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ABSTRACT

This paper studies the thermal effects associated with the em-
placement of aged radioactive high-level wastes in a geologic
repository, with emphaéis on the following subjects: the waste
. characteristics, repository structure, and rock properties controlling
the thermally induced effects; the thermal, thermomechanical, and
thermohydrologic impacts, determined mainly on the basis of previous
studies that assume 10-year-old wastes; the thermal criteria used to
determine the repository waste loading densities; and the technical
advantages and disadvantages of surface cooling of the wastes prior to
disposal as a means of mitigating the thermal impacts. The waste
loading densities determined by repository designs for 10-year-old
wastes are extended tq'o]der wastes using the near-field
thermomechanical criteria based on room stability considerations.
Also discussed are the effects of long surface cooling periods
determined on the basis of far-field thermomechanical and
thermohydrologic considerations. The extension of the surface cooling
period from 10 years to longer periods can lower the near-field
thermal impact but have only modest long-term effects for spent fuel.
More significant long-term effects can be achieved by surface cooling

of reprocessed high-level waste.
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1. INTRODUCTION

Thermal loading is a principal consideration in the design and
evaluation of a repository for geologic disposal of nuclear wastes.
The age of the wastes--the length of time between their removal from
the reactor coresvand their final emplacement in a repository--is a
significant factor in determining the waste's heat power at emplacement
and the thermal effects on the waste's surroundings. Although many
studies in the past decade have demonstrated the importance of thermal
effects on all components involved--the waste canisters, the repository
structure, and the surrounding geologic setting--most of the studies
have focused on the effects of 10-year-old wastes. Because no nuclear
waste repositories have yet been constructed, a substantiq] part of
the wastes eventually placed in a given repository would have been
stored on the surface much longer than 10 years. The emplacement of
older wastes may also be preferred if the thermally induced effects
are of major concern. Several European countries (Great Britain, West
Germany, Sweden, Belgium) plan to allow their nuclear wastes to cool
on the surface for longer periods (25, 40, or 100 years) before em-
placing the material in a permanent site. The International Council
of Scientific Unions Committee on the geologic disposal of high-level
waste concluded that "interim storage of radwaste for periods of
100 years is desirable® (Fyfe and others 1984).

To.evaluate the effects of different surface cooling periods and
waste loading densities, it is important to specify the spatial scales

and the time spans of concern. In the immediate vicinity of a waste



canister, it is desirable to maintain the structural integrity of the
waste package and to I%mit the release of radionuclides. In the near-
field, the thermomechanical §tabi11ty of the shafts and underground
openings may be adversely changed if the heat power and the density of
wastes are too high. The stability of the repository structure is the
main concern for the safety of underground operations during the ex-
cavation, emplacement, and rétrieva1 periods. On the regional scale,
the thermal impacts persist for thousands of years. Thermal loading
of the rock formation may induce surface uplift and may change the
hydrologic properties of the rocks. The thermally induced buoyancy
gradient may cause vertical movement of the groundwater and thus ac-
celerate the transport of radionuclides from the repository to the
accessible environment.

The magnitude§ of the thermal, mechanical, and hydrologic impacts
depend on the heat power and waste loading density. The waste loading
density is a key parameter in repository design. Although it is
desirable to localize the wastes and minimize the size of a
repository, it is also necessary to keep the waste loading low to
1imit the thermally induced impacts. The existing thérma] design
criteria are developed mainly on the basis of hany years .of research
on salt and several recent investigations on hard rocks as possible
geologic settings for a repository for 10-year-old wastes.

This study evaluates the thermal guidelines for optimal thermal
loadings, emphasizing the effects.of the surface cooling periods of

the wastes. As part of this effort, a comprehensive review was made
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of the available research literature on thermal effects, thermal
criteria, and material properties of mined geologic repositories and
their environment. Such a review of the sensitivity of the repository
and the geologic setting to various parameters is aimed at elucidating
the significance of these parameters in assessing the repository
performance.

Since most of the early studies in the literature were based on
the effects of 10-year-old wastes, additional calculations on the
effects of different pre-disposal surface cooling times were performed
to supplement the available data in the literature. The results lead
to a clearer understanding of the importance of surface cooling in
evaluating the overall thermal effects of a radioactive waste
repository.

This paper is based on a report prepared fof the U.S. Nuclear
Regulatory Commission (NRC) (Wang and otﬁers 1983), with some
condensation and literature update. In the United States, most of the
recent repository studies have shifted from generic assessments to
site-specific characterizations and experiments. The literature
review in this paper is focused on the generic studies, especially the
research works in support of the U.S. Department of Energy's (DOE)
Environmental Impact Statements (EIS) in the period of the middle
1970's to the early 1980's. The vast amount of new data from on-going
site characterization activities and field experiments will not be

extensively reviewed. Many results from the current site-specific



studies are discussed in a series of 1986 DOE Enviromental Assessment
reports (DOE 1986a,b,c,d,e). More detailed studies will be in DOE
Site Characterization reports to be published in the late 1980's for
the Deaf Smith salt, Hanford basalt, and Yucca Mountain tuff sites.
In addition to site characterization, repbsitory design and
performance assessment are two other important tasks in high-level
waste repository studies. With the delays in repository startups and
the potential use of a Monitored Retrievable Storage facility before
final storage in a geologic repository (DOE 1985, 1986f,qg,h; NRC
1986), the study of the effects of surface cooling on repository
thermal impacts remains an important topic in repository design and
performance assessment.

In the remainder of this section, an overview of the thermally
induced effects is given as an outline of this paper. 'In Section 2,
the temperature rise, thermomechanical stability, and thermohydrologic
perturbations due to the presence of a nuclear waste repository are
reviewed. Most of these discussions are for the case of 10-year-old
wastes, which have received the most attention. In Section 3,
existing thermal criteria for nuclear waste repositories are
summarized and evaluated. Both the conceptual and the experimental
bases of fhe criteria are investigated. Section 4 presents a detailed
examination of thermal calculations concerning different surface
cooling periods. It is shown that the benefit of a longer surface
cooling period is substantial for reprocessed high-level wastes but is

marginal for spent fuel. Great care must be exercised if one attempts



to scale results of repository design studies and calculations based
on 10-year-old wastes to older wastes.
1.1 THERMALLY INDUCED IMPACTS

To assess the thermal impacts in general, and the effects of
different surfate cooling periods in particular, it is important to
specify the thermal loading, the repository design and operation, and
the geologic setting. With the specification of these controlling
parameters, one can then evaluate the perturbations of the temperature
field, the rock deformation, and the fluid flow and radionuc]fde mi-
gration in the engineered structure and its surrounding environs.

1.1.1 Major Parameters

1.1.1.1 Thermal loading

In order to control the thermai effects in and around the re-
pository, it is crucial to determine the thermal loading. The thermal
loading is specified by the cooling and emplacement operations:

. duration of surface cooling periods before repository em-

placement,

° waste types and heat power at emplacement, and decay there-

aftér,

® waste distribution and density within the repository, and

. loading sequence of waste emplacement.

Once these initial conditions have been specified, the thermal effects
for a gfven rock type can be readily determined, at least in terms of
bounding values from the known heat generation rates of the particular

waste types and the available data on properties of the rock forma-



tijons. Different surface cooling periods will induce different
thermal impacts on the repository and its surrounding environment over
time.

1.1.1.2 Repository structure and operation

The waste emplacement configuration depends on the repository
structure. A repository will have several different shafts for the
transportation of personnel, equipment, wastes, and the flow of air
for ventilation. From the shafts, main corridors and long storage
rooms extend into the surrounding rock formation. The important design

parameters for thermal considerations are the geometrical dimensions of

) canister emplacemeht holes,
° hole pattern and arrays,
e _ room-and-pillar separation, and

® repository extension, shape, depth, and size.
The radius of the hole and the size of the gap between the canister
and the rock are important for the determination of waste, canister,
and hole temperatures. The hole pitch (separation distance between
holes) and row separation determine the region of rock to be heated by
each waste canister. The repository s%ze, shape, and depth determine
the waste emplacement Eapacity and the long-term thermal impact of a
waste repository.

For the safety of operaiion during underground excavation and
waste emplacement, Qenti]ation will be maintained throughout the oper-
ational life of a repository. The ventilation will remove a fraction

of the heat released by the waste. This underground cooling is an ex-
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tension of surface cooling before emplacement. The requirement that
ihe waste be maintained in a retrievable condition may extend the ef-
fective cooling period. The U. S. Nuclear Regulatory Commission's
(NRC) proposed requlation (Code of Federal Regulations, Title 10, Part
60, 1983) would require that the geologic repository operations area

be designed so that the entire inventory of waste could be retrieved on
a reasonable schedule, starting at any time up to 50 years after waste
emplacement operations are initiated. According to the same proposed

requlation, a reasonable schedule is one that requires no longer than

~ about the same overall period of time that was devoted to construction

of the repository and emplacement of the wastes.

1.1.1.3 Geologic setting

Heat released from the wastes in the repository will be dissipated
in the surrounding rock formations and will eventually be transferred
to the ground surface. Depending on the location, the thermal impacts
at a point in the rock formation will first increase and then slowly
decrease, so thaf'the host rock.wil1 eventually be returned to its or-
iginal ambient condition, since the heat generation rate of the waste
continuously decreaseé and the ﬁeat'transfer processes slowly remove
the heat. The spatial aﬁd temporal distribution of the thermal impacts
depend on

(] waste thermal 1oading'in the repository,

° rock types,

° thermal, mechanical, and hydrologic properties,



° 1ithology and boundaries, and

° ambient conditions.

Bedded and domed salt, granite, basalt, shale, tuff, and alluvium
are among the rock formations which have been considered for waste
repositories. The geologic setting is the last barrier to prevent the
escape of radionuclides to the accessible environment. Over the geo-
logic time scale of thousands of years, the geologic setting could be
effective in providing the required isolation if a stable formation is
chosen and a suitable location is found. However, the uncertainties
associated with formation inhomogeneity and variation in rock proper-
ties require that conservative and stringent criteria be imposed on
the magnitude of thermal perturbations to be allowed in the ambient
temperature field, the in situ stress field, ahd the regional ground-
water movement. |

1.1.2 Main Effects

1.1.2.1 Temperature rise, stress change, and buoyancy flow

The main concern in the assessment of the thermal impact of the
wastes is on the thermally induced phenomena at different locations
and various periods of time:

° température rise in the very-near-field of the canister-

borehole region,

. thermomechanical stability in the near-field of room-and-

pillar structure, and

° thermohydrologic perturbation in the far-field over the

groundwater basin and the recharge-discharge flow pattern.



After the emplacement of a waste canister, the temperatures of the
waste, the canister, and the borehole wall iﬁcrease very rapidly to
quasi-steady values that are maintained ovér long periods. The pri-
mary concern about these elevated temperatures is the maintenance of
the integrity of thé engineered containment. The stability of the room
roof and the pillar support is essential for the safety of operations
during the excavation, emplacement, and retrieval periods. The de-
velopment of a buoyancy gradient over thousands of years is directly
related to the effectiveness of the geologic setting in isolating the
radionuclides.

1.1.2.2 Couplings between heat, fluid, and rocks

Before proceeding with a quantitative discussion of the findings
in the literature on these thermaf, mechanical, and hydrologic effects,
it is appropriate to point out that mosf of the studies evaluate waste
impact on heat, rock, and fluid in a stepwise, uncoupled approach. For
the low-permeability, small-deformation effects expected for the waste
impact, the simple approach is usually justifiable. However, it should
also be realized that studies employing coupling are needed for better
understanding of the physical and chemical processes involved, especi-
ally in the near-field (Tsang 1980; Carnahan 1983; LBL 1984; de
Marsily 1985; Cook 1985). The coupling processes of primary concern are

° thermal-buoyancy flow coupling,

° thermal-stress coupling, and

° flow-stress coupling.
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Both water and rocks exhibit a certain number of temperature-dependent
properties. The density and viscosity of water are well-known func-
tions of temperature. The gravitational force imbalance between the
hot fluid near the repository and the ambient cold fluid in the sur-
rounding formation induces a vertically upward driving gradient on the
fluid flow. This may perturb the existing pattern of groundwater flow
driven by pressure gradients. Also, the various rock types show vary-
ing dégrees of expansion and deformation behavior as functions of tem-
perature. Different rock formations may respond in a variety of ways
to a thermal-stress coupling; for example, salt flows plastically,
granite fractures absorb thermal stress nonlinearly, and shale shrinks
above the boiling point. This in turn may have implications for fluid
flow through a permeability-stress coupling. The counterbalance be-
tween the fluid pressure and the rock stress gives rise to the coupling
between fluid behavior and rock deformation.

The coupling effects may be more easily appkeciated in schematic
form, which includes solute (for example, dissolved salt) and radionu-
clide transport (Fig. 1.1). The thermal loading is clearly the main
source for the heat transfer, which influences the rock stress, fluid
flow, and chgmica]lprocesses. In these relationships, the fluid flow
is Tikely to have a rather small effect on the temperature field. Ex-
cept for the near-field, rock formations chosen for the repository
should be nearly impermeable. The rock stress may significantly af-

fect the fluid flow through the operation of the permeability-stress
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coupling, especially for fractured media. In addition, heat may have
a strong influence on the rock stress.

The couplings involving chemical solute transport and reactions
are important, but will not be included within the scope of this study.
The geochemical reactions and corrosion effects on the waste paﬁkages
are highly temperature-dependent. The effect of temperature on
solubility, sorption, and rates of reaction may be generally known,
but further investigation is required to discover their precise degree
of influence on the rocks, water, and radionuclides involved in
nuclear waste isolation. The couplings between fluid flow and
chemical processes are likewise quite important. Fluid flow
transports the chemical species, and any dissolution or precipitation
will affect the geometry of flow paths, such as the fracture aperture,
which in turn will have a significant effect on fluid flow. The
heat-rock-fluid-solute-radionuclide couplings are probably critical at
the canister-borehole scale. They may also be important at the"

regional scale, although the processes could be much slower.

1.1.2.3 Effect on radionuclide transport

The focus of all of these interactive processes is the transport
of radionuclides through the geologic setting to the accessible envi-
ronmeqt by fluid flow. It is generally recognized that the principal
means of radionuclide transport is the movement of groundwater into,
through, and qut of the repository. Even though rock stress is im-
portant to the understanding of the thermal effects in and around the

repository, its influence on radionuclide transport is largely through
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its effect on permeability for fluid flow. Also, although several
chemical processes are quite significant in radionuclide transport
(solubility, complexing, sorption, etc), they basically determine only
the extent to which radionuclides can be dissolved and how Qe]] they
are retarded while being carried by the groundwater. Thus the most
conservative way of estimating travel times of the waste to the ac-
cessible environment is to calculate the time for the fluid to reach
the surface from the repository, assuming perfeci solubility of the
waste and negligible retardation by complexing, sorption, precipita-
tion, etc.

Fluid transport of.the radioactive wastes has important implica-
tions for the repository's thermal criteria. Even though the host
rock may have a very low permeability, the thermal pulse from the
decaying wastes will produce a buoyancy gradient in the groundwater
surrounding the reﬁository. The effect of this gradient is to create
a driving force for water movement from the repository to the surface
at rates above the typical regional flow. Travel paths may become
more vertical, and therefore shorter than unperturbed regional flow
paths. An important point of the present study is to bring these
thermohydrologic effects into consideration and to discuss their

implications for the thermal criteria of a nuclear waste repository.

L3
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2. THERMAL, THERMOMECHANICAL, AND THERMOHYDROLOGIC
EFFECTS OF 10-YEAR-OLD WASTES

The need to manage existing and projected radioactive wastes is
noted in many studies. Although the effects of the duration of sur-
face cooling periods have been considered in several parametric studies
(which are reviewed in Section 4), most studies treat 10-year-old waste
as the baseline case. Therefore, this section is devoted mainly to the
review of the effects of storing 10-year-old wastes. Since the decay
heat characteristics are important for the assessment of waste impacts,
several aspects of decay heat generation are discussed in
Section 2.1. Section 2.2 reviews relevant features of the mined
repository design, and Section 2.3 summarizes the thekma], mechanical,
and hydro]ogic proﬁerties of the rock formations being considered as
hosts for waste repositories. Following this are detailed reviews of
the thermal impact of 10—yeaf—o]d wastes on the temperature rise at
the canister-hole scale in Section 2.4, the thermomechanical stability
of the room-and-pillar structure in Section 2.5, and the
thermohydrologic perturbation of groundwater movement at the regional
scale in Section 2.6. This survey of thermal impacts not oniy
summarizes results of waste heat studies, but also serves as a basis
for discussing the effects of different surface cooling periods in

later sections.
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2.1_ WASTE HEAT SOURCE CHARACTERIZATION

The magnitude of thermally induced impacté is controlled by the
spatial and temporal distributions of waste heat sources. The amount
of heat for a given amount of waste depends on the waste composition,
which in turn depends on the nuclear fuel cycle employed, waste
content, and waste age. ‘

2.1.1 Decay Heat Generation of Nuclear Fuel Cycles

In the United States, the commercial nuclear reactors used are
principally light water reactors (LWR), which use ordinary (light)
water both as a circulating coolant and as a neutron moderator. There
are two types of LWR: the pressurized water reactor (PWR) and the
boiling-water reactor (BWR). Different feactors with alternative fuel
compositions, cooling fluids, and moderating materials have also been
developed. The International Nuclear Fuel Cycle Evaluation Conference
(INFCE 1980) compares the thermal impacts of the different fuel cycles.

After a specified "burnup" time, the fuel is removed from the
reactor, and the remaining uranium or plutonium, or both, can be re-
cyc]éd by fuel reprocessing if desired. Three cycles for LWR have
been studied extensively by the NRC, the Environmental Protection
Agency (EPA), and the Department of Energy (DOE) for their impact
on commercial high-level waste’management:

° Spent Fuel Cycle: This is the "throwaway" or once-through

.cycle. The irradiated fuel assemblies from an LWR core are
disbosed of directly as waste after being removed from the
reactor. The spent fuel (SF) contains both uraﬁium and

plutonium as waste components.
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° Uranium-only Recycle: This is a_“partia]" recycle operation.
The spent fuel from an LWR is reprocessed by removing most
of the uranium and plutonium in order to reﬁycle the uranium
for further use as fuel. The reprocessed high-level waste )
(HLW) contains only trace amounts of uranium and p]utonium.

) Uranium and Plutonium Recycle: This is a "total" recycle,

in which both uranium and plutonium are recovered from the

spent fuel to form a "mixed oxide (MOX) of UO, and PuQ, for

2 2
further use.as fuel. With effectively more extensive burnup
in a MOX cycle, the trace amounts of uranium and plutonium
remaining in the MOX reprocessed waste are higher than those
contained in the U-only recycle.

These fuel cycles produce waste types of different composition and.
decay heat generation rates. Figure 2.1 shows the power densities for
each of the three cycles. vThe wastes all originate from the same
amount of fuel, 1 metric ton of heavy metal U (MTHM), charged to a
pressurized water reactorv(PWR).

Radioactive waste from any of the nuclear fuel cycles is composed
of two main components: fission products (such as Sr-90 and Cs-137)
and transuranic actinides (such as Pu, Am, and Cm). For the first few
hundred years, the fission products are the principal contributors to
the decay heat generation. This fission product activity is largely
independent of the fuel mix, and the heat generation is similar for

all three cases df the nuclear fuel cycle. However, the quantities of

actinides vary widely according to the fuel cycle. After the first
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few hundred years, these relatively long-lived heavy transuranic ac-
tinides become the major contributors to the decay heat generation.
Therefore, in the long term it is the decay heat characteristics of
the actinides and their daughters that control the heat generation of
the radioactive wastes.

In Figure 2.1 the solid curves are plotted from tabulated data
given in Kisner and others (1978). The U-only recycle contafns only
the reprocessed high-level waste (HLW) without the plutonium. The
U + Pu recycle is based on the assumed 1:3 blend of MOX fuel and UO2
fuel. For comparison, Figure 2.1 also includes points plotted from
the tabulated data in reports by the EPA (1977) and the DOE (1980a).
The spent fuel data are consistent among all three data sets. For the
U + Pu HLW cycle, the EPA report assumed a 1:2 MOX:UO2 ratio. The
total MOX cycle is not expected to be used in the near future. The
MOX:UO2 ratio of 1:2 in the EPA (1977) study and the 1:3 ratio in
the GEIS study (Science Applications Inc 1976) reflect the likelihood
that a low percentage of the MOX cycle will be used for electricity
generation. The differences in Figure 2.1 amoné the results of the
three reports reflect the sensitivity of the contents of long-lived
plutonium in the wastes to different assumptions in fuel mix, reactor
burnup, and reprocessing treatment. Storch and Prince (1979) discuss

the different source term data sets and other potential fuel cycles.

2.1.2 Waste Packages

The individual spent fuel canister usually contains ohe fuel

assembly. For a PWR, the waste content of one fuel assembly is 0.4614
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MTHM. This means that for 10-year-old wastes, the heat power is 0.55
kW/canister. For a BWR, the waste content is 0.1833 MTHM, and the
10-year-old heat power is 0.18 kW for each spent fuel assembly (Kisner
and others 1978). The possibility of packing more than one fuel assem-
bly into one canister was also considered (EPA 1977; Altenbach 1978).

