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Response Tracking Number: 00409-04-00

RAI: 2.2.1.1.4-3-001

RAI Volume 2, Chapter 2.1.1.4, Third Set, Number 1, Supplemental Question 6:
Clarify the basis for using plain concrete as ground support for ventilation exhaust shafts that
could be subject to thermal stresses due to heating from exhaust air (SAR 1.3.3.3.1).
1. RESPONSE
The selection of plain concrete as the ground support for the repository shafts is based on
analysis of its performance under the operational conditions anticipated for the exhaust shafts,
for a service life of. 100 years and is subject to the applicable requirements and criteria described
in SAR Sections 1.3.2 and 1.3.3.3. The use of a concrete liner has been analyzed for
representative shafts for the anticipated construction, in situ, thermal, and seismic loads during
the preclosure period. The subsurface ground support design information is presented in SAR
Section 1.3.3.3.1, with SAR Section 1.3.3.3.1.5 being specific to the shaft ground support design.
This response includes submittal of the Shaft Liner Design calculation (BSC 2008a) referenced
in SAR Section 1.3.3, which evaluated the shaft stability, the shaft ground control and
reinforcement, and the parameters of the shaft liner required to maintain the long term shaft
operation. The Shaft Liner Design calculation demonstrated unreinforced (plain) concrete to be
adequate as a shaft liner (BSC 2008a, Section 7.1). The Evaluation of PotentialImpacts of OffNormal Temperatures on InaccessibleNonemplacement Openings (BSC 2007) is also submitted
with this response as it specifically evaluated potential impacts of the maximum off-normal
temperatures on inaccessible nonemplacement repository openings. The shaft liner calculation
examines thermal stresses on the shaft structure resulting from heating of the rock mass, while
the off-normal temperatures document examines the impact of heated exhaust air in the exhaust
mains and exhaust shafts.
As illustrated in SAR Figure 1.3.4-16, the emplacement drift exhaust air temperature peaks
shortly after emplacement of the waste packages and decreases steadily thereafter. Outlet air
temperatures for typical 600 m and 800 m long emplacement drifts peak at approximately 83°C
and 100°C, respectively (BSC 2008b', Tables 7 and 9). Throughout the preclosure period, the
shafts will experience lower air temperatures than the calculated maximum exhaust air
temperatures reported in Figure 1.3.4-16 because of the phased emplacement of the waste over
time, such that the heated air stream exhausting out of multiple emplacement drifts toward a
single shaft will be a mix of different air temperatures, and the exhaust shaft concrete would not
experience the maximum possible air temperatures from each drift. Also, as documented in the
Temperature Change in Exhaust Airflow calculation (BSC 2008c), a computational fluid
dynamics-based simulation of the airflow heat transfer process (using the computational code
FLUENT), the heated air from the emplacement drift cools as the air moves through the exhaust
main (by heat convection to the ambient rock) and up the exhaust shaft (by adiabatic cooling) to
the surface. Figure 1 illustrates time history results from the FLUENT evaluations of the shaft
airflow temperatures.

lBSC 2008b is being submitted as an attachment to RAI 2.2.1.1.4-3-001 response (RTN 0040906-00).
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1.1

PROPERTIES AND CODES FOR THE SHAFT LINER

Mechanical properties and applicable American Concrete Institute (ACI) codes for the concrete
liner for the repository shafts are listed in SAR Table 1.3.3-4. The concrete liner is based on a
typical concrete compressive strength of 6,000 psi, and the design utilizes structural concrete
codes ACI 318-02/318R-02, Building Code Requirements for Structural Concrete, and ACI
506R-05, Guide to Shotcrete.
A temperature of 177 0 C (350'F) is considered as the short-term limit under which concrete,
when used for ground support, can function during off-normal operations (ACI 349-01) (BSC
2007, Sections 2 and 6.2).
1.2

