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1. INTRODUCTION

The report presents the progress of a newly initiated research activity addressing geotechnical and
performance assessment impacts of direct disposal of commercial spent nuclear fuel (SNF) in dual-
purpose canisters (DPCs) in various host rock environments. Previous studies on direct disposal of DPC
within the Department of Energy’s (DOE) Spent Fuel and Waste Disposition (SFWD) campaign found that
direct disposal is technically feasible for most DPCs, depending on the repository host geology (Hardin
et al., 2015). Post closure criticality control and thermal management strategies that allow for
permanent disposal within 150 years (after taken out of the reactor) were identified as two of the most
challenging aspects (Hardin et al., 2015). The DPCs are currently also being considered in the geologic
disposal system analysis (GDSA) within the SFWD campaign. In GDSA, heat sources from either 24-
PWR or 37-PWR DPCs are considered with a decay storage time varying from 50 to 150 years before
disposal. The GDSA modeling is being conducted using large-scale models focusing on the
radionuclide transport to accessible environments, and includes repository-scale coupled thermal-
hydraulic processes. Previous studies on DPC thermal managements and the current GDSA work
provide the basic background and a starting point for the current study on the geotechnical (or
geomechanical) impact of direct DPC disposal.

Thermal management associated with geologic nuclear waste disposal is based on controlling the peak
temperature in the bentonite buffer or in the rock wall. The same type of the thermal management should
be performed in the case of DPC (Hardin et al., 2013; 2015). However, previous modeling studies have
shown that in order to evaluate a geomechanical impact, the most critical is not the peak temperature of the
waste canister, but the overall average and peak rock temperature at the repository level (e.g., Rutqvist et
al., 2009a; 2014). The peak thermal stress on the repository tunnels occurs as a result of thermally-induced
stress buildup at the repository level and associated stress concentration around the emplacement tunnel
(Figure 1-1). For a repository in a low permeability host rock, such as argillite, salt, and crystalline rock,
large scale pressure buildup may occur as a result of thermal expansion of trapped pore-fluids (Rutqvist et
al., 2014). In this work, we investigate different peak temperature criteria (for buffer, rock wall and
repository rock) related to the geomechanical impact for various rock environments.

Related to the clay-based buffer material, a peak temperature of 100 °C has frequently been adopted
out of concern of chemical changes and degradation. For DPC direct disposal, a peak backfill
temperature of 200 °C is likely to occur, unless the SNF is aged for hundreds of years before backfilling
(Hardin et al., 2015). However, backfill peak temperature well above 100 °C is currently considered
in national nuclear waste programs, such as in Switzerland, where in situ heater experiments up to 140
°C are being conducted for demonstration of the disposal concept in Opalinus Clay (Rutqvist et al.,
2018; 2019). Moreover, the Clay-based backfill material such as bentonite-sand mixtures can be
engineered to reduce the buffer peak temperature. For example, laboratory data have shown that the
thermal conductivity of bentonite can be significantly increased by mixing in graphite or graphene
oxide (Jobmann and Buntebarth, 2009; Chen et al., 2018). This shows the possibility of engineering a
bentonite buffer in order to reduce the peak temperature exposed to the buffer during the post-closure
period. The effect of such buffer material engineering is one of the aspects investigated in this work.

This report presents initial scoping calculations related to this newly initiated activity. The goal at this
stage is not to make an exhaustive analysis of the problem, but to make an initial scoping calculation
to identify some of the most important geomechanical impacts of direct disposal of SNF in DPCs.
Previously developed and tested modeling approaches based on the TOUGH-FLAC simulator are
applied with detailed representation of the near-field coupled processes (Rutqvist et al., 2011; 2014;
2019; 2018). The model setup is presented in Section 2, followed by thermal management calculations
in Section 3, including a demonstration of the use of engineered buffer properties for reducing buffer
peak temperature. In Section 4 THM responses for different DPC disposal options are modeled,
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including disposal in 24 and 37-PWR DPCs, after 100 and 150 years-Out-of-the-Reactor (yOoR). The
analysis is conducted for disposal in argillite and crystalline (granite) host rock in this initial study,
while studies of other host rock environments will be conducted in future work.
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Figure 1-1. Schematic presentation of a conceptual model of thermally-induced stresses and
mechanical impact on a nuclear waste emplacement tunnel based on coupled THM simulation

results (Rutqvist et al., 2009a)
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2. MODEL SETUP