For reprocessed HLW, the waste content in each canister can be
controlled in the reprocessing procedure. 1Indeed, the maximum can-
ister 1odd is a design parameter that can be determined by a very-
near-field thermal criterion. For 10-year-old HLW, high emplacement
heat-power values have been used in earlier studies; for example, a
5-kW/canister value in Cheverton and Turner (1972) and Callahan and
others (1975), and 3.95-kW/canister in EPA (1977). However, there is
a general trend to lower the canister heat power, reflecting the con-
cern over the waste heat impacts. The Reference Repository Conditions
Interface Working Group (RRC-IWG) in the National Waste Terminal
Storage (NWTS) Program (RRC-IWG 1980, 1983), used the values of 2.16
kW/canister and 1.0 kW/ canister.

The spent fuel waste form consists of an assembly of fuel rods
coated with zircalloy cladding. With low thermal power per canister,
high cladding thermal conductivity (Science Application Inc 1978), and
additional radiative heat transfer-among the fuel rods (Cox 1977), the
spent fuel temperature rise is lower in most of the cases studied than

the reprocessed HLW temperature rise.
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The reprocessed HLW waste form depends on the solidification
process employed. The thermal conductivity and leach resistance of
HLW can be improved upon by the vitrification process, which
incorporates HLW in a glass or ceramic form. Embedding
waste-containing beads within a metallic matrix has been suggested to
improve the thermal conductivity of reprocessed wastes.

In addition to carbon steel and stainless steel, titanium and
copper are potential candidates for canister material. The canister
wall may also be thickened to resist corrosion and to withstand the
high temperatures. Most studies assume that the canister is a cylin-
der. However, rectangular-shaped canisters for spent fuel assemblies
have also been considered. OQOutside the canister, aﬁ overpack can be
added for additional protection. In addition to metals, ceramics,
graphite ahd carbon materials, a wide variety of glasses and specially
selected cements are being studied as potential overpack materials
(DOE 1980a).

2.1.3 Waste Quantities and Ages

Projections of the amounts of radiocactive waste are required in
order to determine the number and size of waste repositories. The
projections are determined by the growth rate of nuclear power genera-
tion capacity. The U.S. nuclear growth capacity has been lowered
substantially in recent years with chaﬁges in national energy plans,
environmental and regulatory constraints, and electricity demands.

For example, the projection at year 2000 was 480 Gw(e) by Kisner and

others (1978); 250 Gw(e) in DOE (1980a) and 123 GW(e) in DOE (1985).
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The DOE Energy Information Administration (EIA) periodically forecasts
nuclear power capacities.

With different projections, the estimates of cumulative spent fuel
discharged from nuclear reactors varies. The cumulative spent fuel
va1ue.in the DOE Environmental Impact Statement (EIS) Case 3 was
239,000 MTHM at year 2040 (DOE 1980a). The 1984 EIA middle-case value
is 130,000 MTHM at year 2020 (DOE 1985). Two repositories are
currently being considered in the United States, each having a
capacity to receive 70,000 MTHM of wastes (DOE 1985).

The waste ages arriving at a repository depend on the repository
startup date, the repository receiving capacity, and the backlog of
the wastes. The EIS analyses for three assumed repository startup
dates are shown in Figure 2.2 (DOE 1980a). With repository startup at
year 2010, most of the spent fuel received by the repository will be
much older than 10 years. For the case of a 2030 startup, the minimum
age is 19 years.

2.2 MINED REPOSITQRY DESIGN

The initial United States repository design study was Project
Salt Vault in Lyons, Kansas (Bradshaw and McClain 1971; Cheverton and
Turner 1972). Experiments and design studies in the 305-m (1000-ft)
deep bedded salt repository were conducted for reprocessed HLW stor-
age. Since then, modeling studies have been performed to characterize
the thermal environment in different media for the storage of spent

fuel and reprocessed HLW. These include the engineering design studies
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of a reprocessed HLW repository in domed salt (Stearns-Roger Engineer-
ing Co 1979), a spent fuel repository in bedded salt (Kaiser Engineers
1978a,b), and a spent fuel repository in basalt (Kaiser Engineers and
others 1980), as well as generic and scoping studies for granite (Lind-
blom and others 1977), shale (Thomas and others 1981), tuff (Bulmer and
Lappin 1980; see also SNL 1986), and alluvium (Smyth and others

1979). Reference repository conditions for the first five rock types
have been developed in a DOE/NWTS study (RRC-IWG 1980).

2.2.1 Emplacement Hole Description

Most repository designs specify placing waste canisters in
vertical holes drilled into the storage room floors. One canister per
hole is usually assumed. Horizontal emplacement with
multiple-canister strings in long holes between corridors has been
considered‘(Stinebaugh and others 1986). After canister emplacement,
the hole i1s plugged with either concrete or backfill material.
Engineered backfill and a liner can provide additional protection for
the waste package and maintain the retrievability option; this will
' usually require a larger diameter hole. The main thermal concern is
to design engineered structures with high thermal conductivities in
order to avoid excessive temperature rises in the canister and waste.
Crushed rock and small air gaps are poor thermal conductors.
Typically, the thermal conductivity of crushed rock is one-tenth that

of the uncrushed materials.
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2.2.2 Room-and-Pillar Design

The geometrical dimensions of the storage rooms and the separatioh
of the tunnels are two important factors in determining the stability
of the excavation and its convenience for underground operations.
Safety concerns have increased the pillar width from the 7.6-m value
considered in Cheverton and Turner (1972) for a bedded salt HLW
repository to 18-30 m in RRC-IWG (1980). The main concerns of
room-and-pillar design have been the room deformation (roof sag, wai]
convergence, floor heave) in soft rocks and the possibility of rock
fracturing in hard rocks during the repository
operation-retrievability periods. These are the main factors
considered in determining the allowable thermal loading in a
repository.

2.2.3 Repository Confiquration

The areal thermal loading and the repository depth below surface
for the NWTS reference repositoriés are shown in Table 2.1. The aver-
age areal loading inciudes shafts and drifts, whereas the local areal
loading refers only to the.space within the storage area. The thermal
loading value of 25 w/m2 (100 kW/acre) for salt, granite, and tuff
is two-thirds of the 37-w/m2 (150-kW/acre) value that was considered
in the mid-1970s. The latter value is adjusted downward from the max-
imum permissible thermal loading of 39 w/m2 {158 kW/acre) based on
salt temperature considerations (Cheverton and Turner 1972). The NWTS
values for salt and other rocks, howéver, are high, especially for

spent fuel repositories.



Table 2.1. NWTS Areal lLoading.

Rock Sait

Waste SF

Tuff

HLW SF HLW

Depth (m) 600

Local Areal
Thermal Loading
(W/m2) 25

Average Areal
Thermal Loading
(W/m2) 15

1,000 1,000 1,000 NA

600 800 800
10 25 25

8 <25 <25

(RRC-IWG 1980)

éc
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Table 2.2 presents the GEIS values (Science Applications Inc 1978)
based on a thermomechanical analysis during the 25-year retrievability
period for spent fuel and the 5-year retrievability period for HLW.
Long-term, far-field concerns for surface upiift have also imposed a
constraint on the allowable thermal loading for salt (Lincoln and
others 1978; Llewellyn 1978). Areal thermal loading is the most
important parameter in determining the repository design. 1In Sec-
tion 3, we discuss the controlling factors for determining the allow-
able thermal loading and present the detailed results on allowable
thermal loadings in the draft GEIS and final EIS studies.

A sing]é mined layer at a given desirable depth has been con-
sidered in most of the repository design studies. Such a configura-
tion is ideé] for layered formations (such as bedded salt), which are
relatively thin but areally extensive. For intrusive formations, such
as salt domes and granitic plutons, the lateral extension is lim-
ited, and either a multilayer repository structure or deeper boreholes
with stacked canisters may be required (Just 1978; Kevenaar and others
1979). |

The repository depths considered in most of the studies range from
300 m to 1000 m. The areal extensions are typically 1-3 km. A disk
with a 1.61 km radius covers an area of 8.1 km2 (2,000 acres). The
8.1 km2 (2,000—aére) repository has been considered in a number of
studies (EPA 1977; Kaiser Engineers 1978a; Stearns-Roger Engineering

Co 1979; DOE 1980a).



Table 2.2. GEIS Areal Loading Based on Near-Field Thermomechanical

Stress Studies.

Rock Salt Granite Basalt Shale
Waste SFa HLwb SFa HLWD SFa Hwb  sFa HLWD
Areal Loading (W/m2) 9 31 20 47 20 47 14 30

4 25-year retrievability.

b 5-year retrievability.

(Science Applications Inc 1978)

ve
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2.3 ROCK FORMATION PROPERTIES

In addition td the waste heat source and repository dimensions,
the thermal impacts depend on the rock properties of the geologic
formations surrounding the repository. This section discusses the
thermal, mechanical, and hydrologic parameters controlling the waste
impacts.

2.3.1 Thermal Properties

The baseline thermal properties of four major rock types (salt,
granite, basalt, and shale) considered in the GEIS (DOE 1979b) and the
ranges of values of tuff considered by Tyler (1979) and of alluvium
considered by Smyth and others (1979) as candidate repository host
rocks are summarized in Table 2.3. Preliminary site-specific data
tabulated in recent DOE reports are also included in pa}entheses for
comparison. For conductive heat.transfer, the controlling parameters
are the thermal conductivity and the volumetric heat capacity
(specific heat times density). The simple analytic results summarized
in the Appendix indicate that the short-term temperature rises near
the canister-rock interface are mainly determined by the thermal
conductivity. For the average temperature rise at the repository
level, the temperature rise is determined by the product of thermal
conductivity and volumetric heat capacity for simple analytic
solutions. The long-term, far-field thermal responses are reiated to
the heat content in the rock which is described by the volumetric heat
capacity. The rate of transient heat conduction is governed by the
therma} diffusivity, that is, the ratio of thermal conductivity to

volumetric heat capacity.
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Table 2.3. Thermal Properties of Rocks.

Rock Thermal Conductivity Specific Heat Density
{w/m-°C) (3/kg-°¢C) (kg/m3)
salt 2.08-6.112 840-920P 2,128¢
(3.15+0.54)f (902.9+5.0)F  (2,190:60)f
Granite 1.99-2.853 880-960b 2,640¢
Basalt 1.16-1.562 710-920b 2,880¢C
(1.5140.15)9 (847.6+9.3)9 (2,840+20)9
Shale 1.47-1.682 800-8800 2,560¢
Tuff (welded) 7.2 -1.9d 800-9004 2,000-2,4004

(nonwelded)

Alluvium
(indurated unsaturated)

(1.6-1.840.04)h

0.4 -0.8d
(1.0-1.4+0.05)h

1.0 -1.2¢

800-1,7009 1,500-2,100d

1,000¢€ 1,700€

4 Over the temperature range 0-400°C (DOE 1979b).

b gver the temperature range 0-200°C (DOE 1979b).

€ DOE (1979b).
d Tyler (1979).

e Smyth and others (1979).

f At 100°C, Palo Duro Basin core samples (Lagedrost and Capps 1983; DOE 1986a).

9 Cohassett Flow, Hanford (DOE 1985, 1986b).

h saturated - dry values, Topopah Spring welded, Calico Hil1l nonwelded units,
Yucca mountain (Tillerson and Nimick 1984; DOE 1985).
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The thermal properties of the rocks around the canisters can be
determined by in situ heating experiments. In most cases, the in situ
values agree with the values measured in the laboratory. These
thermal properties can be functions of temperature. Examples of the
temperature-dependence of the thermal conductivities and volumetric
»Eeat capacities of four different rocks are shown in Figures 2.3 and
2.4. 1In comparison with thermal conductivities, the volumetric heat
capacities are less sensitive to both the temperature and the rock
. types. The témperature-dependence of the thermal properties is
considered‘in;host det&i]ed calculations of the very-near-field
temperatures, where the spatial variation (temperature gradient) is
high at early times.

The thermal properties of the rocks depend on their mineral com-
positions. For example, a salt*sha]e mixture containing 20 percent
shale has a thermal conductivity of 3.2 W/m°C at 100°C compared to 4.2
W/m°C for pure salt at the same temperature (Cheverton and Turner
1972). The granite in Stripa, Sweden, with its high quaktz content,
has a high value of 3.23 W/m°C for thermal conductivity at 100°C
(Pratt and others 1977; Chan and others 1980).

" The thermal properties of the rocks also depend on their water
content. For example, a nonwelded tuff, which has a high water con-
tent, generally has a lower thermal conductivity and higher heat ca-
pacity than a welded tuff, which has less porosity and a more dense
and compacted structure (Tyler 1979; Moss and Haseman 1983). The
unsaturated rocks usually have lower thermal conducfivity because the

air that replaces water in the pores is less conductive.
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The thermal properties of rocks may also correlate with their
mechanical behavior. For example, it was observed in the Eleana
Near-Surface Heater Experiment (Lappin and others 1981) that above
100°C the thermal conductivity of shale decreases as a result of de-
hydration more than expected on the basis of matrix properties. This
result suggests that there is a strong coupling of thermal behavior
and volumetric contraction for this rock type, which contains appreci-
able amounts of expandable clays.

2.3.2 Mechanical Properties

The mechanical properties of five rocks are given in Table 2.4.
The values given for the first four rocks are estimates used in the
GEIS study (DOE 1979b). The range of values ofAthe two tuff types
illustrates the variability of mechanical properties with rock
texture. For densely welded tuff, the strength may approach that of
hard rocks like granite and basalt. Table 2.4 also includes some
7 site-specific data from recent DOE reports.

Most of the thermomechanical stress analyses assume linear
elastic behavior with either isotropic or prthotropic elastic
properties. The dependence of elastic properties on temperature,
pressure, and time is ignored. However, for realistic representation
of the thermomechanical behavior, the nonlinearity of the rocks must
be taken into account. The plasticity and creep-flow behavior of sait
has received some attention in the literature (for example, Wahi and
others 1977). Yet the effects of joints and fractures on repository

structures in hard rocks have not been well established. One of the
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Table 2.4. Mechanical Properties of Rocks.

Unconfined
Compressive Tensile
Rock Young's Modulus Poisson's Ratio Strength Strength
(GPa) {MPa) (MPa)
Salt 11.02 0.352 22.14 0.34a
27.1+2.8)¢ (0.32+0.02)¢
Granite 7.22 0.18d “ro131.08 02
Basalt 2.42 0.262 © 24.00 0a
(0.25+0.02)d
Shale (Horizontal) 4138 0.152 27.64 02
(vertical) 2.18 0.154 ) 27.64 _ 02
Tuff (welded) 23-41b 117.0b - NA
(26.7+7.1)® (0.14+0.05)¢ (95.9+35.0)€
(nonwelded)  7-gb < 0.1-0.25b 7-30b 0.1-1.4b
(8.1+2.3)¢® (0.1§:0.06)e (30.6%11.1)¢€

4 DOE (1979b).
b tyter (1979).
¢ Palo Ouro Basin (DOE 1985).

d Cohassett Flow, Hanford, intact rock value, size effect not taken into account
(DOE 1985). '

€ Topopah Spring welded, Calico Hill nonweld units, Yucca Mountain (Tillerson
and Nimick 1984; DOE 1985).
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difficulties in assessing these effects is the lack of data and the
corresponding incomplete understanding of the fracture behavior under
normal and shear stresses. Even though hard rock mining experience is
.extensive, the effects of thermal loading on fracture stability are
poorly understood.

Mainly because of fractures, the thermomechanical properties of a
large rock mass cannot be represented by the elastic parameters deter-
mined by small core samples measured in the laboratory. A rock mass.
consists of intact blocks of rock separated by sets of fractures. The
spacing, width, orientation, extent, filling material, etc, of the
fracture sets determine the correction factor that scales the intact
block value to the rock mass value of a-large volume. The values of
the elastic properties of granite, basalt, and shale shown in Table 2.4
have been modified by correction factors to approximate thesg'size
effects. In the GEIS values, a 1.5-m (5-ft) cube specimen was assumed
to be large enough to represent the rock mass, with the effects of
minor joints taken into account for all rock properties. The effects
of major fractures are not incorporated in the GEIS‘study (Dames and
Moore 1978a).

In addition to the size effects, the temperature dependence of
the mechanical properties may also be an important consideration,
especially for the cases in which the strength-of the rock mass
reduces with increasing temperature. The temperature dependence of
me;hanical properties, together with the thermally induced stress from

thermal expansion, couples the mechanical processes with the thermal
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behavior of the rock. The mechani;a] processes also couple with the
hydrologic behavior because of the interaction between rock stress and
fluid pressure. The compressibility of the rock matrix affects the
stofage capacity of the f]ﬁid in the rock mass.

2.3.3 Hydro]bgic Properties

The GEIS study (DOE 1979b) produced a generic description of the
hydrologic stratigréphic sections, including hydro]ogic properties,.
for four major rock types. Hydrologic data for tuff and alluvium have
also been compiled (Smyth and others 1979; Tyler 1979; Bulmer and
Lappin 1980). Table 2.5 lists a typical value and the range for both
the permeability and the porosity of the repository host interval or
layer of the particular Esck type. The fable does not properly rep-
resent the geologic environments of a repository, since the layers
both above and below the host rock intervals are also important in
determining the hydraulic flow patterns. The regional grogndwater
movement also depends on the distant recharge and discharge areas and
on the overall regional gradient. Consequently, the generic hydrogeo-
logic conditions are difficult to determine.

The uncertainty ahd variation in hydrologic properties,
especially permeability, is much higher than in thermal and mechanical
properties. The permeability value is highly site specific, and the
size effect is drastic. The laboratory measurements of intact rock
samples are much lower than the borehole measurements, and the
borehole measurements may be obscured by the small volume of rock

surrounding the borehole.



Table 2.5.

Hydrologic Properties of Rocks.

Rock Permeability (m2) Porosity

Type Typical Range Typical Range

salt nil - 10717 - 2 x 10730 0.005 NA

Granite 5 x 10-17 10-13 - 10-17 0.004 NA

Basalt 10-Y! 2.7 x 10714 - 10-18 0.006 NA

Shale 7.1 x 10716 10712 - 10-19 0.16 NA

Tuff (welded) 107}/ < 1.4 x 10713 0.10 0.02 - 0.25
(nonwelded) 10716 10-15 - 1018 0.35 0.25 - 0.55

Alluvium 3x10718 2.4 x 10714 -1.2 x 1072 0.3 0.16 - 0.42

(Dames and Moore 1978c,d; DOE 1979b; Smyth and others 1979; Tyler

1979)

e€
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The sampling of a large volume of rock, especially a low—permeab11ify
rock formation suitable for a repository, is a major challenge and a
significant source of uncertainty in the assessment of repository
impact.
2.4 THERMAL ENVIRONMENT OF THE WASTE PACKAGE

The key factors in determining the very-near-field thermal en-
vironment are

e canister thermal loading,

e details of canister-borehole design,

e thermal properties of the wastes, canister-borehole components,

host rock, and

e average canister spacing.

- - The maximum temperature and temperature gradient occur within the
waste package and in the immediate vicinity of the waste canisters.
The principal problems associated with the high temperatures are

° waste canister integrity for effective containment of the
radionuclides, and
. canister recoverability during the retrievability period.
The following subsections discuss the maximum temperature rises
in the waste, canister, and borehole; the structural instability of
the various components in the very-near-field; and the long-term hy-

drological environment expected for tﬁe waste package.
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2.4.1 Maximum Temperature Rises of Waste, Canister, Borehole

Many studies have been made to model the very-near-field temper-
atures in various rock formations. As an illustrative example, the
results of Claiborne and others (1980) and RRC-IWG (1983) for the
temperature histories in salt containing HLW and SF are shown in
Figures 2.5 and 2.6 for temperatures at the waste centerline, the
canister surface, and the wall of the emplacement hole. The
centerline temperature of HLW peaks at about 320°C between 1 and 2
years after emplacement and decreases to about 120°C at 100 years.
The canister temperature peaks at 260°C, and the maximum salt
temperature peaks qt less than 160°C. These temperatures correspond
to a 2.716-kW vitrified waste in a stainless steel canister with an
areal loading of 25 W/m2 (100 kW/acre). The canister is emplaced in
a 0.54-m diameter hole with crushed salt backfill between the carbon
steel canister overpéck and fhe hole liner. The SF results, with én
emplacement power of 0.55 kiW have lower salt, canister, and cladding
temperatures, and the beéks are later in time than those for HLW .
(Fig. 2.6). These peaks occur within 60 years after emplacement.
Similar calculations have been made for reference repositories in
salt, graﬁite, basait, shale, and tuff as summarized in Table 2.6
(RRC-IWG 1980).

Many other studies have been made to model the very-near-field
temperature. The rock temperature is relatively independent of the
detailed waste package design. The heat flux from the waste package

and the heat conduction into the rock determines the temperature
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Table 2.6. Reference Peak Near-Field Temperafures (°cya.

