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1, Introduction

.This report represents an independent review of the propésed WI1PP
underground mine design. This review is based on material made available
by the TSC as deteiled in Appendix A. In reviewing the proposed design,
its functional suitability and stability have been assessed. Principal
emphasis in these areas has been placed on ground control and stability,
since these are the major areas of expertise of the reviewer.

Certain criteria have been defined by the reviewer based on his
understanding of the requirements for the WIPP. These are summarized below:

-~ A reasonable utilization of the available site is required,

however demonstrable stability both of the underground design, and

jts effect on surface structures is considered to be more important

than the development of high extraction ratios. The demands for

safety and stability are of overriding importance, and the trade-offs

between these aspects and economic requirements common in a mining

operation do not apply. The use of trial and error in the development

of early panels which is common in mining is not acceptable for the

WIPP. The result of this criteria is that any design should be

.conservative,

- Information supplied by the TSC states that storage rooms

should be designed to allow a ten-year waste retrievability

period, but encapsulation of the waste should occur within 25 to

50 years.

- Failure of any of the storage rooms by roof fall or extenéive

pillar slabbing is presumed to be unacceptable.



- Main entries should remain usable at least until waste
encapsulation occurs. They therefore should be designed'for
lower closure rates and greater stability than the storage rooms.
- Shaft stability should be assured for at least the life of
the repository.

- Subsidence effects in the shaft area are unacceptable.

Due to time constrainté, it has not been possible for the reviewer
to develop a totally independent functional design, nor is it understood
that this is required. For this reason, this review depends heavily upon
the design calculations provided by the TSC and relies, in large part, oﬁ

a critical examination of the current design.

2. Desian information

One of the strongest criticisms of the proposed design 1lies in the
scarcity of we11-documented design data, and the poor use of the data
which does exist. Any mine design should rely heavily on empirical data
available from mines in similar 1ithologies and at similar depth. This
empirical data may be backed up and extended by careful use of numerical
stress analysis techniques (particularly finite elements).

Empirical data for mine design in bedded salt is not as freely
available as for other bedded deposits, particularly coal. Nevertheless,
data is available. Reference is made in the documents to experience in
the Saskatchewan potash mining district. However, this is not detailed,
nor is the applicability to the current region investigated. Some'information

is included from the Carlsbad area (A 46, A 47), but this is not apparently

*References Al-A47 refer to the documents received from the TSC and
are listed in Appendix A.
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included in the design, although the intent of doing so is stated in
several places. Indeed, the current design in several areas goes against
local experience (see Sections 4, 5, 6).

Considerable reliance is placed on finite element analyses. However,
there are serious questions about the validity of the models used and
the results obtained from them, The starting point for any numerical
analysis has to be a reasonable representation of the expected lithology
and of the mechanical properties of the rock.. These are examined in the

following sections.

3. Choice of horizon

The horizon chosen appears the best available. The presence of
clay seams in the roof and f]por may be troub]esome, and an agreement
oﬁ definitions and identification should be sought between the AE and
TSC (A 25).

Comments made at the meeting of April 24, 1979 (A 24) regarding the
differences between WIPP-12 and ERDA-9 should be noted. If WIPP-12 is
-anomalous in its clay content development to the south and east would be
advisable. Later developments to the north could be éonsidered after
some experience of the mining and data on ground movements and stability

has been obtained.

4. Storage area

The storage area is in two panels each developed in 2 series of four
33-foot wide by 300-foot long rooms, with 25-foot yield pillars and

300-foot abutment pillars separating each group of rooms. This design is



unconventional. Thus, at two local mines panels are deveioped with 28-foot
rooms with 44-foot square piliars at a depth of 1,070 feet (A 46) and
26-foot rooms with 54-foot square pillars at a depth of 1,750 feet, these
designs being reasonably typical of practice in other areas (see e.g. 1).
Ko reasons for this design are given, and the only design analysis is given
in the Stability Analysis (A 45). It is presumed that the design is an

application of the Stress Control Technique published by Dr. Serata.

4.1 The Stress Control Technigue

Comparison of the present design to an experimental system used at
the Kerr McGee mine (A 46) and a consideration of the proposed order of
main entry development (A 3) suggest that this is an application of
Serata's "Time-Control Method" (2). However, consideration of the mining
concept schematics (A 15 - A 17) suggest that this may be an application of
the "parallel room method" (2).

Both of these methods are intended for use in weak or failing ground
with clay 'separation' seams in the roof. 1In the "parallel room method,"
a second room is driven parallel to a failing room with 2 minimal yield
pillar between. The new room is thus protected by thé development of
stress-relieved ground around this room. A third and fourth room can be
added, the final configuration being stable except for the first room which
will continue to fail. In the "time control method," two outer rooms are
developed and the central rooms are'driven between in "strain hardened" ground.
This is essentially a similar technique to that suggested by Baar (3),

although he states that the intervening ground is "stress-relieved” rather



th;n strain-hardened. Success has been claimed for these methods at
various mines in the Canadian potash region (2). It must be emphasized
that the use of narrow yield pillars in the design goes against normal
mining practise for this type of deposit. This being the case, the onus
of proof must rest with this design. It should be demonstfated that the
yield pillar concept is a necessary modification of 'conventional'
designs and that the resulting storage areas will have the required
stability. For a number of reasons, this reviewer does not feel that this
proof has been provided. Thus

- The presence of strain-hardened ground in evaporite mines

has been questioned (3, 4), although a similar result develops

if stress-relief is invoked.

- In the only case of which the reviewer is aware of the use

of these methods in the WIPP area, the design did not function

as intended. Thus, at the Kerr McGee mine, @ trial system showed rapid

failure of the outer rooms, and early failure of the central rooms

(A 46). The system was discontinued.

- The reviewer is not aware of any well documented field

verification of the methods. This is essential.

- Numerical simulations of the proposed room layout (A 45),°

although themselves suspect (Section 4.2) do not agree with the

projected behavior., Thus, according to Serata, closure rates should

be highest in the outer rooms, while numerical simulation shows

similar closure rates throughout, rates being slightly h{ghgr'in

the center rooms (A 45, Figs. 3.4.8, 3.4.9). A different result



is obtained by Sandia for the RH level rooms, though the
geometry here is different (A37).

More conventional pillar analysis suggests that the yield pillars
may be detrimental to stability. The Bechtel analysis suggests large
initial vertical stresses in the yield pillars, decaying somewhat in
time, and comparatively small horizontal stresses. After two and one-
half years, the stresses in the center of the yield pillars are of the order
of 3,000 psi vertically and 500 psi horizontally, compared to 3,000 psi
vertically and 1,000 psi horizontally in the abutment pillars. This
indicates a poorly confined core in the yield pillars and the potential
for serious slabbing or even failure of these pillars.

Other questions arise in the storage area design. One of the major
reasons put forward for the use of yield pillars is to allow the relaxation
of horizontal stresses above and below the rooms and thus to avoid roof
and floor slabbing due to buckling. Baar (3) has suggested that intersectiﬁns.
where horizontal creep can occur in more than one direction, may lead to greater
stability in these conditions. The length of the pillars (300 feet)
relative to their width should be considered. Finally, the panel entries
require attention. These are 33-foot rooms separated by 300-foot
abutment pillars. Presumably, these are expected to be stable, although
no calculations are given. If these entries are stable, the need for

narrow yield pillars in the storage rooms is not obvious.

4.2 Stability Analysis Review

This subsection reviews the Bechtel Report on Stability Analysis of



thé Underground Openings, WBS No. 51, Sections 3 and 4 (A 45).

‘The stability analyses are based on runs made using the MARC-CDC _
program with a viscoplastic material property subroutine added. Questions
arise over the use of this code. It is stated that very small time steps
are required under high strain rate conditions. For this reason,
runs on the CH level were limited to 0.4 years for the model with clay
seams and 2.5 years for the model without clay seams. Extrapolation
was.used to give ten-year creep closures. The extrapolations are highly
suspect; they indicate a cessation of creep closure after about
five years, a result in contradiction with field evidence (3, 1), which
indicates continuing creep closure at a constant rate. It is clear
that the MARC code is unsuitable for the current applications, and
another more suitable code should be sought. It is stated that the
REM code of Serata Geomechanics will be used in future analyses. This
code is proprietary and without documented evidence of its suitability,
including field verification in similar lithologies, it cannot be
Jjudged.

" Neither of the CH level idealizations (Figs. 3.4.1, 3.4.16)
show a reasonable representation of the site geology based on the-
ERDA-9 core 16gs. A detailed comparison of the ERDA 9 log and the
model geology is included as Fig. 1. The most notable differences are

summarized in Table 1.
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Teble 1
Horizon Core log (A 23) Model (A 45)
a. MB 136 13.6 ft. thick 17.8 ft. thick
b. MB 138 0.7 ft. anhydrite absent
with basal parting
c. anhydrite 0.9 ft. at 2120.9; absent
clay parting at base
d. MB 139 3 ft. thick anhydrite; 8 ft. thick; top
: top at 2154.3, 4.3 ft. at 2150, floor of
below CH level CH Tevel
e. anhydrite absent 2233-2249.8

Clay seams are included in the model as "clay with partings" in beds
of appreciable thickness. This 'lumping' technique is invalid since the
importance of the clay seams {is most likely to be in their lack of tensile
and shear strength and the resulting contribution to potential bed
separation. The "clay with partings" beds do not correlate well with the
identified clay partings in any case. The omission of the clay partings
and anhydrite in the near roof and floor of the CH level are particularly ‘
serious.

Even with a verifiable and useful computer code, and a realistic
idealization, any numerical investigation is limited Sy the knowledge of
material properties and the ability to represent them mathematically. The
properties used for the stability analysis appear to not be based on
the Sandia experimental work (A 41), nor is any source for the properties
available. The quoted source (reference 2 of the document) was not
available to the reviewer.

The viscoplastic law used for the simulation is apparently a
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simplification of the generalized law reported by Serata (2). The

constants for the law -- octahedral shear strength KO and viscoplastic

V4 -- have also been reported as generic values (5), a1though.the value

for V4 is closest to that reported for "weak salt" while that for Ko is
closest to that reported for "strong salt." No evidence for the temperature
or stress exponents are presented, nor is this evidence available in the
literature, to the reviewer's knowledge. The creep strains predicted

by this viscoplastic law for a simple constant stress triaxial test can

be compared to those predicted by Sandia laws developed from test data of
the WIPP salt (A 35, A 36). This shows the Bechtel eﬁuation consistently
predicts different secondary creep strains than the Sandia law (Appendix B).
It must be noted, however, that the more recent Sandia law is based on
short-term creep data in which the existence'of a true secondary creep region
is not established, so that the creep rates predicted by this law will

tend to be overestimated. Finally, no account is taken of the time sequence
of excavation of the rooms which could have a significant effect on the

deformation and stress fields.

4,3 Storage area design

Before the storage area design can be agreed to, or even properly
reviewed, the following data must be made available:

- Numerical simulation using a verified, and verifiable, code,

reasonable geoclogy incorporating the clay seams in a realistic

manner, and material properties developed from the Sandia data

on SENM salt. These simulations should be run for
a) storage rooms (Section B-B, Drg. 51-W-001)
b) panel entries (Section E-E, Drg. 51-W-001)

c) alternative 'conventional' room designs
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- Comparisons of the proposed designs to mining experience

in similar geologies.

- Documentation of the proposed design by actual mine experience.

Even with this data, it must be appreciated that a final design
cannot be developed until field data from the early mine development is

available.

5. Main entries

Four 25-foot main entries with 20-foot yield pillars are planned.
A1l comments made in relation to the storage area apply to these
entries. However, main entries must be stable throughout the projected

life of the storage area, and detailed stability calculations must be

reported. Failure of the thin yfeld pillars and excessive creep closure

in these entries could have serious consequences. Again this design

does not fo1low'nonnal practices (Table 2). In particular, the comparison

of the pillar W/H ratios should be noted.
Table 2 (Main entries) (A 46)

Mine Entry Pillars

Width Height Hidth W/H ratio
Nash Draw - mains 20 ft. - 44 ft. --
-declines 20 ft. 7 ft. 35 ft. (1) 5
Kerr McGee 25 ft. 5 ft. 100 ft. 20
National Potash 26 ft. 6 ft. 54 ft. 9

WIPP (proposed) 25 ft. 12 ft. 20 ft. 1.7

Depth

1070

1100 - 2000
1750
2150
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Before any agreement on, or proper revfew of, the main entry design
can be made the following data must be provided:

- Numerical simulation of the proposed entry désign.

