffusion of
ionic species in the pore spaces of the cement and by the diffusion and
di:pe'rslcn of those same chezical species {n the rock backfill and MPZ.
Lastly, there are chemical kinetic rate procesce's_t;o be considered. The
above-nentioned rate processes will tend to limit pH Increase of the ground
vater and the gmount of precipitate released. "Hence, the assumption of
locel equilibrium s a conservative one that leads to the maximum calcul- .
able change in the ground-wvater chemistry.

Z&\_uaching of Alkaline Species From the Concrete Liner

A typical Portland cement is composed of three major hydutfed phases:
ceslciun silicate hydrate, tricalecium aluzinate hydrate, and tetracaslcium
alucinoferrite hydrate. In the presence of sulphate, ve also have an
ettringite phase. In additicn to these pajor pheses, minor amounts of
unreacted portlandice, Ca(OH)z. and sodium and potuslug alkalis are
present. A typical portland cement will contain between 0.05% and 0.15% of
éissolvable alkall (Classer et al., 1984). It is these alkalis that are
pricarily responsible for increasing the pH of any wvater that contacts
cement. As vill he seen {n Section 4.2.2 these alkalis are the pricary
cause of ground-watur instability. Further, the cement pore fluid will
contain increassed concentrations of naszoa. Na*, K‘. OH", and perhaps Soz.
The actual concentration of these species in the ground vater contacting
cecent vill depend on the vater flov rate, vhere higher concentrations are
expected at lover flow rates. Barnes (1983, p. 298) gives the pore fluid
concentration of alkali after 7 days of hydration as 0.75 M. This
corresponds to a pn"cf 13,88 for the pore fluid. After this Initial smll.
percentage of alkall has been leached froa the cezent, the pH of the pore
fluid is dominated by the t:n(OIril)2 equilibriun (Classer et al., 1564), and
the pH of the pore fluld {5 expected to drop to 12.5 (Lea, 1971, p. 185). -
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Leaching of cement is represented by the diffusion of Na*, x*, on",

and possibly S'\“ threugh the pore spaces of the cement. All other {onic
species are not expected to be present &in significantly increased con-
centrations. In related experizmentation at PSU, B. E. Sheetz and D. K. Rov
(in preparaticn) have considered the leaching of a p'u'ticula.r ettringite
bearing concrete, formulation 82-022,¢ by J-13 ground vatei. vhere the
vater-to-solid pass ratioc vas 10:1 and the test vas an iomersion test at
$0°C for 3 months. Results of this experimentation are shovn in Table &-1.

As pay be seen in the table, only fons Na*, &%, SOZ, and OH" are
significantly greater than the J-13 compo:ltion.' All other species, are
no more than -1 mg/l greater than thelr starting composition., Of these
:pec!és.. OH" 15 potentially the most {mportant in affecting the performance
of the ES, as will be discussed in &4.2.2.

A éiffusion model of the cement liner is postulated to estizate the
concentration of fons that reach the ground wvater. The cement liner s
considered to be a sladb 30.5 em thick, vhere the cement pore fluid assures
an equilibriun value ané the surface of the liner has a concentration
assumed to be zero. Under this assumption the mexipum flux of any {onic
species may be determined through an idaputicn of Exacple 11.1-2 in Bire¢

t al. (1960, p. 354). Using the analog between heat and mass transport
and differentiating anslogous expression for concentration versus distance,
the flux pay be calculated. As a result of the model, the paxioum {enic
flov occurs initially and {s expressed as

2D (C_ - C,_ ) o
flux-—"—-e'—inum-x_ -1)

vhere c t'.:m“:“1 {5 the ceoncentration in excess cf the ground-vater
concentut!on of any fonic specie vwithin the cement pcre fluid, L &5 the
half thickness of the cement slab, and D, is related to (.Snl;h 1970,
p. 416) the cepent void fraction, ¢, ané the molecular diffusivicy .DAB by
D, =D . : C(e2)
e AB o . .

=

#Forwulation 82.-022 is one of several cémentitious uix:ures evuluated in
the NNWSI Repository Sealing Proguﬂ

129




Table 4-1. Chezmical Analyses of Vater Before and After Contact With PSU
82-022 Concrete . .

: J-l!‘l) , 3-13(2) Concentration After & no.(z)
2 Specie Concentration, Concentration With PSU 82-022 Concrete
F Y 2 . N aM
: , (zg/2) (zg/2) - (og/l)
Al .0010 <.007 0.008
~ | 0.03) . (<.2) . (0.22)
Ca 0.2 .30. .41 0.161
| ais (12.0-16.3) 4 (7.25)
Fe 0.0008 ' <0.0004 0.00¢6d
(0.04) (<0.02) 0.32)
K 0.136 ( 0.13.0.26 1.48
: (5.3) _ (5.1-9.5) (57.9)
Mg 0.072 0.075-0.086 : 0.013
1.76) (1.93-2.1) (0.32). °
Na 1.96 1.56-1.78" ' 5,70
(45) (36-41) (131)
st ‘ .1.07 0.93-1.16 2.1
(30.0) C (26-33) (€0.1)
KO, 0.16 _ . 0.15
(10.1) ' - : 9.3)
50, 0.19 0.20-0.24 : 0.54
: (18.1) (19-23) (52.0)
HCO4 2.34 . 1.85%
(1.2) . . (113)
pH . h 6.9 ) 7.1'8.13 - 9-9

$pata taken after 3 eonths
(15”“‘ teken after 2 months .
(Z)Dntn from Ogard and Kerrick, 1984, p. 9-12 .
Data froa Sheetz and . Roy, in preparation

»
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The concentration of species in the ground water passing belew the shafe
‘1iner is then estimated by '

LB (Co * Cinteia)’ 20, A, £|. : :
Eo €= Cintesar * L e o -3

vhere "shaf: is the shafc 1iner surface .area and Q i{s the volumetric flow
rate through the shaft and the MPZ. In Equation 4-3, the following values
are used to determine the concentration:
Achaft = 4.17 x 107 cmz. -
¢ = 0,28, : C
D, - 1073 cmzls (0.28)2 ~ 7.84 x 10”7 cnzls. and
L= 1524 cm.

Focusing our attention on the concentration of hydtoxide, for en initial pH
of 6.9, the initial molar concentration is 7.94 x 10°% M. The concentra-
tion of hydroxide in the cement pores, €, 15 0.75 ¥ (Barnes, 1983,
p. 298). To evaluate the concentration of hydroxide in the ground wvater
after contact with cement, the flow rate through both the shaft and the MPZ
rust be estimated. Flow in the shaft £fill and the MPZ vwill be unsaturatecd .
post if not all of the time. We have, hovever, alloved for the possibility
of saturated flovw {n these zones; and during saturated flow periods, the-
flow rate is governed by the hydraulic conductivity of the shaft £il11 and
of the KPZ. The concentration of hydroxide, expressed as pH, as a function
of flov rate is shovn in Figure 4-1. The concentration of other l{onic
species will follow the pH curve shewn in Figure &4-1.

e

4.2.2 Chemical Equilibrium .Hodel of Cround-Water Reactions

Vhen fonic species ere leached from the cement, these fons will inter-
act with grqund‘ vater. As a consequence, some precipitation is expeeted.
These precipirtates may then lodge in existing pores to reduce the hydraulic
'conductivity of both the HPZ and the shaft £ill. .

For the present analysis, ve only estimate the nature and quantity of
the precipitates formed from the interaction of ground vater with a
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Figure 4-1. Plot of pH of Vater From Below the Shaft Liner as a Function
of the Volumetric Flow Rate of Water Through the Shaft or KPZ
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concrete liner. Ve leive. as a necessary adjunct to the present work, a
detailed analysis of the {nteraction betveen ground vater, tuff, and cement
as a function of temperature. The estimates provided here, hoveve:. éo

provide an Indication of the likely ccnsequencu..of having & cepent liner

contact ground water., '

_ A consideration of & single equilibrium, that of €aC0,, vill shov tha:
at least one species fs likely to precipitate as the pH ot the ground vater
{s increased. 1In Table 4-1, the concentration of ca*t ¢n solution {s
reduced after cozing into’ contact vith cement.  This reduction fn Ca*’
concentration is verified by calculations of checical equilibrium vhen the
pH of the wvater is fncreased. The chemical equilibrius between uco;. co;.
and ca™* {s expressed {n the following equations:

HCOy + OH" = €Oy + H,0 ) (4-0)
ca*t « co; - CaCO, _ (45)

Vhen OH™ s added to ground vater according to Equatior. L4, more (:t)3 is

formed. ‘I'hls co, gay then react vith ca*t according to. Equation &4:5; and
{f the solubility product of CaCOy is exceeded, then CaCOy vill form to

reduce the solutien concentration of Ca**, Using the equilibrium constants

at 25°C for Equations 4.4 and &-S, precipitation first occurs vhen a pH of
§ is reached. :

A considerstion of & single equilibrium, such .as that fllustrated in
Equations L& and 4.5, hovever, dramatically oversicplifies the interac-
tions that occur vhen & cement liner §s allowed to contact ground water.

In actuality there are hundreds of these equilibria that should be con-
sidered simultanecously. Also, the e,ffgct: of interaction with tuff, ce-
ment, and ground water, are dependent upon the order of contact as vell as
the temperature of the environment. While we do plan a more detailed study

of this problen, ve have examined the équillbriun. of J-13 water after.

several changes have been supericposed on the water chemistry. The base
case vas J-13 vater using the vater analysis presented in Ogerd and Kerr!sk
(1984) . Variat!on: on thls bue cue are incteuing the pa to 9 5
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{ncreasing the tezperature to 100°C, &nd incressing the re*, k*, 50O, ane

Sio2 concentrations, each by an order of magnitude. These studies wvere. .
perforoed using a vater chepistry equllibtiun‘code. VATEQ, developed by

Truesdell and Jones (1974).

For the base case, the J-13) water pH vas taken to be 6.9, the vater
temperature 25'C{ and the Eh 0,256 veles. VATEQ {ncludes wmore than 100
equilidbria and displeys both fon activity producf: and equilibrium con-
stants. When the fon sctivity product vas greaiei than the equilibrium
constant, a mineral would have a tenden&y to precipitate. In the base case
22 pinerals had already exceeded thelr equilibrium golubility products. 1In
every case, hovever, these pinerals vere aluminun bearing, vith the least
soluble of these being clay ginerals. ‘Further, the concentration of Al in
J-13 vater wvas reported to be 0.03 mg/f. By varying the aluzinuz.concen-
tration in J-13 wvater, it vas determined that.the paximun concentration of
soludble aluzinuz was 1t of 0.03 mg/l; or by implication, practiéaily all
of the aluminum {n J-13 vater is present in microscopic clay particles
carried slong with the vater. 1t {s assumed that these clay particles are
so small that they would probably have no tendency to clég pores within the
KPZ or the shaft £ill.

Next we consider the effects of fnereasing the pH of the water to 9.5.
In this case, WATEQ shovs 12 nev winerals as exceeding thelr solubilicy
products. These pminerals vere aragonite (Caco3). calcite (Cacos). éiopside
(CaHgSlzos). henatite (Fezos). paghenite (rezos). pagnetite (Fesoa).
goethite (FeO(OH)), siderite (FeCO,)., clinoenstatite (MgSi0,). talc
("335§a°1o(°“)2)' sepiolite (ugz'u,o.,.son-auzo; and chrysotite
(H5351205(OH)&). The lesst soluble of these minerals, as determined by
{ncreasing the pH in szall steps, 15 the iron mineral hematite, followed by
the magnesium and calciue pinerels, talc and calcite. 1f we assune that .
the iron, nagnesluﬁ. and calciun are all deposited as their least soluble
esineral, then 37.9 ©g/! o£"preclpitqte will form as a consequence of

- raising the pR of the J-13 ground vater. Equivelently, the total volume of

this precipitate formed per voluze of solution .is 1.394 x-lO's. to be
referred to as v in the following text. : |
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Other possible changes to the ground water were also considered in
"addition to raising the pH. Ve raised the temperature to 100°C, and in-
creased the concentration of Na', K*. SOZ. and Sio2 by: one order;of mag-
nitude {n each case. These additional changes cause some varistion in the
solubilities of the variocus minersls, but are considered to be small. For
exanmple, vhen the temperature is increased, calcite is actually less
soluble than at lower teﬁperature.' Thus, the mineral that accounts for the
most precipitate will tend not to redissolve as the temperature is raised.

Increasing the concentrations of Na' . X, SO‘. and szoz similarly appear to

have small additional effects, dnd detailed analysis of their effects is:

postponed until & later date.