Host Rock Location SF¢ HLW DHLW

Salt Host rock . 140 160 80
Canister wall © 145 , 260 90

wasted 175 320 100

Granite Host rock 150 165 105
Canister wall 170 - 208 15

wWasteb 190 s 120

Basalt Host rock 165 NA NA
Canister wall 170 NA NA

wasteb _ 185 NA NA

Shale _ Host rock 125 140 . 125
Canister wall 140 210 135

wWasted 165 235 140

Tuff Host rock oes 225 NA
V Canister wall 190 260 NA
Wasteb 230 295 NA

(RRC-IWG 1980)
4 Assumes initial formation temperature of 34°C for salt, 20°C for granite,
57°C for basalt, 38°C for shale, and 35°C for tuff.

b Maximum centeriine temperature for HLW and DHLW; maximum cladding tempera-
ture for SF. The canister loadings of 10-year-old wastes are 0.55 kW/can-
ister for SF, 2.16 kW/canister for HLW in salt and tuff, 1.00 kW/canister
for HLW in granite and shale, and 0.31 kW/canister for DHLW. The area
loadings are 25 wW/m? (100 kiWw/acre) for SF and HLW in salt and tuff and HLW
in granite; 20 W/m2 (80 kW/acre) for SF in granite; 12.3 W/m2 (50 kW/acre)
for SF in basalt; 10 wW/mé (40 kW/acre) for SF, HLW, and DHLW in shale;
11.6 W/me (47 kW/acre) for DHLW in salt; and 13.5 W/md (55 kW/acre) for
DHLW in granite.

€ Results for 1 PWR element per canister waste package configuration.
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rise. For the approximate analytic solutions summarized in the
Appendix, the very-near-field temperature rise is approximately
proportional to the waste‘power, is inversely proportional to the rock
thermal conductivity, and has weak (logarithmic) dependence on the
thermal diffusivity and well-bore radius. The temperature rise at the
wall may affect the structural integrity of the borehole.

The temperature rise at the canister surface depends sensitively
on the thermal properties and heat transfer modes in the gap between
the rock and the canister. With crushed, low-thermal-conductivity
rocks backfilling the gap, a high-temperature gradient is induced.

The peak canister temperature of a 4.61-kW HLW canister with a 0.076-m
(3-inch) crushed salt backfill has been modeled to be 194°C (350°F)
hotter than would result if the gap were left unfilled (Davis 1979).
If the gap is unfilled, the heat transfer across the gap depends‘not
only on conduction but also on heat transfer by radiation and convec-
tion. 1If there is allarge air gap, the significant contribution of
‘air convection and radiation may result in higher equivalent conduc-
tivity than if thgre were perfect thermal contact between the canister
and the rock medium. For a small air gap, the equivalent thermal
conductivity of the dead air is low. It has been shown that a small
gap on the order §f 0.025 m (1 inch) should be avoided, since the can-
ister temperature as a fun;tion of the gap size is highest at this

critical value (Lowry and others 1980).
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2.4.2 Wall Decrepitation and Canister Retrievability

| With waste emplacement, the highest thermally induced compressive
stresses from rock expansion are expected at the heater borehole wall.
When the maximum axial and/or tangential stresses are approaching the
compressive strength, spalling of the rock around the borehole will
most likely occur, especially in brittle rocks. Decrepitation can
also occur in salt at elevated temperatures (>250°C), but in the long
term, plastic flow may heal the crushed salt.

The stability of the boreholes has been examined through in situ
experiments. For example, the borehole walls surrounding a 5-kW
heater in the granite experiment at a depth of 384 m in Stripa,
Sweden, did not begin to fail until a temperature in excess of‘300°C
was reached (Witherspoon and others 1981). In the near-surface
experiment on shale at 23 m depth, no borehole failure was observed
for its 3.8-kW heater ﬁp to 350°C (Lappin and others 1981).

At Project Salt vault (bedded salt), closure was observed along
with deterioration of the hole surface due to migrating brine. The
maximum hole closure was approximately 0.0127 m (0.5 inch) over the
time of the heater experiment, about one.and a half years (Bradshaw
and McClain 1971). The heater power varied during the experimenf,
ranging from 1.6 kW/canister to 4.8 kW/canister, with the average at
approximately 3.2 kW/canister.

In order to retrieve the waste, it may be necessary to install
liners for the boreholes in bedded or domed salt repositories. The

same effect can be achieved by reinforcing the hole by grouting, as
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has been suggested for the case of the basalt reference repository
(Kaiser Engineers and Parsons, Brinckerhoff, Quade and Douglas 1980).
For granite, the inherent strength of the rock may make retrievability
relatively easier to attain for long periods of time, so that special
measures may not be required.

2.4.3 Brine Migration and the Canister Environment

In the presence of heat, saturated (all-liquid) brine trapped in
small pockets or inclusions in the salt will migrate up the temper-
ature gradient toward the canister. Waste package corrosion from
brine accumulation is one of the isolation concerns in salt media,
especially bedded salt. This phenomenon has been studied in Project
Salt Vault in bedded salt (Bradshaw and McClain 1971), in the Asse
salt mine experimént in a salt anticline (Rothfuchs and Durr 1980;
Schlich and Jockwer 1985), in the Avery Island salt mine experiment in
domed salt (Krause and others 1980), and in Sandia's salt block
experiment with éamp]es from the Waste Isolation Pilot Plant (WIPP)
site (Hohlfelder and Hadley 1979.)

Jenks (1979) developed a phenomenological model based on the
experimentally observed migration rate in single salt crystals. Jenks
and Claiborne (1981) reviewed early brine migration studies and
evaluated the accumulated influx of brine for canisters in doﬁed and
bedded salts (Jansen and others 1983). Figure 2.7 illustrates the
dependence of total flow into a canister hole on the waste emplacement
densities for 10-year-old SF and reprocessed HLW (Rickertsen 1980).

The spent-fuel inflow continues to increase after 1,500 years because
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of the slow decay rate of spent fuel. For reprocessed HLW with its
higher power at emplacement, the inflow is higher, especially at early
times. The total inflow is approximately 3% of the annulus volume.

If an all-liquid inclusion migrates to a heated canister, it can
be transformed into a two-phase gas-liquid inclusion which moves in
the opposite direction down the temperature gradient (0Olander and
others 1980). This mechanism may reduce further the total brine
inflow but provides a means of dispersing radionuclides from a
canister. The inclusions migrating up and down the temperature
gradient may also be trapped along crysté] grain boundaries. It was
observed that more than 90 percent of the brine in Project Salt vault
~and 40 percent of the brine in the salt block experiment were released
after the heater was shut down. When the thermal stresses were
released upon cooling, the trapped water in the salt wés allowed to
break free (Bradshaw and McClain 1971; Hoh]fe]ﬁer and Hadley 1979).

In addition to the fluid inclusions and entrapments, the water
chemically bound to clay minerals in the rock can be released upon
heating. Gas release upon heating is also of concern (Jockwer and
Gross 1985).

The pressure around a waste canister depends on the borehole seal.
The pressure in an imperfectly sea]ed hole will be essentially equal
to the near-atmospheric (0.1 MPa) pressure in the room during reposi-
tory operations. The pressure in a perfectly sealed hole will change
as a function of time in responSe to temperature and rate of brine
inflow. For HLW in salt at an areal loading of 25 w/m2 (100 kW/acre),

the pressure peaks at about 3.2 MPa at 10 years after emplacement. For
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SF at 10 w/m2 (40 kW/acre), the pressure steadily increases up to 0.45
MPa ét 50 years after emplacement (Claiborne and others 1980). Simi-
lar calculations have been made for other nonsalt rocks (RRC-IWG 1980,
1984). A repository located below the water table in these rocks is
expected to be slowly filled with water. If the repository excavation
is reflooded, the pressure would then rise to hydrostatic. The
long-term effects of pressure are likely to be smaller than those
_induced by chemical and thermal influences on the canister integrity.
2.5 THERMOMECHANICAL ENVIRONMENT OF THE EXCAVATION
Key factors in determining the near-field thermomechanical impacts
are
° thermal loading density,
® sizes of rooms and pillars and canister depth relati?e to the
storage rooms,
] | thermal and mechanical properties of the rocks, and
e . ventilation and heat transfer in the drift.
The main concerns in underground operations are
. adequacy of the thermal environment for the function of per-
sonnel and equipment, and
° mechanical stability of the rock for safe operations during
the exéavation, emplacement, and retrieval periods.
The safety of personnel and maintenance of operating conditions
were the focus of earlier design studies. As shown in a later
section, the existing maximum allowable thermal loadings in the repos-

itory designs were determined primarily by thermomechanical stability
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cons{derations. The thermomechanical analyses are generally more com-
plex than heat transfer calculations. We first discuss the thermal
field in the room-and-pilliar region and then preSent an outline of the
thermomechanical analyses and the approximations associated with these
analyses. In the last subsection, we briefly review the effects of
ventilation in underground cooling.

2.5.1 Temperature Field Surrounding the Storage Room

Following the emplacement of wastes, the rock in the immediate
vicinity of the canister heats up. As the heat slowly transfers into
the rock mass, heat flows from neighboring canisters interact and.the
temperatures of the rock masses above and below the canister horizon
increase. The temperature evolution surrounding a storage room for
the GEIS 47-w/m2 (190-kW/acre) HLW repository in granite is shown in
Figure 2.8 (Science Application Inc 1978; see also Osnes and others
1984).

The main interest in these near-field analyses is the temperature
in the pillar center and around the room during the emplacement and
retrieval periods. ' The two-dimensional unif cell was used to get the
results shown in Figure 2.9. The repository is modeled as an infinite
array of storage rooms with homogeneous heat sources buried below the
storage room floors. The effects of sufrounding storage rooms are
taken into account by the insulating (adiabatic)»éide boundaries of
the unit cell on the centerlines of the room and the pillar. Upper
and lower boundaries of the model are sufficiently removed from the
canister and room so that they have no effect on the near-field tem-

peratures during the period of interest.
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The temperature histories for three locations away from the canis-
ter are shown in Figure 2.9. These Iocations correspond to points
near the upper corner of the storage room, mid-piilar at the storage
floor level, and mid-pillar at the canister level, respectively. Ven-
tilation in the storage room is not considered in these results. The
GEIS report also presents modeling results for SF in salt, basalt, and
shale.. For the locations away from the waste canister, the two-dimen-
sional temperature results agree fairly well with the
three-dimensional results between the canisters.

These temperature distributions were used as input for the thermo-
mechanical calculations. Most thermomechanical calculations to date
for room stability have been two-dimensional. Because stress and
strain are tensorial quantities, three-dimensional calculations are
more complex than two-dimensional modeling (Loken 1983). The next
subsection discusses two-dimensional thermoelastic resuits that
represent the averages along the storage room and ignore the
variations of stress and strain between canisters in the same row.

2.5.2 Rock Deformation and Stress Perturbation

The stability of the room-and-pillar structure depends on both the
excavation and the thermal loading. The effects of excavation can be
minimized by a small extraction ratio (the ratio of the volume removed
to the volume remaining). For a radioactive waste repository, the ex-
traction ratio will be in the 10-20 percent range, which is low com;
pared to conventional mine operations for removal of mineral ore. The
key question is whether the additional thermal loading will induce in-

stability.
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For soft rocks like salt, the main concern is for the room closure.
Salt under stress can flow slowly, or "creep." Wifh thermal loading,
the créep rate increases. It is important to limit roof sag, floor
heave, and wall convergence so that emplacement and retrieval
equipment can be transporfed through the tunnel. The heated pillar
experiment in Project Salt Vault measured in situ thermomechanical
responses, and this data base has been used in model evaluation
studies (Wahi and others 1978). in the design studies for salt
(Stearns-Roger Engineering Co 1979; Kaiser Engineers 1978a,b),
Lomenick's formula, based on laboratory salt pillar data, has been
used to calculate creep. Lomenick's formula shows that strain is

proportional to Tg'S

, where T is the absolute temperature expressed
in kelvins (K), which indicates the possible temperature dependence of
the creep rate. More recent work has indicated that Lomenick's
formula may be nonconservative for certain conditions and that the
room closure predicted in both conceptual designs may have been
underestimated (Stearns-Roger Services Inc 1980).
Although salt has been extensively studied for the past 20 years, fur-
ther studies both in in situ experiments and modeling of creep are re-
quired to understand the important effects of thermal loading on the
stability of a salt repository (Wagner and others 1986).

For hard rocks, creep is not a problem. The main concern is the
presence of fractures. DOuring excavation, drilling and blasting can
shatter the rock around the perimeter of the tunnel. The stress con-

centration around the excavation may open existing fractures or create

new ones. However, most of the modeling studies to date are based on
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thermoelastic calculations, which neglect the effect of fractures. In
addition to the GEIS study (Dames and Moore 1978a), thermoelastic an-
‘alyses have been done in granite (Ratigan 1977), basalt (Hardy and
Hocking 1978), and shale (Thomas and others 1981). The in situ gran-
ite experiment in Stripa, Swedén, shows that thermoelasticity cannot
account for the rock displacements induced by the heater, as shown in
Figure 2.10 (Hood and others 1979; Witherspoon and. others 1981). The
fractures can absorb the thermal expansion of rocks, and the thermo-
mechanical responses are nonlinear. The significance of fractures for
rock displacements in regions away from the heater canister has not
yet been assessed, especially their significance for the stability of
the storage room.

Although thermoelastic analyses neglecting fractures may not be
quantitatively correct, they can qualitatively identify the zones of
potential instability. In the GEIS study it was shown that the roof
'top is the most critically stressed area. Figure 2.11‘is an example
of thermally induced stresses for the 47—w/m2 (190-kW/acre) HLW re-
pository in granite. In this example, the maximum compressive stress
parallel to the roof surface is 20.7 MPa (3,000 psi). The correspbnd—
ing compressive stress induced at the same point by the excavation is
31.0 MPa (4,500 psi). (It is of interest to note that the in situ
stress field without the excavation is assumed to be 13.8 MPa (2,000
psi) vertical and 20.7 MPa (3,000 psi) horizontal.) Therefore, at a
roof temperature of 121‘C (250°F), the total compressive stress at the

roof top due to the sum of the stresses from thermal loading and ex-
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cavation is 51.7 MPa (7,500 psi), one-half of the uniaxial compressive
strength 103.4 MPa (15,000 psi). The above numerical example illus-
trates the procedure used in the GEIS to determine the maximum allow-
able thermal loading; thermé] loading is adjusted so that induced
stress is one-half the rock strength. For granite, this procedure
gives the value 47 w/m2 (190 kW/acre). In Table 2.7 the maximum

area loadings from this procedﬁre is given for granite, shale, and
basalt.

In the Swedish Nuclear Fuel Safety Program (karnbrans]esakerhet,
or KBS), the thermomechanical responses for a repository in granite
were modeled (Ratigan 1977). Like the GEIS study, the KBS calculations
were thermoelastic, and stresses were calculated without taking fracQ
tures into account. Fracture sets were assumed to exist in the rock
mass, however, and after the stress calculations were made, the rock
mass was assumed to fail along the fractures. A linear Mohr-Coulomb
shear criterion was used to iqentify the regions of strength failure.
This failure criterion is different from the compressive failure cri-
terion used in the GEIS study.

Figures 2.12 and 2.13 illustrate the dependence of strength faii-
ure on joint orientation. Each figure shows the progressive failure
due to the combined effects of thermomechanical and excavation-induced
stresses. To control strength failure in locations where it may be
‘undésirab]e, the characterization of joints must be carried out. Non-
~linéar stress analyses that take the inelastic responses of fractures
into account should be performed to determine repository sfabi]ity in

hard rock.
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Table 2.7. Maximum Areal Loadings Based on
Near-Field Thermomechanical Stress
Studies.
HLW and SF
Rock Type (5-year retrievability)
W/m2 (kW/acre)
Granite 47 (190)
Basalt 47 (190)
Shale 30 : (120)

(Science App]ications Inc 1978)
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The Stripa experiment, the GEIS study, and the KBS calculations
discussed above indicate that the thermoelastic analyses may be too
simplistic and the effects of fractures should be studied and included
in determining the allowable thermal loading. Since the thermomechan-
"ical stability tends to be the controlling criterion in determining
the maximum allowable thermal loading, the uncertainties must be mini-
mized in modeling studies. Also, the effects of engineering reinforce-
ment shquld be studied. The safety of the excavation can be reinforced
by engineering techniques. For example, the use of rock bolts has been
included in design studies of bedded salt and basalt. Sound engineer-
ing reinforcement and careful monitoring will improve and maintain the
margin of safety during the short period of repository operations.

2.5.3 Ventilation Cooling

The last topic to be discussed concerning excavation conditions
is the effect of ventilation. To maintain the working environment,
ventilation will be provided during the excavation and emplacement
operations. The heat removed by air circulation effectively prolongs
the cooling period of the wastes. If retrieval of the wastes were to
be initiated after sealing the tunnel, recooling of the room wou]d.be
required before the waste canisters could be reached. Both pre-em-
placement and post-emplacement ventilation effects have been studied
in the literature. ‘

Heat transfer from the floors, roofs, and Qa11s to the rooms and
the natural and forced convection of the ventf]ating air through the

rooms remove a large portion of the heat during the ventilation period.



48

Cheverton and Turner (1972) show that at about 5 years after burial, a
maximum of 40 percent of the waste heat can be removed with room ven-
tilation for a 39-W/m2 (158-kW/acre) HLW repository in salt. Alten-
bach (1979) shows that up to 90 percent of the waste heat can be re-
moved after 44 years for a 9—w/m2 (36-kW/acre) SF repository in salt.
The amount of cooling depends on a number of factors:

e flow rate, temperature and humidity of the air,

o thermal loading and the burial depth of the waste,

¢ heat transfer in the rock, and

e heat transfer in the room.
The last factor depends on the roughness of the rock wall (Boyd 1978).
With ventilation, the excavation will experience less strength failure
(Ratigan 1977). Ventilation can substantially lower borehole, canis-
ter, and waste temperatufes, especially if the borehole is not back-
filled with Tow-conductivity crushed rocks (Claiborne and others 1986).

When reéentry is desired, a waiting period is required to allow
the room floor to cool to an acceptablé temperature. Altenbach and
Lowry (1980) show that it takes less-than 6 months for the floor to
cool down after 50 years' storage in a S—Wm2 (36-kW/acre) repository
(see Fig. 2.14). Boyd (1978) shoﬁs that less than 10 years is required
for the room temperature to drop to 49°C after 30 years in a 18.S—W/m2
(75-kW/acre) WIPP drift. Forced ventillation may speed up the cooling
(Svalstad 1983). The effects of recooling on room stability are not

well known.
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The principal advantage of ventilation is the cooling of storage
rooms during the operations phase of the repository. However, the
reduction in the accumulated thermal output of the waste during short
periods of ventilation is expected to be small. Ventilation cannot be
used to reduce significantly the problems caused by waste heat over
thousands of years (Koplik and others 1979). The underground ventila-
tion cooling is essentially an extension of surface cooling before
waste emplacement.

2.6 THERMOHYDROMECHANICAL ENVIRONMENT IN ROCK FORMATIONS

The key factors in determining the far-field thermohydromechanical
environment are

° time dependence of waste heat power and thermal loading den-

sity,

) repository depth, size, and shape,

. rock properties, and

) in situ environment and boundary conditions.

The main concerns in the géo]ogic setting are

° groundwater buoyancy flow from the repository to the surface,

) surface uplift and integrity of the rock formation, and

° cumulative heat energy that remains in the formation.

The waste repository 1mpact on the rock formation may persist for
thousands of years over thousands of meters. Quantitative predictions
of the long-term thermal, mechanical, and hydrologic perturbations can
be made only through modeling of the repository and its geologic set-

ting. With these predictions one can calculate the degree of long-
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term isolation. 1In this section we review the results of far-field
thermal modeling and parametric studies, discuss the surface uplift
and stress changes, and analyze the hydrdlogic perturbations due to
buoyancy flow.

2.6.1 Long-Term Thermal Perturbations in Rock Formations

Rock formations are poor thermal conductors. It takes hundreds
to thousands of years for the waste heat to transfer from a 500- to
1000-m-deep repository to the ground surface. The waste releases heat
continuously at a decreasing rate over thousands of years.

The long-term temperature variations and distributions in the rock
formation surrounding a repository depend on the thermal loading, the
repository characteristics, and the rock properties. The effects of
these three controlling factors on the far-field temperature rise will

be discussed in the following three subsections.

2.6.1.1 SF repository versus an HLW repository
Figure 2.15 illustrates the evolution of the temperature field in

a 10—w/m2 (40-kW/acre) SF disk-shaped repository in grgnite (Wang and
others 1981). In this case, the heat leaks out to the atmosphere after
1,000 years, distorting the symmetry above and below the repository.
The surface leakage and the decline of the waste heat output will
eventually return the rock formation to its ambient condition.

| The long-term, far-field thermal impact depends not only on the
thermal loading power but also sensitively on the time dependence of
the heat power. The heat power at long periods depends on the amount

of actinides contained in the waste, as discussed in Section 2.1.
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Comparing the contours of reprocessed HLW in Fig. 2.16 with those of
SF in Fig. 2.15 demonstrates the sensitive dependence of the long-term,
far-field thermal perturbations on the fue]vcycle.‘ Both wastes are
initially emplaced with the same thermal loading.

Rather than the thermal power density at waste emplacement, the
quantity that best characterizes the far-field thermal impact is the
cumulative heat energy released by the wastes. The solid curves in
Fig. 2.17 illustrate the dependencé of the total heat released on the
type of buried waste. The large thermal difference between the SF and
the reprocessed HLW is responsible for the large difference between
the long-term temperature contours in Fig. 2.15 and 2.16.