SHAFT LINER DESIGN CALCULATION

The Shaft Liner Design calculation (BSC 2008a) provides a shaft stability analysis based on the
thermal inputs derived from thermal line loads of 1.45 kW/m and 2.0 kW/m. The 1.45 kW/m
evaluation considers a 100 year preclosure period with 50 years of forced ventilation followed by
50 years of natural ventilation. A 100-year forced ventilation heating period is considered for the
2.0 kW/m evaluation (BSC 2008a, Section 1). The Shaft Liner Design calculation uses FLAC3D,
a three-dimensional finite difference program, to model the three-dimensional rock structures
and perform coupled mechanical and thermomechanical analyses (BSC 2008a, Section 4.2.1).
Consistent with project thermal designs, the Shaft Liner Design calculation results are based on
waste package heat generation from instantaneous waste emplacement over the entire repository,
and the phased emplacement of waste packages over time was conservatively not considered
(BSC 2008a, Section 3.2.1). The rock strata response evaluations considered a range of rock
material properties and loading cases (BSC 2008a, Sections 1 and 6.2.1). The analysis also did
not take credit for the initial ground support, typically consisting of rock bolts and wire mesh
(BSC 2008a, Section 6.5.4.1).
1.2.1

Shaft Liner Design Methodology

Typically, shaft analyses include calculations of shaft deformations resulting from the in situ
stresses present at a particular shaft depth. These deformations depend on rock properties and
shaft diameter, as well as the type of shaft liner and other ground support used to maintain
stability of the shaft excavation. Considering that the shaft liner is installed after most of the rock
deformation due to shaft excavation has already occurred, the liner will not be subject to any
significant ground pressure due to in situ stress relaxation. Therefore, thermally induced stresses
are the only stresses carried by the liner under the static loading conditions (BSC 2008a, Section
6.5.3.1.2).
The calculation first evaluates the performance of a shaft excavation without ground support, and
then the support liner is added. The unsupported shaft case is used as a benchmark of shaft
performance to which the performance of the shaft with the liner installed is compared. The
analyses are performed utilizing geotechnical data characterizing the behavior of distinct
stratigraphic units of five rock mass categories which bound the variability of rock properties. As
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noted above, the calculation analyzes and compares the shaft structural analysis results of the
original 1.45 kW/m thermal loading to the 2.0 kW/m thermal loading conditions in order to
evaluate the shaft structural results for the higher thermal loading (BSC 2008a, Sections 1 and
4.3).
A generic shaft, which contained the simplified stratigraphy representative of other shafts, was
modeled. A generic depth of 400 m (1,312 ft) was selected to represent the repository average
shaft depth of 346 m (1,135 ft), adding some conservatism to the analysis (BSC 2008a, Section
3.2.2). The generic shaft is considered to represent an average case and no distinction is made for
this shaft to be either the intake or an exhaust-type shaft for the unsupported shaft case (BSC
2008a, Section 6.3). Static and dynamic analyses of the unlined shaft indicate the shaft and
shaft/shaft station intersections remain stable (BSC 2008a, Section 7. 1).
The Shaft Liner Design calculation's thermal methodology identifies and describes the two
approaches utilized to evaluate the effect of thermal loads using temperature fields .after 100
years of heating. The first approach involved FLAC3D computer modeling for a detailed
assessment of the thermally induced liner hoop stresses within a 1.25 m thick slab of each
thermal mechanical unit. The second approach involved FLAC3D computer modeling for a large
regional model which considered the thermally-induced stresses on the repository scale. These
stresses develop as a result of heating the entire repository block rock mass, and are different in
the middle section of the repository block from those around the periphery (BSC 2008a, Section
4.3.1.2.2).
Although the Shaft Liner Design calculation's details are not repeated in this response, the
following calculation content guide is provided (BSC 2008a):
*

Section 6.5.1-Documentation of the baseline case and the unlined shaft evaluation

*

Section 6.5.2-Description of the modeling for a lined shaft

*

Section 6.5.3-Description of the shaft performance, and

*

Section 6.6-Discussion of uncertainty evaluations
properties, and loading conditions.