4.2.2.1 Migration of Precipitates

The precipitation of minerals from a supersaturated solution is a
rate-controlled process. VWhen considering the formation of calcite, solid
calcite §s found to precipitate at nucleation sites on existent solid
surfaces rather than homogenecusly (Berner, 1960). The rate at which
further precipitate forms on existing nucleation sites is governed by
diffusional rate processes. In a quiescent fluid vhere the bulk of the
fluid {s supersaturated, excess lons will migrate to the solid surfaces and
then precipitate to cause the concretion to grow. Uhen flufd i{s moving
through pores or fractures, the process of solid debosition is controlled
by the diffusion of ions from the bulk of the fluid to the pore or fracture
wvall. Where pores or fractures are narrowved by ongoing precipi:atioﬁ.
further precipi;ation 1s favored because of the reduced diffusional path
length (Figure 4-2). |

This local restriction in the fluid pathway vtll're:ult in spreading
the precipitate out over a thin shell te reduce fluid motion and hydraulic
conductivity. Moreover, the preclpttate vill tend to seal off the MPZ and
the shaft fill sc that high conductlvit!e: will be locally reduced providec

sufficient quanticies of water enter the shaft ££11 and MPZ and reacts with ;

the ltnet.
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To estimate how rapidly.ihii shell will form, consider the time re-
quired for fons in the center of a pore to migrate to a pore wall. If we
make use of the conservative Einstein relationship to describe éiffusion,
then ’

2 .
- L .
t=bo . (4-6)

vhere t = the time for a molecule to migrate in a random way through a
distance, x, &nd '
D = the fluid diffusion céetfieient.

The aperture assumed is 50 um. Therefore, the value of x used in Equa:ion
4-6 1s 25 pm.- Using a representative liquid dlftusivicy of 10° 5 cm /: the

time for ions to migrate from the stream centerline to the wall is given by

Equation 4-6 to be 0.6 s. In the more likely case, vhere flov occurs
primarily vwithin the matrix, the pore diameters are inferred frem matrix
hydraulic conductivities to be 0.05 pz. In this instance, the migration
time §s 0.5 us. Hence, ve conclude that supersaturated solutions will not
persist and precipitate deposition will be almost instantaneous.

4.2.2.2 Model for Precipitate Deposition

A model describing the rate of buildup of solid precipitate in porous
media flov has been proposed by Berner (1980). In this model, a front of
solid precipitate progresses through the porous media, where the void
spaces behind the front are assumed to be completely £f1lled. A small
residual permeability is alloved so that the deposition process may con-
tinue. Beyond the front, the water is saturated so that no further deposio
tion {s assumed., Berner describes the frontal velocity, UF' as

v (4-7)

- 0
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vhere » = the volume of precipitate per unit voluze of water,
the volumetric water flow rate,

~ the cress-sectional area for flow,

¢, = the undisturbed potoéity. and ‘

« the porosity behind the deposition front.

> 0
]

a o

After Bern_et ve agsume that éd is zero. Equitlon 4-7 may be applied to two
regions: the shaft £i11 and the MPZ. Equation 4-7 is alsc applied for the
zodeled, anticipated flow rate of 44.2 ms/yeat and for flooding events
vhere the fractures are saturated. This latter type of flow will be very
transient in nature (flov for less than 1/2 year per event) and is expected
to occur only infrequently over the lifetime of the repository.

4£.2.3 Results

For normal annual water passage through the MPZ and the shafec £ill,
flow will occur in an unsaturated panner. Within the MPZ unsaturated flow
will most likely occur within the matrix vhere the undisturbed porosity is -
0.11. Within the shaft £111 the porosity is assumed to be 0.3. The total
flow of 44.2 © /year is partitioned between the MPZ and shaft £ill in
- proportion to the relative conductivities and areas. The frontal
velocities in each case are then calculated from Equation &‘-7 to be

v « 0.1 pm/1000 yr and

F NP2

Ur shafe g111 = 0:2 ©/2000 yz

In the anticipated vater passage case, wve conclude that no significant
migration of precipitate occurs because the frontal velocities in both
cases are small. '

At the other extreme of the water flow spectrum is the PMF scenario.
In this case, ve assume that water flow fills the fractures and saturated
flow results, Up to 20,000 m3 may enter the shaft in a single event. The
hydraulic conductivi:y of the backﬁll is assumed to be 10~ -2 cem/s, vhile
that of the MPZ may vary between €0 x 10°2 and 20 x 10 -5 co/s. . The
porosity of the MPZ for flow in fractures is assumed to vary between 0. 001

and 0.0001, estimates for natural fractures (Erickson and Waddell, 1985,
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p. 1). The frontal advance in the MPZ behind the shaft liner is shown in
Figure 4-3. Vithin che shaft £i11, the frontal advance is never greater
than 0.08 o for any of the above cases. : '

thile the advance of the precipitation front (Figure 4-3) may become
as large 2s 60 o for a paximum flocding event, this advance rate is ap-
‘pfopriate only for flow behind the shaft liner. Once the flow &sdvances
be%dnd the base of the 1iner the afpropridte perosity is no longer the very
small value assigned for ftacture flow in the MPZ. Here, because of the
intimate cormunication between the shaft £111 and the MPZ, the porosity of
the backfill allows the interstitial flow rate to decrease. As a2 resulc,
the maximum frontal advance below the shaft liner is predicted to be
0.016 m/event. Flow betwveen the'HP; and the shaft '£111 can alsoc occur
periodically along the length of the shaft due to the horizenteal joints
occurring in the liner. We have not taken credit for this communication in
the above analysis vhich would further reduce precipitate gdvahce.

4.2.4 Conclusions
The deposition of solids from the interaction of the shaft liner with
ground wvater will therefore most likely be a localized phenomenon.ﬁeven

considering highly improbeble amounts of water, because

o precipitation occurs rapidly after ground water contacts the shaft
liner,

o precipitation cccurs as a progressively advanélng'ftont. and
o the frontal advance {s limited to regions near the shaft liner.

4.3 Eghggxgl Measureg to Remove the Liners From the Exploraterv Shafts

The removal of the shaft liner will require breaking the concrete over

some portion of the shaft and removal of the chunks of concrete to the sur-
face. Liner remeval techniques are dlscussed ln Sectton 4.3.1 and muck
removal {s discussed. in Section.4.3.2. e ‘ R
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4.3.1 Lliner Removal
Six methods wvere identified for concreté breakage (liner removal):

Hand-held pneumatic breakers

Drill and blast: o -

Drill and the use of a hydraulic splitter |

Drill and the use of 2 nonexplosive demolition agent
lapact breaker

0 o 0 0o o0 o

Roadheader boom

In the first four methods {t {s sssumed that several operations
(drilling' and breakage, liner removal, and backfilling) would be performed
from a single stage retreated cut of the repository (Figure &4-4). In the
production cycle, the concrete lining s removéd upward, and the backfill
is placed below the vorking stage (the length of unsuppcrted rock sides

would be approximately 10 m). It may be necessary to install occasional .
temporary suppert to facilitate muck removal and reduce the unsupported

length in weaker zones. In the last two methods, the impact breaker or the
rcacheader boom (Figure 4-5) would be mounted on the base of one stagr :ith
rucking and backfilling occurring from a second stage.

Hand-held pneunatic breakers have been used to break high-strength
concrete. In one unpublished experience, f.e., at Blue Mesa Dam between
Montrose and Gunnison, Colorado, they were used to remove & 0.5-m, tunnel,
spillvay lining of 25.year old concrete with unconfined compressive
strength ranging from 28 to 55 MPa., 1In this methed, it is essential to
maintain suppert for the breaker point; otherwise, vhen the liner frac-
_ tures, the support {s lost, and the bresker drops suddenly. To avoid this
‘problem, the liner could be removed over 10 m in & downward direction or
the breakers could be suspended by chains or other edjustadble supports that

vould allow liner removal {n the upward direction. In this methed, it is N

estimated that horizontal d:ul holes spaced approxlmately on 0.3.m centers
vould be required to break out the conctete

The ¢rill and blast methed would _requlre that hor{zontal drill holes
vith a horizontal spacing of 0.5 m, and vertical spacing-of 0.3 © be loaded
with plastic explesive and detonated., Drilling and lqading operaticns are
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performed in series. During blasting, the stage would be raised and
personnel would be kept clear for about 30 minutes following each blase.
Hole lengths vouivd penetrate the surrounding rock. The method would be
suitable where removal of the liner s performed to enhance drainage as
discussed previously, B

" The érill and hydraulic splitter opeuté on the “"plug-and-feather”
principle. 1In & series of holes penetrating the liner, wedge pairs in-
sercted into the drillhole series are forced apart, resulting in tension and
_ 'splltting. It 15 estimated that twice as pany holes would be required as
" {n the drill-and-blast method. To retrieve the splitters frem the broken
concrete, it is necc-sary to suspénd them on chains. Hydraulic splitting
is accomplished at the lower platform of the stage with drilling operations
performed on the higher platforms.

The drill end nonexplosive demolition egent method consists of drill.
ing holes and logdtng’ thex with an expansive agent. The technique has been
- described by Dowding .and Labuz (1982, pp. 1289-1299). who describe & series
" of tests to fracture rock and concrete in a series of case histories that
include fracturing of plain concrete. These authors, and subsequent {nves-
cigators (Ingnft’u and Beech, 1983, pp. 1205-1208), have interpreted tests
on the basis of linear elastic fracture mechanics. It {s estimated that a
similar number of holes would be required as with the hydraulic splitter
method.  The fracturing cf the liner would take place 24 to 48 hours after
‘placement of the agent. ' '

" The impact breaker i{s mounted on a hydraulically operated boom below -
the stage and is suspended on ropes. Impact breakers mounted on rubber-
" tired base units have been successful in breaking concrete in surface
operations. The unit breaks at & high rate and would have to be supperted
in & similar fashion to the hand-held breaker. Using this method, it would
be necessary to bresk out a chase about every 10 m to allew breaking out
the liner in the downward direction. Because of space restrictions, it
would not be possidble to muck out the broken liner and backfill unless the
stage vas removed after every 10-m 1lift.
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Roadheader booms are used extensively {n underground eining opera-
tions. The aingle head or tvo cutting heads are capable of excavating
gediun-hard rock (D'Appeloenia,. 1976, pp. 2-62 through 2-66) and would be
suitable for concrete liner removal. In this method, the toadheader boon
{s sounted belovw the base platforz of the stage and would be capable of
reaching the liner froc a single suppot: peint. It i{s best sulited for
cutting downvard. 1t has the advantage over the fmpact breaker that {t can
cut as it i3 being swvung {nto the concrete lining so that {t can readily
cut the starting chase to allov dowvnv 4 excavation. The use of hanging
rods §{n the concrete liner could complicai. the reuoval of the unet using
this technique.

The advantages, disadvantages, and equipment/material costs for the
several methods for liner remcval are summarized in Table 4-2. This study
places exphasis on conventional methods and gives preference to the use of
"off-the-shelf” equipment. The impact breaker and roadheader methods are
not as practical for removing concrete from the muck pile; either the
fompact breaker or the roadhesder boom would have to be retreated from the,
shaft for removal of concrete and placement of backfill. It is noted that
{f the entire liner were to be removed, the initial fixed costs for stage
modifications might be offset by the higher production rates of these two
pethods.

Further comparisons of production cycle times and costs for the
recaining four methods are presented in Tables &-3 and &4-4, respectively.
These costs apply to cozplete removal of the liner from the base of the
shaft to near the repository horizen. This cost comparison would suggest
that the drill and hydraulic splitter method is the most economical, al-
though vhen off-site preparation, on-site preparation, and other costs are .
factored i{n (Appendix D), the differences in adoptmg any single method are
not significant. ‘

4.3.2 Muck Removal

Two methods are identified for auck removal that vould be suitable for
any of the liner. renova]. methods 'l'hese are
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Table 4-2,

Sumaary of Advantages, Disadvantsges, and Cnst of Liner Removal Methndsted

Remaval Methed

Advantages

Disadvantages

Equipnent and Material Costs

1. Nand-held pneunatic
breakers

2. Drill and blast

3. Drill and hydraul.
feally splite

There {s experience In

reaoving concrete liners.’

"The method i3 well known,

Orilling and spliceing
may occur sinmultaneously.

‘The nethed s clean and
does not leave chemical

- gesidue,

The method Ia lador
intensive and requires
maore production time,

The method poses a poten-
tial safety problem If the
breaker dropped suddenly,

An overbreak zone may
form, Drilling and
loading opevations con-
not be performed slmul.
taneously. Blasting
would require ralsing
the stage and clearing
the area after each
detonation,

1t i3 not as efficlient
as drilling and blasting.
The method may need te
be supplenented with
hand methods such as the
hand-held pneumatie
breaakers.

The splitters must he
suspended to avold belng
dropped into breken
concrete .