Since most of the long-lived actinides are removed from the re-
processed HLW, the overall environmental impact of HLW storage is far
less than that of spent fuel, given the same quantity of waste. 1In
order to have the same far-field impact, the spent fuel waste loading
- density should be reduced (Lincoln and others 1978; Llewellyn 1978;
Science Applications Inc 1978).

2.6.1.2 Dependence of thermal impact on repository confiqurations

Figure 2.17 also illustrates the dependence of the cumulative heat
remaining in the granite formation on the depth of a 3-km-diameter,
disk-shaped repository (broken curves). When a repository is deeper,
more heat will remain in the rock formation for a longer period of
time. The rock formation between the repository and the ground sur-
face can be regarded as a heat insulating layer. The deeper the re-

pository, the thicker the layer and the more heat retained in the
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rock. Both the thermomechanical perturbations (to be discussed in
Section 2.6.2) and the thermohydrologic perturbations (to be discussed
in Section 2.6.3) over the geologic settings depend on the amount of
heat remaining in the rock formation. Although a deeper repository
provides more physical protection and longer flow paths, the higher
heat content remaining in the rock formation will induce. larger and
more persistent thermohydromechanical perturbations.

The repository size depends on the amount of waste to be stored
and on its loading density. For ideal layered formations like bedded
salt, the lateral extent of a repository can be great enough to ac-
commodate a large amount of waste at a diluted density (that is, low
" thermal output). For domed salt or granitic plutons, the lateral
extent of the host rock is limited, restricting in turn the reposi-
tory size. Emplacing more than one canister in a deep borehole or
using a muitilevel repository have been considered for laterally
limited rock formations (Hamstra and Kevenaar 1978; Just 1978;
Tammemagi 1978). Table 2.8 compares the temperature increases in a
single-level repository with a those of a three-level repository. Use
of a multilevel burial concept reduces the repository temperature; the
thermal interaction among adjoining layers delays the peak temperature.
However, the total energy remaining in the formation will increase
slightly.

In each of the above results, the repository is approximated by a
disk heat source (assumed to be simultaneously loaded), with the waste

uniformly distributed over the disk. In more detailed repository de-



Table 2.8.

Peak Temperature of Single-Level and

Three-Level Repositories.d

Domed Salt Granite
Number Temperature Time Temperature Time
of Layers Increase (°C) {years) Increase (°C) (years)
Single-level 37.0 60 - 48.1 70
Three-level 34.6 125 38.3 175
a Scaled from Just (1978) for a 10 W/m2 (40 kW/acre) SF repository. The

temperature is calculated from a far-field model.

€S
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signs, more realistic representations of the repository configuration
and operations have been made.

For example, in the conceptual design study for the NWTS-1 repos-
itory in domed salt (Stearns-Roger Engineering Co and Woodward-Clyde
Consultants 1978), the waste 1oad1ng is not instantaneous and a more
realistic rate of waste arrival at the repository is assumed. The
repository shape is not a simple disk but a ring-shaped region with an
inner radius of 344 m (1128 ft) and ah outer radius of 1378 m (4522 ft).
. There is no waﬁte emp]acement'in the inner-radius region in order to
protect the centerline shaft for waste transportation. The repository
is loaded from the outermost boundary toward the inner radius. Fig-
ure 2.18 shows the evolution of the temperature distribution along the
radius of the reposifory. This result illustrates the sensitive de-
pendence of short;term effects on sequential loading, as well as on
; repository configuration (Rickertsen and others 1982; Hahne and others
1985).

The repository configuration can have a far-field impact. For
exampﬁe, the surface uplift above a rectangular repository with a

shaft pillar has been shown to be smaller than that above a disk

.repository (Dames and Moore 1978a). Surface uplift is discussed

in detail in Section 2.6.2.1. 1In the remainder of this report, the
repository is assumed to be a single-level disk for the far-field
generic evaluation. It should represent the most compact configura-

tion and induce the greatest impact in most cases.
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2.6.1.3 Controlling rock properties for far-field temperatures

The temperature field in the repository and in the rock formation
depends on

. the rock's capacity to sustain a temperature rise, and

° the heat transfer from the repository to the surrounding

formation.
Figure 2.19 shows the dependence of the repository temperature history
on the rock type, whe}e temperature represents the areal temperature
average between canisters. It produces a conservative estimate of the
rock temperature in the pillar. For all rock types, this average re-
pository temperature peaks before 100 years.

The maximum repository temperature rise is approximately propor-
tional to the inverse square root of the product of thermal conductiv-
ity and volumetric heat capacity. (This is an exact result if the
heat power is a single-term exponential decay function.) The high
thermal conductivity of salt is compensated for by its low heat ca-
pacity. Table 2.9 summarizes the thermal properties used in Fig. 2.19.

The similarity of the calculated repository temperatures in gran-
ite, bedded salt, and domed salt was also noted previously in the EPA
(1977) study. The vertical temperatuke profiles for granite and domed
salt from the EPA study are shown in Fig. 2.20 and 2.21, respectively.
Away from the repository, the temperature distributions are not very
sensitive to the different rock types. At early times, the vertical
temperature variation (gradient) is high and localized close to the

repository. The temperature gradient at the repository level, related



Table 2.9. Thermal Properties of Rocks Used in the Far-Field Model.

Thermal Volumetric Thermali Analytic
Conductivity Heat Capacity Diffusivity Approximationd
Rock Type (K, W/m-°C) (pc, I/m3-°C) (K/pc, m2/s) (°C(W/m2)-1)
-Saltb 4.20 1.87 x 106 2.24 x 1076 4.02
Graniteb 2.56 2.43x 106  1.05 x 1076 4.52
Basaltb 1.26 2.30 x 106 0.547 x 1076 - 6.62
Shaleb 1.54 2.15 x 106 0.716 x 10-6 6.19
Tuff€ 1.60 1.87 x 106 0.856 x 1076 6.52

Alluviumd 1.00 1.70 x 106 1 0.588 x 1076 8.65

a Analytic approximation for the temperature rise per areal loading in W/me
(see Eq. (A-6) in the Appendix): 0.305 172° ty/2 = 30 years.
[Kectn(2)/ty /2]
b GEIS values at 100°C (DOE 1979b).

C Typical values of welded tuff (Tyler 1979).

d Smyth and others 1979.

9s
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to the heat flux released by the waste, is monotonically decreasing.
The temperature gradient at the surface, representing the heat flux
leaked from the rock to the atmosphere, will be noticeably above its
ambient value only after hundreds of years. When the heat flux from
the waste is equal to the heat flowing out of the rock, the heat re-
maining in the rock is at its maximum and the temperature profile from
the repository to the surface is nearly linear. This occurs at times
on the order of thousands of years, depending on rock type and repos-
itory depth.

After this qua;i—equi]ibrium state, the temperature rise from the
repository to the surface is determined by the heat in the rock divided
by the heat capacity. Although the heat transfer is determined by both
thermal conductivity and volumetric heat capacity, the magnitude of the
long-term, far-field temperature rise is more sensitive to the latter.

Many modeling studies have been done for different stratigraphies
in various rock formations (EPA 1977; Science Applications Inc 1978;
DOE 1980a). Although the rock layers in different stratigraphic models
have very different thermal conductivities, the temperature profiles
are all quite similar, with only mild kinks across the boundaries.

The insensitivity of the temperature profiles to the heterogeneity of
the rock layers has stemmed from the similarities among the heat ca-
pacities of the different rocks. Among all the rock properties dis-
cussed in Section 2.3 (see Tables 2.3 and 2.9), the heat capacity is

the least site specific and the least rock specific.
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This strongly suggests that we can easily model and understand
the long-term temperature changes in the surrounding rock. The uncer-
tainty associated with our incapability to measure rock properties in
detail over large rock formations does not seriously limit our capa-
bility fo assess the long-term temperature changes. A pessimistic
viewpoint prevails in the literature that geologic settings are too.
complex and the uncertainty of the predicted resu]t; too great to give
meaningful bounding values. However, a reserved optimism may be more
appropriate, because, as we have seen above, a reasonable certainty
can be assigned to our generic gquantitative evaluation of the overall
temperature changes in different rock formations.

2.6.2 Fa?—Fie]d Thermomechanical Perturbations

One of the consequences of a temperature rise in the rock forma-
tion is the thermal expansion of the rock. When the rock mass expands,
the ground surface rises. Of all the far-field perturbations, surface
uplift has received the most attention, especially in salt, with its
high thermal expansion ﬁoefficient. Thermal stress may also induce
permeability changes. Surface uplift and rock displacement will be
discussed in this section.

2.6.2.1 Surface uplift

The volumetric thermal expansion of the rock creates an uplift of
the rock mass in which the waste is buried. The maximum thermal uplift
will be above the center of the repository, where the maximum tempera-
ture rise within the strata will occur. Thermally induced rock dis-

placements are pervasive and cumulative. Surface uplift depends on
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temperature rise, or eqﬁiva1ent1y, on the waste heat energy in the
whole rock formation. Conservative estimates can be made for surface
uplift with rock movement constrained in the axial direction (Callahan
and Gnirk 1978). Table 2.10 summarizes the results of maximum surface
uplift for axisymmetric analyses in the GEIS study for salt (Callahan
and Ratigan 1977; Russell 1979), granite, basalt, and shale (Dames and
Moore 1978a). Also included are the linear thermal expansion coeffi-
cients and the Poisson ratio factor of the different rock types.

The thermal loadings in the table areldetermined by near-field,
excavation stability analysis. The concern over large surface uplift
for an SF repository in salt has resulted in a lowering of the Qaste
loading from 37 W/m2 (150 kW/acre) to 15 W/m2 (60 kW/acre). This is
the only case in thg literature for which long-term far-field cbnsid—
eration of the waste impact has imposed a constraint on the thermal
loading.

The surface uplift calculated by thermomechanical analyses did not
include the opposite effect of subsidence. Subsidence is caused by
the eventual closure of the excavation. Even if the repository is
backfilled with crushed rock before decommissioning, the deformation
of the rock to fill the void will lead to a lowering of the surface,
especially in the case of salt, with its tendency to creep. This sub-
sidence could cancel out part of the thermal uplift. Figure 2.22 sths
such a phenomenon for an HLW repository in salt at 600 m depth (INFCE

1980).



Table 2.10. Surface Uplift.

Rock ' Salt Granite Basalt Shale
Waste SF HiLW SF HLW SF HLW SF HLW
Maximum Surface

Uplift (m) 3.45 1.1 0.94 0.34 0.58 0.18 0.79 0.34
Time (years) 1,000 150 3,000 1,000 7,000 3,000 3,500 1,800

Thermal Loading
W/m2 (kW/acre) 37 (150)
Linear Thermal
Expansion
Coefficient
(°c 1 4 x 107
Poisson Ratio

Factor (1+u/1-y) 2.08

47 (190)

8.1 x 1076

1.44

47 (190)

5.4 x 10-6

1.70

30 (120)

8.1 x 1076

1.35

(Dames and Moore 1978a; Russell 1979)

09
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Both the uplift and subsidence processes are slow, their effects
persisting over long periods of time. In comparison to the ground
displacement predicted for the waste repository, much higher subsidence
over shorter time periods has been observed in petroleum and geothermal
fields. The main concern of surface uplift in repository studies is
not the.yertical displacement itself but the long-term stability of
the geologic formations. This is discussed in the following subsec-

tion.

2.6.2.2 Stress pertukbations and crack openings

The rock's volumetric thermal expansion can induce both axial and
-lateral stress changes. The development of thermally induced tensile
stresses near the ground surface has been noted in thermomechanical
analyses (Dames and Moore 1978a; Hodgkinson and Bourke 1980). _The
tensile stresses exist in the angular diréction perpendicular to the
radial-vertical (rz) plane. The horizontal components of tensile
stress will reduce the normal stress across pre-existing vertical
fractures, which will in turn increase their aperture and substantially
change the rock mass permeabflity. If net tension is to be avoided,
the rock mass must have large compressive horizontal in situ stresses
to counter the induced tensile stresses.

The magnitude of the induced tensile stresses can be controlled
. by the. thermal loading and repository depth. The analytic model of a
spherical repository showed that the induced tensile stresses at the
ground surface are inversely proportional to the cube of the mean

repository depth (Hodgkinson and Bourke 1980).
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The concern over the thermally induced tensile component is not
1imited to fractured hard rocks but exists also for salt;‘ The large
differential of the thermal expansion between bedded salt and the over-
lying shale layers, or between domed salt and its sheath, may cause a
breach in the hydrologic barrier protecting the salt. |

Although the significance of the tensile stresses has been noted
in thermoelastic analyses, the quantitative assessment of their impact
is difficult. The opening of fractures will redistribute the load and
stress. The displacement field will be different from continuum anal-
yses. As we noted earlier, the heater experiments in Stripa, Sweden,
indicate that fractures under compression can absorb the thermally in-
ducéd rock displacements in the near-field at early timés. It is not
clear to what degree'the pre-existing fractures in the far-field under
thermally induced tensile stress will alter the displacement of the
fractured rock mass.

The main concern of thermomechanical perturbations, both in the
near- and far-field, is the induced permeability changes in the rock
mass (Wilkins and others 1985). Permeability may decrease with
fracture closure in the compressive regions and increase with fracture
opening in the tensile zones. Neither the temperature~stress_n6f the
stress-permeability re]ationship§ are well known, especially for large
volumes of rock mass. These considerations in coupled proéesses have
contributed somewhat to the uncertainty in the evaluation of
long-term, far-field effects. In the next section, other

uncertainties in the assessment of hydrologic perturbations will
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be discussed. It is essential that we understand the origin of these
uncertainties in order to base our evaluation and criteria on
quantities that can be accurately calculated.

2.6.3 Long-Term, Far-Field Thermohydrologic Perturbations in the

Rock Formations

The thermally induced movement of groundwater.f;om the repository
to the surface may be the dominant mechanism for radionuclide trans-
port at a particular site. The magnitude of the fluid velocity is
.difficult to determine because of the variations o% the hydrologic--
parameters in the surrounding rock formations.” This section discusses
the significance and uncertainty of the thermohydrologic perturbations
over thousands of years.

2.6.3.1 Vvariations in hydrologic conditions

The fluid flow is proportional to the permeability of the rock
formation. Permeability may vary over six orders of magnitude evenhfor
the same rock type, as shown in Section 2.3.3. The permeability value
depends on the scale of the rock volume measured (Brace 1980). Typi- |
cally, the value measured in the field is larger than the value meas-
ured with small samples in the laboratory.

The velocity of water within the flow channels (fractures or con-
nected pores) is inversely proportional to the porosity of the rock.
0f the total void space measured in the laboratory, only a small
fraction corresponds to the continuous flow paths (Norton and Knapp
1977). The uncertainty associated with porosity may be as high as two

to three orders of magnitude. Fracture apertures estimated from flow
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experiments may differ by orders of magnitude from that derived from
tracer experiments (Abelin and others 1983) and the fracture flow is
only through continuous channels (Neretnieks 1985; Tsang and Tsang
1986) .

Scale dependence and the heterogeneity of the rock hydrologic
properties largely originate ffom the presence of fractures. Most
of the modeling studies use either a porous medium model to represent
the average behavior of fractured rock masses (Dames and Moore 1978b;
Hardy and Hocking 1978; Burgess and others 1979; Hodgkinson 1980;
Bourke and Robinson 1981) or a simple fracture model for worst-case
studies (Wang and Tsang 1980; Wang and others 1981). In view of the
uncertainty of the hydrologic properties, these.deterministic modeling
studies must eventually be supplemented by statistical ana]ysesnin or-
der to assess the effectiveness of the rock formation to isolate radio-
nuclides.

2.6.3.2 Buovancy flow

Although many different generic representations of the hydrologic
conditions have been assumed in various modeling studies, they all
demonstrate the significahce of the vertical buoyancy flow, which has
been shown to persist over thousands of years. - |

Figure 2.23 shows a sketch of a vertical fracture that is assumed
to extend from a 10—N/m2 (40-kW/acre) repository to the surface. The
hydraulic aperture of the fracture is assumed to be 1 um, correspond-
ing to a fracture permeability of 8.3 x 10_19 m2, and the lateral
width of the fracture is assumed to be smaller than the diameter of

the repository. The inlet of the fracture at the repository level is

assumed to be in direct contact with ambient groundwater. This model
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represents a very bad hydrologic condition for vertical buoyancy flow,
with a continuous fracture connecting the repository to the surface
and instant recharge at the repository level. The instant recharge
can be maintained only with an effectively infinite permeable zone at
the repository 1eve1; Although the fracture model is very simple, it
illustrates some characteristics of buoyancy flow which are similar to
that of the more complex systems in fractured rock masses.

Figure 2.24 i]]usfrates the temporal dependence of the water
velocity in\such a vertical fracture as a function of fuel cycle and
depth. It shows that the maximum buoyancy flow occurs at thousands of
years for SF repositories and at hundreds of years for reprocessed HLW
repositories. For the same therm;I loading at waste emplacement, the
magnitude of the buoyancy flow induced by SF is much larger than that
by reprocessed HLW. ‘

Figure 2.24 also shows that the maximum buoyancy flow occurs at a
later time for a deeper repository. The buovancy flow is determined by
the integrated temperature distribution from the repository to the ground
surface. For a deeper repository, it will take longer for the waste heat
to reach the surface. The avefage temperature rise, or equivalently the
amount of heat remaining in the rock formation, reaches its maximum value
when the heat flowing out of the rock on the ground surface is equal to
the heat released by the waste. The time of occurrence of the maximum

value is approximately proportional to the square of the repository depth.
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The maximum vertical velocity corresponds to the minimum transit
time ffom the repository to the surface, called in the GEIS study the
*minimum surface approach time." 1In that investigation a porous medi-
um model was used to represent the average hydrologic properties of a
fractured rock mass. The results are tabe1ated in Table 2.11 along
with the estimated times of occurrence of these minimum approach times.
The porous-medium results agree qualitatively with the calculations
from the single-fracture model above, indicating that buoyancy flow
can be an important effect regardless of the particular abproximation
for the flow paths in the rock mass.

It is of interest to note the similarity between buoyancy flow
predictions.discussed here and the surface uplifts described in Sec-
tion 2.6.2. Both effects have maximum ya]ues at long times. Both
effects are determined by the cpmu]ative heat remaining in the rock
formation. The buoyancy flow originates from the thermal expansion of
the water, and the surface uplift originates from thermal expansion of
the rock.

2.6.3.3 Distortion of convection cells

The repository represents a heat source of finite size embedded
in the host rock. The temperature rise is localized around the repos-
itory. The density contrast between the hot water in the repository
vicinity and the cold water away from the repository causes the_forma—
tion of convection cells. The convection cells in an extended vertical
fracture (see Fig. 2.25) at 1,000 years are illustrated in Fig. 2.26.

Two convection cells have developed around the edges of the repository.



Table 2.11. Minimum Surface Approach Time.

-

Rock Granite Basalt 7 Shale

Minimum Surface Approach
time (years)? 100 144-168 80-100

Time of Occurrence (years) - 1,000-5,000 ~ 5,000-10,000 1,000-5,000

(Dames and Moore 1978b)
a The results are normalized to 25 W/m¢ (100 kW/acre).

L9
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Heated water flows up from the central area of the repository, and
incoming water is drawn from the recharge zones on the two sides (5 km
from the repository center) and from the ground surface far away from
the center of the repository. The diameter of the cells are of the
same order as the depth of the repository at 1,000 years. At much
earlier times, the convection cells are localized in the regions of
high temperature gradients in the immediate repository vicinity. The
buoyancy flow and the convection cells grow as the cumulative heat
increases in the rock formations. These thermally induced phenomena
will eventually disappear when the heat is removed by thg atmosphere
and the rock returns to its original condition after tens of thousands
of years.

The shape of the convection cells depends not only on the heat
in the rocks but also on the regional groundwater flow driven by the
pressure gradient between the rechargé zone and the discharge zone.
Fig. 2.27 shows the distortion of the cells with a horizontal gradient
of 0.001 m/m. The regional groundwater flow suppresses the convection
cell on the recharge side of the repository and distorts the cell on
the discharge side. However, the vertical component of water velocity
is only weakly coupled to the horizontal regional flow. The flow pat-
tern in Fig. 2.27 is essentially a superposition of the horizontal re-
gional groundwater flow upon the flow of the unperturbed cells in

Fig. 2.26 (Wang and Tsang 1980).
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The stfatigraphic sections and the depth dependence of permeabil-
ity also distort the convection cells (Dames and Moore 19786; Burgess
and others 1979). The water particles moVe slowly in low-permeability
zones and accelerate when entering high-permeability zones. In the
GEIS énd KBS studies on granite, permeability decreases monotonically
with depth. For shale and basalt (Dames and Moore, 1978b; Hardy énd
Hocking 1978), the possibility of hfgh—permeabi]ity layers below the
repository has also been considered. For unsaturated, fractured tuff
with 11quid flows through the matrix and gas flows through the frac—
tures (Wang and Narasimhan 1985; Pruess and others 1986), high con-
vective gas velocities can be induced by repository thermal loading.