The model setup and conditions for disposal in argillite and crystalline host rocks are conducted using
similar geometry of the near field. That is, the DPCs (6 m long and 2 m in diameter) are placed on the floor
of the emplacement tunnels of about 4.5 m in diameter (Hardin et al., 2013; 2014). The basic cross-section
model of the emplacement tunnel is shown in Figure 2-1. Figure 2-1a presents a cross-section from Hardin
et al. (2014), with the TOUGH-FLAC model geometry shown in Figure 2-1b for the backfilled
emplacement tunnel in argillite. As suggested in Hardin et al., (2013), the sedimentary host rock option
calls for reinforcement with a concrete liner and a concrete invert for placing the DPC. We assume a
bentonite buffer backfill is from the FEBEX bentonite with properties similar to those we applied in
previous generic modeling studies for crystalline and argillite repository concepts (Rutqvist et al., 2011;
2014). In the case of crystalline rock, we used the same model grid, but disregarded the concrete liner by
assuming that those numerical grid-blocks belong to the host rock.

Figure 2-2 presents a three-dimensional symmetric model around one DPC with a canister-to-canister
spacing of 20 m along the emplacement tunnels and a 40 m spacing between individual emplacement
tunnels. In this modeling study, the dimensions are fixed to those given in Figure 2-2, and disposal at a 500-
meter depth is assumed. In addition to the three-dimensional model shown in Figure 2-2, we also conducted
simulations in a two-dimensional cross-section, for faster executions of simulations over 100,000 years.
For simplicity and computational speed, stress-strain evolution is calculated considering linear elastic
properties in these preliminary simulations. The calculated stress field are then integrated with basic failure
criteria to evaluate the potential for damage and to determine what types of damage are most likely to occur,
if any, for different types of host rock and DPC disposal options.

Material properties of both argillite and crystalline host rocks are assumed isotropic. The material properties
for the argillite repository case are the same as those used in Rutqvist et al. (2014), representing Opalinus
Clay at the Mont Terri laboratory, Switzerland, and the FEBEX bentonite properties, given in Rutqvist et
al., (2011). A simple swelling model is used, as described in Rutqvist et al. (2011), to provide a 5-MPa
swelling stress upon full saturation of bentonite. The thermal conductivity of the bentonite buffer is linearly
dependent on saturation varying from Aqy = 0.5 W/mK (at zero liquid saturation) to Awee = 1.3 W/mK (at
full liquid saturation). For the crystalline rock case, granitic rock properties are taken from previous coupled
processes modeling studies within the international DECOVALEX project (Rutqvist et al., 2009a; Nguyen
etal., 2009; Rutqvist et al., 2009b). Those properties were derived from site investigations at the Aspd Hard
Rock Laboratory in Sweden and the Manitoba Underground Research Laboratory in Canada. The basic
THM properties are listed in Table 2-2.

For initial conditions, hydrostatic fluid pressure and a thermal gradient of 28 °C per km are assumed. With
the ground water table near the ground surface and a ground surface temperature of 10 °C, the initial
pressure and temperature at 500 m depth is about 4.5 MPa and 24 °C. Isotropic stress field is assumed with
the magnitude of three principal stresses being equal to the weight of the overburden rock, leading to a
slightly higher initial stress in the case of crystalline rock.

The modeling steps include excavation, reinforcement, emplacement of the waste canisters and a buffer,
followed by the post-closure simulation over 100,000 years (Figure 2-3). In the simulation of an argillite
repository tunnel, a concrete liner is assumed be installed during the excavation, assuming no convergence
of the softer argillite host rock by the stiffer and stronger concrete liner. It is also assumed that the DPC and
a buffer are installed at an instant defined as time zero in the post-closure simulations. The buffer is installed
at an initial saturation of 65%. In the case of crystalline (granite) host rock, no concrete liner is installed.
As mentioned, simulations were conducted using several options of heat power decay function, including
both 24-PWR or 37-PWR DPCs with a decay storage of up to 150 years before disposal.