The cost of 8 breakers and
& drills is appronimately
$15,000. Drilling equipment
spares cest $120,000,»

The cost of 6 drilla and A
breakers is $13,000; the
cost of drilling equipwent
spares ia $57,000, The
cost of explosives and caps
is $51,000. )

The cost of 6 drills and &
breakers is $15,000,
Drilling equipment spates
ecost $102,000,

Rental costs for the.
splittera are estimated
at $54,000, -

to)lipte that the costs apply to conplete removal of the 1iner,
*drills are required to expedite liner remaval and increase productivity,
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Table 4.2,

. e we s . e v

Summary of Advantapes, Disadvantapes, and Cost of Liner Removal Methnds (Continued)

Removal Method

Advantages

Disadvantapes

Equlpment and Material Costs

h,

Drill and use a
nonexplosive
demolition apent

. ‘Impact breaker

. Roadheader hoom

Drilling and splicting
may occur simultaneously,

Experience in fracturing
plain concrete (Dowding
and Labuz, 1982, p. 1297)

Ho drilling 1s necessary
and the production rate
1s high.

It can cut as (¢t s beinpg
swung, into the concrete
1ining so that it can
readily cut the starting
chase to allow downward
excavation,

Operations must be care-
fully planned since a
period of 24 to 48 hours
is required for liner
fracturing.

The chemical spent could
not be recovered from the
muck plle,

Hucking and backfiliing
operations must be per-
formed from a second
stage,

The breaker polnt must
be supported,

Mucking and backfilling
operations must be per.
formed from a second
stage,

Little experience in
shaft operations,

The cost for 6 drills and
& breakers {s $§15,000.
Drilling equipment spares

cost $102,000, The cost of ‘

the expansive agent (s
$306,000,

The infitial coata of power
and stape modiflications are
$16,000 and $8,000, respec.
tively. A sultable unie
with equipwent spares may
be rented at a rate of
$100.00/hour, or an
estimated cost of $300,000,

The tnitial costs of pover
and stape modiflcations are
$18,000 and SR 000, respec.
tively. - A sultable unit
vith equipment spares say
be purchased for $125%,000,

]
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Table 4.3, Conpafison of Production Cycle Times For Various Hethods Used

to Reacve Conctete Liner:(‘)

Activisy |

. Pneuzatic removal of lfiner 3

Muck out broken31inet. 62 o

Backfill, 160 m

Remove 9 & of service lines

Allow gor other hoist runs, movement of stage
Tota .

Driil snd Blast

h'd S o'y

Drill approximately 800 holes 0.6 & deep

Load 60t of the holes and b;ast

Muck out btokensllner. 62w

Backfill, 160 m

Remove § m of service lines

Allow {or other hol:t runs, movement of stage
Tota

4 (el o

ﬂ:ol-:i:z;

DPrill 1,700 heles 0.6 & deep

Simultaneously use splitter;in 25% of the holes

Muck out brokenallner. €2 o ‘

Backfill, 160 m

Remove 9 o of service lines

dilow {or other hoist runs, uovemen: of stage
Tota

bl ¢ N N ¥
viry

Drill 1,700 holes 0.6 mmdeep = = -
Sirultanecusly load 25% of ghe holes with KEDA
Muck out brokensltner. 62 m -
Backfill, 160 o
Remove 9 m of service lines
Allow {or other runs, movement of stage

Tota
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("Cycle times &re ‘calculated for a ?-ﬁ;leﬁéth{i'
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Table &4-4. Conp‘a‘:,lson of Costs For Breaking Out the Concrete Lining and '

Roek*“/ (S Thousands)

Hand-Held Drill &
Pneumatic Drill & Hydraulie Drill &
Cos: lten Breakers Blast Splitter . NEDA
1) Tize-Related 3,487 1,149 912 912
2) - Equipment-Related .
Drilling 15 15 15 15
Blasting Winch Rental 2
Blasting Cable 17
Firing Switch, etec. 2
3) Consumables-Related
Drilling 120 57 102 102
Explosives & Caps _ 51 .
Rental of Splitters 6 sS4
Bristar 306
Total 3,582 1,299 1.083 1,335
Veeks 62.6 14.2 11.2 11.3

(3)1neludes only costs directly related to breaking out the concrete liner

from the shaft. ’

1
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© Cryderman mucker (The Betsy) and
o Remote contrelled, orange-peel-type grab.

The szallest size Cryderman pucker would suit the small, 3.66-m,
finished dlameter of the exploratory shafts. This unit is bornally
suspended on a vinch from the surface and held against the side of the
shaft excavation or concrete lining by a frame-and-bolt arrangement. The
unit {s pneumatically.optfated and may be hoisted out of the shaft stage
area vhile drilling and breakage operations d;;ltn progress. Durin£
mucking operations, the uni{t would remove broken concrete and place it in a
conventional bucket hoisted thfough a-ttap door to the surface. During
backfilling operations, the conventional bucket is replaced by a bottom
drop bucket. ‘ )

The other mucking methed is the orange peel type grab unit that
operates below the stage (Figure 4-6)." This unit is raised and lowered by
a hoisting vinch that operates from the bottem of the shaft stage. The
broken concrete liner is loaded into a bucket that may be .hoisted to the
surface.

An alternative method of removing the broken liner wvhen using
hvdraulic splitters or pneumatic breskers is to ttans{gr'the broken liner
direczly inte a hoist bucket. This bucket could be positioned on 2

platform below the working level. In this arrangement broken pleces of

material would be pushed to retractable chutes that empty directly into a _'
cgntfal hoist bucket. The size of the concrete pleces could be controlled
by making breakline cuts with circular savs equipped with diamond or high-
strength, carbon-steel blades.

4.3.3 Conclusioens

Evalustion of the advanteges and disadvan:nges for liner removal
techniques suggests that the hydraulic splitter method {s the favored
approach for liner removal althougﬁ the other approaches are :echnically
feasible. Conventional equipment with .the slight modification of

.suspending the splitters from chains may be used in employing the hydraulic
splitter method. It s also possible that drilling end splitiing patterns
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could be optimized through analysis of superposition effects from an array
of splitters. The method does not leave undesirable chemical residue.
vhile supplemental hand metheds may be required, this i{s not considered a
signifléant disadvantage. Elther of the two muck removal techniques are
acceptable. It is recognized' that additional efforts may be required
cduring liner removal and backfilling cperations to insure safety. For
example, in areas wvhere addicional stability is required, i.e., vhere the
liner has been removed and where no lateral support from the backfill is,
provided, additional shoring of the existing liner may be required.




Cround vater entering the expleratory shaft will experience some
heating as {t descends the shaft and MPZ to the elevation of the.
repository. From there it will continue downward to eventually cocler
repions in the Calico Hills. As will be shown in Section 5.1.1, the,
temperature of this water will approximate the temperature of the rock
surrounding the exploratory shaft. Hence, the first ‘consideration will be _
given to determine the rock temperature in the vicinity of the exploratory
shafs. With this rock temperature profile and assumed phase condition
within the shaft and MPZ, we next estimate the fluid temperature as {:
enters the top of the Calico Hills unit. The fluid temperature is then
compared to the temperature required to maintain mineralogical stability of
Calico -Hills zeolites. '

S.1.1 Temperature Elevation of Water Entering the Shaft

The temperature of the ground water passing through the expleratory
shaft will increase globally due to the presence of the repository. Far.
£ield calculations have been carried out by M. L. Blanford (Morales, 1585,
- 36-39), assuming a thermal load by the repository of 57 k%/acre
(MacDougall et al., 1987, Appendix D, p. 532). At a location approximating
the ES et the edge of the repository these calculations indicate that the .
temperature expected at the top of the Calico Hills unit at 300 years after
emplacement will be 47°C and that the maximum temperature will be 52°C.
These temperatures are calculated assuming that conduction of heat {s the
primary heat transfer mechanism. Further, these calculations assume no
barrier pillar around the shafts. Such a nonwaste emplacement area will
tend to lower the temperature of the rock pass around the shaft. Indeed.
more recent results (Richardson, {n preparation, Appendix B) which account
for the presence of the barrier pillar show that the maximum temperature at
the top of .the Calico Hills will be 1less than 40°C assuming a chermal
loading at the repository horizon.of 57 kW/icre.. o




To addre:s the thetnal imgact d"

might enter the Calico l{uls. a sepa‘

and_the MPZ arcund the ES. These calculations wete ditected at determining

vater tempetature a: the base of the ES._enteting the Calico

Hills unit. Censer#ative as:umptions were £nvolved in all cases to reveal

that the fluid temperature never deviated greatly from the formation tem-*
perature. Under normal expected vater. £low eondittcns vwhere the tempera-

ture at the .top of the Calico Hilla unit was SZ'C. the vater temperature

increase was 0.01°C. Increasing the vater flov rate to its maximum permis-
sible value, {.e., the maximum hyd:aulic conduetivity of the modified

permeability zone, {increased the water cenpera:ure by 0.8°C. Moreover,

{ncreasing the water flow rate through the shaft and MPZ by three orders of

magnitude increases the tempera:ure of water reaching the base of the ES-1

by 0.8°C. Hence, the formation temperature computed assumins conduction

alone accurately approximates fluid temperatures within the ES, and the ES

has little additicnal impact on the ground.water temperature.

the max

5.1.2. Impact of Increased Cround-Water Temperature on the Sorptivity of
the Calico Hills Unit

Within the Calico Hills unic, the princlpai zeolite phases are clinop-
tilolite. mordinite, and analcime. Of these, clinoptilolite is the most
{mportant sorptive phase (Daniels et al., 1982, p. 92 and Smyth, 1982,
p. 195). Moreover, the sorptivity of the Calico Hills at elevated tempera-
ture depends on two factors: the dependence of the distribution coefli-
clent (e.g., K ) on temperature, and the hydrothermal s:ab!llty of the
mineral phase, clgnoptilollte. Also, as has been shown sbove, the upper
1imit of tepperature computed in this discussion is approximately 52.8°C.
The concern at the upper margin of the Calico Hills does not involve

*The distribution coefficient is & parameter commonly used to describe the
sorption behavior of radionuclides in geologic systems. K, is defined as
“the concentration per gram of a species on a sclid phase givided by {ts
concentration per milliliter in the 1liquid phase at equilibrium” -
(Wolfsberg et al., 1979, p. &4). The higher the K, value, the higher the
scrption potential of the material being evaluates
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extreme temperatures buc rather tepresent: the po:entul lmpec: of more
moderate ’empentures on the so:p:lvlty R

The dependence of.'t'he éistribu:ion coefﬁclent. CBes Kd. on tempera-

. ture has been add:essed in seveul studies (l-'olfsbetg et al., 1979; Daniels

et al., 1982; and Ogatd et al.. 1933),, In these studies, increases in K

with temperature are repotted in evety case for temperature increases of \.p

to B5°C. Hence, it uay be s:ated that the distribution coefficients of th
Calico Hills minerals mpro_ve as tenpeuture incresses. . ..

The secend phenomenoﬁ to be addressed is the hydrothermal scability of
the zeolite phases vwithin the Calico Hills unit. Smyth (1981 and 1982)
reports on two types of stability. These are dehydration stability and
mineralogical stadbility. Dehydration reactions occurring up ‘to 200°C are
found to be reversible and will not be considered further. Hovever,

irreversible, deleterious, mineralogical reaction is also observed.

Clinoptilolite {5 a thermally sensitive mineral and undergoes transforma-
tions to mordinite and analcime.  While the consequence of these transfor-
mazions has not been investigated, it {s assumed that the sorptivicy will
decrease. The exact transition temperature is dependent on scdium
concentration and pH. For conditions found at Yucca Mountain, Smyth
predicts a transition temperature of IOS‘C' at extreme sodium concentration
levels, this transiticn temperature may érop to 95°C. Other investigators*
at Los Alamos National Latoratory feel that cristobalite may also influence
the stability of clinoptilolite and that the i{rreversible mineralogical
transition temperatures of Smyth may be inappropriate and will probably be
higher. 1In any case, data gathered to date indicate that the actual ten-
perature of any part of tha Calico Hills unit will be less than that re-
quired to cause any significant reaction of cunoptnoute..

5-2 - ‘ - .V U -

An additional cons!detatiou associated with the ES-1 {s {ts pénecra-
tion into the zeolitic Calico Hills unit. Suth a penetration can reduce

+C. J. Duffy, 1987. personal communication.
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& _ the effective thickness of the Calico unit used in performance assessment
, . caleulations. The current KNWSI Project position is that any penetration
P associated with the ESF including the ES-1 should not reduce the effective
‘ thickness of the Calico Hills to a thickness less than its minimum thick-
ness occurring anyvheré vithin the repository boundary. Figures S-1a and
5-1b {llustrate this point.