1.2.2

for the calculation's

inputs,

Modeling of the Shaft Liner

The plain, unreinforced concrete was selected as a construction material for the shaft liner based
on the following considerations. First, the use of concrete in shafts is a common and proven
technology that adds to the confidence regarding construction quality and predictability of
results. Second, the concrete-lined shaft is smooth and durable, providing minimum resistance to
airflow. Third, at closure of the repository, the unreinforced concrete can be removed, per
repository closure plans described in SAR Section 1.3.6 (BSC 2008a, Section 6.5.5.1).
For the generic shaft, results of modeling indicate that, for the ground conditions considered,
shaft excavations are expected to be stable along their entire depths. The expected shaft closure
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is relatively small and the rock mass deformations are generally elastic. Plastic deformations
around shafts might occur in the poor quality rock mass (e.g., Category 1 of PTn and TSwl
lithophysal units); however, their extent is limited (BSC 2008a, Section 6.5.1.2, p. 71).
A 0.3 m (12 in.) and 0.25 m (10 in.) concrete liner for shafts with an 8 m (26 ft) excavated
diameter, and 0.25 m (10 in.) thick shaft liner for shafts With a 5 m (16 ft) excavated diameter
were analyzed. The thermal evaluation considers the generic shaft configuration at the periphery
of the repository and shafts in the middle of the repository, which will experience different
stresses. The differences in deformation and thermally induced stresses depend on the location of
the shaft in. the layout, specifically, the distance between the shaft and the center of the heated
area. As such, two shafts were modeled as representative of thermal conditions existing in the
middle of the repository, and two shafts were modeled as representative of thermal conditions
existing along the periphery of the emplacement area. One intake and one exhaust shaft were
modeled in each of these two thermal conditions. The largest stress changes in the horizontal
plane due to thermal loading and the maximum vertical displacements, the result of thermal
strain, occur at shafts located in the middle of the repository (BSC 2008a, Section 6.5.2.1).
1.2.3

Summary of Shaft Liner Evaluations

Conditions After 100 Years of Heating-After 100 years of heating, stresses in the shaft liners
analyzed for both the 1.45 kW/m and 2.0 kW/m thermal loads (34.47 MPa and 23.45 MPa
tangential stress; 20.10 MPa and 13.67 MPa axial stress respectively (BSC 2008a, Table 6-39))
will not exceed the concrete compressive strength of 40 MPa, but tangential stresses in the TSwl
lithophysal and TSw2 nonlithophysal units will exceed the allowable stress of 26.0 MPa. This
will result in some rock degradation (fracturing) around the liner. The allowable stress is
determined by applying a 0.65 reduction factor to the compressive value (as recommended by
ACI 318-02), which indicates the potential for, tensile cracking of the concrete liner. The overall
shaft stability is preserved since the compressive strength is not 'exceeded. Otherwise, the
thermal loading cases analyzed in the 2.0 kW/m thermal load analysis indicate that the liner
stresses do not exceed the allowable liner stresses (BSC 2008a, Section 6.5.2.3.1). The analysis
approach uses thermal parameters that are considered conservative to establish a bound of the
shaft liner stress, and the calculated thermal stresses are judged to be higher than those expected
under field conditions (BSC 2008a, Section 6.5.4).
Final Ground Support-A 0.3 m (12 in.) thick concrete liner for an 8 m (26 ft) shaft excavated
diameter and a 0.25 m (10 in.) thick shaft liner for a 5 m (16 ft) shaft excavated diameter were
analyzed. Results of analyses indicate that overall shaft stability is preserved and satisfies the
design requirements. The analysis of shaft performance under thermal and seismic loads has
shown that the concrete liner stress in shafts located near the center of the repository, and at the
deeper shaft sections, exceeds the allowable limit; however, the shaft liner stress level is well
below the uniaxial compressive strength, of concrete. Under thermal and seismic loads, shaft
fracturing (tensile cracking) may occur at some locations in the form of subhorizontal cracks in
the shaft liner. As described above, the overall shaft stability is preserved since the compressive
strength is not exceeded. These lateral cracks are common in typical mine shaft structures and
experience has shown that such cracks do not pose any safety and/or operational difficulties
(BSC 2008a, Section 6.5.4).
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It should be noted that the thermal parameters used in the analyses are considered conservative;
the thermally induced stresses are judged to be higher than those expected under actual field
conditions, and the overall shaft performance under thermal and seismic loads is considered
acceptable (BSC 2008a, Sections 6.5 and 7.1).
As noted in Section 6.5.4.1 of Shaft Liner Design (BSC 2008a), though not analyzed in the
calculation, the option of including steel fibers in the concrete mix would increase the tensile
strength of the liner and could be reviewed during the detailed design phase.
1.2.4