In the post-closure simulations, the potential geomechanical impact is evaluated in terms of the stress
evolution at the repository level and at the tunnel wall. The stress-strain evolution is calculated considering
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linear poro-elasticity and thermo-elasticity, whereas the potential for failure is considered through some
simple stress criteria. For the repository level stresses, a simple criterion is that a tensile stress equals to or
larger than a tensile strength causing tensile failure, while a shear stress equals to or larger than a shear
strength (such as a maximum compressive stress being 3 times that of the minimum compressive stress),
which would cause shearing of pre-existing fractures (Rutqvist et al., 2014). For the top and bottom of the
tunnel, where the highest compressive tangential stress is expected to occur, a spalling failure criterion is
considered through a uniaxial compressive strength. According to site investigations at Manitoba URL in
Canada and at Aspd hard rock laboratory in Sweden, a so-called spalling strength of about 120 MPa has
been estimated (Rutqvist et al., 2009¢). For Opalinus Clay, we use the uniaxial compressive strength of
about 16 MPa, which was determined by laboratory experiments (Rutqvist et al., 2014). On the sidewalls
of the tunnel, there will be a relief of tangential compressive stress (Figure 1-1), which could potentially
lead to development of a large tensile stress, resulting in tensile fracturing.

Figure 2-1. EBS geometry considered in this study for direct disposal of DPC in a horizontal
emplacement tunnel with the DPC placed on a concrete invert at the bottom of the tunnel: (a)
geometry for an emplacement tunnel in sedimentary rock (Hardin et al., 2014), and (b) numerical
grid of the near field.
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Concrete liner

500 m deep

e

Figure 2-2. Three-dimensional model geometry of a horizontal emplacement tunnel in the middle of
the repository with 20 m center-to-center spacing between individual DPCs and 40 m spacing
between individual emplacement tunnels.

1)Excavation 2) Reinforcement  3) Emplacement  4) Post-closure

Figure 2-3. Modeling steps: from tunnel excavation to post-closure periods.
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Table 2-1. Basic THM properties

Parameter Argillite Crystalline (Granite) Concrete
(Opalinus Clay)
Bulk Density [kg/m?] 2400 2700 2700
Porosity [-] 0.15 0.01 0.15
Young’s Modulus [GPa] 5 35 (fractured) 23
60 (intact)
Poisson’s ratio [-] 0.3 0.3 0.2
Grain Specific heat [J/kg-°C] 900 900 900
Thermal conductivity [W/m-°C] 1.7 3.0 2.0
Thermal expansion coefficient [°C™' ] 1.0x10?° 1.0x10°° 1.0x10°
Bulk Permeability [m?] 5.0x10°% 1.0x10"'7 (fractured) 1.0x10"°
1.0x10"" (intact)
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3. THERMAL MANAGEMENT FOR BUFFER AND HOST ROCK

We first present results of basic high-temperature thermal-hydraulic responses based on the results of
simulations using the full three-dimensional model shown in Figure 2-2. This model enabled us to study
more accurately the temperature evolution in the buffer and surrounding rocks, considering the detailed
near-field geometry with a DPC placed at the tunnel floor on a concrete invert. We also conducted a
sensitivity study of how admixtures of high thermal conductivity materials to the bentonite could improve
the thermal performance and reduce the peak temperature at the buffer during the post-closure period.

3.1 Basic Thermal-Hydraulic Response

Figure 3-1 presents the graphs of the evolution of temperature, buffer saturation and fluid pressure
calculated for a repository in argillite with 24-PWR DPC, emplaced 100 yOoR. The temperature at the
interface between the canister and buffer peaks at 150°C within 10 years, and stays well above 100°C for
up to 1000 years. The temperature at the rock wall peaks at 104°C after 300 years, whereas the rock
temperature at mid-distance between two emplacement tunnels peaks at 85°C after 750 years (Figure 3-1a).
The buffer experiences significant drying at its inner parts near the canister during the first tens of year, and
the buffer finally saturates fully after 75 years (Figure 3-1b).

