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FIELD MEASUREMENT AND FINITE-ELEMENT MODELING
OF CIRCULAR AND RECTANGULAR SHAFT SHAPES
IN THE COEUR d’ALENE MINING DISTRICT, IDAHO

By Michael J. Beus ' and Samuel S. M. Chan 2

ABSTRACT

This Bureau of Mines report describes a field experiment involving
the sinking of two test shafts to directly compare the deformational
behavior of circular and rectangular shapes. Results show that the
circular shape is less sensitive to geologic discontinuities and ap-
plied stress field. Also, the rectangular shape 1s subject to a vari-
ety of behavioral modes, including beam bending and buckling. Geologic
discontinuities around circular and rectangular shapes influence dis-
placement significantly. Simple, two—dimensional elastic finite-ele-
ment modeling, simulating circular and rectangular shapes in a biaxial
stress field, shows that the structural response of a shaft is largely
controlled by geologic structure. Consideration of anisotropy may be
required for realistic analysis of a deep shaft.

1Mining engineer, Spokane Research Center, Bureau of Mines, Spokane, WA.
2Mining engineer, Spokane Research Center, Bureau of Mines, Spokane, WA; professor
of mining engineering, University of Idaho, Moscow, ID.



INTRODUCTION
Structural design data for shafts and design, particularly in deep, vein-type
support systems for deep mines are metal mines. The Coeur d'Alene mining
scarce, and research 1is needed to estab— district in northern Idaho, a typical
lish shaft and support design crite- deep-vein mining area, was chosen as the
ria (11).3 Such data would be wuseful to research location because of test site
the mining industry during shaft sink- availability and because shaft stability

ing operations to access deep—-seated ore

problems were common. The objective of

bodies. 3 the research was to advance deep-shaft

Today, many older mining districts, design technology wusing rock mechanics
such as the Coeur d'Alene 1in northern and structural analysis techniques.
Idaho, experience a dilemma, Circular, This report presents the results of
concrete~lined shafts are known to en- part of this research, compares measured
hance production and provide superior deformational behavior of circular and
ground control if surrounding ground rectangular shaft shapes, . and compares
stress is uniform. In the Coeur d'Alene these measurements with simple finite-
district, rectangular, timber-supported element analyses. The project 1involved
shafts have proven adequate over the construction and monitoring of two test
years and are cheaper to construct, but shaft openings, one with a circular cross
require excessive maintenance and repair. section and .the other with a rectan-
Annual repair costs may average more than gular cross section. The resulting field
$100 per foot of shaft according to data form the basis for a comparative
recent data  obtained from deep-mine evaluation of these two common shaft
operators. shapes.

In 1972, the Bureau initiated projects
to advance the state-of-the—art of shaft
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DESCRIPTION OF THE TEST SITE

The Coeur d'Alene mnmining district is The main structural feature 1in the dis-
situated in the Coeur d'Alene Mountains trict is the Osburn Fault, which strikes
of Shoshone County, ID. The main rock in west-northwest and has extensive
the district 1s the Precambrian metamor- displacement.
phics of the Belt Supergroup with a maxi- Most major mines in the district are
mum thickness of 28,000 ft (9). Mineral- located near the Osburn Fault or its
ization occurs mainly in the St. Regis branches. The mineral deposits occur as
and Revett Formations in the middle of steeply dipping, quartzsiderite veins
the Belt rocks. The St. Regis is geolog- containing silver-bearing tetrahedrite,
ically younger than the Revett Formation. galena, and sphalerite. The main mining

Both consist mainly of interbedded, fine-
grained quartzite and argillite and dip
steeply with numerous overturned beds.

3Underlined numbers in parentheses re-
fer to items 1in the 1list of references
preceding the appendix.

method is horizontal
ing with conventional drill, blast, and
mucking cycles. Hoist and rail haulage
are primary means for transporting ore,

cut-and-fill stop-

rock, and materials. Rock bolting, tim-
bering, and hydraulic sandfilling are
used for ground support. Shafts in the
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The Caladay project 1is
south side of the Osburn Fault, 1 mile
west of Wallace, ID (fig. 1). Existing
development at the time the site was made
available included a main adit, several
short crosscuts, a shaft station, and re-
lated excavations. The test shafts were
constructed at the existing shaft station
5,200 ft inside the portal of the main
adit under about 1,200 ft of overburden.
This depth was considered adequate to
simulate geologic conditions that may be
encountered at greater depths, owing to
the steep dip of the structure and the
vertical continuity of rock types. The
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FIGURE 2. - Plan view of test site at Caladay

project.

relative effect of the absolute stress
magnitude may also be extrapolated to
greater depth if desired.