Related Support Information

Drift Scale Test-The Drift Scale Test was an integral part of the Yucca Mountain site
characterization program: a full-scale in situ thermal test with the purpose of developing a better
understanding of thermal, mechanical, hydrological, and chemical processes, as well as the
interaction between those processes taking place in the rock mass. An important aspect of the test
covered the performance of the two tunnel sections, one equipped with the concrete liner and the
other supported with a ground support system of wire mesh and friction-type rockbolts. The
heated test drift concrete liner has a nominal 0.2 m thickness and contains sections of both
unreinforced plain concrete and steel fiber reinforced concrete (CRWMS M&O 1997, 'Section
8.2). The unreinforced lining configuration is similar to the design shaft concrete liner.
After approximately five years of heating the drift to a test temperature on the order of 2000 C
(392 0 F), the heaters were turned off (January 2002). After four years' of ambient cooling, a
reentry into the drift for inspection was done (April 2006). Observations of the tunnel section
equipped with the cast-in-place concrete liner ground support revealed no major structural
instabilities and no evidence of the, liner deteriorating due to the elevated temperature. The tunnel
invert remained free of concrete fragments that would indicate concrete liner damage. The
concrete shrinkage cracks commonly observed in concrete during the curing stage were
identified before the start of the heating cycle. These cracks have shown no signs of deterioration
or relative movement.
Because the overall effects of thermal load in the current calculation are not expected to produce
excessively large stresses at the maximum temperature, which is about one half of that
temperature introduced in the Drift Scale Test, which produced no visible evidence of damage,
the effects on shaft liner due to the heat from the ventilation air is expected to be relatively minor
(BSC 2008a, Section 6.6.3).
Potential Impacts of Off-Normal Temperatures-A study also submitted with this response,
Evaluation of PotentialImpacts of Off-Normal Temperatures on InaccessibleNonemplacement
Openings (BSC 2007), assessed potential impacts of the expected maximum temperature that the
shafts' concrete liners would be exposed to during a short-duration off-normal event. That
maximum temperature has been defined as 177 0 C (350'F) for the exhaust mains, intersections
formed by exhaust mains and emplacement drifts, and the exhaust shafts. Off-normal
temperature profiles are based on temperatures due to loss of ventilation during the preclosure
period (BSC 2007, Section 5.4). Although the study determined that it was an unlikely scenario
for the exhaust-side openings to experience a temperature approaching 177 0 C (350'F) when the
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maximum drift wall temperature for the emplacement drifts is below 200'C (392°F) (BSC 2007,
Section 9), the results indicated that the cementitious materials in the exhaust mains,
intersections formed by exhaust mains and emplacement drifts, and exhaust shafts will not be
detrimentally affected or impacted when subjected to an off-normal temperature pulse up to
177oC (350°F).
Inspections-Ground Support Maintenance Plan (BSC 2008d) specifies activities associated
with maintaining safe and continuous operation of all subsurface openings. Exhaust shafts are
inaccessible for human entry under normal operating conditions due to high temperatures and
will be inspected by a specialized device equipped with cameras and laser measuring systems.
Conceptually, the device will be similar to those used in industry for the inspection of the inside
of wastewater pipes. The inspection interval will be determined during detailed design and
modified as observations are taken. Inspections will also be conducted following seismic events
(BSC 2008d, Section 6.2.1).
2., COMMITMENTS TO NRC
None.
3. DESCRIPTION OF PROPOSED LA CHANGE
None.
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(d) 100 years

Slice View of Rock Mass Temperature (K) Distribution for Selected Time Intervals with
Instantaneous Emplacement of Waste
Temperature scale in degrees Kelvin (K = 0C + 273.15). Axis dimensions in the x, y, and z directions are in
meters.

Source:

BSC 2008c, Figure 4.
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