- Numerical simulation of an alternative design with wide

entry pillars.

- Comparison to field experience.

It should be noted that this design is more critical than that for
the storage areas for the following reasons:

- It concerns the main entries which must have a higher degree

of stability.

- Main entry design will influence the early development which

will precede most of the preliminary stability data to be obfained

from the experimental area.

6. Shop area

The stability requirements for the shops are even greater than for
the main entries, since these will, présunab]y. be used for future
.repository developments, and since they will include equipment and
facilities which will be sensitive to gross ground mo;ements.

Twenty-foot wide pillars are again used in this area. These.are
unacceptable for the following reasons:

~ The heights are greater than elsewhere. Thus, in Drg. 54-U-001

a room height of 28'2%" is indicated, a pillar W/H ratio of 0.7

- Only two entries are indicated for each pillar. This does not

even agree with the stress control yield pillar concept.
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- A high degree of stability is required.

- No design data is given using wider pillars.

It should also be noted that a height of 28'2%" gives a roof at
2121.8 feet coincident with the base of a 0.9 foot anhydrite. Extensive -
roof bolting will be necessary.

The sloped rib pillars shown on Drg. 54-U-001 could give spalling
problems. Note that Duvall use.vertical ribs at the Nash Draw mine
for this reason (A 46). The sharp comers in some of the storage area
pillars (e.g. southwest of the SE shaft) will lead to high stress
concentrations and should be eliminated.

Consideration should be given to moving the shops out of the

imnediate shaft area. An alternative shop layout should be developed.

7. Shaft pillar

The size of the shaft pillar will depend largely upon the angle
of draw for the particular overburden. There is 1ittle available evidence

on this angle for these strata. Local practice is summarized in Table 3.

.

Table 3 (A 46)
Shaft Pillars

Mine Depth Shaft pillar radius angle P1ant(Shop)piH]ar radius
ft. ft. ft. .
Nash Draw 1070 550 27° 1070
Kerr McGee* 1100 600 29° 1600
- WIPP 2150 1000 25° -

*kerr McGee has noticed some subsidence at
its main office buildings.

an

4!
5!
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The 25° angle proposed for the WIPP shaft pillar is in accordance
with the various formulae used from the Mining Engineering Handbook (6)
(Drg. 51-W-013). It is also in line with normal coal mining practice (7)
and with other mines in the area. However, for minimal subsidence
an angle of draw of 35° is indicated in coal mining (7, page 13-108),
while Tocal mines use at least 45° for this subsidence pillaer. A more
conservative design would be to use a 1000-foot shaft radius pillar and a
2150-foot radius subsidence pillar. Development in the shaft pillar would
be 1imited to shaft entries. Shops would be sited in the subsidence
pillar (1000 feet - 2150 feet) and the experimental and storage areas

placed outside of the subsidence pillar.
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8. Des{gg instrumentation

Preliminary design layouts and calculations must, of necessity,
be based on information on the detailed lithologies from core holes
and the extrapolation of field data from other mines in similar rocks.
However, it must be recognized that design modifications may be needed
based upon early experience in the mining horizon. These could occur
because of the limited knowledge of the geology, the difficulties in
correlating laboratory mechanical data and in-situ behavior and the fact
that current field experience is limited to other areas and stratigraphies
or to d{}ferent horizons in the same area. At the very least, early
verification of the suitability of the proposed design and of the validity
of design prediction is needed.

The field data necessary for design verification, and/or modification,
can only be obtained by a comprehensive instrumentation scheme. Moreover,
since time is an essential factor in the behavior of openings and structures
in salt, this instrumentation scheme must be implemented as soon as
practical after opening the horizon to be mined. The instrumentation
scheme should be designed for the following general objectives:

- To verify design data and methods (rock mechanical properties,
computer codes and empirical extrapolations);

- To assess the stability, and hence the suitability, of the
preliminary design;

- To provide data for design modification, if this is shown

to be necessary.
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The collection of field data should be continuous from first
breaking ground to abandonment of the repository. Early data will be
used for continuous design updating; later, data will be invaluable in
the design of later facilities. The instrumentation scheme should give
information on all parts of the design; that is, the shafts, shaft pillars,
shops, entries and storage area. More specific recormmendations are

included in the following sections.

8.1 Instrumentation layout

8.1.1 Shaft instrumentation

As a minimum, the following should be monitored:

- Shaft deformation, both in terms of changes in shaft
diameter and in terms of deformation within the rocks surrounding
the shaft | .

- Lining strain

- Pore water pressures in water bearing horizons

Information from these measurements is essential for the verification
.of shaft 1ining design. Data co]1ectiqn should be started as soon as
possible, preferably concurrently with shaft sinking. It is understood
that the first shaft is to be biind bored and that early instrumentation
will be difficult or impossible. The operational advantages of this
procedure should be weighed carefq]Iy against the need for early information
on shaft behavior to be used in the verification or modification of design

for the later shafts.
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8.1.2 Subsidence monitoring

Shaft pillar verification will require precision surface subsidence
monitoring, as will general envirommental considerations. Monitoring
should not be restricted to the shaft pillar area, but should extend
over the whole site. Information on any surface subsidence caused by
deformations in the storage area will aid in shaft pillar evaluation.

Monitoring can be by standard surveying techniques.

8.1.3 Shop areas, entries

These permanent openings should be instrumented as soon after
opening as possible and monitoring should be continued throughout their
life. As a minimum, the fo]]owing should be monitored:

- Room convergence (horizontal and vertical)

- Pillar deformation (horizontal and vertical)

- Roof and floor deformation away from the opening.

Monitoring stations should include intersections.

8.1.4. Storage area

Design verification - Test rooms with dimensions the same as

planned for the storage area should be driven. Alternative room designs
should be planned in case these should prove necessary. Measurements
should include those specified for the shops and entries (Section 8.3).
In addition, stress changes at various depths in the roof, floor and
pillars should be monitored.

Monitoring instrumentation should be included in some of fhe

actual storage rooms. Measurements should include those specified for
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the shops and entries with the possible addition of some stress

measurements.

B.1.5 The experimental area

Part of the experimental area will be used for the design
verification work (Section 8.4). The remainder is devoted to Sandia

experiments and instrumentation for that area is not considered here.

8.2 Measurement techniques

No attempt is made to detail techniques in this section. However,

some general comments on design of the techniques are given.

8.2.1 Deformation measurements

The deformations of interest to the design verification include
any resulting from the openings; Surface deformation (closure) must be
monitored, as well as the movement of points inside the rock-mass. The
first measuring point in any instrument boreholes should be as close as
possible to the surface and measurement points near the rock surface,

" where deformations are greatest, and should be more c]ose1y spaced than
those further from the surface. It is important that anchors be placed
outside the zone of influencé of the openings in at least some of the
instrument holes. These will give a 'stable' reference point for the
other data.

Instrumentation for deformation measurements can be either conventional,
mechanical, extensometers (using tapes for convergence and wires fpr

boreholes) or the more sophisticated electrical type. On balance
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mechanical extensometers are preferred for reasons of economy and
ruggedness. If electrical instruments such as LVDT's are usea for
borehole measurements, the transducers should be sited at the mouths
of the borehole to allow easy replacement. The borehole measurements
should be grouped in a single borehole for each station and direction, as
far as possible, by using multi-anchor assemblies (see e.g. 8).

" Anchor design should be kept simple. Mechanical anchors (e.g. 8,9)
are preferred to the hydraulically activated type for reasons of

long-term reliability.

8.2.2 Stress measurements

Stress changes, where these are repaired, should be measured at
various depths into the roof, floor and pillars. Both vertical and
horizontal stress changes should be measured if possible, but the
number of stress measuring boreholes should be kept to a minimum.

Stress measurement in viscoplastic materials must be approached
with care. Rigid inclusion stress meters are not satisfactory. Soft
inclusion (rubber, salt, etc.) a}e'preferred (10). Again, instruments
should be chosen for simp]icity and ruggedness.

8.3_ Determination of the primitive stress field

A knowledge of the primitive stress field (magnitudes and directions)
is important to a full understanding of the mine stability, and to the
ability to predict this stability. It represents the initial condition

- from which all mining induced stress and deformation fields are developed.
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Unfortunately, the measurement of this stress field in salt is full of
uncertainties related to the mechanical properties and crystaf]ine
nature of the material.

Standard techniques such as borehole pressurization and overcoring
have been épp1ied with mixed success. Serata (11) has claimed success
in the use of a pressurization technique, though this relies upon the
validity of the REM code (Section 4.1). Recently success has been
claimed using overcoring of a rubber inclusion stress meter (12).
Hydrofracting is attractive since salt behaves in a nearly elastic
manner under tension (9) and the geometry of the method is simple. It
is recommended that measurements of the primitive stress field be conducted
with more than one technique and compared to numerical simulations of
room closures and piliar deformations. In this way, an assessment of the

validity of the data will be possible.

9. Conclusions
The following are the major conclusions of this review:
- The storage area design is unconventional. No acceptable
calculations are given to support this design and no comparison to
hining experience is made; No comparison is made to conventional
designs as justification for this design approach.
- The finité element code used for calculations on the stability
of the storage area is unsuitable. Highly questionable extrapolations
are used. The idealization used is erroneous and not representative

of the geological section as it is known. The analysis takes no
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account of the time sequence of development. The eqﬁation used

for salt behavior differs from those based on SENM salt tests and
is.not a result of these tests.

- The main entries use a similar unconventional design principle.
No supporting calculations or evidence is given. This is
particularly serious in view of the high degree of stability
“{including Tow é]osure rates) required in the main entries.

- The shops use 20-foot "yield" -pillars. Thege are unacceptable
because of the high degree of stability (including low closure rates)
required in the shops, and the greater height of the piilars which
leads to a very low W/H ratio. The use of sloped ribs could cause
problems. No design calculations are given for these areas.

- The shaft pillar dimension is in 1ine with practice in the area;
however, most mines in this area exclude the shops from the shaft
pillar and place them in a "plant subsidence pillar" area. This
practice should be seriously considered.

-  The development of a comprehensive, early and continuing,
instrumentation plan for the shafts and for the mining area is
essential. The information from such a plan is absolutely necessary

for design verification and/or modification.
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APPENDIX A

LIST OF ENCLOSURES

Surface Plot Plans

Drawing #23-C-002 Rev., D
' Overall Site Plan

Drawing #24-C-001 Rev. D
Surface Facilities Overall Plot Plan

Underaround Plans and Sections

Preliminary Drawing - Proposed Early Development Plan - DOE - date
10/12/79.

Drawing #51-W-001 Rev. D (dated 9/18/79)

Underground Excavation - Single level Repository Plot Plan and
Sections.

Drawing #51-4-002 Rev. D (dated 9/18/79)
Underground Excavation Single Level Repository Shaft Pillar Area Plan

Drawing #51-W-013 Rev. A (9/18/79)
Shaft Pillar Calculations Single Level Repository

Underground - Shaft Station and Shops - (For Back Heights)

Drawing #31-R-005 Rev. C - Waste Shaft
Station Development - Upper Horizon Plan and Sections

Drawing #31-R-006 Rev. D - Waste Shaft Station
Development - Lower Horizon Plan and Sections

Drawing #33-R-005 Rev. C Ventilation Supply and Service Shaft
Station Development Upper Horizon

Drawing #33-R-006 Rev. C Ventilation Supply and Service Shaft
Lower Horizon

Drawing #36-R-005 Rev. C Construction Exhaust and Salt Handling Shaft
Station Development - Upper Horizon Plan and Sections

Drawing #36-R-006 Rev. C Construction Exhaust and Salt Handling Shaft
Station Development - Lower Horizon Plan and Sections

Drawing #37-R-004 Rev. C Storage Exhaust Shaft
Development of Upper and Lower Horizons Plans and Sections

Drawing #54-U-001 Rev. D Underground Support Facilities
Upper Horizon Shops and Warehouse Plan and Section
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18.

19.

20.
21.
22.

23.
24.
‘25,
26.
27.

28.

29.