Figure 2 shows the complete excavation
layout, the proposed test shafts, the
hoist room, and the connecting drifts.
The country rock in the area consists of
steeply dipping, argillaceous St. Regis
quartzite of Precambrian age with numer-
ous gouge-filled joints, partings, and
minor faults. Strata in the area strike
roughly northwest at 35° to 45° and dip
65° to 70° to the northeast. The site
lies about 300 ft above the adjacent val-
ley floor. There 1is no excavation be-
tween the test shaft area and the ground
surface except the 1initial station exca-
vation and the rope raise.

IN SITU STRESS AND PHYSICAL PROPERTIES

To properly assess the in situ condi-
tions and to provide input for mathemati-
cal modeling, the stress field and mate-
rial properties at the test site were
determined.

CSIR (Council for Scientific and Indus-
trial Research) biaxial strain cells were
used to measure in situ stress., The ba-
sic principles of the biaxial strain
cell technique have been well documented
(13-14), and details of the application
of this technique 1in the Coeur d'Alene

mining district have been described pre-
viously (3, 6). The results of the in
situ stress and physical property mea-
surements of rocks from the Caladay site
are listed in tables 1 and 2.

The major, intermediate, and minor
principal stresses at a depth of 1,200 ft
are calculated as 1,854 psi at S 80° E
plunging 54° W, 960 psi at S 44° W plung-
ing 20° SW, and 696 psi at N 31° W plung-
ing 29° W, respectively. The measured
vertical stress was 1,450 psi and was



TABLE 1. — In situ stress, Caladay project
In situ stress psi Bearing | Plunge In situ stress psi Bearing | Plunge
Principal: Horizontal:
O—leosessceoscesc| 1,854 [ S 80° E| 54° W Ol {sswasensnnss | 1;:280 | N 8§7° & NAp
0-2¢eeveonsenne 960 | S 44° W | 20° SW 6Ho% §-ve wrssanes 820 | S 3° E NAp
O=Fsusmmensmmins 696 | N 31° W| 29° NW || Vertical: oyee.. | 1,450 NAp NAp
NAp Not applicable.
TABLE 2. - Physical properties, Caladay project
Modulus of elasticity (E)ieeseveacessoassssasseassesepsice 9.58 x 106
Internal friction angle (0)eiesessccessessscassssssodeg.. 50.5
Uniaxial compressive strength, psi:
O (Oeesssssessacsssssosssssssesossosesssssssessscsssscnssss 19,000
Of5°asseeosnsosossassassssssosseassssssssnssssssssaszons 13,000
Og(QOeecscesosssssnscssssossnsessscccscscsscsnscsosssscsncans 23,000
Triaxial compressive strength, psi:
O5QQeesevcosooosscoscsooocssssccscsssececescsooscosssososnssss 24,000
OJQQQeseseesosscssoscoosssssonososssosssenstonssnsscssccssssosse 29,000
Ol5Q(Qeeesccesososcsensosesosnecssssscscsscsnscossoscossonsns 34,000
OZQQQeeeessoceossssscssossccscsosessssesonccssssnssensnosnsson 42,000
OgQQ(Qeseesoeoscesnsesososscncscssnosnesssossnsossssssosscse 49,000
POIBEONTS FAlAO () e vwmmminio o 50w ie 56 5w imim e o0w 186 00 0085 81 91000, 0 e 0.21
Cohesion. (C)essvannsivessnssnunnsesissvias sanessasesDSlee 2,980
Tensile strength (o), psi:
T TEIE 0 01010 107 07 9, 0110 10 0 vt 0 w00 0 0 60 L 1 T 8 80 8 1,600
Indirectses svsmmms sovesmein o eesenssses s eseesssseiesoss 2,220

found to be similar to the theoretical
stress value calculated from a gravity
load using a unit weight of overburden
rock of 165 pcf. Maximum and mini-
mum horizontal stress values are 1,280
psi at N 87° E and 820 psi at S 3° E,

respectively.

