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Executive Summary

The CAES Monitoring to Support RMRCT (DE-FC26-01NT40868) was to have been
conducted by CAES Development Co. and Sandia National Laboratories. This
document, covering task 1.0 and subtasks 2.1, 2.2, and 2.5, constitutes the final project
deliverable of the Statement of Project Objectives. The proposed work was to have
provided physical measurements and analyses of large-scale rock mass response to
pressure cycling. The goal was to develop proof-of-concept data for a previously
developed Refrigerated-Mined Rock Cavern Technology (RMRCT, sponsored by the
DOE). In the RMRCT concept, a room and pillar mine developed in rock serves as a
pressure vessel. Such a vessel needs a pressure of about 1370 psi that cycles down to 300
psi. The measurements gathered in this study would have provided a means to directly
determine rock mass response during cyclic loading on the same scale, under similar
pressure conditions.
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Introduction
The DOE studied the potential for development of a Refrigerated-Mined Rock Cavern
Technology (RMRCT) for storage of natural gas in granitic rock in the northeast U.S [1].
The concept involves mining space deep in crystalline unfractured rock and storing
natural gas by chilling and compressing it to reduce the storage space required.
Considerable technical risk is associated with a facility of this type, a portion of which is
derived from unknowns associated with large-scale cyclic internal pressurization of a
mined cavern in hard rock. The technical risk can be dramatically reduced by completing
measurements and analyses of rock mass displacements in hard rock at the same scale as
the RMRCT to quantify the effects of the pressurization and pressure variations at low
temperatures. Both the compressed air energy storage facility (CAES, being built in
Norton Ohio) and RMRCT facilities exhibit similar In situ conditions, rock mass
properties, pressurization range, causing similar deformities.
For this reason,
measurements of these pressure-induced deformations had been planned in the CAES
facility. The analogous nature of this planned work makes it directly applicable to
understanding the physical nature of deformations likely to be induced in a RMRCT
facility and thus reduce the technical risk.
This document, covering task 1.0 and subtasks 2.1, 2.2, and 2.5, constitutes the final
project deliverable of the Statement of Project Objectives.
Note: Since the CAES project has been delayed due to national economic unrest in the
energy sector, the plans and methods discussed here are no longer being actively sought,
and the report should be read with this delay in mind.
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Task 1.0: Review RMRCT facility concepts
The concepts for the RMRCT feasibility design shall be reviewed in detail to assure that
monitoring of the CAES facility meets the important engineering design and performance
needs of a RMRCT facility.
The proposed work will provide physical measurements and analyses of large-scale rock
mass response to pressure cycling. The goal is to develop proof-of-concept data for a
previously developed Refrigerated-Mined Rock Cavern Technology (RMRCT, sponsored
by the DOE). In the RMRCT concept, a room and pillar mine developed in rock serves as
a pressure vessel. Such a vessel needs a pressure of about 1370 psi that cycles down to
300 psi. The measurements gathered in this study would have provided a means to
directly determine rock mass response during cyclic loading on the same scale, under
similar pressure conditions. The measurements gathered in this study will provide a
means to directly determine rock mass response during cyclic loading on the same scale,
under similar pressure conditions. The in situ conditions and rock mass properties,
pressurization range, and thus deformations for both the CAES and RMRCT facilities
will be similar.
The RMRCT storage involves understanding a large-volume rock mass’s mechanical and
transport response to a cyclic pressure load and thermal variations. Public health and
safety in underground natural gas storage is an unmeasured risk. This risk is sometimes
judged as very high because of the volatile nature of the material being stored and the
uncertainties of the geologic materials proposed as the storage media. A portion of the
natural gas storage risk can be reduced by increasing the fundamental understanding of
very large-scale rock mass response to significant cyclic pressure loads, in a manner
similar to those that a RMRCT facility may experience.
The thermal/mechanical rock mass response effects for the proposed RMRCT have been
discussed and modeled [1]. The results indicate a favorable set of conditions for stability,
given the simplifying assumptions made. At some point coupled 3-D thermomechanical
(and possibly hydrologic) analyses will be required to fully understand the physics of an
operating facility design.