Fluid pressure increases as a result of thermal pressurization, a phenomenon known to occur when heating
pore-fluids in low permeability rocks, such as shale (Rutqvist et al., 2014). The pressure peaks at 14.6 MPa
after about 1000 years (Figure 3-1c). The thermal pressurization is driven by temperature changes in the
host rock away from the emplacement tunnel and peaks a few hundred years after the host rock temperature
peaks. In this case, the weight of the overburden rock at 500 m depth results in 11.8 MPa vertical stress
(lithostatic stress). The thermally-driven increase in fluid pressure exceeds the vertical stress by several
MPa and it is therefore a significant risk for hydraulic fracturing taking place over the entire repository
horizon. The only way to prevent such a high fluid pressure would be to design the repository with proper
control of the host rock temperature.
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Figure 3-1. Thermal-hydraulic simulation results for a repository in argillite considering a heat
source from a 24PWR-100yOoR DPC: Evolution of (a) temperature ,(b) saturation and ,(c) pore

pressure

3.2 Engineered Buffer Thermal Properties to Reduce Temperature

Figure 3-2 and 3-3 present the results of using engineered buffer material to reduce the peak temperature
and thermal impact. Two cases of enhance thermal properties are considered based on literature laboratory
data on bentonite thermal conductivity for different engineered admixtures.

Firstly, we consider thermal conductivity values from Jobmann and Buntebarth (2009), for 15% graphite
added to the bentonite, resulting in h A¢ry =2.0 W/mK and Awe = 3.2 W/mK. This is significantly higher
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thermal conductivity than the original values of Agy = 0.5 W/mK and Awe: = 1.3 W/mK. The calculation
results are shown in Figure 3-2.

Secondly, a more extreme case is considered based on newly published laboratory results in Chen et al.,
(2018). In this case, thermal conductivity of bentonite could be increased by an order of magnitude using
admixtures of graphene oxide. For example, with 30% graphene oxide, Aay =5 W/mK and Awe: could be
estimated to exceed 25 W/mK. Here we use Aay =5 W/mK and Awee =10 W/mK, which is much higher
than the thermal conductivity of the Opalinus Clay host rock (A¢y = 1.7 W/mK). And the calculation results
are shown in Figure 3-3.

The results in Figures 3-2 and 3-3 show the benefit of such an engineered buffer material. In this example,
the peak temperature reduced from 150°C to 115°C or to 104°C depending on the thermal conductivity of
the buffer. Moreover, the thermal gradient across the buffer is substantially reduced, which has the benefit
of preventing drying of the buffer next to the heater. For example, from Figure 3-3b we can see that in the
base case, the water saturation decreases from 65% to 40% (dashed red line in Figure 3-3b), while for the
case with high buffer thermal conductivity, saturation decreases only a few percent (solid red line in Figure
3-3b).

Another observation from Figures 3-2 and 3-3 is that the temperature evolution in the repository host rock
is unchanged and does not depend on the thermal conductivity of the buffer. This also means that the
thermal pressurization effects are identical for the different cases of buffer thermal conductivity (as shown
in Figure 3-4). Thus, the host rock temperature change and associated thermal pressurization would still be
too high as the pressure at times exceeds the lithostatic stress and could cause hydraulic fracturing of the
host rock.
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Figure 3-2. Effect of 15% graphite admixture in the bentonite buffer material to enhance thermal
conductivity and reduced peak temperature (heat source from a 24PWR-100yOoR DPC): (a)
temperature evolution and (b) evolution of liquid saturation. Dashed lines are the results for the
original unmodified bentonite thermal properties and solid lines are the results for enhanced
thermal conductivity.
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4. HIGH-TEMPERATURE THM RESPONSES

High-temperature THM responses are investigated for a number of cases considering argillite (Opalinus
Clay) and crystalline (granite) host rocks. In all cases, the repository emplacement tunnels are assumed to
be located at 500 m depth. The same near-field geometry is assumed, but in the case of a repository tunnel
in Argillite, a concrete liner is considered for necessary reinforcement, whereas in the case of granite, it
assumed that a concrete liner is not required (Figure 4-1).

(a) (b)

Figure 4-1. Modeled EBS geometry for the cases of a repository tunnel located in (a) argillite
(Opalinus Clay) and (b) crystalline (granite) host rock.