Preliminary field testing
day also included in situ wmeasurement
of the modulus of deformation wusing the
Colorado School of Mines (CSM) dila-
tometer (10). The average 1in situ mod-
ulus of deformation of the Caladay rock
ranges from 2.6 x 10® psi to 9.6 x 10°
psi, depending on orientation of the
bedding planes (16). Laboratory val-
ues for modulus of elasticity average 9.6
x 10% psi, and Poisson's ratio averages

at the Cala-

0.21. Values for the internal friction
angle, cohesion, and compressive and ten-
sile strength are also shown in table 2,
The statistical variance, although not
listed, ranges from 31 pct for direct
tensile strength to 6 pct for unconfined
compressive strength. The compressive
strength increases significantly with
increased confining pressure. Although
rock strength varies widely, most rocks
exhibited linear deformation and behaved
elastically under both wuniaxial and tri-
axial loads. Most of the competent rock
samples burst violently at failure during
laboratory strength tests, indicating
their brittle nature and their capacity
for storage of elastic strain energy.

INITIAL SHAFT CONSTRUCTION

Shaft construction was initiated af-
ter a cooperative agreement was nego—
tiated and signed between the Bureau
and Callahan Mining Co. Wallace Diamond

Drill Co., a local mining contractor,

constructed the shafts, and Callahan pro-
vided compressed air, water, electric-—
ity, and transportation of personnel and
materials.



sinking an 8-ft-
to a depth of 27 ft

The plan called for
diam circular shaft
in the tail-room area of the existing
shaft station. This was to be followed
by a 5- by 10-ft rectangular shaft of
similar depth within the boundaries of a
proposed full-size shaft. The shafts
were oriented with the long axis normal
to the strike of the bedding, in accord-
ance with standard practice in the dis-
trict. Figure 3 1is a schematic of the
proposed test shafts located in the ex-
isting shaft station with the instrument
locations indicated.

The contractor's equipment included an
air-track mobile drifter drill, sinker
drills, a 3/4-ton backhoe, an air-motor-
powered clam bucket for mucking, and a
small front-end loader. The excavation
sequence for both shafts required first
drilling and blasting a small round to
create a 1-1/2-ft lip around the opening.
This would protect the installed instru-
ments from later blast damage and would

remove any surface material damaged by
previous blasting. After installation
of the 1instruments, it was intended that
six successive 4-ft drill and blast

rounds would advance the shaft bottom to

the required depth, Smooth wall blast-
ing techniques were wused to presplit
the periphery of the excavation. This

gauges

decreased overbreak, which would endanger
the measuring points, and lessened damage
to the adjacent wall rock.

To minimize the effects of time between
successive rounds and to decrease inter-—
ference with instrumentation, the shafts

were predrilled to final depth. The
holes were then completely filled with
iron oxide sand. The sand was removed

in approximately 4-ft intervals to accom-
modate the blasting agent to the required
depth. The remainder of each hole in
the shaft bottom was thus protected from
blast damage from the preceding round.

INSTRUMENTATION

The instrumentation used 1in this study
was developed and patented by the Bu-
reau in 1971 (19). It is called a tun-
nel stress relaxation (TSR) gauge and
is designed to measure radial deforma-
tion around underground openings during
excavation.

The TSR system consists of a probe (ex-
tension tube and transducer head), a
deformation-sensing anchor, an adjustable
mounting head, and an anchored support
reference pipe (fig. 4). The sensing an-
chor epoxied 1into the end of a borehole

drilled adjacent to the proposed opening.
The ball

on the end of the transducer

Instrument
room

Circular shaft,
8-ft-diameter

/: \

Shaft statior/ I
|

N

8

Rectangular shafg

71
1,4
TSR gauges ILLL__{/J 5_ by 10—ft

b———-—r’,{
| W7z
———
' 1.7
=== 4
1 "7/
e
| P —— 4

FIGURE 3. - Schematic of station and test shafts.
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glass jar

—— Threaded stock

Deformation-—
sensing anchor

Support
reference pipe

Adjustable -
mounting head

FIGURE 4. - Components of TSR measurement system.