These analyses should include potential changes in the
mechanical and hydrologic transport properties of the host rock resulting from thermal
and pressure changes. The temperature changes indicated [1] for RMRCT are on the
order of 50oC. Uniform and non-uniform temperature changes (increases or decreases)
are known to affect the mechanical and transport properties of igneous rock [e.g. 2 and 3,
respectively].
The non-uniform temperature field thermal effects are considered to a
certain degree in the analysis results presented [1], although simplifying geometric
assumptions facilitated the analysis. The non-uniform effects would be transient for
some time until a steady-state heat transfer environment evolved. Also, pressurization
has the potential to modify the effective stress field by altering the pore pressure in the
rock, which would affect the stress state.
The conceptual design and supporting analyses completed thus far indicate that fluid
pressures within the RMRCT will range from 1370 psi to about 300 psi, a range of almost
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1100 psi. The minimum vertical and minimum horizontal in situ stresses are about 3000
psi, while the maximum horizontal in situ stress is about 6000 psi. These stresses and
pressure changes constitute mechanical loads on each underground opening in the
RMRCT. Modeling shows small load cycling pressure change relative to both the
strength, in situ stress, and excavation induced loads. The underground structure is
presented as stable in the RMRCT report and considered to be within a safe operating
limit, with the potential to add ground support.
The conclusions reached to date for RMRCT storage are based solely on assumed rock
properties and analyses. Although analyses are used routinely in underground design
under ambient, relatively steady state conditions, a project of this magnitude will require
substantial investment. The inherent unknowns of geologic systems, resulting in
perceived risk for regulators, the public, and investors will need to be determined.
Attempts should be made early on in the conceptual design process to decrease that risk.
One way to accomplish this risk reduction, as proposed for the Norton CAES project, is
to measure large-scale rock mass response to cyclic pressure.
A CAES facility is being built in Norton, Ohio, will begin operation within 2 years at 300
MW electric generating capacity, with design plans to increase to 2700 MW during the
subsequent 5 years. The underground portion of the facility is an inactive room-and-pillar
limestone mine that is 2200 ft deep. The volume of the mine is approximately 338 million
cf with a footprint of about 1 mile by 1.5 miles (Figure 1). Rooms are ~32 ft wide and
range in height from 17 ft, 28 ft, to 47 ft. Fourteen long boreholes (at ~100 ft) exist in the
mine (at various orientations) and could also be used for monitoring sites. The mine will
be cycled in pressure from about 1650 psi to 900 psi on a weekly basis. Monitoring the
rock mass during pressurization cycles of the mine will provide a means to evaluate
large-scale rock mass mechanical and hydrologic responses. Measurements and analyses
will be made of pressure, temperature, and rock mass displacements from within the mine
during initial pressurization, and during pressure cycling. In situ monitoring of the
mechanical and hydrologic response of this facility will provide the DOE a means to
reduce risk and thus increase the flexibility (create a better opportunity), and further
considerations of RMRCT underground gas storage technology in the U.S., especially in
areas where other media are not available.
The measurements conducted in this study will provide a means to directly determine
rock mass response during cyclic loading, on the same scale, under similar pressure
conditions. Table 1 compares a potential granite site for RMRCT with recently measured
physical properties (lab and in situ) for the Norton site. The Norton site has very little
ground support (occasional spot bolting at high traffic intersections) and the RMRCT
facility is intended to have minimal ground support. Thus the Norton site offers the
opportunity to monitor rock mass response without the added complexity of ground
support interactions. Except for rock types and operating temperatures, the two facilities
are remarkably similar, and thus the mechanical response of the two rock types is
expectedly analogous. This similarity is apparent through examination of values in Table
1, where material properties of the host rock, in situ conditions and operating conditions
are listed side by side.
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Figure 1. Footprint of the Norton Mine, showing location and distribution of room sizes.
Property
Unconfined compressive strength
Tensile strength
Young’s modulus
Poisson’s ratio
Bulk density
Porosity
Average RQD index value
Permeability
Vertical Stress
Horizontal Stresses (anisotropic)
Temperature
Working Temperature
Gas storage pressure, maximum
Gas storage pressure, minimum