41 2D Thermal Line Load

The TOUGH-FLAC simulation for investigating THM responses is conducted on a 2D cross-section model,
which is an approximation compared to the full 3D model presented in Section 3. In order to run a
reasonable simulation, we need to choose an appropriate line thermal load, i.e. thermal heat power for the
2D cross-section that could accurately represent the real three-dimensional temperature evolution. A low
limit line load per meter emplacement tunnel can be estimated from total power of one waste package,
divided by the spacing (center-to-center) between each waste package along the emplacement tunnels. For
example, a 24PWR DPCs 100 yOoR and 20 m DPC spacing, result in an initial heat power of 3881 W/ 20
m =194 W/m. A high limit could be calculated based on the length of the canisters, i.e. 3881 W/ 6 m = 647
W/m. The high limit of 647 W/m matches the first few year of heating close to the canister, but
overestimates the peak load in the rock over the longer term. For this study on the geotechnical impact, the
temperature evolution in the rock is most relevant, so we used a compromise, which correspond to 194
W/m multiplied by a factor of 1.2, i.e. 233 W/m of the initial heat power.

Figure 4-2 shows a comparison of the full 3-D and 2-D modeling results. We can see that the peak
temperature and a temperature evolution in the rock are almost the same for 3-D and 2-D simulations. Thus,
we assumed we could apply the 2-D model to study coupled THM processes to determine the main impacts
on the geotechnical performance.
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Figure 4-2. Comparison of simulated temperature evolution for a full 3-D model with a 2-D cross-
sectional model for a calibrated 2-D line heat source for a representation of the temperature
evolution in the host rock. Results are for (a) original bentonite thermal conductivity, and (b)

enhanced thermal conductivity by 30% graphene oxide admixture.

4.2 THM Response in Argillite Host Rock with 24PWR DPCs

The THM responses around an emplacement tunnel in argillite host rock with DPCs containing 24PWR
100 yOoR are depicted in Figures 4-3 through 4-6. The graphs of temperature and pressure evolution shown
in Figure 4-3 are the same as those for the 2-D cases in Figure 4-2. That is, the thermal pressurization and
the associated pressure evolution are induced by and proportional to the temperature evolution in the host
rock.

Figure 4-4 presents the graphs of the evolution of vertical and horizontal stresses at a point located at the
mid-distance between two emplacement tunnels, and, therefore, representing the general repository stress.
In Figure 4-4, both total and effective stresses are presented, and the difference between the total and
effective stresses is the fluid pressure. The total vertical stress is approximately constant and equals to the
weight of the overburden rock, which is about 11.8 MPa (Figure 4-4a). The increase in the fluid pressure
causes a reduction in the vertical effective stress, which becomes tensile at about 100 years. Such tensile
effective vertical stress is expected to last for several thousand years, and could cause massive tensile
fracturing. The horizontal total stress increases with fluid pressure, resulting in the pore-clastic stress
between the confined lateral boundaries (the model cannot expand in the horizontal direction and instead
horizontal stress increases with increasing temperature and pressure). This leads to small changes of the
horizontal effective stress.

Figures 4-5 and 4-6 present the graphs of the evolution of stresses at the wall of the tunnel within the inner
part of the concrete liner (Figure 4-5) and in the host rock just outside of the concrete liner (Figure 4-6).
After excavation and emplacement of the concrete liner, the stiffer concrete liner prevents further
convergence of the softer argillite host rock, leading to a compressive tangential stress of up to 40 MPa in
the concrete liner. The radial stress is much smaller due to the free surface to the tunnel opening that is
filled with bentonite, where the initial stress is low. During the post-closure period, the tangential stress in
the concrete liner is reduced, and a very high tensile effective stress occurs at the side of the tunnel. This
high tensile stress would certainly cause tensile failure of the concrete liner that could potentially expand
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out into the host rock. In simulations, we assumed a linear elastic constitutive behavior, whereas if tensile
failure is considered, the tensile stress could not increase as high as shown in Figure 4-5b. The stress in the
argillite host rock shown in Figure 4-6 is smaller, though the magnitude of tangential stresses is close to the
uniaxial compressive strength of Opalinus Clay. However, the concrete liner provides confinement with a
confining stress of several MPa, and, therefore, rock failure may be minimal. In reality, the concrete liner
may disintegrate over time, and, therefore, it is not considered in the current analysis.
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Figure 4-3. Results of temperature (a) and pore pressure (b) thermal-hydraulic simulations for a
repository tunnel in argillite (thermal line load from a 24PWR-100yOoR DPC).
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Figure 4-4. Results of simulations of vertical (a) and horizontal (b) stresses for a repository tunnel
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solid lines are effective stresses.
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Figure 4-5. Results of simulations of the evolution of stresses within the concrete liner: (a) at the top
of the tunnel, and (b) at the side of the tunnel, for a repository tunnel in argillite (thermal line load
from a 24PWR-100yOoR DPC).
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Figure 4-6. Results of simulations of the evolution of stresses in the wall rock just outside the
concrete liner: (a) at the top of the tunnel, and (b) at the side of the tunnel, for a repository tunnel
in argillite (thermal line load from a 24PWR-100yOoR DPC).
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4.3 THM Response in Argillite Host Rock with 37PWR DPCs