- The Calico Hills unit can be divided into a nonzeolitic portion and a
" zeolitic portion. 1In the new ES.1 locatiom, the Calico Hills unit above
the prevalent zeolites is zere. The thickness of the zeolitic portioen of
the Calice Hills unic (Figure 5-1b) is approximately 100 » at ES-1.
Because t..¢ proposed penetration into the zeolitic portion of the Calico
Hills unit 4s 15 m, the total thickness of the Calico Hills unit will be
about 85 m. This thickness is above the minioum thickness of 70 m for the
total thickness of the Calico Hills unit. The total thickness of the
Calico Eills Unit at the exploratory shaft locations can be obtained by
adding the thicknesses of the vitric and zeolitic portions of the Calico
Hills as shown by both Figures 5-la and S-1b. ’

$.3 Conclusfons

The impact of episodic water perceclating through the shaft £ill and
MPZ on the sorptivity of the Calico Hills unit has been found to be
negligible. This conclusion is reached because of the following:

"o First, vater passing through the ES will be conpletely sepa.rated'
from waste stored in the repository and vill not constitute 2
preferred pathway.

o Second,  the minimum thickness of the Calico Hills unit will be
preserved, while alloving much valusble informstion to be geined by
sinking the ES into the upper margin of the Calico Hills. )

o Third, the elevation of the temperature of the ground . water
percolating through the shaft £i11 i{s computed to be & maximum of
52.8°C at the ‘top of the Calico Hins uhit. This value is less ;
than the minimun value of 95°C {Smyth, 1582; p. 195) observed to
cause mineralegical transition of zeolites.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The analyses {n the feport support the conclusion that the design and
construction of the ESs, &s currently planned, is not ekpec:ed to
significantly influence the performance of the pocen:iaf nuclear waste
repository at Yucca Mountain, This conclusion is reached for the following
reasons: ’

o Even vhen a highly tmprobablé flooding scenario (and possibly aw
fncredible scenarfio at the new ES locations) is considered at the
new ES locations, any water entry past the repository station seals
is predicted to be contained within the ESF (Section 3.2.5.4 and
3.2.5.5). Therefore, these waters entering the exploratory shaf:
do not reach the waste emplacement area, contact the vaste, and
enhance radfonuclide release.

o The more realistic scenaric presented in Section 3.2.5.3 and
3.2.5.5, postulated shaft inflows associated with a PMF to be 10 to
100 m’. These volumes can be contained wl:ﬁln the sump of ES-1
even {f no drainage from the sump is assumed. These volumes are
considerably less than those volumes estimated to enter the ‘shaf:
considering the highly {mprobable flooding scenarté.-considergd
above,

o Considering convectively driven air movement from the repository,
the exploratory shafts (including shaft fill and MP2) are not
likely to be preferential pathways for gasecus radionuclide
releases {f the air conductivity of the shaft fill is less than
about 3 x 10" o/ain (Section 3.3.5). This air conductivity value
is predicted to restrict air flovs out of the expleratery shafts to
2.5¢ of the total air flev out of the repository. This value of
2.5 is one order of magnitude less than the airborne performance
goal established for the shafes. ‘

e From the barometric air flov analyses presented in Section 3.64.4,
{s 1s conglu¢ed that the giéloraCoty shafts (including shaft fill
and the MPZ) are not 1likely to be prefered:lal pathways for gaseous
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radionuclide releases {f the air conductivity of the shaft fill is
less than about 10'1-m/min. This conclusion is reached because the
volume of air in the exploratory shafts i{s not fully displaced
during the occurrence of a broad range of meteorclogical
conditions,

From the discussion in Section 4.1, the potential for significant
changes {n the hydraulic conductivity of the concrete liner due sto,
“hermochemical effects is expected to be low. Therefore, surface-
water infiltrati{on through the shaft liner is expected to be less
than that vhich occurs through the shafc fill,

The deposition of solids from the interaction of the shaft liner
wvith gréund vater will most likely be a localized phencmenon, even -
considérlng highly improbable amounts of water. Therefore, the
effectiven;ss of the exploratory shaft sumps to drain should net be
reduced significantly (Section 4.2.4).

The impact of episodic water percolating through the shaft £il1 and
MPZ on the sorptivity of the Calico Hills unit has been found to be
negligible (Section 5.1). Therefore, if water containing radio-
nuclides reaches the base of ES-1, the effectiveness of the Calico
Hills unit in sorbing radionuclide would not be reduced.

In the event that future analysei‘suggest that liner removal and/or
MPZ restoration {s required, a varfety of construction techniques
ex{st to remove the shaft liner, to emplace backfill, to emplace a
shaft seal and to restore the modified permeabillity zone (Section

1.5 and 4.3). ' :

The current performance analyses assume that the MPZ is not greater
than 20 to 60 times the undisturbed rock mass hydraulic conduc-
tivity over a distance one radius fiom';he edge of the liner. Ve
believe that this model is reasonably conservative, and excavation
of the shaft liner {s not expected to create a condi{tion more
severe than that estimated by the MPZ model. '




Vhile iz {s concluded that the design and construction of the ESs are not
expected to significantly influence the performance of the repository,

recommended actions can be  taken i{n constructing the ESs to enhance-

performance of the teéos!;ory. These recommendations are:

o The proposed construction method should not preclude nor unneces-
sarily complicate the removal of the concrete liner assoclated with
the exploratory shafts. This is particularly true but not limited
to that poertion of the liner below the repository statien. Fur-’
thermore, if the hanger rods used to secure the concrete forms used
to place the shaft liner are not necessary to provide structural
support for the liner, consideration should be given to using re-
movable hanger rods. Removal of these hanger rods could facilitate
removal of the liner. ' )

o The paste portion of the concrete liner placed in the lower porticn
of the shaft, {.e., the sump, should not infiltrate the fraccures
of the rock mass to the point where {t could not be removed.

o Overbreak that occurs while excavating the ESs should be recorded
as a qualitacive indicator of the quality of the rock to assure
that adequate records are available for sealing the shaft. WUe
recommend that the overbreak be recorded eveiy foot in the upper
100 ft of the Tiva Canyon Member. 1In the remainder of the shafc,
overbreak at any peint greater than 0.5 ft should be recorded as
wvell as depth from the surface and azimuth,

o It {s preferred that no grout injection for greund stabilizatien or
water control occur behind the shaft liner. If future anelyses
indicate that grouting is necessary or desirable to achieve
enhanced repository performance, it is possible that a previously

grouted zone could not meet future, long-term performance objec.

tives. Not grouting in vater-producing fracture zones would
simplify any grouting action that might b_éAtequlred for long-term
performance. It ls.r-écogn'tzed. however, that some greuting. mayf_'b'e
desirable to satisfy operational or cesting.concems. ‘ -
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APPENDIX A

h'd L y n -

The purpose of this appendix is to provide & perspective i{ntc the
potential for radionuclide éranspott due to the presence of the ESs. To
achieve this perspective, descriptions of several peéhanisms that can
potentially enhance radionuclide releases from the ﬁndetground'facility are
These descriptions are supplemented by stwple calculacions tha;
compute the. travel distance and/or travel time ¢f the transporting med{um.

The authors recognize that these mechanisms do not represent a comprehen-

given.

sive evaluation of all conceivable mechanisms and processes, e.g., effects
of the presence of organics and microbial organisms are not considered.
However, the mechanisms do tepreient some of the more commonly thought of
mechanisms that could affect radionuclide transport due to the presence of
shafts. The mechanisms considered include:

o downward water movement through the shafts,

o downward vater movement in fractures from the repository horizon to
the base of the ES-1, ' )

o upward movement of water in the sumps of ghafts.
- transport of radioactive solids through shafts,

© gaseous transport through drifts and shafts due to gaseous diffu.
sion, '

o gaseous transport through drifts and shafts due .to convective
forces, and

o gaseous trinspo:g th;bugh'sﬁafts due .to barometric forces.

- .

Al W 14 vem u

Shafts are pathways to the underground facility that could potentially
{ncrease the asmount of water that could enter into the waste disposal
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areas. The analyses preken:ed belowv illustrate the time required to
saturate shaft £i11 to a 300 m depth assuning a constant supply of water at
the upper po'r:lon of the shaft. It {s p:esﬁmed in the enalysis that {f
vater does not reach the repository horizon over a substantial period of
time, there is no potential for water to reach the waste difposai areas and
this mechanism should not be considered further.

The approach used was to compute the dovnward infiltratien of wvater
through the shaft £111 which is assumed to be {nitially dry. The Creen and,
Ampt solutfon (Hillel, 1971, pp. 140-143) was used to calculate the
saturated vertical inf{ltration intc the inftially dry shafct fill. The
discussion of how the Creen and Ampt solution i{s epplied is provided in
Fernandez et al. (1987). The results {llustrating the time to saturate
300 m of backfill {s given in Figure A-1. This figure suggests there is a
time delay for & fully saturated front to reach the repositery herizon.
Depending on the hydraulic conductivity of tiie shaft £ill, this time delay
can vary over many orders of magnitude. Figure A-1 also f{llustrates that
{f a coarse materisl is placed in the shaft, water from the surface {s
transmitted to the repositery level over a short time. Because there is
some potential for water to be transmitted down to the repository horizon
(depending on the condition encountered at the surface), this mechanism {s
considered further in Chapter 3 of this report. -

A.2 Downward Water Movement {n Fractures From the Repository Horizon to -
~ the Base of the £5-]1 . -
In this secticn, the potential for the exploratery shaft (ES-1) to act

as a preferred pathway in releasing radionuclides is discussed. The ES-1
is considered here because it extends below the repository horizon and
slightly into the Calico Hills unit. The mechanism considered here is the
A preferential release of radionculides transported by water from the waste
disposal area to the sump of the exploratory shaft throuéh the fracture
system. The geometric relationship between the waste disposal area and the
ES-1 is shown in Figure A-2. Because vaste is stored at a minimum distance
of about 200 m, an effective barrier of rock results. The effectiveness of
this barrier is further enhanced because: (1) fracture flovw froam t}ie
repository to the ES-1 is not anticipated based on current knowledge of
flow conditions and (2) even if fracture now‘occurs'. the dip for the
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zajsorisy of fractures is greater than 35°. Because the angle from the base
of the £S-1 to the edge of the vaste disposal area with the ground surface

{s approxizately 35, the majority of flov will not {ntercept the ES.1 {f

{2 1 assuned that the majority of flov s controlled by fractures vhose

¢ip {s greater than 3%°. : '

1§, hovever, ve postulate saturated conditions accur in the waste
disposal area vhich {nduces fracture flow, then {t {s reasonadble to assume
staz & porsion of this flow would be distributed uniformly i(n the rock mass
below the repository. A portion of this distributed flow could potentially
cross the ES-l due to the fractured systenm. Therefore, 1f fracture flow
occurs, together vith uniform digspersion due to the presence of the frac-
tures, then the fraction of flov down the ES-1 would occur roughly {n
direct proportion of the cross-sectional area of the ES-1 to the area of
the vhole repesitory. If the cross-sectional area of the ES-1 and its
associated MPZ (61.4 n’) vere compared with the cross-sectional area of the
enzire repes- {tory ares (5.7 x 106 mz. MacDougail et al., 1988, -Appendzx
M), the proportion of flow dowvn the ES-1 ané {ts MPZ would be 1.1 x 10'5 of
the total flov through fractures. Therefore it is concluded that the ES-1
will not become a preferentiil pathway following the occurrence of an
uranticipated event or scenario that would create fracture flow at the
repository horizon.

A.3 Upward Movement of Vater {n the Sumps of Shalss

The mechanism éiscussed in this section involves the transport of
standing water at the base of a shaft upvard due to fracture and matrix
capillary forces. This mechanisz assumes that standing water occurs and
radionuclides are in solution at the base of the shaft implying transpor:
of contaninated vater to the shaft. This assumption of transpor: of con.
taminated vater to the shaft, in {tself, may totally negate the feasibility
of this mechanism to occur because one constraint placed on the drif:
grades In the underground facility is to establish a drainage pattern for
the access and enmplacement drifts so that no drainage occurs from these

drifes into ES-1. This constraint, therefcore, significantly reduces the. .

possibility of radionuclides to reach ES-1. The following discussicn
nevertheless, presents discussions and calculations evaluating the effec:
of this mechanisn. ' ‘
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Because the sunp at the base of ES-1 is located predominantly in
wvelded tuff vhich {s highly fractured, the capillary forces in the modified
permeability zone is controlled by the fractures. Therefore, upwvard trans-
port of water in fractures due to capillarity was computed using the for-

nula
he20 cos 6/pg b
(Lo:.zan, 1972, p. 2)
vhere h = hei{ght of water in a fracture, m,

¢ = surface tension of water against air, newton/m,

€ = contact angle between the water in the fracture and the tuff
(assumed to be zerc degrees),
2 = density of water, kg/ms.

b = fracture aperture, mw, and
g = acceleration due to gravity, n/sz.

This situation could be applied to fractures penetrating saturated zones
such as the water table or a shaft containing water at the base. For
fractures having aperture widths of 71 um (Sinnock et al., 1584, p..12) and _
25 um, the flse of water in the fracture was computed to be approximately
0.21 and 0.58 m, respectively. The temperature of the water was assumed to
be 30°C. At 52°C, (see Section 5.1.1 of ihe text) the rise of water in
fractures having apertures of 71 and 25 pm would be 0.20 and 0.56 m respec-
tively. Because of the limited extent to which capillary forces within a
fracture can transport water upward, radionuclide transport upward in a
fracture is considered insignificant.