Granite1
2,000-20,000 psi; Average=10,000 psi
700 psi
7,500,000 psi
0.27
2.80 g/cc
1%
85 at 3,000 foot depth
10-16 m2
3030 psi
3030, 6060psi
73°F at 3,000 ft
-20°F
1370 psi
250 psi
1
estimated and assumed ref. 1

Limestone2
27,000 psi
1600 psi
8,400,000 psi
0.25
~2.7g/cc
0.75%
80-90
10-19 m2
3030 psi
3630, 6110psi
90°F at 2,200 ft
90°F
1650 psi
800 psi
2
measured ref. 4-15

Table 1. Comparison for Granite and Columbus Limestone
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Specifically, displacements across rooms and within existing long boreholes from rooms
will be measured with extensometers. The cross-room measurements (floor to ceiling
primarily) will provide an indication of the rock mass displacements, which are a
consequence of far-field response (the free surface of the earth is the only unconstrained
surface). Along with these measurements, measurements of pressure, moisture, and
temperature in the mine will be made to define the in situ loadings on the rock mass. The
displacement measurements within long boreholes will provide an indication of the
displacement gradient. If a strain gradient exists with distance from rooms, this could be
the result of a damaged rock zone (DRZ) around the openings. These measurements will
provide insight into large-scale rock mass response of mined openings to internal
pressurization by a gas of mined openings, directly applicable to the RMRCT facility
rock mass response.
Thus, the compressed air facility in operation could serve as a model for the RMRCT
facility. The benefits of making these measurements and analyses are many. The CAES
facility will be cycled weekly (more often than the RMRCT facility), thus there will be
less wait time for seeing the effects of load cycling. The CAES facility will be subjected
to pressures greater than the RMRCT facility, thus a greater portion of the stress-strain
curve will be exercised. If a RMRCT facility is ever developed it will have to be
monitored internally, monitoring the Norton Mine will provide a means to evaluate
equipment and instrumentation techniques for long-term operation. The Norton Mine
rock mass is well characterized [see references 4-15]; therefore, the measurement system
could provide focus for characterization funding of the RMRCT development. Finally,
internal pressurization of hard rock to this magnitude has never been attempted.
Geologic uncertainty dictates the possibility of unknowns. Air, a ubiquitous and safe
medium, will pressurize the CAES facility, making the consequences of a leak benign to
the public. A natural gas leak, as has been experienced recently in Kansas, can be
catastrophic. Clear understanding of every detail of rock mass response is critical. This
study will greatly enhance understanding of important unknowns for a RMRCT facility.
The planned work is directly analogous to that needed for the RMRCT. This makes it
directly applicable to understanding the physical nature of the deformations at the
RMRCT facility. It offers the potential to reduce the risk, both technical and financial, if
a facility of this type is ever to be constructed.

Task 2.0: Design and procure instrumentation system
Subtask 2.1: Identify performance requirements
Specific requirements shall be identified for measurement performance and
instrumentation to meet those requirements shall be selected.
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The planned measurement requirements are focused on developing a good understanding
of the potential “actual” physical response of the internally pressurized rock mass in the
context of temporal operations of the CAES facility. Figure 2 shows an example of the
planned pressurization history for the facility, with 0 hours representing 8:00 AM on
Monday morning. Compressed air pressure will be used to drive a turbine for about eight
peak use hours, with recharge of the facility taking place through compression during offpeak hours each day. The net loss in pressure at the end of the week on Friday afternoon
is made up by air compression through the weekend to recharge the facility. The pressure
cycles presented below were modeled using finite element analyses.
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Figure 2. Planned “typical” weekly pressure cycling of the Norton CAES facility.
The analyses were both near and far-field representations that used an elastic-plastic
material model in two- and three-dimensional realizations. In the analyses, the in situ
stresses were first imposed on a large representative volume of rock. Then the mined rock
areas/volumes were removed to simulate the excavation process, allowing the rock to
deform into the space created by excavation. Figure 3 is a representation of a portion of
the mesh used in one of the 2-D room and pillar analyses. Pressures were applied from
inside the rooms pushing out in all directions to simulate the planned “typical” weekly
pressure cycling as shown in Figure 2. All deformations calculated are within elastic
limits and predicted displacements were: horizontal: 0.03 to 0.11 cm, vertical: 0.09 to
0.57 cm, depending on the type of room, where in the mine the room is located, and the
location of the point being displaced. The vertical displacements are potentially the
greatest because above the mine roof is the free surface, 2200 ft away (the surface of the
earth), whereas horizontally, the mine is everywhere constrained by rock. These
calculations were used to support determinations of the range, sensitivities and locations
of instrumentation used to measure the rock mass response.
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Room and pillar finite element mesh for Norton Mine
Figure 3. Typical room and pillar finite element mesh of the Norton mine.
Subtask 2.2: Select instrumentation locations
Target areas for instrumentation locations shall be identified. Target areas shall provide
optimum opportunity to measure large-scale rock mass response to pressure cycling.
Subtask 2.5: Formalize instrumentation test plan.
Final instrumentation types and locations necessary to maximize collection of
displacement, pressure, moisture, and temperature data in the mine shall be determined.
The locations of instrumentation (Figure 4) were chosen to provide optimum opportunity
to measure large-scale rock mass response to pressure cycling. The wiring and data
collection runs from the surface down through a dedicated borehole. The types of
electrical/pressure connections planned are detailed in Appendix 1. The type, range and
sensitivities of instrumentation were chosen to measure an average rock mass response in
ways that are consistent with the orientations and magnitudes of maximum displacements
predicted by the room and pillar finite element models. For example, extensometer
measurements are to be made across rooms (vertical and horizontal) in areas well within
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the mine, away from mine “edge effects”. The convergence meter is a modified MPBX
using one anchor installed in a vertical and one in a horizontal direction, each with
extension rods. The specific instrumentation selected is detailed in Appendix 2, and
contains the range and sensitivity of each instrument. Also, taking advantage of existing
long borehole drilled from the mine periphery, deformations within the more virgin rock
mass away from the mine opening could be measured. Pressure and temperature
measurements are planned at all of the displacement measurement locations because
mine deformations also depend on spatial and temporal thermal and pressure fluctuations.