30.
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General Mining, Storing and Backfilling Concept - (Single Horizon)

Drawing #74-W-018-1 (9/18/79)

General Mining, Storing and Backfilling Concept

Drawing #74-W-018-2 (9/18/79)
General Mining, Storing and Backfilling Concept

Drawing #74-W-018-3 (9/18/79)
General Mining, Storing and Backfilling Concept

Underground Design Basis

Design Basis D-51-W-01 Rev. 2
Underground Excavation

Design Basis D-54-T-01 Rev. 3
Underground Shops and Warehouse

Geological Section

Document 22-V-510-02 Rev. O
Geologic Data and Hole History for Borehole B-25

Document 22-V-510-01 Rev. 0
Geologic Data and Hole History for Borehole WIPP-12

ERDA-9 Crib Sheet (USGS)
Abridged History of Borehole ERDA-S

Letter - Twenhofel, W.S. "Lithologic Description." 3/6/79

BSCN-125 - ERDA-9/WIPP 12 Correlation meeting - 4/24/79

BSCN-132 - ERDA-9 Core Examination Single Horizon WBS 22V Meeting 7/20/79.
CN-114 - Examination of Geological Cores WBS 76 - 12/12/78

_CN-146 - WBS No. 22 Meeting with Charlie Jones USGS to discuss ERDA-9

Drill log - 1/24/79
Geological Characterization Report (WIPP) Sand 78-1596 Chapter 4
ROCK PROPERTIES |

Document 22-V-510-04 Rev. 1
Geology Laboratory Results of Rock Testing

Interim Summary of Sandia Creep Experiments on Rock Salt
from WIPP Study Area, Southeastern New Mexico. Sand 79-0115
by Wawersik, W. R. and Hannum, D. W.



31.
32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.
43.
44.

45.
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Rock Properties and Size Effects - Lab Testing vs. In-Situ Properties

Geological Characterization Report (WIPP), Sand 78-1596 - Chapters &4 and 9.
BWCN-44 - Pre-Design Review Meeting

Geotechnical Subjects WBS No. 22V

Meeting Date 9/17/79.

SANDIA CREEP DATA

BDCN 195 - Shaft and Underground Excavation Computer Code Analysis -
Creep Closure of Opening. WBS 51 and 61. Meeting Date 9/21/79.

BDCN 217 - Salt Creep Law - KBS 51 & 61. Meeting Date 11/13/78

'Conétitutive Models Applied in the Analysis of Creep of Rock Salt.

Sand 79-0137 - Dawson, Paul R.

Letter Report - Krieg, R. D. and Stone, C. M., "Structural Calculations
of Room Creep for the Experimental Areas in the WIPP Project." (4/24/79)

Letter Report - Stone, C. M. and Krieg, R. D. - "Results of
{henna];Structura] Analyses of Bechtel's Scheme 4 for the WIPP Project."
5/8/79

Letter Report - Wayland, J. R., "Room Ciosure Calculations for Title I."
3/29/79.

(See Rock Properties and Size Effect Sections for the Following)
BWCN-44 - Pre-Design Review Meeting

Geotechnical Subjects WBS No. 22V

Meeting Date 9/17/79.

Geological Characterization Report (WIPP)
Sand 78-1586 - Chapter S.

Interim Summary of Sandia Creep Experiments on Rock Salt
from WIPP Study Area, Southeastern New Mexico, Sand 79-0115
by Wawersik, W. R. and Hannum, D. W.

Empirical Data Supporting Design

BSCN-115 - Trip Report to Rocanville Mine - WBS 76. Date 2/14/79.
BSCN-116 - Trip Report to Cory Mine - WBS 76. Date 2/14/789.
CN-150 WBS No. 76 Trip report - Rocanville Mine Date 11/30/78.

Bechtel Underground Analysis

BDL-620 - Reference Report Stability Analysis of the Underground Openings
- WBS N.51 of 9/7/79 with TSC .Comments.
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Trip Reports Not Given to Bechtel During Design

Trip Report 9/12 - 9/13 to Duval, Kerr McGee and National - (Bechtel

! present during trip).

Trip Report - Kerr McGee Potash Mine March 14, 1979, WIPP:AKK:79:1646
Reference Size Effects - Baar, CA, Applied Salt - Rock Mechanics

(Not included)



APPERDIX B

Comparison of Sandia and Bechtel Creep Laws
Two secondary creep laws have been proposed by Sandia based
on data for SENM salt. These are:

* 1. Dawson and Tillerson (A 35 - see also ref. A 33)

g = 1.232 x 107%° exp(-SZOO/T)s;I -- Bl
where
€ = (g-é 3 );i ; the effective deformation rate -in sec°2
11 3 71 tig! ¢
3 = (g-s (3 )15 ; the effective debiatoric stress in Pa
11 2 °ij Cig! )
T = temperature in O.
Now
2 2
s L [l )+ (o 0+ (o 0] %
3
= -E.TO

where T, is the octahedral shear stress.

Also, if the volumetric strain-rate tkkis zero,

ey = 2 [(él- ) + (- 8) + (&- éli] %

_ 3/2 .
2 Y

where Y, is the octahedral strain rate



“_.

Hence, we may write Bl as
=213 3
Y, = 1.848 x 10 exp(-5200/8) T, ‘ --
For a triaxial test with v, = 0, and g, = ¢, equation B2 becomes

&, - &, = 1.232 x 107 &p(-5200/T) (o,- o,)’ -

Krieg and Stone

ey = 3.65x 107 exp(-5400/T) 5" ¢ -

where s;; is in Pa and EII in sec’.

For the triaxial test and the same assumptions as before,

this becomes

. R
€- £, = 3.65x 107 exp(-5400/T) (v, v,)**** --

Bechtel

Bechtel uses a viscoplastic law (A 45):

. Ko E@27%}’~’ To o Kof?®

Y% TV, [293 Ko

where K, is the octahedral shear strength, given by

Ky = Ky + (KB - KA) [1 - exp(-0.00lseom)] s
KB = 800 psi
K =

A Kg/3

¢ = “confining pressure"

and V, = viscoplastic viscosity = 1.5 x 10° psi. day

B2

B3

B4

BS



ry

o

- o,
(psi)
1000
2000
3000
5000

B=3

For the triaxfal test this gives:

] . - ' T-K -
€ -~ €& = 6.499 x 107" [—%—S—;—%’J -Lko—g sec”’

Table B.1 and Fig. B.l give strain rates calculated from

these three models.

Table B.1
€ - €, (sec™’)
Dawson & Tillerson Krieg & Stone Bechtel
9.5 x 107" 7.5 x 107" -
7.6 x 107'° 22 x 107" 2.1 x 107}
2.6 x 107 16 x 107’ 3.8 x 10°°
1.2 x 10”° 19 x 107" 4.2 x 107

The following should be noted

- Dawson and Tillerson's model is earlier than Krieg and Stone's.

- Krieg and Stone base their model on several data points for
SENM salt. However, the existence of true secondary creep in
many of these tests is uncertain due to the short duration of the
tests. This could lead to an overestimate of strain rates.

- Bechtel ignores viscoelastic creep due to the faster rate of
viscoplastic creep. This is reasonable at high stress differences
however, the 1000 psi value for o, - o, does not exceed the

octahedral shear strength.

¢
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Vertical vs. Horizontal Emplacement of Defense High Level Waste in
Layered Salt

D. Rasmussen

SUMMARY

The WIPP will receive two categories of Remote Handled Waste. RH TRU
waste and Defense High Level (Experimental) Waste. The present plan is
to place RH TRU Waste into horizontal drill holes and the experimental
waste into vertical drill holes in storage room floor. It would be
cheaper to place both wastes horizontally and save the cost of special
equipment for vertical emplacement and recovery. However, there are some
strong reasons to place the experimental waste in the vertical holes in
the floor, as shown in this report. The main reason is the long range
stability of the underground opening when subjected to high level
radiation and especially the heat from experimental waste.

The heat and radiation weaken the surrounding sait. The heat affects the
whole adjacent opening, the radiation affects only the immediate
surroundings of the canister. If the canisters with experimental waste
are placed horizontally in the walls it accelerates the creep rates in
the pillars. An axial load on the roofbed causes a buckling type of
accelerated sag of the roof.

This accelerated sag is, therefore, seen as a result of the disturbed
stress field caused by the superimposition of thermal stresses onto the
preexisting overburden and mining stresses. -The sag could cause collapse
of the opening, unless reinforced by roof bolting.

Another stability problem is that the salt in the pillars around the
horizontal canisters is losing some of its compressive strength. These
portions of the pillars next to the opening do not carry their share of
the overburden load. It effectively increases the span of the opening,
making it less stable.
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By placing the experimental waste in the vertical holes in the room floor
_ the source of heat and radiation is kept at the maximum distance from the
layered roof "beam" and the pillars. The stability of the opening is
better secured. :

The heat output of the experimental waste is expected to be 2501 - 810W
per canister. The need for the vertical placement becomes less important
if the heat output of the waste canisters to be stored is lower than

250 W.

There are some other factors influencing the decision on canister
location: The hot canister, if placed in the pillar, will move fron
horizontal position and it will be more difficult to retrieve it.
Drilling and heavy lifting equipment works better in vertical direction.
Vertical hole can be more reliably backfilled.

The conceptual designs for commercial spent fuel repository in salt use
vertical emplacement holes ("AGMES Report"). The experimental or
permanent storage of DHLW in salt should use them also.

DISCUSSION

Stability of Underground Openings in Layered Salt

The underground openings of the WIPP depository were designed using
experience from a number of potash mines in the Carlsbad Area in
comparable lithology and stratigraphy. Room and entry width as well as
pillar spacing for WIPP were developed based on the experience with those
mines. In addition, the selected room and pillar sizes were checked by
different state-of-the-art rock mechanics methods for design of openings
in a layered rock.

The expected stresses around an undercround opening at WIPP are
relatively high (see Enclosure 1: "Stress Distribution Around a
Horizontal Opening" by Bechtel). In situ stresses in the undisturbed
ground are on the order of 2000 psi. Stress around an opening just after
its excavation are in the range of 3,000 to 4,000 psi. These stresses
are higher than the unconfirmed compressive strength of salt and,
therefore, local spalling with associated stress redistribution have to
be expected and provided for.

In conjunction with retrievel high stresses, high plastic creep
deformation and resulting large convergence of underground openings
typically occur in rock salt.

D1sc6nt1nut1es between the rock strata caused by the clay sears in
proximity to roof or floor adversely affect the irmediate roof or floor
of the opening. To diminish the effect of the discontinuity induced into
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the layered deposits by clay seams, the room elevation has to be
carefully chosen to ensure, that the roof beam and floor beam of the
opening were adequate. The quality of the roof beam is the most
important, especially for an opening with a larger span. Because of the
non-uniformity of the rock mass, the occurrence of zones of weaknesses or
cracks should be taken into consideration. The cracked roof beam behaves
Tike an arch. This behavior is different from that of a solid beam.

Once a crack has developed, such a beam can fail in three ways. (See
Enclosure 1 - Arching Action of Roof Beams by Bechtel). If the
Horizontal Thrust (T) is not great enough, the blocks of rock could
simply slide down and the roof would colapse. A second possible mode of
failure is by the rock crushing at points of high compressive strength,
permitting the rotation of blocks and consequent collapse. A third
possible mode of failure is by elastic buckling where the rock at the
abuttments and center could deform to such a degree that blocks can
rotate without exceeding the crushing strength of the rock at point of
rotation.

The Two Types of Remote Handled Waste at WIPP

There are two types of remote handled waste to be placed into
drill-holes. The size of the canisters and the size of the drill-holes
is similar. But the two wastes differ substantially in the amount of the
heat and radiation they emit. Also, the weight of the canisters differs.

Following table shows the difference in the two types of wastes and their
emplacement as designed: '

DHLW (Experimental) RH TRU Waste
Radiation Output:

300 R/Hour - 7,000 R/Hour 25 R/Hour - 1,000 R/Hour
Heat Output:

250K - 810W/canister 60W/canister
Temperature:

1500F - 3200F 850F - 950F

(650C - 1600C) (290C - 350C)

Weight of canister:
2,000 1bs - 20,000 1bs 7,000 - 8,000 1bs

Length of Canister:
10" to 11" 10'5"

Diameter of canister
24" to 31" 0.D. 26" 0.D.
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Drill Hole Casing
None 2" Thick Steel Sleeve
30"1.D. - 36% 0.D.