1f standing water occurs within the shaft fill portion cf the shaf:
sump, movement of water upward {n the shaft £{11 by capiliary forces is
pessible. The rise of water above'the fully saturated level or the
phreatic surface {s termed the éaplllary rise. The extent of capillary
rise depends on the pore sizes of the shaft fill. For example, capillary
rise in a material that has larger pore sizes, such as a coarse sand, 'would
be low (2.5 cm). For a shaft £111 having small pore sizes such as a clay,
the capillary rise cculd range from 200 to 400 cm-(Bear, 1976, p. 481).
Under either case, {.e., a shaft flli that is representative of a coarse
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sand or clay. the capillary rise would be a function of the total length of
the shafs. Therefore, because (1) capillary forces within the shafe fill
can transport vater over & limited extent, (2) transport of radienuclices
to the chaft sump {s unlikely, and (3) duration of ponding of water, if {:
occurs at all, {s anticipated to be short because {t {s postulated that
wvater can be effectively drained thtough the base of the shaft, radio-
nuclide transport upvard due to capillary forces in the shaf: £ill is
considered insignificant. S - .

A.& TJrapsport Due to Solid-Solid Diffusion

Using a one-dimensional solution to Fick’s second law, the time for
solid diffusion of radionucli¢ s can be computed. The fermula used to
compute the time for radionuclide migration, for the specified conditions,
is: ’

C ' .
EA = erfe —_— - (a-1)
A .

© JAGAB ¢
‘ (Freeze and Cherry, 1979, p. 29

concentration of A at point X, moles/Z,

O
]

vhere
‘concentration of A at point of origin, moles/!,

©
»
) L)

distance from original point of diffusicn, m,
binary ¢iffusivity for system A-B, m2/s. and
time over which diffusion occurs.

e
"
I

The most significant unknown in this formula {s the diffusion coefficient
for uranium through velded tuff. The diffusion coefficlent used below is
10'15 cmz/s. which is believed to be extremely conservative because it is
at the higher end of the diffusion coefficients of some solid-sclid dLffu-
sion coefficients given in Bird, Stevart, and Lightfoot (1960, p. 509).
Using this diffusion coefficient and evaluating the cendition where the
solid portion of the radloactive wvaste migrates 0.1 m and {ts concentration
~ is 99¢ of ics original concentration, a transport time of alout 1013 years
is computed. However, the diffusion coefficient of uraniun-or.uranium
ox{de because of {ts molecular size would probably be léss_than the value *
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of 10°1% cal/s used above.- A diffusion coefficient of 10°30 cmz/:-yietds a

transport time of 1028 years. -Because of these long transport times, the
potential for radionuclide release by solid-solid diffusion is considered
to be insignificant. ‘ ) y '

A.5 Gaseous Tramsport Due to Diffusion

Some radicnuclides can be released in a gaseous forn and therefore the.
potential significance of binary.gaseous diffusion is consicered here.
Some potential gasecus species (Xe fsctopes, Rn, Kt;BS. and H-3) can be
elirinated from concern because of their short half-lives, assuming the
containment period to be 300 to 1000 years. The radionuclides that could
potentially enter the repository in a gaseous state are C-14 and 1-129 (Van
Koynenburg et al., 1984, p. 1). Equation A-l is used to compute the
relative concentration-versus-time curves for 1-129 and C-l4. However, in
order to apply Equation A-1, the diffusivity values for the gasecus forms
of 1-129 and C-14 are needed. 1t {s assumed that 1-129 occurs as 1, an¢
C-14 occurs as coz. Using an approach described in Reid et ql. (1977,
pp. 548-550) for binary-gas diffusion coefficients and in Smith (1570,
p. 406) for Knudsen diffusion ccefficients, diffusivities are compu:ed'fqr-
air-ioc¢dine and alr-carbon dioxide systeams. The computed binary ¢iffusien
coefficlents for these tvo systems are 0.081 ¢n /s for the alr-icdine
svsten and 0.156 cm /s for the alr- carbon dioxide systen. The compu ed
Knudsen diffusion coefficients are 10.6 cm /s for iodine and 25.3 cm /s for
carbon dioxide. These dlffuslvities are combined by the method described
in Mason and Evans (1969 p. 362) to give overall gaseous dlffuslon coeffl-
cients of 0.080 cn /: for the afr-iodine system and 0.155 em /: for the
air-carbon dioxide system. These diffusivity values assume open drifts and
shafts. If backfill {s emplaced, & partial restriction of the migration of
the gas occurs. To compute the magnitude of this restriction, &n effective
diffusivity can be computed. It is a function of the porosity of the
material through which the gas is dtffusing. and the tortuosity. The
following equation is used to compute the effective dlffusivlty
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where D

R f D (Froment and Blschof_t. 1979, p. 167) (A-2)

effective d1ffusivicy, cnzls.

perosity of material through vhich diffusion occurs
tér:uouty. and .

digfusion coefficiens, assuzing no restriction to éiffusien,
cnt/s.

[~ B}
’

The porosity assumed for the drift and shafe fu'l_ is 0.3. The value for
tortuosity {s assumed to be 3 which corresponds to locse random pore struc-
ture (Froment and Bischoff, 1979, p. 167).

Figure A-) {llustrates the relationship between the relative con-
centration of the gas under consideration versus time for & distance of
600 m from the wvaste disposal area. This distance represents an
approxization of the distance from the vaste disposal area to the surface
entry point of ES-1 or ES-2.

Two sets of curves are presented. The first set assumes ne backfill-
fng of the shafcs and drifc. The second set assumes the drifts and shaf:cs
sre backfilled with a materfal that {s emplaced locsely. Figure A-3 {1l.
lustractes that if only binary diffusion occurs, considerable time,
10° 2o 10° :
~96% of the original concentration in the vaste disposal areas. Lesser

years, i{s required to release Iz or Coi at a concentration of

concentrations are released at much shorter times following release of the .

gas at the disposal area. Also, a substantial reduction {in the concentra-
tion exiting the shaft can be achieved by emplacing loose shaft and drifc
f1il1. Emplacement of consolidated shaft £i11 or & single-shaft or drifc
seal can further reduce the release :hrough the shaft. Because binary
gaseous diffusfon i{s a slov process as indlcated by Figure A-3 and because
travel times can be reduced substantially by simple bnckﬁil. binary-.
gasecus diffusion {s not considered to be a significant release mechanism.

1
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A.6 Caseous Transpore Due to Convective Forces

: Forva teﬁository locaﬁed above tt;e water table,. there is the .pos-
P sibilicy of release of radionuclides by air flew eut of the repository
through the shafts or through the host rock. Air flow may &evelop as a
convective circulatfion {n response to the thermal gradient.

After the emplacement of waste canisters, heat is initfally trans Y
ferred by conduction from the waste canlit;rs to the surrounding rock.
Vertical temperature gradients will develop from the repository horizen and
potentially affect air and vater density. If sufficient energy {n the form
of heat s imparted to the air or vater vapor, convective transport is
established.

Two potential convective air flow mechanisms are illustraced ip
Figure 3-19. Mechanism A assumes that no upward flow occurs through the
host rock relative to floé'through the shafes, ramps, and drifes. The
Exploratory Shaft (ES-1) and adjacent Exploratory Shaft (ES-2) are within
the repository boundary, and the temperature is relatively high near cthe
r‘eposltor& heri{zen. The men-and-materials shaft, the emplacement exhaus:
shaft, and the ramps are located outside or just inside the repository
perimeter, and the temperature gradients are lower. In response to these
gradients, air will tend to rise in ES-1 and ES-2 and air will be drawn in
through the other entries. This mechanism may cccur if the shaf:s and
drifts are open or {f the backfill {s relatively permeable compared to the
host rock. 1In Mechanisz B, convective air circulation {s also assumed to
occur through the host rock. The waste disposal areas are relatively hot
and the heated alr tends to rise vertically through the rock as well as
through ES-1 and ES-2. Because temperature rises in the rock are expected
and {t {s uncertain what the effects of this temperature rise will be, this
mechanism {5 considered further in the text.

A.7 GCaseous Transport Due to Barometric Forces

Another potential flow mechan{sm'for the transport of radionuclides is
the development of a 'd!.ffere_ntul air pressure between the repository and
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the ground surface, A veather front moﬂng suddenly across the repository

sicte might result i{r & reduction of barometric pressure, producing a pres-

sure gradient between the reposito‘ry and the surface. FPressure gradients

may also develop n_:ote‘ gradually in respbnse to changing seasons. Changes

{n barometric pressure are cyclical or periodic in nature, so that air

vould eventually move back into the repesitory. The ease with which air

moves {n and out of the repository will depend upon the properties of the .
backfill placed in the shafts and ramps and the surrounding rock. Con-,
ceptually, large volumes of air may move through shafts and ramps contain-

ing & high-conductivity, coarse backfill. Smaller volumes of air might

move through shafts and remps containing a fine, low-conductivity backfill,

although a pro.potttomny greater amount of flow might occur through the

MPZ around the shafts and ramps. 1In addition, & low conductivity backfill

will isclate the repository from pressure varfations at the surface, while

a high conductivity backfill will result in a more significant preﬁssure

response within the repository. Because barcmetric fluctuations will occur

at the surface and {t is uncertain wvhat the effect of these fluctuations

are, this mechanism is considered further in the text. '
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APPENDIX B
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The purpose of this appendix §{s to describe the shape of the curves in
Figure 3.7 of Section 3.2.1 of this report. For ease in explilnlng the
shape of these curves, a single curve is selected for the discussion, i.e.,
"the lines assoclated with the Tiva Canyon having a hvdraulic conddctivi:y.
of 10'2 enm/s (Flgure B-1). The features discussed {n Figure B-1 are

seled A through E on Figure B-l. A N '

To explain these features of this curve, Figure B-2 §{s shown belov.
This curve shows the flow rates for the four flows considered in the model
in Section 3.2.1, i.e., alluvial flow, Tiva Canyon flow, Dupuit (or radial)
flow, and MPZ model flow. The curves in Figure B-2 represent the Tiva
Canyon and the MPZ model flow rate components used in the calculatien of
flow into ES-1. When the saturated alluvial hydraulic conductivity is less
that the saturated hydraulic conductivity of the underlying Tiva Canyon
menber, it {s assumed that the rate of vertical {nfiltration into the Tiva.
Canyon member i{s equal to the vertical infiltration rate of vater lea;.;ir:g
the alluvium. When the hydraulic conductivity of the Tiva Canyon is less
than the hydraulic conductivity of the alluvium, the vertical infiltration
{nto the Tiva Canyon {s controlled by the saturated, hydraulic conductivity
of the Tiva Canyon Member. (Ifx both instances the gradient of flow verti-
cally downward {n the alluvium and the Tiva Canyon member {s conservatively
assumed equal to omne.) | .

The flow through the MPZ and the shaft f111 {s assumed to be dependent
on the saturated, hydraulic conductivity of the Tiva Canyon member. There-
fore, the MPZ model flow rate {s constant for & single value of Tiva Canyon
hydrauliec conductivity.

"The alluvial flow was desctﬂ:ed in Section 3.2.1 as being parallel or

near-parallel to the bedrock<alluvium 1ntvet,fl.ce'._ The alluvial flow rate as
~ computed in this report is dependent on the hydraulic.conductivity of the

175




b
[ =]
o

2

10?

MAXIMUM, YEARLY FLOW INTO ES-1 (m¥/PMF)

YO

SCHC + 10Temss

'-.’
” : ‘Q

| SOLID LINES ATPRESENT 20 TIMES RMNC
102 = DASMED LINES REPRESENT 80 TIMES RMNC : -1

TCHC ¢ TIVA CANYON HYDRAULIC CONDUCTIVITY

RMMC s UNDISTURBED, ROCK MASS HYDRAULIC CONDUCTIVITY

0 1 : | 1 | N ] |
108 104 103 102 10+t 100 1ot 102
HYDRAULIC CONDUCTIVITY OF ALLUVIUM (cm/s)
Figure B-1. Estimated Volumes of Vater Entetlng ES-1 (P¥F, Shaft Fil.