Norton Energy Storage Geotechnical Monitoring Wiring Diagram
H. MPBX (3 Pts)
V. MPBX (3 Pts)
PT
T
Piezometer

9N

7N

3660’

H. MPBX (3 Pts)
I. MPBX (3 Pts)
PT
T
Piezometer

4580’

H. Convergence Meter
V. Convergence Meter

2290’
3050’

H. Convergence Meter
V. Convergence Meter

J-Box1

J-Box2
H. MPBX (3 Pts)
I. MPBX (3 Pts)
PT
T
Piezometer

2440’

3660’

2E
1830’

*Additional J-Boxes may be required.
*The length of the wire reflects about 20 to 25% slack.
5 pair conductor (total) 11,500 ft
12 pair conductor (total) 27,700 ft

2500’

4” I.D, 4.5” O.D
Flush Joint Casing

Figure 4. Footprint of the Norton Mine, showing location, distribution and type of
instrumentation planned for the facility (MPBX-Multiple Point Borehole
Extensometer; PT-Pressure Transducer; and T- Thermocouple).
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Conclusions

This study ended without completely getting off the ground. The work was terminated
solely because of a hiccup in national economics within the energy sector, resulting in a
delay in the compressed air energy project. The work presented clearly connects the
RMRCT and CAES projects in terms of the needs to further understand large-scale rock
mass response. The information in this report, and the fact that the work was funded,
further demonstrates the technical feasibility, constructability, etc. of the CAES project in
Norton, Ohio. The fundamental rationale for a rock mass monitoring system, and the
sensitivities, ranges and the layout of that system in the facility have been detailed.
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Appendix 1
Connectors and Receptacles
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D. G. O'Brien 107 Series Connectors

D. G. O'Brien 128 Series Connectors
A high density, instrumentation connector series for submerged applications. Size and
cost are major drivers in selection. The plugs are designed to be molded to cables.

Product Features
Glass-to-metal sealed pressure barrier in receptacles
Single O-ring seal between plug and receptacle
Operating pressure: 0 to 2,000 psig (138 bar)
Basic body material: 316/316L stainless steel (others available)

Product Options
Plugs
Bulkhead Receptacles
Bulkhead Splice Receptacles
Copyright © 2001 D.G. O'Brien, Inc.
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D. G. O'Brien 128 Series Bulkhead Splice Receptacles

Dimensions in inches

Copyright © 2001 D.G. O'Brien, Inc.
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Appendix 2
Extensometers, Piezometers, Pressure Transducers and Temperature Sensors

19

20

21

22

23

24

25

26

27

28

29