2.6.3.4 Thermohydrologic effects: Further study needed

In waste repository studies, modeling of the long-term thermdhy—
drologic impacts has only recently received attention in regard to the
possibility of storing waste in harq rocks. Partly because of the
uncertainty associated with hydrologic properties, and partly because
of the historical focus on room closure in salt, the long-term conse-
quences of hydrologic perturbation and the resulting impacts upon ra-
" dionuclide migration have not been regarded as controlling factors in
determining the repository thermal loading limit. Generic studies
have shown that long-term buoyancy perturbation is significant. In
future site-specific studies, the anticipated response of the bulk
thermohydrologic system to the maximuh design thermal 1oadings should
~ be carefully evaluated to_determine if the long-term buoyancy pertur-
bation. is signifiéant enough to be a limiting consideration in thermal

loading designs.
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3. REPOSITORY WASTE LOADING CRITERIA

A number of research studies have developed thermal criteria for
geologic radioactive waste repositories. These criteria cover all
three levels of barriers in waste isolation: very-near-field (canister
scale), near-field (repository scale), and far-field (geologic setting
and accessible environment). They include both temperature limits and
thermomechanical strength-to-stress ratios. These criteria have been
gathered in the EIS document for the management of commercially gener-
ated radioactive waste (DOE 1980a) and its supporting technical report
(DOE 1979b). Section 3.1 reviews these criteria, the data on which
they are based, and the thermal loading limits computed with criteria
for salt, granite, basalt, and shale. Section 3.2 adﬁresses the issue
of radionuclide transport through the geologic setting by thermally
induced buoyancy flow, and discusses the restriction on the repository
thermal loadings if a thermohydrologically derived 1imit is also used
as a far-field criterion to supplement the thermal and thermomechan-
~ical criteria.
3.1 EIS THERMAL CRITERIA FOR NUCLEAR WASTE REPOSITORIES

3.1.1 Brief Description and Summary Tables

The EIS thermal criteria for repository design studies are given
in Table 3.1. They are grouped according to the general scale of
operation. These criteria are continuously updated with research and

design studies (Fossum 1983; OCRD 1985).
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3.1.1.1 Very-near-field criteria

Typical borosi]iqate waste glasses have a transition temperature
of approximately SDO‘C, with a slightly higher spftening temperature.
Above the softening temperature, plutonium and other heavy waste ele-
ments embedded by vitrification méy migrate and form separate phases
in the glass. Significant increases in cracking and in leach rates
might occur. For calcined and sintered glass ceramic, the maximum
acceptable temperatures of waste are 700°C and 800°C, respectively
(Jenks 1977). For spent fuel, the maximum pin temperature of 300°C
was specified from stress rupture considerations.

Structural integrity of the waste package is also an important
consideration. The austenitic stain]éss stee]j probably 304L, that
has been proposed for HLW canisters is known to undergo structural
changes when heated above 400°C (Mecham and otﬁers 1976; At]antit
Richfield Hanford Co and Kaiser.Engineers 1977); it also exhibits
increased susceptibility to stress cracking when exposed to water.

The maximum rock temperatures suggested will vary with the spe-
cific rock type. Generally, approximately 250°C may be appropriate
for salt and shale, and 350°C may be acceptéb]e for basalt (Kaiser:
Engineers and Parsons, Brinckerhoff, Quade and Douglas 1980) and
granite. However, since these properties depend on the site-spe-
cific character%stics of the hard rock, only a Qeneral range of
temperature has been given.

The 1imit on maximum fracture of nonsalt rock raises further
problems related to the presence or absence of a canister backfill.

The conceptual waste package is frequently described as a canister
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Thermal and Thermomechanical Limits for Conceptual Design Studies.

Event

Limits

Very-Near-Field Considerations

Maximum HLW temperature as
vitrified waste

Maximum spent fuel pin
temperature

Maximum canister temperature
Maximum rock temperature

Maximum fracture of nonsalt
rock

500°C (Jenks 1977)

300°C (Blackburn and others 1978)
375°C (Jenks 1977)
250°C to 350°C

15 ¢m annulus around canister (Russell
1979)

Near-Field Considerations

Room closure during ready
retrievability period--salt

Room stability--granite,
basalt rock strength-to-
stress ratio

Room stability--shale with
continuous support rock
strength-to-stress ratio

Pillar stability--nonsalt
strength-to~stress ratio

10 to 15 of original room opening
(Russell 1979)

2 within 1.5 m of openings (Dames and
Moore 1978a)

1 within 1.5 m of openings (Dames and
Moore 1978a)

2 across mid-height of pillar (Dames
and Moore 1978a)

Far-Field Considerations

Maximum uplift over repository

Temperature rise at surface

Temperature rise in aquifers

1.2 to 1.5 m (Russell 1979)
0.5°C (Science Applications Inc 1976)

6°C (Science Applications Inc 1976)

(DOE 1979b, 1980a)
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with sleeve surrounded by a backfill that may include materials for
sorption of radionuclides, inhibiting water invasion, etc (EPA 1977;
DOE 1979b, 1980a; Kiingsberg and Duguid 1980). However, such a
crushed-rock zone is likely to have a thermal conductivity an order of
magnitude lower than that of solid rock, which could lead to unaccept-
ably high canister wall temperatures. Lowry and others (1980) have
discussed the possible dangers of a crushed-rock annulus, whether from
backfill or decrepitation. They stated that crushed rock should be
avoided because of its effect on canister temperatures and that even a
sleeve could have a deleterious effect. In the EIS criteria, the an-
nular zone of crushed rock or backfill is limited to less than 15 cm
to control the canister temperature and to limit the susceptibility of

the canister to aqueous solutions.

©3.1.1.2 Near-field criteria

At the room-and-pillar scale, certain thermomechanical considera-
tions must be taken into account to ensure safety in operation and to
maintain retrievability of the waste if a decision on waste retrieval
were made. These limits vary according to the thermal and mechanical
'properties of the host rock types. The retrieval operation can pro-
~ ceed if the rooms and tunnels remain accessible and the excavation is
stable.

For salt, calculated room closures of less than 10-15 ﬁercent of
the original room height imply that the repository will generally re-
main structurally stable throughout the retrieval period (Russell
1979); however, local rock conditions not accounted for in the

analysis may result in some local failure.
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The stresses around granite or basalt excavations are limited to
no greater than one-half of the rock mass strength to ensure that no
minbr instabilities occur (Dames and Moore 1978a). If any minor fail-
ures were to occur, they would probably take place instantly and give
rise to additional and larger failures before repair could be made.

Shale is weaker and more ductile than granite and basalt. Engi-
neered supports may be required to construct excavations and assure
stability. With proper and continuous support, the strength/stress
ratio of the perimeter of the opening may be less than 2 but should be
greater than 1.0 within a 1.5 m skin around the excavation.

To ensure pillar stability, the average stress across the mid-
height of the pillar should be less than one-half of the uniaxial cdm—
pressive strength. This criterion was established from past mining
experience in hard rocks (Jaeger and Cook 1979). If the edges of the
pillar are subjected to stresses greater than one-half of its rock
mass strength, reinforcement of the excavation sidewalls is required
to maintain the integrity of the pillar.

3.1.1.3 Far-field criteria

On the regional scale it is necessary to limit the surface uplift
over the repository centerline. A number of modeling studies have
shown that 1.2 to 1.5 m would be the maximum uplift to be expected
ovef'a repository in domed salt (DOE 1980a). This range of surface
uplift was obtained by linear thermomechanical expansion studies for a

37—w/m2 (150-kW/acre) repository. In the same study, similar
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calculations for granite and basalt for loadings of 47 W/m2 (190 kW/acre)
and for shale for 30 w/m2 (120 kW/acre) show less than 0.4 m of surface
uplift. This limit is one that must be evaluated at a specific site,
since the effects of the rock mass movement on the hydrology and geol-
ogy of the region will vary according to the site.

To avoid problems with the biota (both flora and fauna), the tem-
perature rise should be 1ess‘than 0.5°C at the repository centerline
surface. This is also site specific.

The temperature rise in aquifers is limited to less than 6°C to
prevent thermal pollution in the region overlying the repository.

Thefe have also been proposals to 1fmit the temperature rise in stag-
nant aquifers 30 and 90 m deep to 8°C and 28°C, respectively (Cheverton
and Turner 1972). This 1imit must be re-evaluated for each specific
site because of variations in geohydrologic and geochemical conditions.

3.1.2 Repository Thermal Load Limits Based on Thermal Criteria

In the DOE literature, a seven-step iterative procedurg has been
employed using the above thermal criteria to determine acceptable
thermal loads for a conceptué] repository. The local areal thermal
load is first adjdsted so that room-and-pillar stability is maintained
during a readily retrievable period of at least five years. For re-
processed HLW, the canister load is kept low enough to stay within the
very-near-field limits of Table 3.1. Calculations are then made to
ensure that the far-field thermal and surface uplift criteria are
fu]filled. In these calculations, reasonable estimates were made for

the properties of the engineered barriers and geologic formations.
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Several simplifying assumptions were also made: (1) the repository is
loaded simultaneously and instantaneously, (2) the presence of water

is neglected, and (3) only the spent fuel (once'through) and U + Pu HLW
(total recycle) fuel cycles are considered. The results are tabulated
in Table 3.2. The thermal load 1imit and its controlling thermal cri-
terion are given for each scale of operation and for each type of the
four geologic media selected as possible repository environments.
(Particular attention should be given to the notes below Table 3.2.)
The age of the spent fuel and reprocessed HLW are assumed to be

6.5 years.

The thermal load limits given in the table for vitrified HLW are
widely accepted values for the canister loading in each geologic media.
The areal thermal loading limits are dominated mainly by the criteria
for room closure, with the exception of salt. The parameter of sur-
face uplift is strongly restrictive for spent fuel in salt because the
additional heat generated by its actinides operates over the long term.
Thus, in a spent fuel repository in salt, a thermal loading of 15 W/m2
(60 kW/acre) is needed to control the surface uplift in the far-field.
Without the surface uplift criterion, the near-field limit would be
37 W/m2 (150 kW/acre).

Some additional adjustments have ﬁeen applied to the above figures
on the basis of engineering and operational conﬁfraints. In order to
ensure a conservative estimate of repository capacity, design areal
thermal loadings were taken at two-thirds of the value of Table 3.2.
Moreover, assuming 6.5-year-old waste rather than 10-year-old waste

provided an additional degree of conservatism, since the thermal
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Table 3.2. Thermal toad Limits for Conceptual Repository Designs.

Thermal Load Limit (controlling factor)d

Salt Granite = Basalt Shale
Canister Limits During
Retrieval Period (kW)
vitrified glass HLW _ 3.2(A) 1.7(A)y  1.3(A) 1.2(A)
Calcined HLW 2.6(A) 1.6(A) 1.1(A) 1.1(A)
Near-Field Local Areal Thermal
Loading Limits (H/m2)§
5-year retrieval - HLW 37(8B) 47(8) 47(8) ‘ 30(8)
5-year retrieval - SF e 41(8)f 47(8) 47(8)f
i:r-Field Avgrage_Repositorg d
ermal Loading Limits (W/m¢)
HLW 37(C) 47(8) 47(8B) 30(8)
SF 15(C) 47(B) 47(8) 30(8)

(DOE 1980a)

4 Controlling factors: A = canister temperature limit, B = room closure,
C = earth surface uplift.

b Analysis assumes 15-cm annulus of crushed rock around waste package.

€ Area includes rooms and adjacent pillars, but not corridors, buttress
pillars, and receiving areas. To convert to kW/acre, multiply by 4.05.

d Area includes storage area for waste, including corridors and ventila-
tion drifts, but does not include area for shafts or storage areas for
other waste types if separate. To convert to kiW/acre, multiply by 4.05.

€ In salt, the emplacement of spent fuel and HLW with plutonium is con-
trolled by the more restrictive 1§ wW/m2 (60 kW/acre) far-field thermal
1imit. Otherwise the near-field 1imit would be 37 W/mZ (150 kW/acre).

f In order to maintain spent fuel cladding temperatures within the 300°C
1imit with these areal thermal loadings, the annulus around the canister
is left open (no backfill). Heat is transferred across this air space
more readily than through crushed backfill material and results in cooler
canister and cladding temperatures.
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criteria were based on 10-year-old waste with lower thermal output.
The resulting thermal loadings are given in Table 3.3. 1In each case
an asterisk denotes the limiting thermal parameter for the given load-
ing and emplacement medium.

From the table it ié apparent that in nearly all cases, the near-
field structural limitations are the limiting parameters. Only for
spent fuel in salt is the far-field criterion of sufface uplift a re-
striction. The conceptual designs consider both PWR and BWR canisters
in the spent fuel repository and both reprocessed HLW and remotely
handled transuranic waste (RH-TRU) for the recycling option repository.
In the case of BWR in shale and RH-TRU in nonsalt media, structural
limitations on canister placement 1imit thermal loading.

These tables demonstrate the use of thermal criteria in estab-
Tishing design 1imits for a nuclear waste repbsitory.

3.2 THERMOHYDROLOGIC CONSIDERATIONS ON WASTE LOADING

3.2.1 Needs in Far-field Criteria

Although the thermohydrologic perturbations to the ambient ground-
water movement are among the important considerations for repository
evaluation, the vertical buoyancy flow from the repository to the sur-
face has not been considered as a bounding criterion in the determina-
tion of repository loading densities. This section focuses on the
long-term thermohydrologic factors that may limit the waste loading
design and discusses a generic thermohydrological criterion (Wang and

others 1983a).



Table 3.3. Thermal Loadings Achieved at Conceptual Repositories.

Cycle Thermal Loading at Emplacement Salt Granite Basalt Shale
Once PWR
through kW/canister 0.72 0.72 0.72 0.72
Near-field local. (w/m2% 12 32% 32% 20%
Far-field average (W/m¢)a 10% 25 25 16
BWR
kW/canister 0.22 0.22 0.22 0.22
Near-field local (W/m2%a 12 - 32% 32% 14
Far-field average (W/m¢)a 10* 25 25 n
U and Pu HLW
Recycle kW/canister 3.2 1.7 1.3 1.2
Near-field local (N/m2%a 25% 32% 32 20%
Far-field average (W/m<)d 19 23 23 15
RH-TRU (hulls) '
kW/canister 0.32 0.32 0.32 0.32
Near-field local (w/mzza 25% 23 19 10
Far-field average (W/m<)d 19 17 15 8

4 To convert to kW/acre, multiply by 4.05.

* Denotes limiting thermal parameter.

(DOE 1980a)

6L
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As shown in Table 3.1, only three stated far-field criteria have
found acceptance so far. Two of the criteria are temperature-rise
1imits. The 0.5°C surface-temperature limit to avoid problems with
biota appears to be reasonably achievable (Cheverton and Turner 1972;
Science Applications Inc 1976; EPA 1977). The 6°C limit on temperature
rise in fresh-water aquifers is to prevent thermal pollution in shal-
Tow, near-surface aquifers which are within the region easily accessed
by man. |

The important existing far-field criterion is the 1.2-1.5 m limit
on uplift over the repository. The concern for uplift over the repos-
itory originated from the consideration of potential fracturing in the
rock. For salt, especially domed salt, the thermal expansion of the
salt may lead to fracturing in the over-burden and opening of channels
for shallow water to reach the salt formation. The EPA report (1977)
points out the significance of this criterion. Geologic stresses
could cause a breach of repository integrity.

The primary concern for waste isolation is limiting the radionu-
clide transport from the repository to the accessible environment.

The existing far-fie]d criteria for repository thermal loadings have
only an indirect bearing on radionuclide transport. The limits on the
temperature rise in stagnant, sha11ow‘aquifers do not directly address
the movemenf of groundwater. These limits mainly stem from an envi-
roﬁmenta] concern over thermal pollution in near-surface soils. The
issue of radionuclide transport from the repository to the accessible
environment through the geologic setting cannot be quantified by the

temperature rise near the surface. The uplift criterion indirectly
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addresses the potential perturbation to the hydrologic properties of
the rock formation, but not the perturbation of the movement of water
and radionuclides. An impoftant driving mechanism of radionuclide
transbort is the therma]]y induced buoyancy flow. The thermohydrologic
effects between the repository and the accessible environment should

be included in the criteria for determining waste loading densities.

To directly address thé key concerns over thermal impacts on
groundwater movement and radionuclide transport, a generic thermohy-
drologic consideration is discussed below. The thermohydrologic factor
is expressed in terms of the allowable buoyancy gradient produced by
the cumulative heat released by the waste to the surrounding geologic
setting. The buoyancy perturbation to groundwater fiow is determined
by the thermal expansion of the water, while the surface uplift is de-
termined by the thermal expansion of the rock. The allowable surface
uplift has been accepted in the literature as a far-field criterion
1imiting the repository waste loading density. Preliminary analyses
based on buoyancy considerations indicate that thermohydrologic con-
siderations could be even more restrictive in limiting waste loading

density than the-surface-uplift criterion.

3.2.2 Controlling Factors in Radionuclide Transport

The movement of each individual radionuclide dépends on its re-
lease rate, the groundwater ﬁovement, its adsorption/desorption on the
rock surfaces, its diffusion in the fock-matrix, the radioactive decay
chains, and the chemical processes (reactions, ion exchange,

complexing, etc) with other aqueous components. If the velocity field
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as a function of space and time can be determined, the path of the
radionuclide can be traced and the contribution to the concentration
and radiotoxicity of radionuclides in the accessible environment can
be evaluated.

Both the geochemical and hydrologic factors in determining the |
radionuclide velocity in the groundwater are complex. However, lumped
factors can describe the velocity as a product of a conductance factor
and a driving gradient.

The conductance factor can also be decomposed into the hydrologic

and geochemical components:

hydraulic conductivity R )
porosity retardation -

conductance =-

The hydraulic conductivity represents the drag on the viscous fluid
floﬁ from the porous medium. To determine the water velocity within
individual pores and fractures, the fluid flux is corrected by the
porosity. The retardation factor is related to the equilibrium
sorption coefficient Kd which accounts for the adsorption and other
radionuclide-rock interactions in a lumped manner.

The hydraulic conductivity has a high degree of uncertainty with
a very wide range in value (four orders of magnitude or more) even for
a given rock type (Brace 1980); see Table 2.5 in Section 2.3.3. The
porosity may also contribute to the uncertainty because not all the
voids are necessarily flow paths for the fluid (Norton and Knapp 1977).
The uncertainty in the radionuclide retardation factor depends not

only on the rock properties, but also on the geochemical conditions
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and radionucliide species in the groundwater. The overa]]bconductance
factor for radionuc]ides, theﬁ, will be difficult to determine with
certainty, and must be carefully measured on a site-specific basis

" over the large scale of rock masses.

VIn contrast to the conductance factor, the driving gradient for
the fluid flow and'radionuclide transport can be determined with less
uncertainty. There are two mechanisms for inducing a hydraulic gradi-
ent: the pressure gradient and the buoyancy gradient.

The pressure gradient is determined by the topography and ground-
water table near the surface, and by the regional distribution of re-
charge and discharge zones at depth. The water table and the regional
pressure variations can be measured with well-known hydrogeologic tech-
niques. It is expeéted that the repository will be located in regions
with a low regional pressﬁre gradient: for example, 0.001 m/m or 1 m
of water table difference over 1 km distance.

The mechanism of buoyancy flow is also well known. With increased
temperature, the density of water decreases. The dénsity contrast be-
tween the hot fluid near the repository and the cold fluid in the sur-
rounding formation induces the buoyancy gradient in the vertical di-
‘rection. The magnitude of the buoyancy gradient depends on the change
of water density with temperature and on the temperature rise in the
rock formation. The former factor has been measured with a high degree
of accuracy. The latter factor can be calculated for different rock
formations. AQay from the>repository, the temperature distributions

are not very sensitive to the rock types (see for example the compari-
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son of granite, bedded salt and domed salt temperature profiles in thé
EPA report (1977) and previous discussions in Section 2.6. The long-
term, far-field temperature rise depends mainly on the rock heat ca-
pacity which is fairly insensitive to the different rock types. This
allows us to evaluate and predﬁct long-term thermal effects with cau-
tious optimism.

3.2.3 Thermohydrologic Effects Quantified by the Buoyancy Gradient

The magnitude of the buoyancy gradient can be a measure for the
thermohydrologic effects. Thermal impact with waste emplacement should
not perturb the ambient hydrologic condition excessively. The thermo-
hydrologic perturbations could be limited by requiring that the therm-
ally induced buoyancy gradient be less than the ambient pressure gfad—
jent.

When the hydrogeologic conditions around a suitable site have
been evaluated and the rock formations have been shown to be tight
enough to have slow ambient groundhater flow, it is imperative that
the waste emplacement does not breach the effectiveness of the isola-
tion provided by the geologic setting. If we want to maintain the
hydrologic integrity of the rock formation in order to contain the
radionuclides, the perturbation induced by the waste should be as
small as possible. Otherwise, the long, favorable flow paths from the
repository to the discharge zone may be short-circuited by the vertical
flow paths. With drastic flow pattern changes, there is no longer a
guarantee that the hydrologic conditions favorable for isolation can
be preserved. If the ambient groundwater flow is horizontal, the

thermally induced upward tilting of the water velocity through the
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‘repository should be less than 45°'(for the effects of 45° tilting,
see the study in Bourke and Rdbinson 1981). 1If the ambient ground-
water movement is‘downward, for a repository located below a recharge
zone, the buoyancy gradient should be limited to ensure that the water
- will not reverse its directioﬁ during the thermal period.