176

Conductivity - 10 -2 cn/s, xcavated Shaft Diameter 4.42 n,
Tiva Canyon Hydraulic Conductivity - 10° -2 en/s)




FLOW RATE (m?/s)

Figure 5-2.
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‘Approximation of Flow Rates for Flovs Used in the Model Pre--
sented in Section 3.2 (Saturated, Hydraulic Conductivity of

the Tiva Cmyon Member and the Shaft Fill = 10 -2 en/s)
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alluvium as well as the area of the alluviunm that is fully saturated. The
radial (Dupuit) flow rate towards the shaft is dependent on the hydraulic
conductivity of the alluvium and the height of alluvium sbove the bedrock
alluvium contact that is saturated at any given time. Because the area
through which the alluvial flow occurs and the height of saturated alluvium
above the bedrock-alluvium contact vary with time, & representative ares
for alluvial flow and a representative height of saturated alluvium are
selected to fllustrate how the alluvial flow rate and the radial (Dupuitz)
flow rate vary with the saturated hydraulic conductivicy of the alluvium. °*

In Flguré B-1, the segment of the curve defined as "A" can be ex-
piained as follows. The alluvial and Tiva Canyon flows represent flows
that do not enter the shaft and MPZ. Therefore, in the "A" porfton of
Flgure B-1, the flow into the shaft and MPZ model is the lesser of the two
flows, {.e., the radial (Dupuit) flow and the MPZ model flow (see
Section 3.2.1). The nonshaft and MPZ flow is comprised of the Tiva Canyon
and the alluvial flow. '

The relationship betveen these various flews and the total flood
volume can be described by the following water balance equation:

(substituting the equations presented in Section 3.2.1)

anF - V‘ + vtc + v. ’ (B-1)
vhere VPWF = cumulative flow for the PMF,
v‘ = cumulative flow down the ghafte,
Vee = cumulative infiltration in the Tiva Canyon formation. and
Va = cumnulative alluvial flow.

1f the shaft flov is assumed to be governed by the radial Dupuit flow then:

2
1.9 (H-H) . - .
__éll 0 ce . -4 .n .
R t+K _A :.4'15‘11 i A‘n .t . (B-2)
r . .

\Y -
PMF In te te
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e ™ Tiva Canyon'hydrauiic.éonductivlty.
K1 alluvial hydraulic conductlvlty.

t = time, :
alluvial gradient,

R = outer radfus,’

r « inner radius,
LR alluvial ares, and

Ao Tiva Canyon area.

'

«here

-
]

Therefore, {f it is assumed that the Tiva Canyon has a saturated hvdraultc
' coﬁduc.tvity value of 10° -2 em/s, and the range of alluvial hydraulic con-
ductivity is from 10° *5 to 10'2 cm/s for (segment A) of Figure B-1, then the
Tiva Canyon flow will be contrclled by the rate of flow ver:lcally :hreugh
the alluvium, Equa:lon B-3 can then be written as (10° 5 K,q1 € < 10° )

) ¢4 (# - H )2
v - .
B vk

PMF - t+kppia,® (8-3)

a1l fee
4

Assuming constant geometry, Equatienm B-3 can be stmplified fuzther o
several constant values: :

vhere C1 - VPKF'

. x (H-H )

C
2 - (B
In (r)
63 - Atc' and
Ca - 1 6‘11.

Because all £16ws are occurring over the same time perioed, Ehls-equa:lon

can be further simplified as: ' \
€y = Kayy B (Cg ¢ Co) L e
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vhere C5 -‘C3 + C, and‘IO'S < Kall 10'2

The term Cz t K,yy represents :haft_plué nPZ flow and the term xall't
Cs represents nonshaft flow. In the equation, there are only two vari-
sbles, "K,.¢" and "t." For this relation to be correct, * 411" @nd "t® are
{nversely proporticnal to each other. Further, for any 'Kall. and "t"
combination, the flow into the shaft and MPZ end the nonshaft flow will
&lso be constant. Therefore, the maximum, yearly flows intec ES-1 between
hydraulic conductivity values of 10°3 en/s to 10'2 em/s for the alluviun
(Figure B-1) {s constant. The reason for the lover flow in the range of
10'5 to 2 x 10° -3 ce/s in Figure B-1 is the fact that wvhen the alluvium has
2 lovw saturated hydraulic conductivity the time té drain the water from the
modelled area is greater than one year. The values plotted on Figure B-1
are yearly inflows.

As the saturated hj4ruu11c conductivity becozes greater than 10'2 em/s
the flow rate into the Tiva Canyon can be no greater than the product of
the hydraulfc conductivity of the Tiva Canyen Member (K o) ot (K,q4),
vhichever is lower and the cross-sectional ares (Atc). The term in Equa-
tion B-4 "CyK q, t" that describes the Tiva Canyon flow rate'np longer
applies. The Tiva Canyon flow rate {s constant and equal to 'C3K " As

the hydraulic conductivity of the alluvium increases between 10° 2 cm/s to
about 2 x 10° 1 cm/s on Figure B-1 (Segment B),’ the Dupuit and alluvial
flows will increase but the Tiva Canyon flow remains constant. Therefore.
the combined nonshaft plus MPZ flow {s constent during & greater and

" grester proportion as compared to the flow entering the shaft and MPZ.

This explains the constantly increasing slope over segment B.

Once the peak "C" is reached on Figure B-1, there is a new factor to
consider. The Dupuit flow w{ll no longer doninate the flow into the shafc
and MPZ. Rather, the flowv rate described by the MPZ model centrols flow.
This flow rate is constant from 2 x 10'1 cem/s to 100 cm/s es indicated in
Figure B-2., However because the nonshaft plus MPZ flow s increasing (due
to the 1ncreasing alluvial flow) and subsequently the flow nonshaft plus
MPZ flow is also increasing, the propor:ion of total flow going into the
shafc and MPZ flow is proporticnally decressing. This phenomena describes
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the decreasing flov into the shaft and MPZ, or Segment D of'Figu:e B-1. Aan
additional consideration that centributes to the decreasing flow in Seg-
ment D is the fact that the time to drain the PNF volume’ becomes less and
less as the alluvial hydraulic conductivity becomes greater and hence the
alluvial flow becomes greater. This effect is very noticeadble when the

alluvial flow becomes greater than the Tiva Canyon flow, i.e., at about 7

x 10"} en/s (alluvial conductivity).
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This appendlx prov(des detatled assumptions used in the convec.ive alr
A transporet analysls. The assumpttons are used to develop a formula fer cthe
et convec:ivé flux rate which may be ;compared with flux rate relaticnships for
' convective transport through a porous nmedia. " A. discussion of the develop-,
ment of thermal {nstability and convective air transpert i{s also presented.

In developing the model the following assumptions are made:

1. ’ W Y
The resistance to air flow through bpen or backfilledidrtfzé may
be characterized as either laminar or turbulent. In turbulen:
flov, resistance is nonlinearly related to potential. In laminar
flow, resistance is linearly related to potentiszl, and flow may be
calculated using Darcy’'s lawv.

The results of the analyses were used. to check the validizy of
Darcy's law by calculating the Reynolds number from the air
velocity or kpectftc discharge, air kinematic viscosity, and "
characteristic dimension. For laminar flow through backfill, the
characteristic dimension is the mean grein diameter, and Darcy’'s
lav {s valid as long as the Reynolds number does not exceed a
value betveen 1 and 10 (Freeze and Cherry, 1979, p. 73). The

. calculated Reynolds number wvas vithin the specified limits and the

- . assugption of head loss varying linearly with flow rate was found

: to be justified. ’ ST '

2. 2 m ace ‘ock
~ Convective air flow through a heated repository will {nvolve a
compley coupllng of heat transfer from the rock to the air, which_
will tend to drive air flow, and coollng of- the rock by passage of - -
the air, which will tend to reduce the &rivlng mechanism. In the
modeling vhich follows, the effects of cooling of the rock are
fgnored. The air {s assumed to be at the same temperature as the
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adjacent'réck at all points i{n the repository, including the
shafts. '

Intuitively, this simplified approach is most val{d for the case
of a backfilled repository {n which air flovs relatively slowly
and temperatures are able to equilibrate. The faster the air
flow, the greater the volume of air moving through the‘repositbry.
&nd it is more likely that the rock will be cooled to the extent
that convection slows down. A converse effect to rapid air flow
could occur {f the air flow is not sufficient to cool the rock in
the repository significantly. Flow threugh the repository would
be greater than that calculated using cur simplified approach if
air in the exit shafts (or rock) i{s not ccoled by heat transfer to
the rock. 1In this case, there {s a potential for the repesitory
to act as a heat engine. The driving pressure could then be about
three times higher than that calculated with the assumption of
equilibrated temperatures. This higher driving pressure occurs,
however, because air is expelled at the ground surface at the same
temperature as the temperature of the repository rooms, a condi-
tion vhich is intuitively over-conservative. '
Alr flow is incompressible and the air is dry

Since convective transport evelves from air Suoylncy effects
dependent on temperatures, thermal properties such as air densicy
and air viscosity will change through the circuit. In reality,
flow i{s compressible with the actual resistance to mass flow rate
dependent on density and viscesity. In the analyses presented {n
this repdrt. air compressibility effects on fluid flow are ignored
for reasens of simplification. This assumption {s considered to
be reasonzble given that the pressures involved are small (i.e..
<0.1 psi). According to Hartman (1982, p. 160), compressibilicy
effects way be ignored for mine static head pressure drops of less
than 5 kPa (0.72 psi) or where differences in elevation are less
than 430 m. ’




Convective transport éan. in general, nv' lve both the transpor:
of air and wvater vepor. The deveiopment of high temperitures a:
the repository horizon will result in drying of the host rock and
subsequently lowering the moisture content of the rock. It is
_ thus assumed that the air may be dry at the time at vhich peak
temperatures are reached. This assucption {s censervative because:
the effect of adding moisture to the convective flow will be to
{ncrease the wvork required to 1lift the air to the surface and to

thus reduce flov rates. *

. alr circulation occurs slong specified paths

The model assumes that a particulsar path for air circulation
(Mechanism A or B, Figure 3-19) {s established and that flow is
one-dimensional through either shaft or ramp backfill, open
drifts, or through dazaged or undamaged tuff. The model ignores
the developrent of secondary circulation currents that might
develop in the host rock above or below the repositery away from
the waste.contatnqrs; :

The issumptipns presented above may be used to derive an expression for
flux rate due to convective circulatien.

The draf~ pressure may be calculated by the density method for the circuic
(Hartman, 1962): '

ep =1y - L ‘ IRV

vhere v, = mean air density of an inlet shaft, pcf,
7o = mean air density of an outlet shaft, pcf, and
L = height of cthe shafe, f=.

If it-ls assumed that the mean temperatu:es Tt and T correspond to the
densities 7y and Yo respectively, then the following relationshlp may be
used to express volumettlc thermal expansion effects (Beat 1976 p €55):

Ty =T, (1 AT - T | (c-2)
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vhere £ = coefficient of volumetric thermal expansion, 'C'l.
' T, = mean temperature at density v,, ‘C, and
T, = mean tezperature at density 7., *C.

Substituting Equation (C-2) into Equation (C-1), the draft pressure dif-
ferential is '

p =B (T, -T) Ly, . (c-3,

Expressing the above reaction as a potential difference, the following
expression is obtained: o

e . ' ' .
sh ™. B (T, - T L (C-4)

Substitution of the change in potential (head loss) intec Darcy’'s Law is
used to calculate the flux rate. If it is assumed that the resistance to
flow occurs in backfilled shafts with the underground repository drifcs
open, then: ' '

. K (T, - T,)B .
. ‘L, éh_ e o {°7 . o3
V - 'Ke 21— 2 (c -’) .

where K; equals the air conductivity and V.equals the Darcy flux rate.

The actual velccities through the backfilled shafts are (Freeze and
Cherry, 1979, p. 71):

-!’.g (T °Ti)ﬂ

)
n 7 : (C-6) |

-!-
vl n

vhere V, = actual velocity end
n = porosicy.

The air conductivity, K;. may be expressed as (Freeze and Cherry, 1979,
p. 27): : ’
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where k = intrinsic permeability,
o= nas{ density,
g = acceleration constant, and

It

Substituting Equafion (C-8) into Equation (C-7), the followxng relationship

is qbtained:

v

absolute viscosity.

s pg k 8 ('1'° .

T

ans

(c-%)

(C-6)
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APPENDIX D

- u ’ >

This appendix presents estimated construction costs and schedule for
the corplete removal of the liner from the ES and the construction of &
single anchor te bedrock plug/seal. The estimated schedule, with & dura-
tion of 44 weeks, i{s presented in Figure D-1. The 1iner is assumed to be
broken by a nonexplosive expansive demolition agent. As discussed in
Section 4.3, it is estimated that the use of hydraulic splitters or drill-
ing and blasting would require a similar amount of time, vhile the use of
hand-held pneumatic splitters would require more time. The estimatecd
overall site costs are presented in Table D-1 and assume no existing shaf:
services at the time of liner removal. It {s estimated that $3.5 million
ifs required for ell sctivities, with approximately 60t of _'tfxﬁse costs
incurred for liner removal and backfilling. The estimated costs for pre-
grouting and plug construction are §134,000 and §380,000, respectively.
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ACTIVITIES

TIME (WEEKS)
- {0 5 10 15 20 25 0 3

40

45

OFFSITE
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REMOVE SERVICES
ABOVE PLUG
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. FROM SHAFT

CLEAR SITE

Fipure D-1.