Drill Hole Length (Depth):

18' 16'
Drill Hole Diameter:
27% - 36" 36"
Storage Room Geometry: . ,
!
T

Cross Section: r_'é

ll&l

19

Effect of Radiation and Heat on Strength and Creep Rates of Salt Rock

The results of “Project Salt Yault™ indicate that the radiation effects
of DHLW on physical properties of salt will be minimal. Uniaxial
compression tests were carried out at the Oak Ridge National Laboratory
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with irradiated salt specimens (see Enclosure 2, by ORNL). The tests
were conducted at room temperature and the effect of heat in this case
was excluded. Doses of more than 108r are needed to Tower the
compressive strength of salt by 10%. That would not affect the
structural integrity of the opening, especially if the canister is placed
in the floor:

“... Integrated salt doses as high as 5x108 rads would not

accunulate at distances of more than 1 ft. from the waste

containers. Since the floor does not have to support the overburden
pressure and the dose reaching the pillars is insignificant,
radiation would not be expected to affect the structural stability of
the rooms."

The heat connected with the radiation has much more significant effect on
rock salt properties than the radiation itself. The salt has good
shielding effect on radiation (similar to concrete).

The significant influence of heat on stability of underground openings
was demonstrated on model pillar tests by ORNL (see Enclosure 3). The
graph shows the deformation with time of models at various temperatures
and stresses. It shows, for example, that the deformational behavior of
the salt pillar tested at 4,000 psi at 600C is approximately the same

as the behavior of the sample tested at 6,000 psi and 22.50c (room
temperature). This strongly suggests that the net effect of elevated
temperature is essentially the same as that of increased pillar stress.

The Influence of the Location of the Heat Source on Stability of the
. Opening

At the Lyons Mine in Kansas, the full scale tests have shown the
difference in emplacing the heat source in the floor and in the pillar.
(see Enclosure 4 - Project Salt Vault, by ORNL). The picture explains
how the stresses from the canisters in vertical holes (in the floor
center) affect the laminated roof of the opening.

The next picture (Enclosure 5) shows the heated pillar experiment, where
heaters were placed in the floor along each side of the pillar:

"...The measured rock deformations around the heated pillar were .
similar to those around the array rooms but considerably larger,...."

This is a good example that the heat generating DHLW could endanger the
stability of the opening if placed in horizontal holes in the pillars.

The Sandia National Laboratories are preparing a 12W/m2 mockup
experiment to test the effect of heat from DHLW on salt. One of the
objectives is to determine how the structural stability of a proposed
repository configuration will affect its operation. The experiment



D. Rasmussen -6 -

schematic shows the heater in place of future DHLW canister (see
Enclosure 6).

The expected results are shown in Enclosure 7. It is a temperature
profile as expected at 3 years after the heat start up. A temperature
increase of 200C at the center of the pillar is calculated at 5 years,
and at 10 years the temperatures in the bulk of the pillar will have
increased by 400C.

The next figure by SNL (Enclosure 8) shows expected results for overtest
for simulated DHLW at 3 years.

Some Other Factors Influencing the DHLW Emplacement

In Favor of Vertical Emplacement

- Vertical drilling, heavy 1ifting, overcoring is easier than the same
tasks in horizontal direction.

- If the hot 10 ton canister is inserted into & horizontal hole it
will, with years, change position with the flow of salt in the
pillar. It will sink unevenly down and the locating, overcoring and
retrieval will be more difficult.

-  The backfilling of the vertical hole with salt is more reliable than
that of a horizontal hole.

- The roof bolts under heat expand differently than the salt. That
could weaken the roof support in some cases, where the canisters are
at a close distance to roof bolts (such as when placed horizontally
in the pillar).

- Horizontal holes collapse easier than vertical holes because of
gravity, or vicinity to clay seams along the hole.

- The height of the 18'x18' rooms can be increased, without causing any
serious stability problems. That could happen if more room is needed
for equipment, which is still being designed. The emplacing and
retrieving equipment might require as much as 22' overhead room.

- ONWI 1is preparing a conceptual design for repository in salit. They
place the commercial high-level waste into the vertical drill-holes.
The rooms are 18'x21' high (see Enclosure 9 - storage in tuff and
salt is the same geometry). In basalt (Enclosure 10), they use
horizontal holes and minimum height of the storage rooms (20' wide x
10' high). It is because of high horizontal stresses in deep basalt
at BWIP.
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In Favor of Horizontal Emplacement

1.

The advantage of horizontal placement is the wider and lower storage
room, which could be better used for contact-handled waste storage

later. This is the reason to place RH TRU waste horizontally. Those
canisters do not generate high heat and are lighter weight to handle.

Vertical holes in the floor are obstructing vehicular traffic through
the drift.

SOURCES

Peter Frobenius, Boler Chytrowski, Dale Roberts, and Ching L. Wu,
Bechtel, "Exploratory Shafts and Underground Test Facility for the
WIPP" 1983 RETC Proceedings.

R. L. Bradshaw and W. C. McClain "Project Salt Yault" 1971 Dak Ridge
National Laboratory.

Sandia Reports:
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Stresses Near Waste Canisters Buried in Salt, March 1983; and
Test Plan: 12-W/m2 Mockup for DHLW, Draft, Feb. 1983.
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October 16, 1979

Prof; John F. Abel, Jdr.
310 Lookout View Court
Golden, Colorado 80401

Dear John:

Attached for your review is the package that we have discussed over the
past few weeks. This package represents the WIPP underground mine design
as it exists today, and the type of review that is desired is defined in
-the scope of work that is included in the package.

The Department of Energy has requested that your review be maintained as
confidential. Any questions you have about the package, or any additional
information needed, should be directed through me.

Please forward, by October 24, 1979, a written estimate of your fee and
associated expenses for performing the review. As you are aware, other
consultants are also reviewing this same package and are trying to com-
plete the review within the period specified in the scope of work. Please
advise me, at the time you send your estimate, if you see any problems in
completing your review by November 15, 1979.

John, I am verypleased that the Department of Energy has specifically re-
quested your review. 1 think your recommendations will have a significant
impact on the WIPP design, and I personally look forward to working with
you on this matter.

Very truly yours,

76 p/{_‘(.'—l{_/-

ylosit =<

Kén Beall

Mine Design Manager
WIPP Project

KB;bbb

Attachment -

cc: R. F. Herig

R. McCoy
J. Jimenez

DRAVO CORPORATION DRAVO BUILDING 1250 FOURTEENTH ST. DENVER,CO 80202 TELEFHONE" 303 £93-4500



SUMMARY ASSESSMENT OF THE TITLE I UNDERGROUND DESIGN

This document is a summary of several assessments and studies of the
Title I underground design developed by Bechtel. Summarized herein are

results of the following:

Consultant's Reports

o John F. Abel, Jr., "Review of Proposed WIPP Underground Mine Design",

Nov. 15, 1979

o R. Kenneth Dunham, "A Review of the Proposed WIPP Underground Waste
Disposal Faci]ity“, Nov. 21, 1979

o T. William Thompson, "A Review of the Proposed WIPP Underground Mine

Design", Nov. 16, 1979.

D'Appolonia Study of the SCT Method

o A. K. Kuhn and R. D. Ellison, "The Stress Control Technique -- Its
History and Suitability for WIPP", Dec 7, 1979



Computer Stability Analyses

o D'Appolonia

o T. Harrington and A. K. Kuhn, "TSC Single Room Concept - Room
Closure Analysis", Dec. 7, 1979

o Sandia

) R. K. Kreig, C. M. Stone and S. W. Key, "Calculations for CH-TRU
Storage Room Design", Oct. 23, 1979

Closure Criteria

o Sandia

L. W. Scully, "Closure Criteria for Storage Rooms", Nov. 20, 1979

The results of the various assessments are combined and addressed below

according to specific topics of the underground design.

Shaft Pillar Area

This topic was addressed by the three consultants. John F. Abel (JFA)

considers the shaft pillar radius to be conservative and, therefore,



acceptable. However, both R. Kenneth Dunham (RKD) and T. William
Thompson (TWT) stated that the shaft pillar angle of draw (25°) is
smaller than that of nearby mines (270-290) but in an acceptable
range. TWT's concern is that for the subsidence piliar an angle of
450; used locally, should be used for WIPP, as well. This means that
only minimum excavation (entries from shaft) should be allowed in the
25° cone from the shafts, placing shops and main entries in the cone
area between 25° and 45° from the shafts. A1l other excavations
should be kept beyond the 45° cone defining the subsistence shaft, or

no closer than about 2150 ft. from the shafts.’
R. K. Dunham agrees with TWT in principle, although his comments are less
specific. He urges design of the shaft pillar in accordance with local

experience.

. Stress Control Technigue (SCT) Desian Methods

The three consultants and D'Appolonia have addressed the use of Serata's
SCT method, and Sandia has performed a stability analysis of the proposed
SCT storage room design. The consultants and D'Appolonia all find that
significant reasons exist for not using an SCT design for WIPP.

Specifically, the reasons are:

o  The SCT approach is highly controversial, not widely accepted, and

likely to draw negative reaction from the technical community



(D'App., TWT, RKD). This is a point of concern for the design
credibility.

o The SCT is highly sensitive to and dependent on the details of ;he
geology of the repository zone (RKD, TWT, D‘Appolonia). Despite its
relatively successful application in Saskatchewan, the SCT was
unsuccessful in its only attempt in the Carlsbad district, where the

geology is quite different from that in Canada.

o The SCT was developed to increase extraction of ore and increase
stability in locations where both were inadequate (for mining
objectives) using the more conventional room-and-piilar designs.
However, in WIPP maximum extraction is not a goal, and conventional
mine designs have proven to be stable in the Carlsbad area (RKD, TWT,

JFA, D'App.)

o The relative deformations (creep closure) described by Serata for SCT
designs are not confirmed by the Bechtel stability analysis (THT).
In fact, both the Sandia and the Bechtel analyses predict greater
vertical closure of interior rooms than exterior rooms, opposite to

SCT predictions.

Yield Pillar versus Conventional Design

0- Whether or not the SCT approach is used, there is general concern



about using yield pillars (from any design approach) instead of the
more conventional, full-load-bearing pillars. From his analysis, JFA
believes the main entry and shop area yield pi]]ars should be stable,
but he believes the abutment pillars in the stofage area are too
.narrow to permit them to carry all the load shed from the propoéed
yield pillars. Consequently, he predicts significant abutment and
yield pillar shortening. If those abutment pillars were widened to
400 ft x 400 ft, JFA beljeves the yield pillar concept would be

acceptable for WIPP but not necessary. RKD also refers to the

sensitivity of the relative dimensions of panel width versus abutment

pillar width.

A conventional design is preferred to a yield piliar design by JFA,
RKD, TWI and D'Appolonia. In addition to the aforementioned issues
of the SCT per se, the recommendations for a conventional design are

made for the following reasons:

1) The 15 ft. of good salt beam above the roof obviates the need
for yield pillars, allows successful use of full-load bearing

pillars (JFA, TWT, RKD, D'App.).

2) Mine design should aim for simplicity and flexibility (JFA). A
yield pillar design is inherently complicated, being sensitive
to relative dimensions of rooms and pillars, mining sequence and

rates, geologic details, and load capacity of deep roof strata



(TWT, RKD). In contrast, a conventional design allows
.variations in these factors and permits election of other

geometries at a later date (D'App.).

o Yield pillar design goes against local experience of successful use

of wide pillars (JFA, RKD, TWT, D'App.)

Desian Analysis and Documentation

The Tit]e.I design is not supported by acceptable analyses (TWT, RKD).

. Considering the proprietary nature of the REM program behind the SCT,
documentation sufficient to support the SCT is questionable (RKD, TWT,
D'App.). Bechtel's analyses to date have not been based on a realistic
representation of local geology, nor has their MARC code proved

appropriate for WIPP (TWT, RKD).

The Sandia analysis predicts greater closure rates for the yield pillar
design than for the single room (conventional) design. The Sandia and
D'Appolonia analyses, with corrections to account for the differences in
the geologic models used, predict approximately the same closure rates

for single rooms.



Other Concerns with the Title I Design

The following specific opinions were expressed in the several assessments:

0 Roof spans should be minimized everywhere, but especially at

intersections (RKD).