Depending on one's viewpoint, the requirement that "the buoyancy
gradient be less than the ambient pressure gradient" may be regarded
as either not conservative enough or too restrictive. On the one
hand, one may argue that a tilting of 45° is too large a distortion to
the ambient grbundwater flow pattern. According to this view, if the
distance between the repository and the discharge zone is ten times
the depth of the repository, the allowable buoyancy gradient should be
one-tenth of the regional pressure gradient. On the other hand, one
may argue that the host formation has low enough permeability and high
enough retardation that the buoyancy gradient can be muéh larger than
the present ambient gradient. Therefore, the allowable magnitude of
the buoyancy gradient is best left as an open question at present. As
a preliminary suggestion, we have suggested that the maximum buoyancy
géadient be less than the ambient pressure gradient, a proposition
that is balanced between the different viewpoints.

A further reduirement for a useful criterion is that it must é]—
Tow meaningful quantitative evaluations with minimal assumpti@ns and
uncertainty. An essential feature of using the buoyancy gradient as a
measure of thermohydrologic effect is that it is expressed in terms of
the magnitudes of the gradient components rather than the .magnitudes

of the velocity components. The buoyancy and pressure components of
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the hydraulic gradient can be determined with reasonable precision by
current hydrogeologic techniques and are free from the uncertainty
associated with the hydrologic and geochemical parameters of the rocks.

3.2.4 Allowable Thermal Loading from Buovancy Considerations

In all the existing studies, the repository thermal loading is
mainly determined by thermomechanical criteria. If the thermohydro-
logic consideration is less restrictive than the existing criteria, it
will be of limited interest as an additional check. The simple analy-
sis presented below shows that the buoyancy consideration turns out to
be more restrictive in many cases than the existing criteria in deter-
mining the allowable thermal loading.

We will base our analysis on the results of the generic EIS (GEIS)
study (Dames and Moore 1978a). In the GEIS, surface uplift has been
evaluated for SF repositories and HLW repositories in salt, granite,
basait, and shale. These results are tabulated in Table 3.4. Both

-the surface uplift AZ and the buoyancy gradient i, are determined by

B
the temperature rise AT(z) from the repository to the surface. Assum-
ing a homogeneous rock medium and treating the level at repository
depth D as a stationary boundary for rock movement and an ambient

boundary for buoyancy flow,

x

0
iy D =AZ—]—:—;E= AT(z) dz .
water “rock H

-D

This equation is discussed in detail in the Appendix. The values of

the buoyancy gradient deduced from the corresponding values of surface



Table 3.4. Surface Uplift and Buoyancy Gradient.

Rock Salt Granite Basalt Shale

Waste SF . HWW SF HLW SF HLW SF HLW

Maximum surface '

uplift, m 3.45 1.21 0.94 0.34 0.58 0.18 0.79 0.34

Time, years 1,000 150 3,000 1,000 7,000 3,000 3,500 1,800

Loading, W/m2 37 a7 - 41 30 |

Thermal expansion v o
coeff. apgck, °C” 4.0 x 1073 8.1 x106 54x106 8.1x10b S
Poisson ratio

factor, 1+u/1-u 2.08 1.44 1.70 1.35

Buoyancy
gradient, m/m

0.026 0.0097 0.051 0.018 0.040 0.013 0.046 0.019

(Science Applications Inc 1976; Dames and Moore 1978a)

Thermal expansion coefficient of water ayater = 3.85 x 1074 °c-1.

Repository depth D = 610 m (2,000 ft).



88

uplift are also tabulated in Table 3.4, together with the rock and water
parameters needed for the conversion.

For the 37 W/m2 (150 kW/acre) repositories in salt, the 47 W/m2
(190 kW/acre) repositories in granite and basalt, and the 30 W/m2
(120 kW/acre) repositories in shale ﬁonsidered in the GEIS, the buoy-
ancy gradients are in the range of 0.01 to 0.05 m/m.‘ These values are
10 to 50 times larger than the typical ambient pressure gradient of
0.001 m/m. The 0.001 m/m value has been used in most of the recent
thermohydrologic studies in waste repositories (Dames and Moore 1978b;
Hardy and Hocking 1978; Burgess and others 1979; Hodgkinson 1980; Wang
and Tsang 1980). |

1f we require that the thermal loading will not induce a buoyancy
gradient larger than 0.001 m/m, then the GEIS thermal loading values
based on the room stability criterion must be reduced. The thermal
loadings based on this buoyancy consideration aré tabulated in
Table 3.5.

Thus, if we a&opt‘this buoyancy gradient limit, it is clear from
Tables 3.4 and 3.5 fhat the thermal loadings have to be much smaller
than all the values considered in the past. The imp]ication is obvi-
ously a dramatic one. To limit the long-term thermohydrologic pertur-
bation and to preserve the integrity of the rock formation as a waste
barrier, either we have to use 10 to 50 times more repositories to
accommodate the same amount of wastes, or to extend the area of each
repository in design 10- to 50-fold. These preliminary results there-
fore indicate that the thermohydrologic considerations could be very

restrictive and are a key area that requires further study.



Table 3.5. Loading Based on Buoyancy Considerations.

Rock T salt _ Granite Basalt Shale
Waste SF HLW ~ SF "HLW SF HLW SF HLW

Allowable Waste
Density, MTHM/m2 0.0012 0.0037 0.0008 0.0025 0.0010 0.0036 0.0005 0.0015

Allowable thermal
loading, W/m2 1.4 3.8 0.9 2.7 1.2 3.7 0.6 1.5

68
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One additional factor to consider with regard to thermohydrologic
effects is the time when the maximum buoyancy gradient occurs. The
maximum surface uplift and buoyancy effects occur between 1,000 and
10,000 years. If the existing thermal loading is still used, the °
waste must be contained or at least the rate of release must be con-
troliled before the peak of the buoyancy gradient. Otherwise, when the
1,000-year containment time is over and the radionuclides are released
from the canisters, it will coincide with a peak of the buoyancy grad-
ient and radionuclides could be transported relatively quickly to the
surface. In the GEIS study, the minimum surface approach time is in
the range of 100 years.

3.2.5 Discussion on Buoyancy Gradient Considerations

For the long-term prediction of radionuclide transport, we need
to know the absolute magnitude of the movement of the water and radio-
nuclides, which the buoyancy gradient consideration does not include.
1t does not impose an absolute limitation on the magnitude of the
movement of water and radionuc]idesr In addition to the gradiént,
the movement of individual water particles and dissolved radionué]ides
also depends on the conductance factors for each flow path in the rock
formation. In essence, the gradient criterion factors out the hydro-
logic and geochemical parameters which are highly heterogeneous and
difficult to measure. By comparing only the gradient components, most
of the uncertain factors in assessing the thermal impact are lumped
togethef and thereby avoided. The buoyancy éradient consideration
addresses only the change of the flow pattern, not the absolute mag-

nitude of the velocity and travel time.
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. Imposing a limit on the buoyancy gradient doés ensure that the
fherma]ly induced vertical groundwater environment will not overwhelm
the ambient groundwater flow. An Understanding of 1ong—tefm, far-field
thermohydrologic effects is necessary to relate the site chafacteriza—
tion studies to the repository designs. .In the existing siting cri-
teria for geologic formations, the focus is on the characterization
of ambient hydrologic and geochemical conditions to identify a tight
formation with \ong-trave] times to the accessible environment. The
determination of the thermal loading by using thermohydrologic con-
sideratiqns in‘hepository design is to ensure that the additional |
perturbation will not upset the ambient conditions excessively and
will preserve the features of a site which make it usefu1 for the
effecfive isolation of nuclear wastes. Thus this buoyancy consider-
ation complements the already-established criteria in the literature

for the proper design of the repository in a suitable geologic setting.
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4. EFFECTS OF THE SURFACE COOLING PERIOD ON THERMAL IMPACTS

For a given amount of waste, a long surface cooling period allows
the short-lived radionuclides to decay and the heat power to decrease.
In the United States, 10 years has been regarded as the standard cool-
ing period. The basis for the choice of a 10-year cooling period is
briefly discussed in Section 4.1. With longer surface cooling periods,
the very-near-field temperature rises around the waste canister will
be lower, as shown in Section 4.2. The effects of sﬁrface cooling on
the near-field temperature rise in the repository depend sensitively
on the waste density.and thermal loading schemes, as discussed in Sec-
tion 4.3.. There is a growing consensus, especially in the European
countries considering permanent disposal of reprocessed HLW, that an
extension from 10 years to 40 years or even up to 100 years of cooling
time may be beneficial. Section 4.4 discusses the trade-off between a
longer surface cooling period and a higher waste loading density as
determined by existing near-field thermomechanical criteria. Sec-
tion 4.5 addresses the question of the cooling period and thermal
loading from the long-term, far-field point of view.
4.7 ECONOMIC CONSIDERATIONS OF THE SURFACE COOLING PERIOD

Temporary storage of waste above ground allows heat generation
rates and radiation intensjties to decrease, thereby reducing subse-
quent treatment and disposal expenses. However, the maintenance of
surface facilities can be expensive. For reprocessed HLW, the cost
of waste solidification and waste transportation to and from the
processing site depends on the waste age (Dillon and others 1971).

The summation of the predisposal and disposal expenses as a function
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of waste age at burial was shown fo have a minimum of 3 to 10>years,
and likely closer to 10 years because of increasés in estimated ex-
penses for the repository (Cheverton and Turner 1972). Most of the
subsequent thermal analyses have taken the work of Cheverton and Turner
as the benchmark and considered 10 years as the optimal cooling period.

Several factors have since contributed to the uncertainties of
the economics of mined geologic repositories. One factor is that SF
is now being considered as a potential waste form. Currentiy, most of
the discharged SF assemblies are stored in cooling ponds at reactor
sites. Away-from-reactor monitored retrievable storage facilities are
being considered-fo accommodate the SF when the on-site capacities are
saturated (DOE 1979a, 1980a, 1984, 1985, 1986f,g,h; NRC 1986). With
the delay in the repository start-up dates, the fraction of older
wastes to be emplaced in the repository will increase (see
Section 2.1.3). .The waste fdrm, thermal loading, and time delays are
among the key variab]eg-in determining the expense of a fepository.
Uncertainties in repository costs are expected to be quite large
(Forster 1979).

The sensitivity of the expense of a repository to its design
parameters has been evaluated in a number of studies (Kaiser Engineers
1978b; Stearns-Roger Engineering Co 1979; DOE 1980a,b). The choices
of rock type, thermal loading, and repository size all influence |
repository costs significantly. Table 4.1 gives representative cost
figures for basalt and granite repositories for each of two thermal
loadings. The total expenses per repository decrease with lower

thermal loading. However, undiscounted unit costs increase sharp1y,
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indicating that the total cost reductions achieved are not in propor-
tion to the decrease in waste receipts. Table 4.2 shows the effects
of the repository size on the expenses for domed salt repositories.
The total expenses per repository are insensitive to repository size.
The undiscounted unit costs decrease as size increases.

The representative results given in Table 4.2 jillustrate the sen-
sitivity of repository expenses. It is important to point out that in
the examples of economic analyses presented above, and in the reposi-
tory design considerations discussed previously in Sections 2 and 3,
the repository capacities are expressed in terms of areal thermal
loadings. The thermal loading values are referred to a fixed waste
age. When wastes of different ages (cooling periods) are considered,

thé corresponding thermal loading valués'change drastically (see de-
Ascription in Section 4.2). If the economic analyses of repository
désign based on 10-year-old wastes are used for different waste ages,
the resuits must be carefully scaled to avoid nonconservative and
erroneous conclusions. As will be shown in Sections 4.3-4.5, noncon-
servative conclusions could be made if long-term, far-field environ-
mental considerations are not included in the economic analyses and
.design studies. Dippold and Wampler (1984) discussed the implications
of older wastes on the design and cost of a salt repository.

4.2 REDUCTION OF VERY-NEAR-FIELD THERMAL IMPACTS

In the very-near-field, the short-term rises in temperature around
the waste canisters are very sensitive to the duration of the surface

cooling period. If the structural integrity of the waste package and
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Table 4.1. Estimated Repository Expenses for Varying Thermal Loadings.

Basalt Granite

25 W/me 10 W/m2 25 W/m2 10 W/m2

Item (100 kW/acre) (40 kW/acre) (100 kW/acre) (40 kW/acre)
Canisters of SF Stored 400,000 160,000 400,000 160,000
MTHM Stored 170,000 68,000 170,000 68,000
Repository Area,

km2 §acres) 8.1 (2,000) 8.1 (2,000) 8.1 (2,000) 8.1 (2,000)
MTHM/me (MTHM/acre) . 0.021 (85) 0.0083 (34) 0.021 (85) 0.0083 (34)
Canisters/m? (per acre) 0.05 (200) 0.02 (80) 0.05 (200) 0.02 (80)
Years of Operation 32 14.9 32 14.9
Total Expense (M) 3950 3150 3940. 3130
Undiscounted Unit

Cost ( /kg) 23.20 46.30 23.20 46.00

(DOE 1980c)
Note: A1l expenses in 1980 dollars, unescalated, undiscounted.

Table 4.2. Effects of Size on Salt Dome Repository Expenses.

Standardized Regository Size

4.9 km2 8.1 km 11.3 km?

Item (1,200 acre) (2,000 acre) (2,800 acre)
Assumed Heat Loading 10 (40) 10 (40) 10 (40)

W/m2 (kW/acre) ’ '
Canisters of SF Stored 96,000 160,000 224,000
MTHM Stored 41,000 68,000 96,000
MTHM/mZ (MTHM/acre) 0.0083 (34) 0.0083 (34) 0.0083 (34)
Canisters/ml (per acre) 0.02 (80) 0.02 (80) 0.02 (80)
Years of Operation 10.4 14.9 19.5
Total Expense (M ) 2470 2490 2850
Undiscounted Unit 60.20 36.60 29.70

Costs ( /kg)

(DOE 1980c)
Note: A1l expenses in 1980 dollars, unescalated, undiscounted.
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emplacement borehole is the primary concern, it is advantageous to al-
low the highly active waste elements to decay and the temperatuke to
decrease.

4.2.1 Decay of Fission Products

Radioactive decay and neutron-induced nuclear reactions in the
waste e]g@énts determine the radioactivity and thg heat generation
rate of fhe stored wastes. Table 4.3 shows the contributions from the
principal radionuclides to thé heat power of SF 10 years after being
discharged from a PWR. _The heat of 10-year-old waste is released
mainly by the short-lived fission products. The time dependence of
the heat power between 10 and 100 years will be determined mainly by
Sr-90 and Cs-137, with half-lives of 28 and 30 years, respectively..

The main effect of a long surface cooling period is to reduce the
concentration of the short-lived radionuclides. The heat re1easéd by
the long-lived actinides Pu-239, Pu-240, and Am-241 will not be reduced
significantly with the extension of cooling from 10 years to 100 years.
The composition of waste content depends on the fuel cycles discussed
in Section 2.1.1. Table 4.4 summarizes the heat generation rates for
different waste ages and different fuel cycles from a given amount of
waste (1 MTHM). Among the three fuel cycles, reprocessed HLW with
both U and Pu recycled contains the highest concentration of fission
products, and SF contains the highest concentration of actinides. The
contrast in the waste compositions among different fuel cycles must be
taken into account in studying the effects of different surface cooling

periods.



Table 4.3. Radionuclide Heat Generation Rates for 10-year-old PWR SF.

Heat Power
Principal Radionuclides Half-1ife (years) W/MTHM of Total
Fission Products B B
Kr-85 10.76 1.4 - 0.6
Sr-90 28 N 6
y-903 7.39 x 1073 330 28
Sb-125 2.1 2.5 0.2
. Cs-134 2.1 95 8
Cs-137 30 89 1
Ba-1374 4.94 x 1078 320 21
Pr-14438 3.29 x 1072 1.1 0.1
Pm-147 2.6 2.1 0.2
Eu-154 16 50 4.2
Actinides
~ Pu-238 89 : 13 6.1
Pu-239 2.4 x 104 10 0.8
Pu-240 6.6 x 104 15 1.3
Pu-241 13 3.3 0.3
Am-24) 458 59 5.0
Cm-244 18.1 47 3.9
Others 14 1.2
Total 1190.0 100.0

4 Short-lived daughter products.

(Arbital and others 1979)

L6



Table 4.4.

Initial Heat Generation Rates for Different Waste Ages and Types.

Years after Discharge Spent Fuel PWR

Heat Power (W/MTHM)

HLW: U + Pu Recycle

HLW: No Recycle

10

40
100

10,430
5,640
2,011
1,189

625

289

11,542
6,117
2,256
1,340

540

139

10,274
5,500
1,867
1,032

431

109

86
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4.2.2 Decreases in Temperature Rise

When heat power decreases, the temperature rise decreases.
Figure 4.1 illustrates the sensitive dependence of the very-near-field
temperature rise on thé duratioﬁ of the surface cooling peribd. The
temperature rises are for the point located at 0.26 m from the canister
axis in the midplane of a single HLW canister measuring 0.162 m in di-
ameter and 3 m in length and containing.2.09 MTHM of waste. If the
thermal interaction from neighboring canisters is neglected, the very-
near—field temperature rises in different rocks are approximately pro-
portional to the inverse of the thermal conductivities, and the times
are scaled by the thermal diffusivities controlling the heat conduc-
tionl The thermal properties in Table 2.9 are used in the scaling in
Fig. 4.1. - |

The very—near—fie]d temperature rise is approximately proportional
to the canister emplacement heat power, which decreases sharply with
surface cooling duration. The short cooling periods are therefore
especially effective in lowering the very-near-field thermal impacts.
By applying the very-near-field thermal criteria (Section 3.1), the
waste content in each reprocessed HLW canister can be determined. For
an SF canister ;ontaining one fuel assembly, the waste content (0.4614
MTHM for PWR, 0.1833 MTHM for BWR) is lower than for a reprocessed HLW
canister,.and the very—near—fie]d temperature rises ardund‘a single SF

canister will be lower than those shown in Fig. 4.1,
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For a more concentrated SF canister, the very-near-field tempera-
ture rises are correspondingly higher. Table 4.5 1ists the unit-cell
results of Altenbach (1978) for the maximum salt temperature around a
concentrated SF canister containing 650 fuel rods (or approximately
3 PWR fuel assemblies). (The area of the unit cell occupied by one
canister is 5.5 m (18 ft) by 23.8 m (78 ft).) To show that the very-
near-field temperature rise is approximately proportional to emplace-
ment power, the ratio of borehole temperature rise to initial canister
power is also included in Table 4.5. The unit-cell results also take
into account the thermal interaction among neighboring canisters. For
cases with high areal wasfe density;and close canister spacing, the
thermal interaction is an important factor in determining the‘maximum
rock temperature. As a result of thermal interaction, the temperature
rise from the combined contribution of the canister array is higher
than that induced by a single canister.

These analyses illustrate that the sensitive thermal effects near
the waste package at short times are approximately proportional to the
emplacement heat power. With a long surface cooling period, the heat
power at emplacement decreases and the temperature rise decreases cor-
respondingly. The potential advantage of a long surface cooling period
is to lower the likelihood of undesirable thermally induced effects
such as canister cracking and borehole degradation.

4.3 WASTE DENSITY AND THERMAL LOADING

If the waste content of each canister and the spacing between the

canisters are fixed, it is obvious thatclonger surface cooling will

reduce the thermal impact at all scales of operation and over all



Table 4.5.

Peak Salt Temperature for various Emplacement Times.

Surface

Cooling Emplacement Maximum Temperature to Time of

Period Power Temperature Power Ratio Maximum

“(years) (kW/canister) Rise (°C)4 (°C/kW) (years)
0.4 28.8 510 18 0.26
1.4 11.6 2 19 0.46
3.4 4.61 88 - 19 0.59
5.4 2.8) 57 ' 20 1.02

4 Ambient temperature 37°C (98°F) was subtracted from the results of

Altenbach (1978).

tot
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times. However, economic considerations may require that the reposi-
tory design take advantage of the lower thermal impact by utilizing a
more concentrated emplacement scheme. Sections 4.3.1-4.3.3 discuss
and compare the resu]ts of different loading schemes.

4.3.1 Loading at Constant Waste Density

For a standard repository with 10-year-old SF stored at a thermal
loading of 10 W/m2 (40 kW/acre), the corresponding waste density is
0.0083 MTHM/m2 (33.6 MTHM/acre). Figure 4.2 illustrates the depend-
ence of the repository temperature increase on the surface cooling
period if this waste density is held fixed.

Each curve in Fig. 4.2 has several peaks or bumps at different
times. The l-=year cooling curve shows this structure most clearly.

2, 103, and

VThése features appear before 10 years and around 10
'IO4 yearé. The short-time features diminish rapidly with longer
surface cooling periods. The earlier peaks originate from the short-
lived radionuclides. The long-lived radionuclides control the long-
term thermal impact. Although the surface cooling periods drastically
change the repository peak temperature, the repository will neverthe-
less have a significant temperature rise above the ambient for over
104 years, eveﬁ for a surface cooling period of 100 years.