Data

head is then inserted into the socket end
of the anchor. Movement of the anchor
resulting from excavation causes deflec-
tion of the probe. The probe 1is rigidly
clamped to a support reference pipe by an
adjustable mounting head. The support
pipe is grouted into the wall rock as the
transducer reference. The mounting head
permits three—dimensional adjustment of
the probe for proper preload, orienta-
tion, and depth. Detailed descriptions
of the design and testing of the TSR sys-
tem have been published (5, 18). Soaa
INSTRUMENT INSTALLATION AND
CIRCULAR SHAFT DEEPENING

After excavation of the initial 1-1/2
ft for the circular shaft, holes for the FIGURE 5. - Plan view of test shafts showing
TSR gauge installation were drilled. A locations of TSR gauges.
concrete pad was poured at each instru-
ment location for proper collaring of the instrumentation plan for both shafts.
the instrument installation hole. Three The holes were angled about 2°, with the
vertical 3-in-diam holes were drilled to downhole anchor located about 12 in from
a depth of about 7 ft. Figure 5 shows the shaft wall., Instrument holes were



positioned around the circular shaft pe-
rimeter at 0°, 45°, and 90°. This posi-
tioning allows measurement of deformation
perpendicular, parallel, and at 45° to
the bedding, in the horizontal plane.
The reference anchor holes were then
drilled into the station walls. Heavy-
wall plpe was lnserted and anchored to a
depth of 5 ft with Lumnite4 quicksetting
alumina cement.

The deformation—-sensing anchors were
installed around the shaft at the 7-ft
depth-sensing plane with POR-ROK ex~—
panding cement. The TSR gauges were

4Reference to specific products does
not imply endorsement by the Bureau of
Mines.

by

installed and secured into the adjustable
mounting heads. Heavy-gauge steel boxes
were placed over the TSR gauges and rock-
bolted to the concrete drilling pad for
blast protection. The electrical 1lead
wires were routed up through the boxes in
flexible conduit 1into 3-in-diam holes
drilled into the nearby shaft pillar and
terminated at the data acquisition room.
The predrilled holes were blown free of
sand to a depth of 3 to 4 ft and loaded

with Gelex dynamite. The 1nstallation
was covered with sand to prevent fly-
rock and minimize vibration of the in-
strumentation.

Data acqulsition was conducted about
200 ft from the shaft area (fig. 6),
using conventional data acquisition

it s A i

FIGURE 6. - Data acquisition equipment installed in instrumentation room.



equipment modified for underground appli-
cation (15). The data acquisition room
included strip chart recorders to give a
visual indication of rock movement sensed
by each TSR gauge during blasting and
conventional strain indicators for backup
to the automatic system. Blasting was
controlled from the data acquisition
room, and excavatlon was coordinated with
the scan time to maximize data output.
After the TSR gauges were 1nstalled,
excavation commenced with time intervals
between rounds for the rock to stabilize.
Beyond the 7--ft depth, the sand cushion
was eliminated because flyrock was no
longer a hazard. The collar of the shaft
was stabilized with landing mat secured
by rock bolts. To a depth of about 10
ft, shaft muck was removed with a back-
hoe; below that depth a slusher-clam
bucket was used. A train loader trans-
ported the muck to the surface dump.

Considerable water was encountered during
sinking, and continual pumping was
necessary.

Final depth of the circular shaft after
elght rounds blasted over a period of
about 2 weeks was 24 ft, about 16 ft be-
yond the TSR sensing plane. Figure 7
shows the TSR gauges installed around the
completed circular shaft. Figure 8 shows
the TSR sensing depth with the bedding
planes clearly visible. Recording con-
tinued for several weeks after completion
of the sinking operation to register pos-—
sible time~dependent deformation. Table
A-1 (appendix) shows the blasting history
for the circular test shaft. The circu-
lar shaft was completely backfilled with
muck after the instruments were removed
and capped with 2 ft of reinforced con-
crete, to serve as a foundation for a
proposed hoist.