0 A uniform grid mine pattern should be adopted for WIPP (RKD; JFA
in telecon on 12/6/79). |

o Better use of Sandia lab data should be used in the design analyses

(TWT, RKD).

o Acute corners should not be used in the design (wa, RKD).

-0 If yield pillars are used, abuiment pillars must be widened (JFA).

0 The width/height rato of pillars should be given better
consideration, generally increased above present design in the shops

(TWT; JFA in telecon on 12/6/79).

TSC - Room Closure Analysis, Single Room Concept

The TSC room closure analysis was made using the Finite Element

technique. A single room, 12 feet high by 32 feet wide with pillars 112



feet wide between rooms was used in the analysis. The model had clay
seams at 16, 26, 38 and 51 feet above the roof of the room and a three
feet thick anhydrite seam four feet bg1ow the floor of the room. Clay
seams were located below the room at the base of the anhydrite and at 15

and 34 feet bhelow the room floor.

The analysis started with an elastic response to mining of the room.

This elastic response resulted in a maximum horizontal closure of 0.82
inches. The analysis then proceeded to show approximately a one to two
years of }apid stress-relief creep. This period was characterized by

. rapidly decreasing creep rates. At the end of this period total room
closure was approximately 4.0 inches in both the vertical and horizontal
sections. The remaining analysis out to ten years time showed nearly
constant loading conditions. The horizontal creep closure occurred at
0.76 inches per year while vertical creep closure occurred at 0.65 inches
per year. The final total room closures at ten years were 10.41 inches

in the horizontal direction and(i.sz inches in the vertical direction.

The analysis showed that vertical room closures were heavily influenced
by the anhydrite seam four feet below the floor of the room. This
anhydrite acted as a rigid barrier preventing creep closure from the
floor of the room. This stabilizing effect was more than offset by the
increased creep closure from the roof of the room due to the location of
clay seams. The roof was responsible for 84% of the total vertical

closure.



Sandia Room Closure Analysis

The Sandia modeling effort included three models, two of which are

summarized herein.

The first problem was a finite element model of a single room 13 feet
high by 33 feet wide with pillars 94 feet wide between rooms. This model
had clay seams 64 and 118 feet above the room. The floor of the room had
an anhydrite three foot thick two feet below the floor of the room with a
clay seam underlying the anhydrite seam and a combination

polyhalite-anhydrite-halite layer 22 feet thick below the anhydrite.

The analysis started with a one to two year period of stress-relief creep
during which the creep rate reduced rapidly. The closure at the end of
this period was approximately 2.0 inches. The remainder of the closure

- occurred at a nearly constant rate'of approximately 0.38 inches per.year
in the vertical and 0.55 inches per year in the horizontal direction.

The final closures at ten years were 5.6 inches vertically and 6.8 inches

horizontally.

The second problem was a finite element model of a four-room yield pillar
layout with the same room size and yield pillars of 25 feet - abutment
pillars of 300 feet. The geologic features were the same as those in the

first model.



The closure analysis did not show as definitive a change from stress
relief creep to constant creep as the previous analysis did. At ten
years time the vertical closures were 17.3 inches in the inner drift and
15.0 inches in the outer drift. The horizontal closures were 31.5 inches

in the inner drifts and 23.6 inches in the outer drifts.

Closure Criterion

The closure criteria for the WIPP storage rooms has been proposed by

Sandia Laﬁoratories as follows:

Criterion 1 -- The storage rooms must be designed to produce a safe,

stable environment in which to work and store waste.

Criterion 2 -- The storage rooms and associated pillars and main haulage

ways must be designed to efficiently utilize the available storage area.

Criterion 3 -~ The storage room and pillar configuration must be designed
to limit any potential damage to the waste packages to the outer row of
packages during the ten-year period starting with the first waste

receival.

Criterion 4 -- The storage room should be designed to produce a
caiculated creep closure reduction of room cross section of 40% in 150

years.



Criterion 5 -- The main and secondary haulage ways must be sealed with

plugs to 1imit the interconnected storage rooms to nominally 500,000

ft3 of waste.

The.stability and creep rates predicted by D'Appolonia and Sandia models
indicate that criteria 1, 2, and 3 can be satisfied by the single room
design approach, but closures of the four-room panel (yield pillar
design) could exceed the 1imits of criteria #3. Satisfaction of
criterion #4 15’#¢§:zted by the Sandia model for the four-room design,
but the D'Appolonia and Sandia single room models indicate some doubt

about that design satisfying criterion #4.



-

“

SUMMARY ASSESSMENT OF THE TITLE I UNDERGROUND DESIGN

This document is a summary of several assessments and studies of the
Title I underground design developed by Bechtel.’ Summarized herein are
results of the following:

Consultant's Reports

o John F. Abel, Jr., “"Review of Proposed WIPP Underground Mine Design",
Nov. 15, 1979

o R. Kenneth Dunham, "A Review of the Proposed WIPP Underground Waste
Disposal Facility", Nov. 21, 1979

o T. William Thompson, "A Review of the Proposed WIPP Underground Mine
Design", Nov. 16, 1979. .

D'Appolonia Study of the SCT Method

o A. K. Kuhn and R. D. E1lison, "The Stress Control Technique -- Its
History and Suitability for WIPP", Dec 7, 1979

Computer Stability Analyses

o D'Appolonia

0 T. Harrington and A. K. Kuhn, "TSC Single Room Concept - Room
Closure Analysis", Dec. 7, 1979

o Sandia

0 R. K. Kreig, C. M. Stone and S. W. Key, "Calculations for CH-TRU
Storage Room Design", Oct. 23, 1979

Closure Criteria

o Sandia
L. W Scully, "Closure Criteria for Storage Rooms", Nov. 20, 1979

The results of the various assessments are combined and addressed below
according to specific topics of the underground design.

Shaft Pillar Area

This topic was addressed by the three consultants. John F. Abel (JFA)
considers the shaft pillar radius to be conservative and, therefore,
acceptable. However, both R. Kenneth Dunham (RKD) and T. William
Thompson (TWT) stated that the shaft pillar angle of draw (2590) is
smaller than that of nearby mines (270-290) but in an acceptable
range. THT's concern is that for the subsidence pillar an angle of -
450, used locally, should be used for WIPP, as well. This means that.
only minimum excavation (entries from shaft) should be allowed in the

250 cone from the shafts, placing shops and main entries in the cone



area between 250 and 450 from the shafts. A1l other excavations
should be kept beyond the 450 cone defining the subsistence shaft, or
no closer than about 2150 ft. from the shafts.

R. K. Dunham agrees with TWT in principle, although his comments are less
specific. He urges design of the shaft pillar in accordance with local
experience.

The TSC believes that an acceptable approach to shaft pillar sizing must
match the tolerable total and differential settlement of surface
structures with conservative empirical methods of shaft pillar design and
subsidence predictions.

Stress Control Technique (SCT) Design Methods

The three consultants and D'Appolonia have addressed the use of Serata's
SCT method, and Sandia has performed a stability analysis of the proposed
SCT storage room design. "The consultants and D'Appolonia all find that
significant reasons exist for not using an SCT design for WIPP.
Specifically, the reasons are:

o The SCT approach is highly controversial, not widely accepted, and
likely to draw negative reaction from the technical community
(D'App., TWT, RKD). This is a point of concern for the design
credibility.

o The SCT is highly sensitive to and dependent on the details of the
geology of the repository zone (RKD, TWT, D'Appolonia). Despite its
relatively successful application in Saskatchewan, the SCT was
unsuccessful in its only attempt in the Carisbad district (where a
clay seam prevented the successful mining of one ore seam by
conventional approaches as well). The geology of the Carlsbad
district is quite different from that in Canada, so there is no
empirical basis for assessing the suitability of the SCT to the WIPP
site.

0 The SCT was developed to increase extraction of ore and increase
stability in locations where both were inadequate (for mining
objectives) using the more conventional room-and-pillar designs.
However, in WIPP maximum extraction is not a goal, and conventional
mine designs have proven to be stable in the Carlsbad area (RKD, THWT,
JFA, D'App.)

o The relative deformations (creep closure) described by Serata for SCT
designs are not confirmed by the Bechtel stability analysis (THWT).
In fact, both the Sandia and the Bechtel analyses predict greater
vertical closure of interior rooms than exterior rooms, opposite to
SCT predictions.

Yield Pillar versus Conventional Design

o Whether or not the SCT approach is used, there is general concern
about using yield pillars (from any design approach) instead of the
more conventional, full-load-bearing pillars. From his analysis, JFA

believes the main entry and shop area yield pillars should be stable,
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but he believes the abutment pillars in the storage area are too
narrow to permit them to carry all the load shed from the proposed
yield pillars. Consequently, he predicts significant abutment and
yield pillar shortening. If those abutment pillars were widened to
400 ft x 400 ft, JFA believes the yield pillar concept would be
acceptable for WIPP but not necessary. RKD also refers to the
sensitivity of the relative dimensions of panel width versus abutment
pillar width.

o A conventional design is preferred to a yield pillar design by JFA,
RKD, TWI and D'Appolonia. In addition to the aforementioned issues
of the SCT per se, the recommendations for a conventional design are
made for the following reasons:

1) The 15 ft. of good salt beam above the roof obviates the need
for yield pillars, allows successful use cf full-load bearing
pillars (JFA, TWT, RKD, D'App.).

2) Mine design should aim for simplicity and flexibility (JFA). A
yield pillar design is inherently complicated, being sensitive
to relative dimensions of rooms and piliars, mining sequence and
rates, geologic details, and load capacity of deep roof strata
(TWT, RKD). 1In contrast, a conventional design allows
variations in these factors and permits election of other
geometries at a later date (D'App.).

o Yield pillar design goes against local experience of successful use
of wide pillars (JFA, RKD, TWT, D'App.)

Design Analysis and Documentation-

The Title I design is not supported by acceptable analyses (TWT, RKD).

Considering the proprietary nature of the REM program behind the SCT,
documentation sufficient to support the SCT is questionable (RKD, THWT,
D'App.). Bechtel's analyses to date have not been based on a realistic
representation of local geology, nor has their MARC code proved
appropriate for WIPP (TWT, RKD).

The Sandia analysis predicts greater closure rates for the yield pillar
design than for the single room (conventional) design. The Sandia and
D'Appolonia analyses, with corrections to account for the differences in
the geologic models used, predict approximately the same closure rates
for single rooms.

Other Concerns with the Title I Design

The following specific opinions were expressed in the several assessments:

0 Roof spans should be minimized everywhere, but especially at
intersections (RKD).

0 A uniform grid mine pattern should be adopted for WIPP (RKD; JFA
in telecon on 12/6/79).



o Better use of Sandia lab data should be used in the design analyses
(TWT, RKD).

o Acute corners should not be used in the design (TWT, RKD).

o If yield pillars are used, abutment pillars must be widened (JFA).

o The width/height ratio of pillars should be given better
consideration, generally increased above present design in the shops
(TWT; JFA in telecon on 12/6/79).

TSC ~ Room Closure Analysis, Single Room Concept

The TSC room closure analysis was made using the Finite Element
technique. A single room, 12 feet high by 32 feet wide with pillars 112
feet wide between rooms was used in the analysis. The model had clay
seams at 16, 26, 38 and 51 feet above the roof of the room and a three
feet thick anhydrite seam four feet below the floor of the room. Clay
seams were located below the room at the base of the anhydrite and at 15
and 34 feet below the room floor.

The analysis started with an elastic response to mining of the room.
This elastic response resulited in a maximum horizontal closure of 0.82
inches. The analysis then proceeded to show approximately a one to two
years of rapid stress-relief creep. This period was characterized by
rapidly decreasing creep rates. At the end of this period total room
closure was approximately 4.0 inches in both the vertical and horizontal
sections. The remaining analysis out to ten years time showed nearly
constant loading conditions. The horizontal creep closure occurred at
0.76 inches per year while vertical creep closure occurred at 0.65 inches
per year. The final total room closures at ten years were 10.41 inches
in the horizontal direction and 9.82 inches in the vertical direction.

The analysis showed that vertical room closures were heavily influenced
by the anhydrite seam four feet below the floor of the room. This
anhydrite acted as a rigid barrier preventing creep closure from the
floor of the room. This stabilizing effect was more than offset by the
increased creep closure from the roof of the room due to the location of
c}ay seams. The roof was responsible for 84% of the total vertical
closure.