The results in Fig. 4.2 are calculated with a uniform disk repos-
itory model in granite and scaled to other rock formations by the in-
verse square root of thermal conductivity-volumetric heat capacity
products (see Equation (A-6) in the Appendix). This scaling is exact

if the heat power is a single-term exponentfal decay function. The

small differences in the shapes of the temperature rise curves among
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different rocks (see, for example, Fig. 2.19) are neglected in the
scaling used in Fig. 4.2-4.7.

If reprocessed HLW instead of SF is stored with the same waste
density, extending the cooling time from 10 years to 100 years can
lower the repository temperature mu;h more effectively. This is shown
in Fig. 4.3. Reprocessed HLW has most of its long-lived actinides re-
moved, and the repository temperature can therefore return to ambient
much faster. 1If an effective ha]f—]ife of 30 years is assumed for the
reprocessed wastes, a 40-year cooling will reduce-the activity of 10-
year-old waste by half and a 100-year cooling pe}iod will lower the
heat power of 10-year-old waste by a factor of 8.

If the waste density is fixed, the results for both SF and re-
processed HLW indicate that surface cooling can lower the peak tem-
perature at early times. The long-term thermal impact depends on fhe
actinide content, which is not sensitive to the d;fation of the sur-
face cooling period.

4.3.2 Loading at Constant Emplacement Power Density

In this section, we will consider the same repositories but with
a constant thermal power density instead of a constant waste density.
Two reasons have prompted us to present these results. First, the
results of most economic analyses and repository design studies are
presented in terms of areal thermal loading. It is interesting to
study the effects of surface cooling by treating the familiar areal
thermal loading (w/m2 or kW/acre) as a fixed parameter. Second, the
very-near-field analysis discussed in Section 4.2 indicates that the

rises in temperature around the waste package scale with emplacement
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heat power. If only the very-near-field impacts are considered, a
constant heat power will induce the same thermal impact, independent
of the waste age.

Figure 4.4 illustrates the dependence of temperature increase
on the surface cooling period of an SF repository with a constant
emplacement power density of 10 W/m2 (40 kW/acre). With the same
emp]acement power density, the repository temperature rises do not
stay the same with different cooling periods. With longer cooling
periods, the repository temperature increases. This anomalous trend
is especially drastic for surface cooling periods changing from 10 to
40 to 100 years.

By imposing the same emp]abement heat: power density, the 100-
year-old waste, with most of the short;ifved ffssion products already
decayed, will contain a substantially larger amount-df actinides per
unit acre. Therefore, the long-term thermal impact increases accord-
ingly. For reproéessed HLW, the anomalous difference between 10-year
cooling and 100-year cooling is less drastic, as shown in Fig. 4.5.

Unlike the very-near-field impacts which scale approximately with
emplacement heat power alone, the near-field and far-field thermal im-
pacts depend on both the initial power and the subsequent time decay.
Since the heat power decay depends sensitively on the waste content,
the effects of surface cooling must be assessed for each different

fuel cycle.
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4.3.3 Comparison of Different Loading Schemes

The results of Section 4.3.1 for constant waste density and the
results of Section 4.3.2 for constant power density are summarized in
Figf 4.6 and 4.7, respectiveTy. These results illustrate that entirely
different conclusions can be made about the effects of surface cooling
periéds, depending on tﬁe parameters chosen and the waste type consid-
ered. Comparing the 10-year results with the 100-year results leads
to the fo]]owin§ conclusions.

. With constant waste density, surface cooling reduces the
therma]Iimbacts significantly for reprocessed HLW but mod-
estly for SF.

'] With constant emplacement power density, surface cooling
increases the thermal impact significantly for SF but very
modest{y forvreprocessed HLW.

We emphasize these points because the thermal loading density has
been the most frequently used parameter in the literature. The rela-
tionship between thermal loading and waste density has been recognized
~implicitly inlsome of the literature. We hope that the above explicit
comparison will call attention to this simple but important difference.
4.4 OPTIMIZATION OF WASTE LOADING WITH NEAR-FIELD CRITERIA

Waste loading density is one of the key parameters in the design
of a repository. Near-field thermomechanical criteria have been used
to determine the optimal waste loading density for 10-year-old wastes
(see Sections 2.5.2 and 3.1.2). With longer surface cooling periods
to lower the heat power per'unit waste, it seems logical to allow a

more concentrated waste loading scheme. Section 4.4.1 discusses the
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allowable waste loading densities based on the temperature rise cri-
teria. In Section 4.4.2, the existing thermomechanical criteria for
different rock types are used to extend the design densities for 10-
year-old wastes to older wastes.

4.4.1 Allowable Loading with Near-Field Temperature Criteria

In the classical conceptual design study for salt, Cheverton and
Turner (1972) used the 1 percent and 25 percent salt temperature cri-
teria to determine the maximum permissible loading density. Between
the canisters, no more than 1 percent of the salt was allowed to have
a temperature above 250°C and no more than 25 percent of the salt was
allowed to have a temperature above 200°C. The results for a room
4.6 m wide afe shown in Fig. 4.8. The results were calculated with
1- , 4- , and 10-year-old reprocessed HLW and extrapolated to 100
years on the assumption that the effective half-life of the waste is
30 years. (A constant halif-life results in a constant maximum per-
missible emplacement power level per waste package.) For a waste age
of leés than 4 years, the 1 percent salt criterion (very-near-field)
becomes limiting and the permigsib1e loading depends on the pitch
along a canister row. For older wastes, the 25 percent salt criter-
ion (near-field) determines the loading.

For older wastes with near-field instead of very-near-field cri-
teria controlling the permissible loading density, we could use a sim-
p]er model that assumes a uniform waste loading to calculate the maxi-
mum repository temperature and determines the allowable waste densities

accordingly. For example, Table 4.6 illustrates the acceptable waste
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Table 4.6. Waste Density and Thermal Loading for Repository
. Temperature Rise of 47°C in Granite. '

Spent Fuel ' Reprocessed HLW

Surface Cooling MTHM/m2 - W/m2 MTHM/m?2 W/m?
Period (years) (MTHM/acre) (kW/acre) (MTHM/acre) (kW/acre)

10 , 0.0083 = 10.0 0.0117 12.0

(33.6) (40) (47.2) (49)

40 0.0118 7.4 0.0240 10.3

(47.7) (30) o (97.2) (42)

100 - 0.0142 4.1 0.0921 10.1

(57.5) a7 (373) (41)
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density and the corresponding thermal loading in granite if a 47°C
teﬁperature rise limit is imposed as a criterion. The 47°C tempera-
ture rise is specified for a granite repository containing 10-year-old
spent fuel loaded at a thermal density of 10 w/m2 (40 kW/acre). With
longer surface cooling, it is shown that the same repository can accom-
modate more waste, but only if emplacement power density is lower.

The maximum repository temperature determines the thermomechanical
stability of the mined repositories. 1In the current thermal design
criteria for different rock types, the maximum allowable temperature-
rise limits are replaced by thermomechanical criteria. The results of
the extension of thermomechanical analyses for 10-year-old wastes to
older wastes are discussed in the next section.

4.4.2 Allowable Waste Density with Near-Field Thermomechanical

Criteria
The existing thermomechanical criteria are expressed.in terms of
strain of room closure for salt and strength-to-stress ratios for hard
rock repositories (shown earlier in Table 3.1). Imposing these exist-
ing criteria on older wastes enables allowable waste densities to be
determined. The salt and nonsait analyses are discussed in the fol-
lowing two subsections (Wang and others 1983b).

4.4.2.1 Reduction of strain for room convergence in salt

Room convergence in salt mines dependé on the temperature, pillar
stress, and time. 1In Project Salt vault (Bradshaw and McClain 1971),
the results of model pillar tests of rock §a1t from the Lyons mine
were fitted with an analytic formula called Lomenick's formula (see

Appendix, Section A.2). It has been used in the NWTS conceptual
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designs for domed and bedded salt (Kaiser Engineers 1978a,b; Stearns-

Roger Engineering Co 1979) and in the NWTS conceptual reference repos-
itory description (Bechtel 1981). ~In this section we extend the NWTS

results for 10-year-old wastes to older wastes.

The NWTS reference salt repository contained 10-year-old wastes
emplaced at 37 W/m2 (150 kiW/acre) at 640 m (2100 ft) depth with an
average pillar stress of 14.5 MPa (2100 psi).' The waste storage rooms
were 6.1 m (20 ft) wide and 4.8 m (15 ft 9 in.) high. After 5 years,
however, the roof height had shortened by 0.23 m (9 in.). O0lder wastes
stored in the same room and at the same waste emplacement density have
a lower average temperature rise at 5 years, thereby reducing the cum-
ulative room convergence (Fig. 4.9). If 0.23 m of room convergence (5
percent linear strain) is acceptable for safe operations in the repos-
itory, the waste emplacement density can be increased. The allowable
waste densities and the corresponding thermal densities are tabulated
in Tables 4.7 and 4.8 along with the results for hard rocks, discussed
in the following subsection.

4.4.2.2 Reduction of strength-to-stress ratios in granite, basalt,

and shale
The stress fields around a room in hard rocks such as granite,
basalt, and shale depend on the temperature, the in situ stress field,
and the change in load due to excavation (see Section 2.5.2). The
thermomechanical stability limits for mined repositories in hard rock
were established in the GEIS study (Dames and Moore 1978a; DOE 1979b).
These near—fie]d criteria determine the repository loading density of

10-year-old wastes (see Section 3.1.2).
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The near-field thermomechanical criteria are expressed in terms
of strength-to-stress ratios, as shown earlier in Table 3.1. The re-
positories contain 10-year-old wastes stored at a thermal power den-
sity of 47 W/m2 (190 kW/acre) in granite and basalt and 30 w/m2
(120 kW/acre) in shale. At 5 years after waste emplacement, the sum
of the thermally induced stress and the excavation-induced stress with-
in 1.5 m of the openings is half the magnitude of the rock strength
for granite and basalt and equal to the rock strength for shale. O0lder
wastes stored at the same waste emplacement density have a lower aver-
age temperature rise after 5 years, and the thermally induced stress
is less (Fig. 4.10). The temperature rises at the end 6f 5 years are
used to determine the stress values. If the same strengfh—to—stress
ratio criteria can be used for older wastes to ensure mine stability,
the waste emplacement densfty can be increased to accommodate more
wastes in the repository, as shown in Table 4.7. The temperature de-
pendence of the rock strength is taken into account. The corresponding
thermal loading densities are less sensitive to the surface cooling

period, as shown in Table 4.8.

4.4.2.3 ‘Increase of waste emplacement density

. The ratios of allowable waste densities of older wastes (tabulated
in Table 4.7) to the-values of 10-year-old wastes are illustrated in
Fig. 4.11. It shows that older wastes could be emplaced at more con-
centrated densities. These results are based on the assumption that
the near-field thermomechanical criteria developed for 10-year-old
wastes are acceptable independent of the surface cooling period. For

reprocessed HLW with a small thermal contribution from the long-lived



Table 4.7. Allowable Waste Density Determined by the Near-Field Thermomechanical Criteria.
Salt Grani te Basalt Shale
SF HLW SF HLW SF HLW SF _HLH
Surface Cooling MTHH/m2 HTHH/nz HTHH/m2 MTHM/m2
Period (years) (MTHM/acre) (MTHM/acre) (MTHM/acre) (MTHM/acre)
10 ' 0.03%y 0.0359 0.0394 0.0454 0.0394 0.0454 0.0249 0.0287
' (126.0) (145.2) (159.0) (183.9) (159.6) {183.9) (100.8) (116.1)
40 0.0534 0.0713 0.0797 0.1173 0.0699 0.1011 0.0441 0.0639
(216.1) (288.7) (322.5) (474.6) (282.7) (409.2) (178.5) (258.4)
100 0.0786 0.1112 0.1759 0.4799 0.1478 0.3966 0.0933 0.2505
' (318.2) (450.0) (711.8) (1942) (598.1) (1605) (377.8) (1014)
Table 4.8. Allowable Therimal Loading Density Determined by the Near-Field Thermomechanical Criteria.
Salt Grani te Basalt Shale
+ SF HLW SF HLW SF HLW SF HLW
Surface Cooling H/m2 H/m2 H/m2 H/m2
Period (years) (kw/acre) (kW/acre) (kwW/acre) (kw/acre)
10 37 37 47 47 47 47 30 30
(150) (150) (190) {190) (190) (190) (120) (120)
40 33 3 11 51 44 44 28 28
(135) (124) (201) (204) (177) (176) {(111) (111)
100 23 12 51 52 43 43 27 27
(92) (49) (205) (212) (173) (175) (109) (111)

S
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actinides, these conclusions may be valid. However, for spent fuel
repositories, the long-term, far—field effects could become the limit-
ing consideration. This is discussed in Section 4.5.

Figure 4.11 also shows that the increase in allowable waste den-
sity is modest for salt compared to the results for hard rocks. For
salt, the increase in a]fowab]e waste density grows at a slower rate
for the longer surface cooling times. Thus the option of a longer
surface cooling period may be less attractive for salt than for hard
drock repositories. The difference in the form of the curves for salt
and for hard rocks results mainly from the different thermomechanical
behaviors assumed in the analyses. For sa];, fhe piastic creep strain
is proportiona]ito (Tamb-+ AT)Q'S, where Tamb is the ambient
temperature in kg]vins and AT is the waste-induced temperature rise
. (see Lomenick's formula in the Appendix, Section A.2). For hard
rocks, thermoelasticity is assumed for the stress changes, and the
thermally induced stress is proportional to AT. As 1onger surface
cooling periods lower the temperature rise, AT, the nonlinear tempera-
ture dependence of the creep for salt shows less sensitivity to aT,
resulting in a smaller increase in allowable waste density.

The thermoelasticity assumed for hard rocks may be bversimp]ified
in view of the potential nonlinear contributions from the presence of
fractures. Additional research beyond the scope of this report is
required to study the thermomechanical behavior of fractured rock
masses. The temperature dependence of the elastic constants are aiso
not taken into account in the calculations. The dependence of rock

strength on temperature, however, is taken into account. Within the
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temperature range of interest for these calculations (below 120°C or
250°F), granite exhibits a noticeable change in rock strength with
temperature, whereas the basalt and shale strengths are almost temper-
ature 1ndependent'(0ames and Moore 1978a). For cooling periods of 10
to 100 years, this gain in strength with 1owér temperature permitsran
approximate increase of 20 percent in waste density for granite rela-
tive to its allowable 1imit for a fixed strength at 120°C. Since the
mechanical properties and rock strengths are highly site specific, the
quantitative conclusions in these calculations should be carefully re-
evaluated for any specific rock type and any potential repository site.
4.5 LIMITATION OF LOADING BY LONG-TERM, FAR-FIELD CONSTRAINTS

The long-term, far-field thermohydromechanical effects depend on
the temperature rise in the host rock, éSpecia]]y in the region be-
tween the repository and the surface. _Before we present more detailed
results for the loadings based on far-field considerations, it is of
interest to present one example of the far-field temperatures in
granite induced by a repository uniformly loaded with a constant mass
density. Fiqgure 4.12 illustrates the temperature rise at a point mid-
way between the repository and the surface. Similar magnitudes of the
maximum temperature rises are expected for other rocks, since the vol-
umetric heat capacities controlling the far-field temperature are in- .
sensitive to the differences in rock types. Comparing these results
with the near-field results shown earlier in ng. 4.2 and 4.3 makes it
evidént that the far-field results are less sensitive to the surface

cooling period, especially for the SF repository.
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The temperature rise from the repository to the surface determines
the surface uplift and the buoyancy flow. The repository loading den-
sity could be limited by these far-field constraints. These constraints
are discussed in the following two sectiqns.

4.5.1 Surface Uplift Considerations

To illustrate that the surface uplift considerations can determine
waste loading densities, we will summarize the results of the final EIS
(DOE 1980a) on the effect of waste age for salt, granite, basalt, and
shale. The thermal criteria discussed in Section 3.1 were used to
.determine the maximum thermal loading for both SF and reprocessed HLW
at 5, 10, and 50 years of age. The loading takes intg account the
temperature and thermomechanical limitations listed in Table 3.1.

These limitations include the maximum allowable temperatures at waste
centerline, canister surface, and borehole wall; the ﬁaximum room
closure for salt; strength-to-stress ratios for hard rocks; and the
maximum allowable surface uplifts.

The final thermal loadings used in the EIS study are shown in
Table 4.9. The far-field average loading takes into account the un-
used passive areas for corridors, etc. A safety margin of two-thirds
is included in the results. The limiting parameter is denoted by an
asterisk. Usually the near-field criteria determine the thermal load-
ings; however, the far-field surface uplift is also a limiting factor
in a number of cases, including not only the SF repositories in salt
but also 50-year-old HLW in salt and 50-year-old SF in shale. These

results indicate that for older wastes, the far-field criteria become

more important in determining the repository loading.



Table 4.9. EIS Thermal Loadings for Waste Repositories (N/mz).
Spent Fuel HLW
Age of Waste Near-Field Far-Field Near-Field Far-Field
at Emplacement Local Average Local - Average
Formation (yr) Loading Loading Loading Loading
Salt 5 21 17* 32% 24
10 12 10% 25% 19
50 6 5% 17 13%
Granite 5 49% 40 35% 21
: 10 32% 26 32% 25
50 23% 19 30* 23
Basalt 5 49% 40 35% 21
_ 10 32% 26 . 32% 25
50 23* 19 30* 23
Shale 5 30% 24 23% 11
10 20% 16 - 20% 15
50 13 10* 20* 15

* Denotes limiting parameters.

(Dot 1980a)

GlLlL
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The repository waste capacities calculated for these loadings are
plotted in Fig. 4.13 for SF and in Fig. 4.14 for reprocessed HLW for a
8.1 km2 (2,000-acre) repository. The capacity of a salt repository
for SF is substantially less than for reprocessed HLW and increases
only about 10 percent from 5 to 50 years. Increases in capacity for
the other media range from 30 percent for SF in shale to 100 percent
for reprocessed wastes in granite.

The sensitive dependence of the repository capacity on fuel cycles
and waste age was studied in detail at the International Nuclear Fuel
Cycle Evaluation (INFCE) Conference. In the technical appendix of
their proceedings, prepared by a joint effort of the Federal Republic
of Germany, The Netherlands, and the United States (INFCE 1980), the
waste densities and thermal loadings were calculated for seven fuel
cycles and for 10-year-old and 40-year-old wastes in salt. Only the
far-field criterion of maximum surface uplift of 1.5 m was used as the
1imiting parameter for all fuel cycles and waste ages. The near-field
and very-near-field temperature profiles were calculated only to assure
compliance with near-field and very-near-field temperature criteria.

The results of the INFCE study are shown in Table 4.10. A com-
parisdn of the 10- and 40-year-old waste data clearly illustrates the
interesting features of allowed areal thermal loadings and emp]acement
densities that are impacted by surface cooling. Although the allowed
thermal loading is reduced by aging the waste an additional 30 years
prior to emplacement, the density of emplacement is increased. The
increase in the amount of waste (number of canisters in Table 4.10)

that can be emplaced per unit area varies from about 1.5 percent for
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the SF of heavy water reactors (HWR) to about 103 percent for the HLW
of HWR with both uranium (U) and fhorium (Th) recycled. The corre-
sponding enhancement hercentages for the light water reactors (LWR),
w@ich are the main interest in the United Stdtes, are 7 percent for SF
and 83 percent for HLW with U and Pu recycled.

4.5.2 Surface Cooling, Cumulative Heat, and Far-Field Thermal Effects

The controlling quantity in assessing the far-field thermal
effects is the cumulative heat released by the emplaced wastes.
.Fig.-4715 illustrates the dependence of total heat released by the -
buried waste in an 8.1-km2 (2,000-acre) repository on the surface”
cooling period. The waste heat will remain in the rock formation for
a long period of time. Although the curves in Fig. 4.15 are independ-
ent of rock type and characterize only the waste heat source, most of
the results on far-field effects presented earlier in this section can
be understood from these curves. SF releases more heat over a 1on§ér
period of time than reprocessed HLW; extension of the surface cooling
beriod removes only a small fractioh of the cumulative heat released.
On the other hand, the heat from reprocessed HLW is mainly released
early. The cumulative heat of reprocessed HLW is much lower than that
of SF; the heat removed by surface cooling is a significant fraction
of the cumulative heat.

The ratios of cumulative heat released by 40- and 100-year-old
wastes to that released by 10-year-old wastes are plotted in Figq. 4.16.
This figufe represents the relative dependence and sensitivity of sur-
~ face cooling effects over the time rangé of interest. A lower ratio of

cumulative heat energies indicates a greater advantage obtained from



Table 4.10.

INFCE Canister and Repository Thermal Loadings and Waste Emplacement Density.