For a sensitivity study of the impact of heat load, the case of a higher heat load with 37PWR DPCs is
considered. Moreover, two cases of surface thermal decay storage times are considered by employing the
heat load for 37PWRs with emplacement 100 and 150 yOoR.

Figure 4-7 shows the results of temperature and pressure simulations, indicating that the time out of the
reactor, 100 or 150 years, has the highest impact on the early time temperature evolution, especially in the
buffer, whereas the rock mass temperature away from the emplacement tunnel (purple line in Figure 4-7a)
are less impacted. In both cases, the peak temperature in the host rock is very high, reaching about 140 to
150°C, and the associated thermal pressurization results in a very high pressure that far exceeds the
lithostatic stress (Figure 4-7b).

Figure 4-8 shows the associated evolution of vertical and horizontal stresses at the repository level. As a
result of the high pressure increase due to thermal pressurization, the effective vertical stress becomes
tensile within 10 years, and remains tensile for up to 10,000 years. The peak tensile stress of 15 to 20 MPa
would in reality cause hydraulic fracturing, though this has not been modeled in this linear elastic analysis.

Figures 4-9 and 4-10 show the impact of the stress evolution near the tunnel wall. The results for 37PWR
shown in Figures 4-9 and 4-10 are qualitatively similar to those of 24PWR in Figures 4-5 and 4-6, but the
magnitudes of stress changes are much larger due to the higher heat load from 37PWR canisters. Another
important observation from Figures 4-9 and 4-10 is that the surface heat decay storage, with disposal at 150
or 150 yOoR, has a relative small impact on the stress evolution. Thus, based on simulations of the
geomechanical impact, longer surface heat decay storage does not significantly improve the DPC
performance.
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Figure 4-7 Results of simulations of (a) temperature and (b) pore pressure, demonstrating the
impact of surface heat decay storage time (disposal at 100 or 150yOoR for a 37PWR DPC) on the
thermal-hydraulic response for a repository tunnel in argillite.
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Figure 4-8. Results of simulations of (a) vertical, and (b) horizontal stresses for a repository tunnel
in argillite (thermal line load from a 37PWR-DPC emplaced at 100 or 150yOoR).
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Figure 4-9. Results of simulations of stresses within the concrete liner: (a) at the top of the tunnel,
and (b) at the side of the tunnel, for a repository tunnel in argillite (thermal line load from a
37PWR-DPC emplaced at 100 or 150yOoR).
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Figure 4-10. Results of simulations of stresses in the wall rock just outside of the concrete liner: (a)
at the top of the tunnel, and (b) at the side of the tunnel, for a repository tunnel in argillite (thermal
line load from a 37PWR-DPC emplaced at 100 or 150yOoR).

4.4 THM Response in Fractured Granite with 37PWR DPCs

In the case of fractured granite, we considered rock characteristics somewhat similar to those at the Aspd
Hard Rock Laboratory, Sweden. In this case, permeability is much higher than that of intact granite and the
Young’s modulus of the rock mass is smaller than that for intact (unfractured) granite. The permeability is
set to 1107 m?, and the Young’s modulus of the rock mass is set to 35 MPa (Rutqvist et al., 2009a). The
thermal conductivity is set to 3.0 W/mK, which is almost twice as high as that for the argillite case presented
in Section 3 of this report.

In terms of THM responses, the main difference for the fractured granite case compared to the argillite case
is the thermal pressurization is much smaller, but thermal stresses are much higher. The peak temperature
in the host rock in this case for 100 yOoR is about 115 °C, which is much lower than the 150°C that was
calculated in the case of argillite (compare peak temperatures in Figures 4-7a with 4-11a). Thermal
pressurization is not shown in Figure 4-11b, because it quickly diffuses any pressure buildup due to the
high rock permeability.