Sandia Room Closure Analysis

The Sandia modeling effort included three models, two of which are
summarized herein.

The first problem was a finite element model of a single room 13 feet
high by 33 feet wide with pillars 94 feet wide between rooms. This model
had clay seams 64 and 118 feet above the room. The floor of the room had
an anhydrite three feet thick two feet below the floor of the room with a
clay seam underlying the anhydrite seam and a combination
polyhalite-anhydrite-halite layer 22 feet thick below the anhydrite.

The analysis started with a one to two year period of stress-relief creep
during which the creep rate reduced rapidly. The closure at the end of
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this period was approximately 2.0 inches. The remainder of the closure
occurred at a nearly constant rate of approximately 0.38 inches per year
in the vertical and 0.55 inches per year in the horizontal direction.

The final closures at ten years were 5.6 inches vertically and 6.8 inches
horizontally. ;

The second problem was a finite element model of a four-room yield pililar
Tayout with the same room size and yield pillars of 25 feet - abutment
pillars of 300 feet. The geologic features were the same as those in the
first model.

The closure analysis did not show as definitive a change from stress
relief creep to constant creep as the previous analysis did. At ten
years time the vertical closures were 17.3 inches in the inner drift and
15.0 inches in the outer drift. The horizontal closures were 31.5 inches
in the inner drifts and 23.6 inches in the outer drifts.

Closure Criterion

The closure criteria for the WIPP storage rooms has been proposed by
Sandia Laboratories as follows:

Criterion 1 -- The storage rooms must be designed to produce a safe,
stable environment in which to work and store waste.

Criterion 2 -- The storage rooms and associated pillars and main haulage
ways must be designed to efficiently utilize the available storage area.

Criterion 3 -- The storage room and pillar configuration must be designed
to 1imit any potential damage to the waste packages to the outer row of
packages during the ten-year period starting with the first waste
receival.

Criterion 4 -- The storage room should be designed to produce a
calculated creep closure reduction of room cross section of 40% in 150
years. .

Criterion 5 -- The main and secondary haulage ways must be sealed with
plugs to limit the interconnected storage rooms to nominally 500,000
ft3 of waste.

The stability and creep rates predicted by D'Appolonia and Sandia models
indicate that criteria 1, 2, and 3 can be satisfied by the single room
design approach, but c]osures of the four-room panel (yield pillar
design) could exceed the 1imits of criteria #3. Satisfaction of
criterion £4 is predicted by the Sandia model for the four-room design,
but the D'Appolonia and Sandia single room models indicate some doubt
about single-room design satisfying criterion #4.
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To Ken Beall Location Albuquerque Date  3/21/79
.From R. N. Datta Location Denver PageNo. ]
Subject PROF. ABEL'S REPORT ON WIPP MINE DESIGN

cc: J. L. Soma
R. F. Harig

Enclosed please find the report by Prof. John F. Abel, Jr. of the
Colorado School of Mines following the meeting on March 13, 1979 held at

the Craddock Building to discuss mine design for the WIPP.

In the bottom paragraph of page 2 in his report John refers to "pages

60 and 61 in the 4th section of the blue covered handout".

Copies of these

pages are attached. In Table II various design features of actual salt and
other mines are listed. Seven of these mines are identified with Dravo.
This relates to field data in the Dravo study in 1974 on "Analysis of Large
Scale Non-coal Underground Mining Methods" for the U.S. Bureau of Mines.

I shall be able to submit my report by the end of the month.
will be in accordance to your memo of March 14, 1979 to John L. Soma.

R. N. Datta
dp
Encl.

My report
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Joun F. ABeL, JR. ® Mining Engineer

310 Lookout View Court, Golden, Colorado 80401 ® 279-4901

March 19, 1979

Dr. R.N. Datta

Dravo Corporation

1250 Fourteenth Street
Denver, Colorado 80202

Dear Robin:

The following letter report on the WIPP review meeting
March 13, 1979 is submitted pursuant to your regquest.

The use of an unconventional mine desion for the WIPP
facility appears to me to be highly guestionable when suc-
cessful conventional mines are operating in the Carlsbad
district. It is my belief that the instances of single entry
instability described by Dr. Shosei Serata are primarily the
result of the site specific geology. A mining operation does
not have the luxury of moving up or down in the geologic
section to achieve stability for extraction openings. This
luxury, actually, this necessity for WIPP to select an horizon
with maximum opening stability should permit stability for
single or multiple openings.

The a priori assumption by Dr. Serata that narrow single
openings are less stable than multiple openings 4id not prevent
hinm from employing single entries at two critical locations,
(1) in the shaft pillars and (2) for storage area access on the
CH level. 1In fact, the single entries running from the access
entries to the storage rooms and between panels of storage
rooms traverse abutment loaded (more highly stressed) barrier

pillars. ' It seems important to the eventual defense of the mine

design before the Nuclear Regulatory Commission (RC) that a
more rational justification be prepared if this design is
adopted.

The short discussion of a creep law for salt appears to me
to be a side issue. Table I attached to the end of this report
presents the results of various investigators. Their results
have been compared to the Salt Vault results in at least two
instances and found to produce reasonable predictions of mined
opening creep at Lyons, Kansas. As was brought out in the dis-
cussion the Lyons constants are unlikely to exactly match those
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eventually determined at the WIPP site. Instrumentation in the
WIPP shaft(s) and in the WIPP openings will permit site specific
constant determination. Increasing depth and thermal gradient
in the shaft will permit evaluation of pressure, temperature and
time constants.

The assumption that limited site specific experience from
Saskatchewan potash mining can be applied to WIPP salt extrac-
tion without modification was not vindicated by the discussions
at the meeting. The critical information for CH and RE level
selection at the WIPP site will only be available when the initial
openings are driven out into shaft pillar. These openings will
have to be instrumented to measure convergence and holes drilled
up into the roof to detect bed separations. HEoles should also
be drilled into the floor to detect any bed separations, or
potential bed separations in the strata below. Ramping down
into the floor to obtain additional salt between the roof and a
parting that is opening up overhead obviously cannot be done
blindly. I do not have the degree of confidence in the strati-
graphic continuity described by the geologists at the meeting.
Two drillholes are only an indication. The experience of
Cleveland Potash Ltd. at Boulby demonstrated the hazard in
connecting bedding 1ntercepts from hole to hole, even when you
have 18 holes.

The use of yield pillars in mining is a venerable method of
llmltlng subsidence while obtaining reasonable extraction. This
method is being employed in potash mining in Alsace. Pages 60
and 61 in the 4th section of the blue covered handout I sent
you show deformation observations and the full panel extraction
achieved there. The French have also mined panels with small
yieélding pillars. An excellent paper on the yield pillar tech-
nigque is Barrientos and Parker (1974) which describes the White
Pine Copper Company experlence in Michigan. The critical part
of yield pillar design is dimensioning the panel pillars to
yield under tributary area loads but to support the column of
rock under the arch. The size of yield pillars can actually
decrease toward the outside of the panel for large arch widths
which occur at greater depths. The column of rock beneath the
arch increases toward the center of the vanel. This decreases
outer room stability, however.
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The main load carrying barrier pillars at the side of each
panel must be large enough to carry the loads transferred from
the panels on both sides. Obviously this latter point is more
important where extraction is the object, which is not the case
at WIPP.

I don't believe enough emphasis was given to the more
severe roof problems which occur over the outer rooms of a
yield pillar panel. .The roof over the outer rooms is flexed
more than the internal rooms. In retreat mining this is not a
problem because no one needs enter these rooms after they are
mined. The roof can collapse later without affecting the mining
operation. However, in the case of WIPP, either the roof must
be prevented from collapsing or no waste can be stored in the
outer rooms of a panel. The height of collapse must be known
in the case of WIPP. We must be able to demonstrate that any
collapse will be limited and not open the possibility of commu-
nication with an aquifer. The 25 year reentry and retrieval
requirements reguire stability. This problem resulted in the
consideration of stub drifts beyond the outermost storage rooms
in the Fenix and Scisson, Inc. WIPP conceptual design. The
pillar design philosophy used by F&S was a uniform lowering of
the roof across the entire repository. The F&S roof lowering
was the result of applying Lomenick's creep eguation to the
pillars.

The placement of the CH level immediately beneath a 2.5-ft
thick anhydrite bed is untenable. A strong but thin roof member
subjected to a high axial load would not "eliminate roof bolting”
as indicated by Bechtel but would tend to buckle into the 44-ft
wide rooms. The "major separation" indicated at the base of the
anhydrite will tend to release the top of pillars and allow them
to expand into the rooms. I believe Bechtel should come up with
a new stratigraphic location.

The core logs shown at the meeting appear to indicate that
any depth below 2580 ft may be satisfactory geologically. There-
fore, the shallower the better in order to reduce the creep rate
by reducing stress and ambient temperature. The level separa-
tion requirement, currently 400 ft, would appear to be the
governing factor.
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The logic of wider rooms having more stable roofs than
narrower rooms escapes me. The fact that most salt mines employ
room widths of less than 100 ft must have a basis (Table II).

No miner enjoys the prospect of roof collapse and if faced with
the reality will attempt almost anything to avoid another roof
fall. I include widening the rooms and introducing yield
pillars in the alternatives to be tried. A zone of vertical
(radial) tension must occur above any flat-roofed opening in
rock. This zone extends to a greater height above a wider room.
In jointed hard rock this results in arched backs. Arched roofs
are mined to produce a more stable roof. In many cases if they
are not mined that way the arch forms naturally, i.e. it falls
out.

I appreciated the opportunity to participate in the meeting.
WIPP has to produce the safest salt mine ever.

Sincerely,

John F. Abel, Jr.
JFA/mr

Att.



TABLE I. Creep constants for salt.

Bradshaw,
Boegley &
Empson (1964)

€ = ct° 5=b £C € = Cumulative strain at time - t (in./in.)
T = Absolute temperature (PK-273°K = 0°C = 32°F)
o = Average pillar stress (psi)
t = Elapsed time (hr)
Starfield Hardy &
Lomenick & McClain St. John Headley Obert
Constant (1968) (1973) (1977) (1967) (1965)
c 1.3x10737  1.3x10737  0.65x10736
a 9.5 9.5 9.5
b 3.0 3.0 3.0 2.7 (3.0 KA salt

(3.1 M1l sait
(3.3 MM potash

3.1




(i Table T1. Indicated factors of sadafety £
Mine Product Depth Pillar
Identification Wwidth Lengt
and Type (ft) (£L) (ft)
1977 Cote Blanche - Dome Salt 1290 100 100

H 1977 Belle Isle - Dome Salt 1200 40 —~—
! 1964 Winsford - Bedded Salt 480 90 90
England : ‘ . 100 100
1972 . 580 65 65
1974 Dravo (1) salt 1930 D) 130
bravo (2) Salt 1200 110 110
Dravao (3) Salt 1060 GO0 60
1971 Headley,Canada - Bedded Salt 1760 2190 210
. 150 150
1970 Hutchinson - Bedded Salt 1624 50 ———
5¢ 50
50 50
. 40 40

1970 Goderich,Canada -
Bedded . Salt 176¢C 200 200
1974 Dravo (4) - Evapor. 1000 60 60
Dravo (5) Evapor. 1070 42 42
Dravo (6) Evapor. 800 25 25
Dravo (7) Evapor. 3140 126 4000

..+ 1963 Barr, Germany -
\ Beddced Potash 2690 23 820
' 1971 Barr, Canada -~

Bedded Potash 3140 54 -
1973 Esterhazy - Bedded Potash 3150 20 ~-=
—858-——U+S+—Potash - Bedded Potash 1000 58 58

Notes: (1)
(2)
(3)
(4)

Design strength based on y = 135 lb/ft3; ¢
TAL = Tributary area load --- halfway to a
Pillar deterioration indicated.

Long rib pillars of unspecified length.