Fatimated Schedule for Liner Removal and Seal Installation
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Tebla D-1. Overall Site Cost Estimate

Renove Clear
Shaft Pregrout Lining and Construct Shaft Shaft Clear Follow-up
Offaftele) Onsite!™ Services Plup Backfi1l Plug Services Top Site - Reports Total
VEERS A0 8.0 1.0 1.5 22.% 3.3 0.5 - 1.0 2.% 6.0

LABOR : 56,800 22),600 $2,500 78,200 1,437,000 241,800 164,600 29,100 82,800 46,200 2,263,200 ’
FQUIPNENT . '

Commonte? - 1,000 177,200 48,600 13,600 $7,000 30,500 5,100 7,900 16,200 357,100

Crouting 23,400 10,700 34,100

Drilling 1,900 8,700 4,400 15,000

Mucking ) 6,500 3,500 ’ 10,000

Subtotal 1,000 177,200 48,600 38,900 72,200 49,100 5,100 7,900 16,200 616,200
MATERIALS : BT
Concrete ' ° 10,600 32,500 43,100 4
Crouting ., : 2,200 300 ‘ 2,500 .
Subtotal 10,600 2,200 32,800 45,600

CONSUMABLES :

Common(®) 7,600 26,200 6,600 9,900 182,900 30,400 1,800 3,600 9,000 6,000 283,800

Crouting :

Drilling . 900 87,200 4,900 93,000

Mucking . v : 8,400 AOO ' ) 8,800

Subtotal . 7,400 26,200 6,600 10,800 278,500 35,700 1,800 3,600 9.000 6,000 385,600

—t

(a)0ffaite costs include necessary ud-lnlstratlve costs for procurement and the mubilization costs assoclated with loading
of equipment onto trucks.

(h)Onsite costs include placement of trallers, establishment of a power supply, and erection of the shaft head frane,

(c)Comnon costs for equipment Include a traller at the site, vehicles used by fleld petsom\cl and large equipment such as
front end loader.

(4)Common costs for consumables Ineludo such {tems a2 ptotoctlvo clothing, general oll and greases, dlesel fuel, plpe
tittings, safety equipnent necessary for consttuction activities, and tools.
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Table D-1, Overall Site Qost Estimate (Continued)

Remove ’ Clear
. Shafc Pregrout Lining and Construct Shaft Shaft Clear Follow-up
) Offsitet®) Onalte™ Services Plug Backflll Plug Services Top Site weports Total
VEERS 4,0 8.0 1.0 1.5 22.5 3.5 0.3 1.0 2.% N
Diesel 3,200 400 600 8,400 1,600 200 400 1,000 15,600
Electrical ' v ,
Bristar 306,000 12,000 318,000
Explosives :
Hydraullec Breaker
Subtetal . 3,200 400 600 314,400 13,400 200 400 1,000 333,600
OTHER v '
Office 1,700 6,100 1,500 2,300 14,100 - 7,100 400 - 800 2,100 1,400 37,400
Freight 35,000 2%,000 - 60,000
Subtotal 1,700 41,100 . 1,500 2,300 14,100 7.100 400 800 27,100 1,400 97,900
. TOTAL: 66,900 481,900 109,600 133,600 2,116,200 379,900 22,100 41,800 136,100 3,%1,700

‘(a)0ffsite costs include necessary adainistrativa costs for procuresent and the mobilization costs associated with loading

of equipnent onto trucks.

(b)Onsite costs include placeaent of trallers, establishaent of a pover supply, and erection of the shalt dead frane.
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APPENDIX E
ic fE h _Exploratory Shafcs

In Chapter 5 changes in the sorptivity of the Calico Hills unit due to

elevated ground water temperature vere addressed. The prevalent zeolites

in the Calico Hills uniz are known to be stable at temperatures of less
than 95°C. HKence, the purpose of this appendix {s to show that the ex-
pected temperature of the vater entering the Calico Hills unit through the
explorazory shaft is less than 95°C. '

To predict the temperaturerot vater passing through the ES and its MP2
we assume that water flow {s modeled by the flow of water vertically down- -
ward through & cylinder v+ e surface temperature varies to model the maxi-
rur global temperature fle.d as calculated by Blanford [A. R. Morales,
1985!, Consistent with the bounding nature of these calculations, no local
cooling of the cylinder surface (as modeling the formation) is considered
so that maximum effluent temperatures are cbtained. As vater passes
ihrqugh this cylinder, we model the temperature changes caused by the
radial conduction of heat to the downward moving yater.' For a linear
change in formation temperature with depth, 2n analytical solutién to the |

thermal field {s obtained.

‘Two separate vater flow scenarios have been considered. These are the
anticipated yearly influx of 44.2 ns/year and the PMF scenarioc of
20,000 nzlyear at the top of the shaft. Because the 500-year flood is less
severe than the PMF and the PMF results in very small temperature in-
creases, the 500.year flood is not censidered here. For these calcula-
tions, we sssume that the :6ck.qas: temperature near the ES and hence the

‘eylinder surface temperature increases in 2 linear fashion from 13°C

(average ground-vater temperature) to 71°C (average formation temperature
&% the repository horizon). Below the repository, we assume that the
temperature decreases linearly to 52°C at the top margin of the Calico
Hills unit. This model is illustrated in Figure E-1. As seen in Figure
E-1, the linear approximation to the profile of maximums {s alvays greater
than the maximum tempe:atdre_so thatithe,wqdel dssumptions arvre AQain
conservative. ‘
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The therzal response of water flowing through the ES is described by
the conservation-of-energy equation, vhich takes the form -
., 1 (a1 | ' (e
Y2ez°° T or (‘er ~ (E-1)
vhere @ = the thermal 4(£fuslvlty of the combination of vater and rock
_ within the ES and the HPZ, ‘ |
U, = the average flov velocity,
T « the temperature,

r = the radlal distance from the shaft centerline, and
Z = vertical distance downward as showvn in Figure E-1.

This equation {s solved {n two reglons, I and II, where region 1 s
the zone above the repository and regien 11 is the zone below the reposi-
tory. The boundary conditions for region I are

2, =0 T, =T, .
‘ Lt o

and for region 11 are

2,y = 2 T,, = T, for all r :
11 R 11 R (Z.. - E )

R S S T S T ¢ S - U A Y (E-3)
. . TI + T
These equatiocns may be nondimensionalized, where OI “T T .
, R -]
'?I - rlﬁo. ZI - ZIZR and Kx - %; EFE in region I to give
: (.
g, K, . 88
-_1- - -; -QT rI —01 v (E-4)
azl' Ty a:l iy
Zi =0 T 91 -0
ri -1 _ex - Zi
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Teqg = To -

In region 11, ve similarly nondimensionalize, vhere €,, = _II_:__B .
: 117 Tg - T,
- (Zagy ¢ Z5)
' .3 ) e oo et &) :
107 TraRer Znp T iy Gew t )RRy g, T o7 v tOEve
. R,
[} ’ ’ (rII '.) 1) ( )
€2y; Tpp frp érqy
;=0 611 = 0
=t 611 =2

Equazions E-4 and E-5 are fdenticel except that the nondimensional dif-
fusivities are slightly different. Equations E-4 and E-5 are solved
enalyvtically in (Carslaw and Jaeger, 1959, p. 201), and involve a series of
Bessel functions that converge very rapidly to their solution.

The solution is

2 2)5 (e |
o- (- up) 2 e 2)satre (E-6)
4K K ) 3 : ’
=l ‘ e, Jy(e,)

vhere e, are the nonzero roots of Jo(°) - 0.

To solve this equation for the average fluid temperature entering the
Calico Hills, ve should apply Equation E-6 {n both tegions I and 11. The
solution obtained in region I would then be used as a starting temperature
for retion 11. However, since our problem is to estimate the maximut fluicd
temperature entering the Calico Hills, & convenient simplification is to
assume that the fluid temperature exiting regién I and entering region 11
is i{n therrmal equilibrium with the formation at the repository horizen. 1If
lover temperature water were to enter region 11, then the water temperature
exiting region 11 would be correspondingly reduced. Hence, we now consider
the solution in region 11 with the assumption that TR is the rock
temperature computgd‘by Blanforq. Hence.-TR is taken to be 71°C and TCH is
82°C. N ) : )

196 -




The solution to Equation E-6 for region II {s & function of.r’, 2°,
and K. At the entrance to the Calico Hills, where 2' is 1, ve are inter-
ested {n the average fluid temperature, vhich is

f: 8(r') 2rr'dr’
AvG ~ 1
Jo

e -2 flotrrrer L (E-7)

2nr’'dr’

The varfation in dimensionless fluid temperature with radius s shovn in

Figure E-2 for K varying between 0.5 and 10.

The fluid temperature profile more closely epproaches the formaticen
temperature as the dimensionless thermal diffusivity increases
(Figure E-3). Hence, the average fluid temperature at the upper mafgin of
the Calico Hills may be represented solely as a function of K (Figure E-J).

In this figure, the average dimensionless fluid tempércture increases
as the dipensionless thermal diffusivity increases and the average dimen-
sionless fluid temperature is greater than 0.9 for values of K exceeding 1.
When €,,,. is equal to 0.9, the actual fluid temperature is 53.9°C.

In the estimation of the dimensionless thermal diffusivity,

(E-8)

& range of values are considered for ¢ and U,, vhile R, and Zey = I are
defined by the design of the ES. The values of these parameters for two
extreme conditions are presented i{n Table E-1.

For both of these cases, the shaft radius is assumed to encompass the
MPZ. By selecting this larger radius, the value of K assumes a
conservatively smaller value. In addition, the permeability of the MPZ is
assumed to be 60 times the conductivity of the Tiva Canyon. The fluid
velocity for the expected flew condition corresponds to 44.2 mzlyear. vhile
the maximun fluid velocity is taken to be equivalent -to the worst-case
hydraulic conductivity assumed for the MPZ. The thermal qiffusiyity {s

-
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Table E-1. Values of Parameters Used to Estimate the Dimensionless Thermal
Diffusivity and Resultant Average Dimensionless Temperatures

Case Zoy - Zp(m) R (r) U,(en/s) c(cmzlsi K gAvc

Expected 116.7(383 ft) &4.42(14.5 ft) 2.4 % 10.6 .0078 192 1.00
flow .

Probable 116.7(383 ftr) 4.42(14.5 f£) 6 x 10"} 10 3 .56
maximum : _ : .
flooding

computed by one of two possible methods. When the fluid velocity is very
lov, as in the expected flow case, a volumetric average of the thermal
~ediffusivity of the rock and of the intergranular water is computed. At
large fluid velocities, the thermal diffusivity is determined by convection
processes and is computed by -

2V, d :
a = =R [Levenspiel, 1972, p. 262) : (E-9)

vhere dp {s the effective distance between fractures, and other terms are
as defined previously. We assume 16 fractures/meter to give the smallest
possible dp within the MPFZ.

As may oe seen in Table E-1, the value of K even in the highest flow
case of the PMF is large enough so that the avarage dimensionless tempera-
ture is 0.96. 1In actual temperature units, the maximum fluid temperature
{s expected to be 52.8°C, vhile the more normal expected flow condition
results in & fluid temperature of 52.01°C. .

200



APPENDIX F

Comparison of Dats Used-in This Report ¥ich the .
Reference Informacion Base (RIBY*

The following notes are used throughout this appendix:

(Al section found in RIB applicable to these parameters.
(B)gection identified in the RIS, but values not found.

*The April 1986 version of the RIB was used for comparison purposes because
all analyses vere completed or initiated before the issuance of the May 1,

1987 version 02.001.
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Appendin F-1. Conparison of Data Used In This Repnrt Vith the Reference Information Rase (R1IB)

PARAMETER PACE = REPORT VALUE RID VALUE R1B SECTION EXPLANATION
MEN AND MATERIALS SHAFT Sump 23 2 n NONE - 2.2.7 8)
FMPLACEMENT EXMAUST SHAFT StMP 2% In NONE 2.2.7 (§.))
EXPLORATORY SHAFT SUMP 25 140 m NONE 2.2.7 ()
LOCATIONS OF ES-1 AND £S-2 29 FICURE 2.2 NONE 2.2.7 T
EXCAVATED DIAMETERS OF ES-1 29 L.3mAND A3 m 16 fC AND B fe  2.2.6 EXCAVATED DIAMETER FOR
AND ES-2 - : ES.2 CHANCED FROM 8 ft
: TO 14 fe TO REFLECT
RECENT PROJECT.
. ' GUIDANCE.
FINISHED DIANETERS OF ES-1 29 3.7RAND 3.7 m 3.7 m AND 2.2.6 FINISHED DIAMETER OF
AND ES-2 1.8 £S-2 RECENTLY CHANGED
. FROM 1 83 m 10 3.7 m
THICKNESS OF FS-1 AND ES-2 LINERS 29 0.3mAND O.3m 1 fcAND L fr 2.2.6
FRACTURE SPACING IN NOWVELDED TUFF 34 N0 cn to 200 en  NONE 1.3.2.4.2.) »)
MINIMUM FRACTURE SPACING IN ”" 6 cm NONE 1.3.2.6.2.3 )
DENSELY, WELDED TUFF : .
ALAST-DAMACE ZONE EXTENT INTO » 0.5n 10 1.0 NONE 2.9 (»)
ROCK FROM EDGE OF SMAFT .
EXPECTED ENMANCEMENT OF 40 20 TIMES THE NONE 2.3 3)
PERMEABILITY OF ROCK MASS PERMEABILITY OF :
AROUND SMAFT UMD ISTURBED

ROCK MASS.