The rock stress evolution at the repository level (as shown in Figure 4-12) for fractured granite is quite
different from that in argillite (as shown in Figure 4-8). The main mechanical response for the fractured
granite case is an increase in the horizontal stress caused by a thermal stress due to temperature changes in
the host rock. An increase in the horizontal stress causes an increase in differential (shear) stress. If the
shear stress is sufficiently large, shear activation of pre-existing fractures and/or faults could occur, if they
are oriented along the shear activation in the disturbed stress field. A simple criterion for potential shear
activation of a fracture is: a maximum compressive effective stress is 3 times larger than the minimum
compressive effective stress (Rutqvist et al. 2014). In this case, the minimum compressive effective stress
remains practically constant at about 10 MPa (Figure 4-12a), and, therefore, shear activation could be
possible if the maximum principal stress exceeds 30 MPa. The 30 MPa maximum compressive stress
criterion is marked with a dashed line in Figure 4-12b. The horizontal compressive stresses exceed 30 MPa
after about 20 to 50 years, and remain above 30 MPa for up to 10,000 years. High shear stress prolonged
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for such a long time in a fractured rock mass could certainly have the potential for induced shear activation
and, perhaps, induced seismicity.

The rock mass horizontal thermal stress will cause strong stress changes at the tunnels walls as shown in
Figure 4-13. At the top of the tunnel, the thermal horizontal stress and stress concentration around the tunnel
cause the compressive stress to increase and peak at 128 MPa for the case of 37PWR 100yOoR. Such a
high compressive tangential stress is close to the spalling strength observed in granite at the Aspd Hard
Rock Laboratory. However, those values are for unsupported tunnel walls, whereas in this case a support
stress has already been developed by the swelling stress in the buffer. As observed in Figure 4-13a, the
radial stress has increased to 5 to 10 MPa, and, therefore, the tangential stress of 128 MPa would not likely
induce any significant damage to the host rock. Also at the side of the tunnel, the stresses are relatively
small, but with some potential tension in the tangential stress (Figure 4-13b).
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Figure 4-11. Results of simulations of (a) temperature, and (b) pore pressure, demonstrating the
impact of surface heat decay storage time (disposal at 100 or 150yOoR for a 37PWR DPC) on the
thermal-hydraulic response for a repository tunnel in fracture granite.
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Figure 4-12. Results of simulations of (a) vertical, and (b) horizontal stresses for a repository tunnel
in fractured granite (thermal line load from a 37PWR-DPC emplaced at 100 or 150yOoR).
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Figure 4-13. Results of simulations of stresses in the wall rock: (a) at the top of the tunnel, and (b)
at the side of the tunnel, for a repository tunnel in fractured granite (thermal line load from a
37PWR-DPC emplaced at 100 or 150yOoR).

4.5 THM Response in Intact Granite with 37PWR DPCs

In the case of intact (unfractured) granite, we considered a case of rock characteristics somewhat similar to
those at the Manitoba URL in Canada (Nguyen et al, 2009; Rutqvist et al., 2009b). Permeability and
Young’s modulus are set close to those of intact granite, i.e., k = 1x10""” m? and E = 60 GPa. The value of
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permeability is in-between that of argillite and fractured granite, whereas the Young’s modulus is almost
twice as high as that for fractured granite.

Simulations showed that both a significant thermal pressurization and thermal stress are taking place. The
thermal pressurization causes a pressure increase that exceeds the lithostatic stress within 100 years (Figure
4-14b). The resulting peak of vertical tensile effective stress is about 7 MPa (Figure 4-15), while the
horizontal effective compressive stress peaks at about 60 MPa. Such difference of stresses will likely induce
shear activation of existing fractures and faults. The high rock thermal stresses may also cause significant
stress changes at the tunnel wall with the compressive stress on top of the tunnel exceeding the spalling
strength and a significant tensile stress at the side of the tunnel (Figure 4-16). Swelling stress within the
buffer can prevent some of the spalling at the top of the tunnel, whereas the high tensile stress on the side
of the tunnel could cause radial tensile fractures to develop.
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Figure 4-14. Results of simulations of (a) temperature, and (b) pore pressure, demonstrating the
impact of surface heat decay storage time (disposal at 100 or 150yOoR for a 37PWR DPC) on the
thermal-hydraulic response for a repository tunnel in unfractured granite:
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Figure 4-15. Results of simulations of (a) vertical, and (b) horizontal stresses for a repository tunnel
in unfractured granite (thermal line load from a 37PWR-DPC emplaced at 100 or 150yOoR).
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5. SUMMARY OF FY2019 PROGRESS AND FUTURE WORK