FIGURE 7. - Circular test shaft with blast protection boxes in place over TSR gauges.
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RECTANGULAR SHAFT DEEPENING

Instrument installation and excavation
procedures used for the rectangular shaft
were similar to those used for the circu-
lar shaft. Figure 9 shows the initial
blast round being wired up, and figure 10
shows a TSR gauge installed 1in the end-
wall of the shaft to measure deformation
normal to the bedding. The other TSR
gauges were 1Installed at the center of
the long dimension,

and halfway between

P % i SRR e T A S R 1

the corner and center, to measure defor-
mation parallel to the bedding (figures 5
and 11). The endwall of this shaft was
very argillitic, and considerable rock
bolting was required to maintaln stabil-
endwall

ity. Eventually, the strata
sloughed, exposing the sensing anchor.
Timber bulkheads were also required

around the collar of the shaft to stabil-
ize the badly fractured rock. ’

A 21-ft-long, fully grouted pipe with
3—-ft side braces was needed for the TSR

FIGURE 9. - Preparation for initial blast round in rectangular shaft.



FIGURE 10. - TSR gauges installed in end wall of rectangular shaft.




FIGURE 11. - Completed rectangular test shaft showing location of TSR gauges.




because of the distance be-
shaft collar and the station
reference anchor pipe was
in 2- by 8-in timber
sand to damp-

gauge mount
tween the
walls. The
completely encased
frames and packed with
en blasting vibrations and to protect
against flyrock. The TSR gauge holes
were collared 24 in (36 in on TSR4) back
from the shaft edge because of poor col-
lar conditions, and the drill hole was
angled to put the sensing anchor points
within 12 in of the shaft wall.

The rectangular shaft contained forty-
three 2-in holes, 1including the pre-
split holes, with a center burn and four
3-in surrounding relievers., The 5- by
10-ft cross section was excavated using
3- to 4-ft full-face blast rounds and by

13

mucking with the backhoe and clamshell.
Before charging, sand was removed from
each hole with a blowpipe to the required
depth. The rectangular shaft was exca-
vated with seven consecutive rounds to an
approximate final depth of 26 ft, roughly
17 £t beyond the TSR sensing plane. Con-
tinual pumping was also required in this
shaft for water removal.

Table A-1 (appendix) shows the blast-
ing history over a period of 3 weeks.
The TSR gauges remained installed around
thé rectangular shaft for about 5 months
to record any long-term deformation,

The site was thoroughly cleaned before
abandonment, and a safety railing was
installed.

DATA ANALYSIS

from the TSR
circular and

The deformation records
gauges corresponding to
rectangular shaft advance are shown in
figures 12 and 13, respectively, with
shaft closure shown as positive. The
shaft advance corresponds to the individ-

ual blast rounds, each 1lasting about
13 s. The total measured displacement is
0.009 I [ I I I I
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003
TSRA4
0
-.003 ! '
£:10.009 | T | 1 | T
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FIGURE 12. - Deformation around circular test
shaft measured with TSR gauges asa function of

shaft advance.

tables A-2 and A~3 (appendix)
and rectangular shapes,

listed in
for the circular
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FIGURE 13. - Deformation around rectangular
test shaft measured with TSR gauges as a func-

tion of shaft advance.
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respectively. The actual deformation
trace of each instrument 1s shown in the
appendix in figures A-1 through A-6.

The displacement shown in figures 12
and 13 has been adjusted to eliminate ex-
traneous effects of the construction en-
vironment (blasting, water, etc.) from
actual rock response. Based on previous
experience with this type of instrumenta-
tion 1in a similar environment, certain
malfunctions were expected, and repre-—
sentative "signatures™ 1in the instrument
response pattern could be identified.
These response patterns are typical for
instruments subject to blasting, water,
and mechanical damage from construction
activities.

These malfunctions have been classified
as either intermittent or progressive.
Intermittent malfunctions are character-
ized by data showing recurring offsets.
Progressive malfunction was characterized

by a low-level exponential decay from
stable trends of the previous readings.
Other sources of error include anchor

slippage or readjustment due to blasting,
and "bedding 1in" of the anchors. 1In
screening and correcting the data, all
instances of exponential decay, recurrent

offsets, or single—-point anomalies were
evaluated individually and adjusted as
required.