U)l)m) SECTION FOUND IN RIB APPLICAANLE TO THESE PARAMETERS.
(R)SECTION. IDENTIFIED IN THE RIN, AUT VALUES NOT FOUND,
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Appendix F-1. Conparison of Data Used in This Report With the Reference Infarmatlon Rase (R1B) (Cont 1nurd)

CALICO HILLS

10°? en/s

'

(OR 3.5 x 10* ‘an/yr)
[CALICO HILLS)

PARAMETER PACE #  REPORT VALUE RIN VALUE RIB SECTION EXPLANATION

UPPLR BOUND ENMANCEMENT OF " 40 40 TO 80 TINES  NONE 2.3 M

PERMEABILITY OF ROCK MASS THE PERMFABILITY

AROUND SMAFT OF UNDISTURBED

- ROCK: MASS.,
SATURATED, MYDRAULIC CONDUCTIVITY 43 10-2 cn/s NONE 2.) (1)
" OF SMAFT FILL .

PROBABLE MAXINUM FLOOD (PMF) a1 159,000 m? NONE, 1.17.1 (8)

CLEAR VATER VOLUME
EXCAVATED DIANETER ASSUMED 1N st 4.4 527 o 2.2.6 " SLICHT OVERBREAX

NPZ MODEL ASSUMED 1M MPZ MODEL.
RANGE OF THE SATURATED, UYDRAULIC 51 10°3 T0 102 cn/s  NONE .. N

CONDUCTIVITY FOR ALLUVIUM
RANCE OF THE SATURATED, HYDRAULIC Sl 109 70 102 ca/s  3.65 x 109 1.1.6.3 SINCLE VALUE CIVEN 1IN

CONDUCTIVITY OF THE BULX m/ye OR THE R1B

ROCK - TIVA CANYON NEMBER 1.2 x 10°Y ¢co/s
AVERAGE CRADE OF TME WATERCOURSE 51 0.16 NONE, .- )

IN COYOYE VASH : ¥
POROSITY OF ALLUVIUM 5 0.30 NONE . )
BUIX, SATURATED NYDRAULIC 65 1.2x 102 enfs 1.2 x 109 eafs  1.1.6.)

CONDUCTIVITY OF TOPOPAN (OR 3.65 x 10% =n/yr)

SPRING MENBER AND ‘ {TOPOPAH SPRING] .

TUFFACEOUS BEDS OF . (33 2.0 x 100 AND 2.4 % 10 ca/s  1.1.6.)

(AIND SECTION FOUND 1IN RIB APPLICABLE TO THESE PARAMETERS,
(B)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND,
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Appendiz P.1. Comparison of Data Used in This Report With the Reference Information Base (RIB) (Contlnued)

EMPLACEMENT)

(19-fc DIAMETER) 2.2.8

PARAMETER PAGE »  REPURT VALUE RIB VALUE R1B SECTiON FXPLANATION
MANNING'S ROUGHNESS COEFFICIENT ” 0.060 NONE .- (n)
PEAK TEMPERATURE AT THE 85 115°C 115°c 3.1.1.2 |
REPOSITORY HORIZON |
TENPERATURE AT THE INLET SHAFTS L 13°¢ 54.9°F 1.1 |
. ~(OR 13°C) |
TOTAL CROSS-SECTIONAL ROOF AREA 86 983,700 w2 NONE .- ()
OF REPOSITORY (VASTE ROONS, (VERTICAL
' SUBMAINS, AND MAINS) ENPLACENENT)
486,000 w?
(MOR1ZONTAL
ENPLACEMENT)
TOTAL THICKNESS OF VELDED UNITS 86 260 w NONE 1.3.1.1.1 ()
ABOVE THE REPOSITORY VALUES OBTAINED FROM
o CALMA SYSTEM
TOTAL ‘THICKNESS OF NONUELDED UNITS 86 40 w NONE 1.3.1.1.1 ) |
ABOVE THE, REPOSITORY VALUES OBTAINED FROM .
| | CALMA SYSTEN |
. ASSUMED AIR CONDUCTIVITY OF 86 I x 107 to NONE - )
NUNVELDED PAINTBRUSH TUFF UNIT 3 x 10 n/aln.
ASSUMED AIR CONDUCTIVITY OF 88 3 x 107 to NONE - ()
TOPOPAH SPRING AND TIVA CANYON 3 x 10 o/atn.
MEMBERS
INTERNAL AREA OF RAMP/SIAFTS
- VASTE RAMP (MORIZONTAL Y 20,3 o2 28.3 2.2,1.7 anp CALCULATED FROM DATA

(AYNO SECTION FOUND 18 RIM APPLICABLE TO TIESE PARAMETERS.
(B)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FUUND.
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Appendiz P-1. Coaparison of Data Used In This Report With the Reference Inforsation Base (R1B) (Cont inued)

PARAMETER

PACE »

REPORT VALUE RIB VALUE RIS SECTION EXPLANATION
. TUFF RAMP (MORIZONTAL 87 30.1 a? 0.1 2 2.2.1.7 anD CALCULATED FROM DATA
EMPLACEMENT) (20-ft DIAMETER) 2.2.8 1N RIB
‘+ UASTE RANP (HORIZONTAL 8?7 34,2 m? 6.2 w2 2.2.2.7 AND CALCULATED FROM DATA
EMPLACEMENT (22-fc DIAMETER) 2.2.8 1N RID
- TUFF RANP (VERTICAL 87 42.8 w2 42.8 @3 2.2.2.7 AvD CALCULATED FROM DATA
ENPLACENENT (26-ft DIAMETER) 2.2.8 CIN RID
« MEN-AND.MATERIALS SHAFT 8? ©29.2 W 29.2 o 2.2.8 CALCULATED FROM DATA
(20-ft DIAMETER) 1N RIB :
« EMPLACEMENT EXHAUST SHAFT a7 29.2 (20-ft.DIAMETER), 2.2.8 CALCULATED FROM DATA
IN RiB
- ES<1 87 10,3 »? (12-€t DIAMETER) 2.2.8 CALCULATED FROM DATA
IN RIB
. £5-2 87 10.5 »? (6-ft DIAMETER) 2.2.8 CALCULATED FRUM DATA
o . : . IN Rlb
LENGTH OF RAMP/SIAFTS TO |
REPOSTTORY HOR1ZON ,
« UASTE RAMP 87 2012 & 6603 f¢ 2.2.8 .
. (OR 2012 =) :
- TUFP RANP 87 1510 & 4627 fe - 2.2.8
: (OR 1410 m)
. HEN-AND-PATERIALS SHAFT 87 N6 1030 fe 2.2.8 ..
) (OR 314 m)

(AYNO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(8)SECTION IDENTIFIED IN THE RIB, BUT VALUES ROT FOUND,
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Appendix F-1. Coaparison of Data Used in Thias Report VWith the Referenca Inforsstion Base (RIB) (Countinued)

Y .

PARANETER PACE » REPORT VALUE RIS VALDE RIB SECTION EXPLANATION
- EMPLACEMENT EXNAUST SHAFT 87 N4 m 1030 ft 2.2.8 .-
(OR 314 m)
.- ES-1 87 Ma 1020 ¢ 2.2.8 .
(OR 11 =)
. ES-2 87 Ml = 1020 f¢ 2.2.8 e
(OR I11 m)
HYDRAULIC CONDUCTIVITY OF a8 10°* 70 100 cn/s NONE . (A)
SHAFT FILL
THUNDERSTORM 102
- ANPLITUDE 20 mbar 18.96 wbar 1.11.4 VALUE INFERRED FROM
(MAXIMUM VALUE) DATA PRESENTED IN RIS
- PERIOD 3 days NONE (A)
TORNADO 102
- AMPLITUDE 135 sbar NONE . (A)
.. PERIOD 1 ninute NONE e (A)
SEASONAL FLUCTUATION 102
- AMPLITUDE 3 mher 3 abar 1.11.4 .e
- PERIOD 365 days 365 days 1.11.4 .e
POROSITY OF SWAFT FILL 106 . 30w NONE 2.3 (s) .
UNSATURATED; ROCK POROSITY IN MPZ 104 0.042 NONE 1.1.3.1 AND )
1.3.1.2 VALUE OBTAINED AS-

SUMING AMBIENT SATURA.

- TION OF 0,65 AND

MATRIX POROSITY OF
12 6 ’

(A)NO SECTION FOUND IN RIS APPLICABLE TO THESE PARAMETERS.
(B)SECTION IDENTIFIED IN THE R1B, BUT VALUES NOT FOUND.




Appendin PF-l. Comparison of Data Used in This Report VWith the Reference Information Base (RIB) (Cont inund)

ry

PARAMETER PACE » REPORT VALLE R1B wu;m: RIB SECTION EXPLANATION
MAXINUM PARTICLE SIZE FOR 1172 100 microns NONE . (A)
ONDINARY CEMENTS ‘ '
PARTICLE SIZE FOR ULTRAFINE CEMENT 117 10 microns NONE .- (A)
HYDRAULIC CONDUCTIVITY OF ORDINARY 121 10® . 10°S em/s  NONE 2.3 ®
PORTLAND CONCRETE :
HYDRAULIC CONDUCTIVITY OF 1 1.6 x 101 NONE 2.3 o .
CROUT, MORTAR, AND CONCRETE - 9.5 x 10°° cn/s
DETERMINED BY NNUST SEALING
PROGRAM
CEMENT COMPOSITION - ALKALL 124 0.05 - 0.15 % NONE 2.) (8)
CONTENT OF ORDINARY PURTLAND
CENENT :
CENENT COMPOSITION - pHt OF 124 13.98 NONE 2.3 LY
ORDINARY PORTLAND CEMENT
PORE FLUID
£S CONCRETE LINER THICKNESS 123 30,5 cm 0.5 cm 2.2.5.2 .
J-13 UATER COMPOSITION 126 TABLE &-1 NONE 1.2.3.2 (8)
SHAFT LINER SURFACE AREA 127 4.17 x 10" ca?  COMPUTED VALUE  2.2.5.2 .
. CONSISTENT UITH
. RIB
CONCRETE LINER VOID FRACTION 127 0.28 NONE . "

(A)NO SECTION FOUND IN RIS APPLICABLE TO THESE PARAMETERS .,
(B)SECTION ‘IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND.
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_ Appendix P-1. Cosparison of Data Used In This Repnrt Vith the Reference Information Base (RIR) (Contlinued)

PARARETER PACE » REPORT VALLE RIB VAILVE RIB SECTION EXPLANATION
FRACTURE APERTURE IN MODIFIED 1) S0 microns NONE 1.3.2.4.2.) (4.})
PERMEABILITY ZONE
POROSITY OF TSw2 MATRIX 138 1 1062 1.1.8.1 .
FRACTURE POROSITY IN MODIFIED 14 0.0001 - 0.001  NONE 1.3.2.4.2 (8)
PERNEABILITY 20ME :
THICKNESS OF CALICO HILLS UMIT 152 100 » 100 » 1.3.1.1.2 IN CALMA SYSTEM
(ZEOLITIC) AT ES-1
PENETRATION OF ES-1 INTO CALICO 152 15= NONE D . (N
ML .
FRACTURE APERTURE . 164 71 mlcrons and  NONE 1.3.4.2 ° »)
' 2% micronse :
CONTACT ANCLE BETVEEN VATER 164 o NONE . (\)
IN FRACTURES AND TUFF -
DIFFUSION COEFFICIENT FOR 165 10°9 cat/s NONE .. : ‘ )
SOLID-SOLID DIFFUSION 166 and 10" cat/s -
BINARY-CAS DIFFUSION COEFFICIENT
FOR .
o AIR-10DINE SYSTEM : 166 0.081 cal/s NONE - . "
o AIR-CARBON DIOXIDE SYSTEM 166 0.156 tn?/s NONE .. )
KNUDSEN DIFFUSION COEFFICIENT
FOR
o IODINE 186 10.6 cal/s NONE .. P
© CARBON DIOXIDE : 166 25.3 co/s . NONE v : C )

{AINO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS .
L(B)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FUUND.
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) Appendin P-1. Cosparisen of Data Used In Thia Report Uith the Refarence Information Base (R1B) (Continued)

PARANETER PACE #  REPORT VALUE RIB VALUE RIS SECTION EXPLANATION
POROSITY OF DRIFT AND SHAFT FILL 167 0.3 NONE 2.3 ()
TORTUOSITY OF SHAFT FILL 167 3 NONE .- ()

(A)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(B)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FUUND.
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