In FY2019, LBNL has initiated a new research activity addressing geotechnical and performance
assessment of impacts of direct disposal of commercial spent nuclear fuel (SNF) in dual-purpose canisters
(DPCs) in various host rock environments. The current work on modeling of DPSs and high-temperature
impact builds upon previous SFWD work on modeling of coupled processes in argillite, crystalline and salt.
Three-dimensional simulations are used for prediction of the detailed temperature evolution near the waste
package, while two-dimensional simulations are employed for faster scoping simulations of various
thermally induced coupled THM processes and geotechnical issues. Overall, the study highlights the
importance of coupled THM processes for high-temperature systems, where damage could be caused
around the waste emplacement tunnels and the host rock, if the systems are not properly designed. The
following are some important findings from this study:

e The peak temperature in the buffer can be reduced if the buffer material is well designed. For
example, by mixing the bentonite with graphite or graphene oxide, the buffer thermal conductivity
can be significantly enhanced. The peak temperature will become close to the temperature of the
host rock, reducing the thermal gradient across the buffer, thereby effectively eliminating drying
of the bentonite near the waste canister. This might also be beneficial for timely resaturation and
the development of a uniformly distributed swelling stress in the buffer.

e For a repository tunnel in argillite, the simulations show that thermal pressurization in host rock is
of greatest concern as the fluid pressure could exceed the lithostatic stress, potentially inducing
massive hydraulic fracturing. The thermal pressurization is driven by the temperature evolution in
the host rock, which peaks about 1000 years after emplacement.

e For a repository tunnel in crystalline rock, fractured or intact granite, the thermal stress in the host
rock is of greatest concern, as the induced horizontal thermal stress can cause shear activation of
fractures in the host rock, and could cause compressive spalling failure and tensile failure in the
tunnel wall. The thermal stresses peak several thousand years after emplacement, and could cause
unwanted changes in permeability in the EDZ of emplacement tunnels and surrounding rock mass.

Thermal management in nuclear waste disposal is usually focusing on temperature evolution in the buffer
and the near field zone. The study shows that more attention should the paid to the evaluation of the
repository temperature away from the emplacement tunnel, as the repository temperature drives the stress
changes and geomechanical changes around the emplacement tunnel. This is illustrated in Figure 5-1,
showing that temperature in the buffer can be controlled to become close to that of the near field rock,
whereas the far field temperature controls the thermal pressurization and the potential for hydraulic
fracturing of the host rock. Moreover, high shear stresses and potential shear activation of existing fractures
and faults may cause induced seismicity. This issue should be considered in the thermal management of a
high-temperature nuclear waste disposal site.

For the rest of FY2019, the analysis will be expanded to the case of emplacement in alluvial, unsaturated
sediments in line with current GDSA modeling at SNL. The material properties and conditions should be
made consistent with those used in the current GDSA at SNL. Controls of the temperature evolution in the
host rock through changes in the spacing between waste canisters and emplacement tunnels will be
investigated. Moreover, analysis of direct disposal of DPCs in salt host rocks will be conducted; a rock
type that might be most suitable for its high thermal conductivity and accelerated creep closure with
temperature. On the other hand, the heavy canisters might sink because of creep deformations that are
accelerated due to high temperature. These geotechnical issues will be further investigated to obtain the
information needed for the design of direct disposal of DPCs in various host rocks.
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Figure 5-1. Results of simulations of (a) temperature, and (b) pressure, showing the impact of
engineered buffer material with enhanced thermal conductivity (heat source from a 24PWR-
100yOoR DPC). Figure 5-1a shows a reduced peak temperature. Dashed lines are the results for
the original unmodified bentonite thermal properties, and solid lines are the results for enhanced
thermal conductivity. These results illustrate the fact that the thermal conductivity of the buffer
impacts the temperature within the buffer itself, but have not significantly impacted THM

responses in the surrounding rock.
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