4
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L Use of the Fressure Arcirin iaine Desipn al Wilis 430
. o S U

by Goenzalo Basricr*0s and Jack Parker

The most relistic e aller design is bhazed on ohzerratte ns avd measurements

i Situ, Lowe-cost nnuh" pestrnmentatpeon has made this appooach possible, At the

White Pine sioe 0 7 0 7 o ends of piblars of all sivipes cud sizes wader nil innds

of loudueg (mu.l.’xv-:r\‘, it peller destgn crdterie have been deseloped, The

pressure arch theery as caoplmned and awvarky on hieo test penels of he wmine is de-

scribied. The pressuve eich mechmnsm, which rehies on hiteral stress fur suppore,
- can be applicd (o puzzhing roof aud pithir conditions v otiier mines,

The art of pillar desinn has for many years depended would predict. He alse described “yvicld-pillar™ tech-
upon assumplions that the pihus must support the niques used in conl mines, wherelby roaf cond:tions
weight of the overlyving rock. and that the load must not vould be improved by allowing the pillars 10 yicid,
exceed the measured <terpeth of the 1ock, Because of provided that the zone of yielding did not exceed some
unknowns and uncertainties, and becouse somie case eriticnl width.
historics do not fit the theary, itis custonay ta gneor- Warde!!" has deseribed haw the pressure arch conzept.
porate lurge safety factors into pillar desipn, Safely allows hish extraction ratios at great depth—within
factors of 2 to 4 e, of course, adnustions of goss ig- panels of lanited width, and how surfuce subsidence can
norance. and the practice of menswing rock styensth n be controlled hy limiting the width of the caves under-
the leboratnry (pcxn s 20000 paiin compression} and rround,
then using a “desjien™ strength one-quanter of that Coates* formulated a piller design approach swhich
(5000 psi). is hirhly guestionable, recognizes that pillar Joad will depend upon width of the

A better undersiandime of palla Lehovior s ebinined area mined and upran distance from the edge of the aren
by warking with laiger spechnens, by investigating the mined.
eficet of height:width ratio, and by measurme reck be- Other iatriguing cvidenee comes from descriptions
havior under mine conditions, rather tinmn untder warm. of natural caverns, unbelievably wide opemings in some
dry labaiatory conditions, howover, the most realistie mincs, deieriorated pillars which shnuld have collapsed-
desipn will be hawed upan olecervationg and neasuges hut did not-—and prilins which appeaved ta be sound but
nents of real pillars in real moss Lesceena aceludde whirel colapsed suddenly after a critical width of min-
inrtrameentation has made thiz approcch gesatle, s ing was exceddded. Information of tivus kind accumulated
At the White Fine niinc—with its thousands af pllars of ot White Pines In the carly cflorts in rock mechanics,
1l shapos and sizes under'all kinde of o dig conedse far examuie, bepinning in 1864, it was observed with
tions—practicr] pillar design eriteria have begen devel- concern that zome pitlias were {alling apart, and failuie
ope-d. was predicted, The pillars were measured and the

About 22,000 tens of ore e mined undergronnd cach
day by trackless roem-and-pillar methods. The peolopy
of the cre hody has been deseribed in detail by Ensipn
ct ol

This paper describes how simple observations and
mcasurcmcnls were used to define the litnits of the

“rressure arch,” a concept whaerein pillars do not have
to carry the total weight of the overburden, but can be
desipned to shed load onto sneeiol “abaitment™ pillars.
The conrept has impertant implications for ground con-
trol and mine design. -

The Pressure Arch
The principle of the pressure arch is simple, os shown
in Fig. 1. .
The cxistence of the arch has Inng been 1ecopnized

under various names: arch, Voussoir arch. beam and JSTTITITTTTETETTN
dmme. Evans,’ deseribing Britsh coal nonneexperience, | / /’ \\\
olnerved that certain layers of tock would stand un- by \
suppoited over much winer spans than beaen-theory ,’ \
:‘_.f'*Lr i c.:—__x:r‘ﬁ r—“g r's
G BAFRIEMTOS, Member ML, formerly Rescorch [naincer, White b — - W ——»{
Pine Copper Co, iy with {armitol Lo Fer, Bolivio. J PARKER, Mem. ] o . X A
bor SME. forncrly -Dircctor, Rzck Mechanize Research, White Pine - Fig. 1—=Frinciple of the pressure crch. 4, top?

nouow opening will stond withaut support. B, center:
4 wudct opsning moy necd some support, hut the
tull wesght of cvechueden ared not be swpructed. C,
bottum: With-a some cnitizol width, W, smell paflors
¢on yirld ond shed most of the weght of the over-
burden ente odgncent nbutments, thus lerming ©
pressure orch,

(-"(-t"' Ui s Consattant Dect b, chemicy tAining Genlege, Wiete
Pane, dauk, It COALAXGY, Lawd on paver présented m SPAY [all
Meet e, Sl Labe Cory, Gteh Sastrober 10T M eope, A 22,
1272 Leirzusaisa af this gargsce, colimated s duglicate peeet to Junr
15, 1')74, will aprone o 550 Teansazimes, Septemtor 15374, and o
AME Troran hone, 1924 Vai 556

TEAW A Sg - VO 28 Scesety ot Auning [agincery AIVE ’ CMARCH 1974 - 1



prohable hewl was ealealated, usng taibontaey ares
theéary, That load was found 1o be much higler than
T the desipn steength, The pllars were eracked thioupthe
out and it recmed that they could support ey hittle
foad, yet, despite the predictions, the 100l did not
collapse. It was puzzling,

The fust gond clues canie {tom converyience nea-
mrcmcn!s. Points were inatalled in and sround  the
anes of failing: pillars, and they were cheeked epgularly
(using o Hecd-tvpe Invar extenzometer). Convergoende
was slow but comtinuous, gnd the achivyts st
then suddenly, when the width of the actne
reached 30U-400 f1, convergenee rates would aceclorate
and failure would follow, unless the area was quickly
backfilled.”

Similar cvidence was pgathered from pillar-rabhing
opcrations. It was found that a major collapse cauld not
be induced even if hoth roof and pillass were hlasted,
unfess the area affeeted was abont 300 1t wide,

It became possible to document many of e aoeder-
pround failmes, some nat planned but moxt snedoeed
by pillor robhing It became clear that, within some
critical width, pillars could fail without there hemmg a
major collapse, and that tlas critical width inercased
slightly with depth. This is the duect evidence af
arching which wus used to coustruct Fup. 2.

SO

Significance of the .Pressure Arch

The ‘ore boady at White Pine is a hlanket like, scidi-
mentary deposit. It outerops and dips gently to the
northeast, and it has been developed to a depth of
about 2000 ft. It has becn proven at a depth of 3400
ft and may go deeper vel. Near surface it is not ditticult
to attain 70-807 coxtraction. but complications arise
at greater depths. Pillar strength by itself is not a
major problem, because beyond ceitain dimensions

(based on height: width ratio) piliar.strencth is practi-
(\-..ny infinite, but when depth and extraction combinge
to give a pillar load around 4530 psi. the pitlars then
tend to punch into the roof. necessitating much roof
repair. Strangely enough, the roof around ruhbed, fail-
ing pillors often Jooked better than it didé in the ori-
ginal headings. . ’

The evidence from the pillar [atlures suguested that
it might be possible to get.around the deep-mining probh-
lem. that it mighf be possible to mine at great depth,
with high-efliciency roome-and-pillar cquipment and
with good roof conditions, provided that pillars were
designed to yield. Mining would have to ‘be confined
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Fig. 2—-Evidence ef the preswure oreh ot White Pine Filled

circles, underground collopse »hich oppeored ot surtuce, open
« circles, underground collupse which diul not appror ot sueloce
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Sociely of Minirg Ingincers, AIM{

e o pancls, sepiated by Joads beanange abuatment
mllans: s otherwse eollapse could e ex-
teeeted,

widespeael

Measmrements of s face wnteadence over caving oper-
had  shown o gelationship between depth of
mining, walth of cave, and amount ond rate of subsi-
dence. Thete were indicattons that subsidence could he
controlled, that these necd e no exeewsive or violent
subsidence, and no.open cracks and water ingress,
movided thil the underground workings were correct-
Iy designdd.

atuns

White Pine Findings Comparcd with Other Evidence

An effort was made to relate the direet evidence of
achimg at White Pine with experienees in itish and
German eoal mines ind French non nLines, with doming
theary minl with a elampedabeam analysis (Denkhoaus’,
As shown an Figr 3, there iz some amreement, but nat
enoupgh for fustiv: desion wark ot White Pine, so a
deveann was neede S0 nane some full-zenls test pancis
and to instrament them,

The Test Panels

Two experiments) panels were mined, Leginning July
10655, ta test the theory of the pressure.arch and es-
pecially to define the maximum width of the arch.
Maximun width i= a most impostant foctor: if o panel
were mined oo wele it swonld coliapse: if a panel were
too narrov the nuring would Lo constricted and in-
eilicient. The layout 1= shone in Fig. 4. The west panel

150C | ————— e
|
\ 1D
(%)
: -
<
HE
. 9
o
€ s00 f——
L
A 1 b - 4. R -
¢ - Q0 200 200 ACC 500 40O 790

WIDTH N FET T

Fig. 3—Thc pressure orch, theory end cxpericnce.

Fig 4---Lovout cf the teat ponels Depth from suefocee, 550-650
f1. Muin heostings, 28 11 wide. Cromacuts, 32 hi wide. Pillar
height, 6% 1, Pllars within the pancly, 34 x 3B 11, Extroction
sithin the punels, 82%. Fillor strength, 8700 psi. Pillor lood,
4350 pei. Nominal pillar salcty factor, 2.0.

TRANSACTIONS = VOL. 253



Witk o lee caved as the myrrnng foossd pdvamced: the oot
caved on the aetheat; and the centes
abutment vas aleo 10 be reticated alter coimpictinn of
the outes panels,

et b vl ta e

he el were abipned to acooninesdate boeal stendoe
JottrerresD sparne were Shesioned accardme e ove
penense and o osuit the nonm cpapaent ool gatlags
were desned aecordng: Geddepth seean sarfaee, prerernd
extrachion, and pollar streneih, wlneh wios deducod froan
a White Painge .n}.llﬂllllln tsee P 9 of the haght,
widih theaw y by Holland.®
Note: The observed and measurcd performances of
pilkax of various heghds and wodths, under varioos
Joads, Ted o the eonclusion that the strength of pliars
ot White ine could Beapprox:miated by the formula
Width ‘1. n.
Strength =2 10,000 paj meemen o ool
Heipht m In.

AWhere width is less than hoichi, the pitloss hos eseen-
tially no strencth, and where width is abaut seven tinies
heipht, the strength is eszentially infinite.

No P'ressure Arch in the First "anel-100 Feet Wide:
Stress mvasurements were made in a row of piliars
cross the panucls after the advance mining had been
con:pleted The problems associated with stress mea-
surement and borchole deformation gages were known
cand allowed for, but there was no evidence.of orching,
There were the conclusions:

1) Piliur pressures were higher than eapected.

2) The "abutment” pillars were subjected to no abut-
ment loading. .

3} No preszure arch was induced.

> was assumed that the ponel - must be too wide,
.susing the sninll pil)arq to bear the full weight of the
overhurden, so the |.0u' of the sccond purel was
modified. The width would inttially be only 2206 1,
but it could be increased in G6-ft increments to 292,
358, and 424 11, as shown in Fig. & )

No Pressure Arch in the Sccond Panel: Stress mon-
surements were made in @ row of pillars after the
sccend pancl had advanced fur enough, Again the
evidence indicated no pressure arch. Although the
orientation of principal stresses showed redistribution
of Joad towurd the abutments, the load on the inter-
mediate pillors was some 3670 Ligher than tribwtary-
arca theory would predict. There was oo significant
overload on the abutments, as shown in Fig, 6,
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A roview of the facts found in the test panels and in
the rest of the miine nought out the dr\\ign fault—the
pullars within the panels, altheush only 14 {t wide, were
ot vickdiez Ty were not shedding load into the
sbutment pellas; thesciore no aich formed. Plans were
then made o reduce the sire of the pul.u: until they
did yield, and to measu ¢ tiieir behavior.

Inducing Pillar Yield: Twelve nf the pillars were drilled
«0 that they could be blusted and destroyed in stages,
as shown in Figo 7. AN 12 pillars were instrumented,
as shown in Fip. 8 to pive stress:strain information.
Stress increase wos to he measured with Horstman
piuss photoelattic stressmeters cemented in holes in the
pitlais: stram veas 1o he measmed ot convergence sta-
tinns, close to the pillars.

T

14°

Fig. 7—Pillar destruce
tion sequence.