10-Year-0ld Waste

40-Year-0ld Waste

Canister Areal Canister Areal .
Thermal Thermal Emplacement Thermal Thermal Emplacement
Loading Loading Densi ty Loading Loading Density
Fuel Cycle (kW/canister) (H/mz) (canister/ng (kW/canister) - (w/mz) (canister/mz)
#1 LWR
Spent Fuel 0.56 15 0.027 0.30 9 0.029
#2 LkR
U + Pu-Recycle 1.86 7 0.020 0.74 27 0.037
#3 FBR
U + Pu~Recycle 1.26 16 0.013 0.64 10 0.016
#4 HwR
Spent Fuel +30 8 0.027 0.17 ) 0.027
#5 HWR .
U + Pu-Recycle 2.29 25 0.011 0.95 14 0.015
#6 HwWR
U + Th-Recycle 1,56 - 35 0.022 0.77 35 0.045
#7 HTR
U + Th-Recycle 1.09 32 0.029 0.53 29 ' 0.055

{(INFCE 1980)

8Ll
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longer surface cooling. It is clear from the figure that the effect
of surface cooling is more significant for reprocessed wastes than for
spent fuel in terms of long-term, far-field effect. The potential ad-
vantage of a 100-year cooling period for reprocessed waste is to lower
the surface uplift aﬁd buoyancy'f1ow to less than half the magnitude
of a 10-year cooling period.

European countries, including Belgium, Sweden, the United Kingdom,
and West Germany, have also considered longer cooling periods for re-
processed waste (Harmon and others 1980). The reasons range from near-
field concerns over clay stability (Belgium), to backfill stability
above 100°C (Sweden), to.far—field buoyancy perturbatibn (United King-
dom). It is of interest to note fhat an unpublished United Kingdom
report quoted by Bredehoeft and Maini (1981) states that "if waste is
allowed to cool for 40 to 60 or 70'years, depending on the waste type,
the heat would be reduced to the point wheré buoyancy-induced flow.
would not be significant."

4.5.3 The Importance of Surface Cooling Effects

In the evaluation of the thermal effects of waste repositories,
waste age is an important paraheter controlling waste heat. The heat
released into the rocks by the waste is determined by the following
three primary parameters: waste ggg, waste type, and waste loading
deﬁsity. From these parameters the thermal loading density at waste

emp]acement_and the cumulative heat energy can be derived.
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Although these derived quantities characterize the thermal effect
for scales of operation ranging from the very-near-field to the far-
field, and for times ranging from days to thousands of years, the pri-
mary waste parameters are more directly related to waste management
and economic considerations. The waste loading density especially
determines the size of the repository and the excavation costs. To
determine the waste heat characteristics, waste age and type must also
be specified. The review and evaluation in this study indicates that
the effetts of waste age (or surface cooling periods) should be care-

fully studied in repository design and evaluation.
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5. SUMMARY
This study discusses the thermal effects that could result from

the emplacement of radiocactive waste in a geologic repository and the
potential for mitigation of those effects.by surface cooling of the
waste prior to disposal. This summary lists the main points of tﬁe
variousvkey technical findings in five brief sections. Section 5.1
addresses the factors that control thermal effects. Section 5.2
covers the overall thermal, thermomechanical, and thermohydrologic
impacts determined mainly on the basis of previous studies that
assumed 10-year-old wastes. Since the waste loading density in a
repository is determined by thermal criteria, thermal criteria and a
generic thermohydrologically derived 1imit are discussed next in
~Section 5.3. Section 5.4 evaluates the mitigating effects of
different surface cooling periods on thermal perturbations in the can-
ister boreholes, at the repository level, and in the surrounding geo-
logic setting. In a given waste disposal system, the surface cooling
period would be determined by a combination of technical, economic,
social, and environmental factors. This study examines mainly the
technical factors and from that standpoint reviews the advantages and
disadvantages of surface cooling in Section 5.5.

5.1 CONTROLLING FACTORS OF THERMAL EFFECTS

Thermally induced effects are determined by the waste character-

istics, repository structure, and rock properties. Analyses in the

literature show that:
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For the same waste loading density, spent fuel releases more
heat at longer times than reprocessed wastes, which have most
of the long-lived plutonium and uranium isotopes removed.
Thus the spent fuel will induce much larger long-term thermal
impacts than reprocessed high-level radioactive waste.

Waste inventory studies indicate that a significant fraction
of the wastes received by repositories Qi]] be more than 10
years old, especially if completion of fully operational
repositories are delayed until close to the turn of the
“century.

Many years of research on salt as a repository medidm and
several recent inyeétigations on hard rocks are enabling
investigators to develop detailed designs of the config-
urations of the emplacement holes and the room-and-pillar
structures. Relatively simple repository geometries, how-
ever, have been used in most far-field models. Eventually,
the exact depth, size, and shape of the repositories will be
determined by the site-specific stratigraphic and regional
constraints of the geologic setting as well as the environ-
mental impacts of waste emplacement.

Thermal properties of the rock formations can be measured
fairly accurately in the laboratory and in the field. Me-
chanical properties measured in intact rock samples are not

representative of those of fractured rock masses.
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Hydrologic properties, especially permeability, have a wide
range of uncertainty.
5.2 THERMAL EFFECTS DETERMINED MAINLY ON THE BASIS OF STUDIES OF
10-YEAR-OLD WASTES
The very-near-field, near-field, and far;field thermal effects
have been extensively studied for 10-year-old wastes. The main find-
ings are that:

. Waste package integrity and maximum waste and canister
temperaturesvdepend sensitiveiy on the heat power of the
emplaced waste and thermé] conductivities of the various
components, including backfill or air gaps surrounding the
canister. Borehole degradation should be controlled to
maintain retrievability for a“préséribed‘périod of time. .

° Thérmomechanica] stability of the room-and-pi]]ar structure

' is determined by the stress changes due to both excavation
and thermal loading. Controlling thermal loading and ven-
tilation, and utilizing mining engineering techniques, such
as roof bolting, will help to ensure mechanical stability
and maintain the'safety of personnel during the waste em-

| placement and retrieval operations.

° The long-term, far-field temperature rise depends mainly on
the heat capacity of the rock. Heat capacity is the least
site-specific and rock;specific property. This allows us to
evaluate and predict long-term thermal effects with cautious

optimism.
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Surface uplift from thermal expansion of rock is largest for
a spent fuel repository in salt. The surface uplift depends
on the cumulative heat enérgy in the rock formation, which
persists over thousands of years.

Buoyancy flow will also persist for more than 1000 years.
Distortion of the convection cells by a regional pressure
gradient does not significantly change the travel time for

water to move from the repository up to the surface.

5.3 RESEARCH NEEDS FOR THERMAL, THERMOMECHANICAL, AND THERMOHYDROLOGIC

CRITERIA

Waste loading criteria used by the DOE in repository design have

not included the following considerations.

Thermohydrologic perturbation is not addressed in the exist-
ing far-field criteria. Although safety analysis requifes
including a description of the anticipated response of the
bulk hydrogeologic system to the maximum design thermal
loading, the repository loading density itself is not ex-
plicitly bounded by the considerations of vertical flow from
the repository to the surface. Preliminary analyses based
on buoyancy gradieht considerations indicate that thermo-
hydrological cons%derations could be very restrictive in
limiting waste loading denﬁ%ty. Further investigations are
required to elucidate the dependence of design waste loading
on thermohydrologic impacts and the predictability of long-

term thermohydrologic responses.
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. The very-near-field criteria are based on limits on the max-
imum temperature rises occurring at short times. The rela-
tionships between these early-time maxima and the long-
térm waste package integrity and radionucliide release rates
should be carefully evaluated. For salt, brine inflow to
the borehole has been observed to be low during the heatihg
period and high after the heat power has been turned off.
The potential long-term delay 1n brine migration due to
entrapment in microcracks should be considered.

° Thermoelastic analyses do not predict the behavior of non-
elastic fractured rock masses. The rock failure conditioné
should be evaluated with fracture models that consider the
couplings of fracture deformation to thermal expansion of
rock blocks and to fluid flow through the fractures.

° Thermomechanicaj instabf]ity induced by tension outside the

- heated zone should be considergd in addition to compressive
failure. This should be done for both the near-field room-
and-pillar structufe and the far-field rqck formations.
Thermally induced tensile stress may open the fractures and
change the pérmeability.

5.4 EMPLACEMENT WASTE DENSITY AND THERMAL LOADING OF AGED WASTES
The effect of different surféce cooling periods on thermal impact

can be summarized as follows:
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For constant mass of emplaced material per unit area, sur-
face cooling significantly reduces the thermal impact for
reprocessed waste, but only modestly for spent fuel. The
"main effect of surface cooling is to allow a significant
porfion of the fission products to decay. For spent fuel
containing long-lived actinides, the thermal impacts over
thousands of years are not significantly changed by extend-
ing the period of surface cooling from 10 to 100 years.

For constant power density at emplacement, longer surface
cooling increases the thermal impact significantly for spent
fuel, but only modestly for reprocessed waste. Since most
of the design studies and economic analyses are expressed in
terms of thermal ﬁower densities, conclusions based on 10-
year-old waste should ndt be applied to older wastes unless
careful re-evaluations are made.

If a higher waste densify is considered in the_design of a
repository for older wastes, limitations of loading should
be carefully determined by imposing both near-field c¢riteria
based on thermomechanical stability considerations and far-
field criteria based on thermohydrologic perturbation con-

siderations.
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5.5 ADVANTAGES AND DISADVANTAGES OF SURFACE COOLING FROM THE

STANDPOINT OF THERMAL IMPACT

Repository design and environmental evaluation should carefully

consider the effects of different surface cooling periods.

° Surface cooling allows more concentrated waste emplacement
and lower thermal loading. The quantitative changes depénd
sensitively on the waste type and on the thermal criteria
used in determining optimal loading.

° For the region in the vicinity of the waste package and
the repository room-and-pillar, the lower thermal loadings

~associated with older wastes could reduce the short-term
.temperature rise and the thermomechanical instability.

e - Reductions in the near-field thermomechanical perturbations
are significant for older wastes in sa]t‘and especia]]y'in
hérd rocks. If the near-field criteria determine the waste
loadings, the creep analyses for salt and the thermoelastic
analyses for hard rocks should be carefully evaluated to
determine the optimal waste-loading densities for older
wastes.

o If far-field criteria are used, the extension of surface
cooling periods will allow only a modest increase in waste
density for spent fuel. The balance between a modest reduc-
tfon in repository spatial requirements and the additional
expense of the maintenance of surface storage facilities
will be the determining factor in optimizing the duration

of surface cooling.
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For reprocessed waste, long surface gooling can effec-
tively lower the far-field thermal effects. From a tech-
nical standpoint; it may be advantageous to store reprocessed
wastes above ground for up to 100 years to~a11ow a signifi-

cant fraction of the fission products to decay.
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APPENDIX: ANALYTIC FORMULAS

A number of analytic solutions for thermally induced effects are
presehted.in this appendix. These formulas illustrate the functional
dependence of temperature rise, thermomechanical deformation, and
thermohydrologic perturbation on the thermal loading, rock properties,
and repository dimensions.

Simple approximations are made in these solutions so that the
controlling parameters in the very-near-field, the near-field, and the
far-field can be easily identified.

A.1 VERY-NEAR-FIELD FORMULAS

The maximum temperature rise in the. rock on the borehole wall

surrounding a radioactive waste canister is approximately given by

(Hodgkinson and Bourke 1978):

\ 1/3
aT™x qc(o)', A(L,r) - 3L BXA(L’ r.w)
rock «LKrock W 8 "LKrock
with
2\ 1/2
1 L L
AL, r ) == 2 |5+ |1 +[5— , (A-1)
w 2 2rw <2rw>
qc(O) = canister emplacement power, W/canister,
L = canister length, m,
" = borehole radius, m,
K = thermal conductivity of the rock, W/m°C,
rock
N . .. ‘ 2
Krock = thermal diffusivity of the rock, m /s,
A = radioactive decay constant, I¢n(2)/t 1/s.

1/2°
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The temperature rise across the cylindrical gap between the can-

jster and the borehole wall may be computed with the steady-state sol-

ution
q.(0) (r >
c W
AT = ——— n -1, - (A-2)
gap 21rLKgap rc
where
Kgap = effective thermal conductivity of'the gap, W/m°C,
re = canister radius, m.

The temperature rise in the waste may be computed using the

steady-stdte solution in an infinitely long cylinder of waste

q (0) , hes)
AT = , ‘ A-3
waste 4“LKwaste
where Kwaste =>therma1 conductivity of the waste, W/m°C.

These steady-state solutions were used in the GEIS study (Science
Applications Inc 1978) to validaté numerical models.

Equations (A-1) and (A-3) 111ustrate that the very-near-field
temperature rises are proportional.to the waste emplacement power and
inversely propqrtiona] to the thermal conductivities of the various
waste component§ and of the surrounding rock.

A.2 NEAR-FIELD FORMULAS

The temperature rise at the pillar centerline between canister
rows can be approximated conservatively by a model with wastes uni-
formly distributed along the rows at the repository level. The re-
pository temperature in this mode] (Carslaw and Jaeger 1959) is given

by.
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AT = jt i : (A-4)
repository chrock A [“Kfock(t _ tl)]1/2
where
QR(t') = heat power per unit area at time t', W/mz,
PCrock = volumetric heat capacity of the rock, or product of

the rock density and specific heat, W/m3°C.
The repository temperature for a radioactive decay areal heat

source (Beyerlein and Claiborne 1980; Hodgkinson and Bourke 1978) is

172 .
0,(0)
_ _R rock 1/2
AT epository = K o \ A ImWC(At) 71, (A-5)
where
QR(O) = thermal loading density, W/mz,
Imd = imaginary part of the error function of complex argument.

The maximum temperature rise is

AT

, 1/2
Q,(0) Q,(0)
max R (ch") = 0.305 R (A-6)

repository 0.305 N (K

rock )]/2

rock® rock?
Equation (A-6) shows that the near-field maximum temperature rise is
proportional to the areal thermal loading and inversely proportional
to the square root of the product of thermal conductivity, heat capac-
ity, and effective radioactive decay constant.

The temperature rise induces stress and strain changes in the
rock medium surrouﬁding the repository. If the rock medium is elastic,

the thermally induced stress-strain changes are proportional to AT.
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Thermoelastic analyses were used in the GEIS study (Dames and
Moore'1978a) and in the results given in Section 2.5.2 for hard rocks
(granite, basalt, shale). Lomenick's formula, deduced.from creep
studies in Project Salt Vau]t (Bradshaw and McClain 1971), was fre-
quently used in repository designs for salt as a plastic rock medium.

In SI units the formula is

£ =cr? 5 3'0t0 3
where
E= cumulatiQe strain, m/m,
T-= Tambient + AT, absolute temperature, K,
o = average pillar stress, Pa,
t = time, s,
C = 3.4 E-50.

The cumulative strain is therefore a nonlinear function of AT.»
A.3 FAR-FIELD FORMULAS

The temperature rise around a disk-like repository at any point
(r, z) (Carslaw and Jaeger 1959; Wang and others 1981) is given by

t

1 -/- 0p(t)[V_p(r.z,t-t") - v+D(r,z,t—t'ﬂ at', (A1)

rock

AT(r,z,t) = e

with

R 2 2
N 1 _rtr'+(7+D) rr!
Viplr.z,t) = 172 | &XP { 4t J Iolze ¢)ridr’
4< 3 3 rock rock
K t
0 .
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where
V?D = instantaneous disk heat source of radius R in the plane
z = +D, 1/m,
r = radial distance from the axis of the repository, m,
I0 = zeroth-order modified Bessel function of the first kind,
Zz = vertical coordinate, negative below the ground surface, m,
t = time, s.

The areal heat powef function QR(t') could be expressed as a
series of exponential decay terms. For each decay term, the tempera-

ture rise along the z-axis of the repository is

AT(0,2,1) = F{[(z + 0)2/an_ ., 1172, 1)

- FLRP w (2 + )Py /an 112,

2 1/2
+ £z - e 1172 1)
R + (2 - 0 D/ae, 112 b, (A-8)
with
172

© Qqp(0)

o, 1) = 5 <Kr2Ck> I ()72 + ix]
rock

The surface uplift due to the thermal expansion of rock between

the repository and the surface is given by

0
- 1+ ' _
a? —-/. <] — u> @ rock AT dz, (A-9)
_D R :
where Srock = thermal expansivity of the rock, 1/°C, and u = Poisson's

ratio of the rock.
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The buoyancy gradient due to the thermal expansion of water for

flow from the repository to the surface is approximately given by

0
. dz .
18 —j awaterAT D (A-10)
-D
- . _ - o
where @ ater thermal expansivity of water, 1/°C.

Both the surface uplift and the buoyancy gradient are therefore
determined by the integrated temperature rise in the rock formation,

which is related to the cumulative heat remaining in the rock.
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Stresses at 5 years after emplacement in granite

at a depth of 580 m (1900 ft) for an HLW repository

loaded at‘47 w/m2 (190 kW/acre) (Dames and Moore 1978a).
Progressive strength failure due to excavation and
thermomechanical stresses with joints at 0° and

90° (Ratigan 1977).

Progressive strength failure due to excavation and ther-
mohechanica] stresses with joints at 45° and -45° (Ratigan
1977).

Storage room floor temperature histories representing
cool-down by 4.72 m3/s (10,000 ft3/m1n) of air from

an unventilated state after 5, 10, and 50 years

(Altenbach and Lowry 1980). V

Isotherms and profiles of the temperature rise around an
SF repository in granite after 10, 102, 103, and

104 years (Wang and others 1981).

Isotherms and profiles of the temperature rise

around an HLW repository in granite after 10, 102,
103, and 104 years (Wang and others 1981).

Heat released by the buried wastes and.heat remain-
ing in the granite formation for a disk-shaped

repository 3 km in diameter at different depths

(Wang and others 1981).
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Evolution of the temperature distribution for a
répository in domed salt loaded sequentially from
the outermost boundary toward the dome center
(Stearns-Roger Engineering and WOodward—Clyde
Consultants 1978).

History of average SF repository temperature for
six major rock types.

Vertical temperature distribution for a repository
at 460 m depth in granite, loaded at 37 W/m2

(150 kW/acre) (EPA 1977).

Vertical temperature distribution for a repository
at 460 m depth in domed salt, loaded at 37 W/m2
(150 kW/acre) (EPA 1977).

Comparison of repository closure and thermal
expansion for an HLW repository in salt (INFCE 1980).
Sketch of a vertical fracture from within the
repository to the surface (Wang and others 1981).
Effect of fuel cycle and depth of a repository on
the flow velocities, hydraulic gradients, and )
water movement along a vertical fracture from the
repository to the surface (Wang and others 1981).
Sketch of a vertical fracture through the repos-

itory to the surface (Wang and others 1980).
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Figure 2.26 Convection cell in an extended vertical fracture
around a repository; horizontal gradient = 0.0 m/m
(Wang and Tsang 1980).

Figure 2.27 Convection cell in an extended vertical fracture
around a repository; horizontal gradient = 0.001 m/m
(Wang and Tsang 1980). |

Figure 4.1 Temperature rise at the borehole as a function of
surface cooling period.

Figure 4.2 Temperature rise in an SF repository as a function of
of surface cooling period; constant waste density
loading.

Figure 4.3 Temperature rise in an HLW repository as a function
of surface cooling period; constant waste density
loading. |

Figure 4.4 Temperature rise in An SF repository as a function
of surface cooling period; constant emplacement
power density loading.

Figure 4.5 Temperature rise in an HLW repository as a function
of surface cooling period; constant emplacement
power density loading.

Figure 4.6 Maximum repository temperature rise as a function
of surface cooling period; constant waste density
loading for SF and HLW.

Figure 4.7 Maximﬁm repository temperature rise as a function of
surface cooling period; constant emplacement power

density loading for SF and HLW.
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Maximum permissible gross loading surface density

for a 4.6-m (15-ft) room versus age of waste,

based on salt temperature criteria (Cheverton and
Turner 1972). |

Roof convergence in salt as a function of surface
cooling period in SF and HLW repositories.

Thermally induced stress in granite at 47 W/m2

(190 kW/acre), basalt at 47 W/m® (190 kW/acre),

and shale at 30 W/m2 (120 kW/acre) as a function of
surface cooling period in SF and HLW repositories.
Percent increase in allowable waste density in four
major rock types as a function of surface cooling
period. for SF and HLW repositories.

Temperature rise at a point midway between the
repository and the surface as a function of

surface cooling period; constant waste density

loading for SF and HLW.

Repository capacity as a function of SF age (DOE 1980a).
Repository capacity as a function of HLW age. (DOE 1980a).
Cumulative heat released by SF and HLW as a
function of surface cooTing period.

Ratio of cumulative heat released by 40-year-old
and 100-year-old wastes to that released by

10-year-old wastes.
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Figure 2.12 Progressive strength failure due to excavation and
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Figure 2.13 Progressive strength failure due to excavation and ther-
momechanical stresses with joints at 45° and -45° (Ratigan

1977).
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(Wang and others 1981).
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Figure 2.23 Sketch of a vertical fracture from within the

repository to the surface (Wang and others 1981).
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Fiqure 2.25 Sketch of a vertical fracture through the repos-

{tory to the surface (Wang and others 1980).
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Figure 4.3 Temperature rise in an HLW repository as é function

of surface cooling period; constant waste density

loading.
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Figure 4.5 Temperature rise in an HLW repository as a function

of surface cooling period; constant emplacement

power density loading.
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loading for SF and HLW.
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Figure 4.7
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Figure 4.13 Repository capacity as a function of SF age (DOE 1980a).
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Figure 4.14 Repository capacity as a function of HLW age (DOE 1980a).
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Figure 4.15 Cumulative heat released by SF and HLW as a

function of surface cooling period.
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