-

Fig. §—Instrumenta-
tion of the pillor-
vield test. Dot out-
side block, conver-
gence point; desh in
block, sticssmeter,
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The Fabus Did Yield, aod o Pressure Areh Did Forme
After each seppent of the pallars haed been blasded, the
!'t‘m:-n'nn;'_ stubis waere measured amnd the thearetend
charge mn Toad was caleulatod, Tlasowas companed with
the chimpe in load shinwn by the sttessmeter., iU was
found that the actaal Joad increase was much less than

r\thc tribulia y-mrea theory wonld prediel, meaning that

A

the Joad hicl shifted elsewhere, Fig 9 shows the pre-
dicted and the measured load changes,

Modulus of Deformation of the Yielding Pillars: Soame

instruments did not sarvive the ctre Tt
stressmeters erushed at about 209 i, but they nedi-
cated that the clfective modulus of the pillars was Joss
then half of the value measured on small, intact rock
specimens in the laboratory, In the small pillurs the
modulus vuaried from 1.3 to 3 million psi, whercas
laboratory tests gave a value of wbout 6 million pasi,
These resulls indicate that some caution is needed when
assigning values for culculution purpores, Fig 10 shows
somc of the measured stress:strain relationships.

blaats,

An Area 226 Ft Sq Stood Unsupported: After nine ol the
pillars had been completely destrayed. there was still
no major collupse, only a few Joeai falls of reof. The
roof was blastéd in an sttempt to get a cave started,
but only 7 ft of rock cume down—up to the 1oof holt
anchor horizon. There was then an unsupported span
of thinly laminated shale about 226 ft sq, Fig. 11, Ob-
viously there was some raechanism ot work other than
the gravity-loaded beam: sowmething else had to be
supporting that 500 ft of overburden.

Arching as the Mining Front Advanced: In the second
pancl the pillars were robbed as the mining front ad-
vaneed, with only two or three crosscuts between “the
cave and the mining {front so that cguipment could
easily be trammed from eone job to the other. The
roof usually collupsed as snon as a tow of pillars was
destroyed, and the collepse was predivtable. Conver-

.

wence poinds were indatleel at every plbar, and con.
corpence was mepsaned. at least once o day, hath for
“pave-contiol el aeseneh poorposes, The netwoerls of
converpgence stations s shown ia g, 120

(Tu!lvvr;:--n.'r protiten and stress-chanzge profitex hath
intlicated that an arel was formed acrons the panel as
the cave advanced, with the weiehtl of the roek above
the cave being tansferred to the abutment pilling,
Fig. 13. Chain pillius on the cast side were nnlly 25
ft wide; they id not offer as mueh jezistance us Lhe
IB-ft-wide puilars on the west side, and they allowed
the abutment load to extend mvich Turther,

Canverpence profiles along the Jenpth of the panct
alsu showed an arch forming, Fig. 14, Note thatl the
tutad converpgence thenee pressure) on the small {ront
sbutment pllars increass ' as the cave gew longer,”
until the cave was about 40l {t long. At that time there
wus much deep-scated rumbling and cracking above
the ecave, as if the cave were working hipgher; then the
fiont-zbhutmient load ddcreased. Appurently a critical
width was exceeded ot about 100 fL.

Surfage Subsidenee as an Indication of Pressure Arches:
The best evidenee of arch formation is visual observau-
tion in-the mine. Surface subsidence measurements are
almiost ax conclusive, so o hine of points was installed
over the cave-to=he, leveled and checked hefore mining
began, then checked after cach major eollapse under-’
ground, When the cave was 226 {1 wide. there was no
subsidence. The width of the cave was then increased
by mining and desthioving additional rows of pillars.
With a width of 202 ft. there was still no subzidence;
with a width of 358 ft there was 4 ¢m of subsidence,
and when the cave was 424 ft wide, there was a total
subsidence of 5 em. Apparently the overlying rocks were
bending, but they did not collapse. 1t should be noted
that at this stage the other plan’ dimension of the cave,
and i, was now the controlling foctor, which is prob-
ably why the increase in width from 333 to 424 {t had
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fo little effect. The caves and the surface profiles are
shown in Fig. 15,

Conclusions From the Test Panels:

1) A pressure arch can be formed.
2) The maximum width of the arch at a depth of
. 350 ft was at least 303 {t.
3) Pillars within the pane]l must be small cnough
to yield, or no arch will form.
4} Load was tranferred to abutment pillars.
5) Distribution of loud could be arranged through
desipn of pillar stifness.
G) High extraction (in this case 92¢¢) can be at-
tained within the narrow panel,
7) Eflective modulus of deformation of small pillars
was less than hall ol the laboratory-meussured value,

:  cs B e [ |

Explaining the Pressure Arch
Faperience with roof design ot White Pine could be
extrapolated o explain the pressare arch,
Althouph small, intuct rock specimens tested in the
Jaboratory exhilnt some tensile strength, it is vbvious

.inn the mine that the rock mass, cut by numerous joints

and {aults, cannotl excert any significant resistance to
tensile stress. On the other hand, there were many
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measurements and obeervations of the dlects of bori-
zonte! eompression, and there can be tittle doubt that
it is theose Iateral compressive forces which hold the
juinted 1ockmiass i place in the roof, Coude measures
mients span thal the coctlicuent of friction an the joinl
plane i aroued 0.8 and it can be shown that a lateral
strews of 3 ol wil support a J-in sq@ige eam of White
Pine rosk @i, S, :

It follows thai the et of the cvesbardon above
a cave, o abave yicllingg pillirs con be anpperted from
the sedes 30 the Lderal strens w et enoueh, sunt af
the weight of the tocl s not oo pacat. Fhe weiht of
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the 1ock mass, per square inch of side-support arci, de-
pends upon the span, Therefore for cach lateral stress
condition there will be o eritical span, or width of
arch.

The lateral stress will be made up ol two parts: a
primitive stress and the Poisson camponent of the ver-
tival stress, The primitive stiess will exist close to sur-
face and will probably not chasue much with depthy
but the Molsen somsponent of vertical stress will change
with depth, Thetefore, the width of the pressure aveh
can bie expected o inerease with depth, Fig, 16 illus-
trates this explimotion,
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Designing Yicld Pillars'and Stiff Pillars

The important pillar dimensions are height and least
width. Somecething can be leained in the laboratory by
testing speciriens  with  various height:width ratios.
but the best informmion will comc from the mines. At
White Pine, for example, 1aboritory tests show an un-
confined, compressive strength between 20,000 and 30,-
900 psi. Jlowever, moie significant facts come from the
mine, where observations and measurements show . that
under heavy load a pillar with width less than two
times height will yiceld:; a pillar with width around
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15.--Surfeze subniderce olter successive cgves in the
pcml. .

seven times height will be infinitely stiff and strong;
and between these himits there is a predictable degree
of stiffness. This understandine permits unsophisticated
yet simple wnd aclishle desipn of yielding, abutment,
and intermediate pilurs, g 17 iHuestrates pillar be-
Bavior, This behavior will, of course, by modiiied
locally by variations in fault and joint density.,

Using the Pressure Arch

An understanding of this mechanism of ground sup-
port, and its himitations, gives new solutions to ground-
control poblems,

l’:ll.n Joad depends in p.u! upon the width of the
arca mined. and this width cun now be manipuiated to
benefit the e operator, to prevent a collupse or to
mduee a cave when h wants one,

Roof conditions deteriorate as depth incicases; they
Gm now be improved by using pillars which yield
slightly, Lut -the width of the vicdding zone must be
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Bmited so that the woeht of the oveelying cock il ‘many of the pazeting: vonf aeed gl conditions in otho
be supported on stdl abtment pnllars. The  ove ] mines, et that the understandingg can be applicd (o
amount of the one yielt tecoveral can be jneres o improve sately dod nuning eflicieney,
at depth by uging such nanow panels, .

Pillar vobbingy s better understoond ol gesults ane

' ' Wits Acknowledgments
prove, bhecateae 1t s now Loown that in 2anes of Himited

width the extiaction pereentage can go oanto the s, Assistance from the other members of the White Pin
with Little damygees of magor eollapse, 1 s also under- Rock Moedhanies group, and pernssion from the paent
stoad that blasting the poef 0 et 0 anjoy ('Oll:lll.\(‘ Coppes “:ml"(.. Ce. to present and 'mhli:;h thix frapet
started s o woete of elloat unlos st 0 et the 2ane are gratefully acknowledged.
iy close tu eritical,

Sui face subsidence can pow e contiodled by manag- Rleferences

ing the underpround cave activity, I the width of the
cave iz Jess than the wadth of the pressare arch, there
will be practically no subeidence, 16 a0 eritical width
collapses in the mine, there will Be pephke failue
to surface, with o large amount of subeeienee and steps
and open cracks at sutface, Saree o Nects can be
diminished by Jeaving <owe st puliaas wsthin the . . NG, " C1meat Beview of steata Movement Threarke
cave, less than the critival distimee apunt, so thal mul- oy rual. South Alne.
tiple arches will form,

. . « e Je

It is believed that this puessure arch mechanism, .

relying upon lateral sticss for supporl, c¢an explain ,'u,,,.,. ety enecs Rew Yort:,
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Significance of Mixed Potentials in Eh Measurements with
Platinum Electrodes

by K. A. Natarajan and 1. lwaszki

! - N
The m,lrw-u( of dissolred oxugen and the Pt — Pi-0 recetion aon the measurement
of redox porentinls in snjutioms containing ferrous-ferric couple was cxamined.
Currcnt-potential curves were used to illusirate the shift in measured putentials
toward the oxygen petential in oxygeneated and denrygenated systems at low con-
centrations of ferrous end ferric ions, The ranges of concentretions of the ferrous-
ferric couple, in which the interferened from oxuaen and the platinum-oxpgen reac-
tions becomes significunt, ere illustrated through the mired potential mechanism.

Redox potential (Eh) measurements are often used tems. In this paper, these points in redox potential mea-
in the metallurgical industry to indicate oxygen levels surements will be examined by taking the ferrous-lerric
and concentration ratios of redox couples, for example, svstem in the presence and in the zbhsence of Gisxolved
ferrous and ferric jons. Unless the redox species soupnht ovypen as an example. The teim “mixed potential™ vl
are present . in swilicient concentrations, the aneaswed be expluined and its sx"nhu-uc portrayed ihrough
potential may be influenced by the presence of oxygen. polarization diagrams.

Such an interaction, referred o as “mised potential,”

presents another problem in redox potential” méasure- Experimental Procedure and Results

inents in addition te clectrode poitoning.? ‘This is because Exjperimental setups und procedures for redox pnten-
platinum eleetrodes are not strictly inert and. depending . 7 01 measurements and  for tracing- current-patential
on the 'f”t Pt — 11-0 and P'-PUOil) - type reactions curves have been drescribed clsewhere

arc possible at the clectrode surface® . Fie. 1 shows the potential readings as a function of

A poper wderstandine of the yole of oxygien, the time in a deoxypenated 1M sulfurie acid containing fev-
clectrode  reactions invalved, and  the concentration rous ard ferric sulfates in concentrations ranging {rom
range of the redox species in minimizing their inter- 10 - and 10 * M and in the concentration ratio of unity.
actions with oxypen, therefore, becomes dmpartant in As evident in the figure, there was no significant change
interpreting measured potentinls in metallurgical sys- in the potentinl readings with time, at 107 (M. As the

) - concentratinn of the iron ions deereased, the magnituch
K. A, HATARAJIAN oand I IWASAKL, Menibar SHE, are Rescnech Ase of the potentind chamte "with time increased. A similae
sistont  and  Frolessor, tespeetivnly, Mangrpl  Reewewsnes Fencnsch werl of tesatdts was al-o abtained in oxygenated solutivons
Center, Uniseruty of Minncioto, Munnconsly TF 028215 Maaceenpt, : | ) I"'l"“luﬂl teaeding: is that of a mixed ;"-'h-'"l""‘
Febr. 10, 1972, Discussivn of this peper, submitted in"duplicote pror there will be o shift in the readingg upon retating the
to June 15, 1974, «ill onpeor in S\ Transactions, S-prember 1924, clictiode ot steady state' due presum ably to the glis-
ond in ANAL Tronsections, 1974, Vol 250 : o Lanee of concentration gradiest ot the clectrode suv-
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