In figure 12, the displacement parallel
to the bedding (TSR4) shows that the rock
trended toward a net displacement almost
immediately. TSR5, 45° to the bedding,
indicates an initial abutment load re-
sulting from blast pressure. As the
shaft advanced from 6 to 16 ft, there was
a closure trend with a gentle relaxation
throughout the remainder of the excava-
tion. Displacement normal to the bedding
(TSR6) showed a slight abutment 1load up
to 6—ft depth and then a steady closure
excursion from 6 to 16 ft with about one-
half of the total closure being recovered
beyond 16 ft. The deformation is signif-
icantly dampened at 16 ft, and movement
in barely discernible after 20 ft. The
oscillations during each blast reflect
the individual delays in the round. The
displacement indicated by TSR6, normal
to bedding, 1is an order of magnitude
greater than that indicated by the other

two gauges., This difference 1is attri-
buted to bedding plane anisotropy and
possible rock mass separation.

Figure 13 shows the displacement of the

rock around the rectangular shaft. Dis-
placements parallel with the bedding
(TSR8 and TSR5) show oscillations about
the zero point up to the 7-ft shaft
depth. As the shaft advances from 7 to
14 ft, a significant closure trend is
evident. The shaft wall displacement
shown by TSR8, 1located midway on the
shaft longwall, 1s about twice that of

TSR5, located midway between TSR8 and the
corner of the shaft. As the excavation
proceeds to 24 ft, displacement oscilla-
tions lessen, with the final net closure
as indicated.

Displacement normal to the bedding
(TSR4) shows a large initial abutment
load up to 5 ft and a large and rapid
closure excursion from 5 to 1l ft. From

11 to 19 ft, this closure 1s gradually
relaxed, with the final blast producing
minimal deformation. The net closure
normal to the bedding (TSR4) is more than
twice the maximum measured parallel with
the bedding (TSR8). This attributed to
individual bedding plane separation and
the presence of a thick clay-gouge seam
near the TSR4 sensing anchor.

Comparing displacement around the two
shaft shapes, the deformation excursions
and oscillations are considerably more
pronounced around the rectangular shaft
than around the circular. Deformation in
both shafts was maximum 1in a direction
normal to the bedding planes and minimum
parallel with bedding.

The directional properties of the rock
structure and bedding are key parameters
controlling deformation. The displace-
ment around the rectangular shaft was
greater in magnitude at all measured lo-
cations than 1its counterpart around the
circular shaft. Relative displacements
normal to the bedding for the rectangular
and circular shafts were 0.072 in and
0.030 in, respectively, more than a 2:1
ratio. The rectangular shaft was also
subjected to the effects of exposure of
more weakness planes, all contributing to
greater deformation.
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FINITE-ELEMENT MODELING

finite-element analy-
actual deforma-

The objective of
sis 1is to compare the
tion measured in the shaft wall with a
simple theoretical model. The coumputer
codes ADINA (2) and BMINES (8, 12) were
used to simulate the shafts, The geom—
etry and geologic structure associated
with this excavation are relatively com—
plex, and the field data suggest that
a three—-dimensional, anisotropic analy-
sis is required. However, the scope of
the project limited the analysis to two-—
dimensional, linear elastic, with iso-
tropic, homogeneous material behavior. A
three-dimensional elastic model was pre-
viously completed and reported on that
simulated one-half of the existing shaft
station and the complete rectangular test
shaft (7).

The physical data used
derived from measurements
the test site and in the

as input were
conducted at
laboratory

rzopsi
4

964
\21 1,136

FIGURE 14. - Relative orientation of shafts

with stress field and instrument locations.

(table 1), These consisted of the field
stresses, rock properties, and the geo-
metrical configuration and orientation
of the shafts. The major and minor prin-
cipal stresses are, respectively, 820
psi and 1,280 psi. The major principal
stress 1s aligned along the east-west
axis. Figure 14 shows the relative ori-
entation of the shafts with the stress
field and instrument locations. Elastic
rock properties based on laboratory mea-

surement are—-—

E = 9.58 x 106 psi (modulus
of elasticity),
and v = 0.21 (Poisson's ratio).

The finite—element meshes for the two-
dimensional analysis of the circular and
rectangular shafts are shown 1in figures
15 and 16, respectively. Nodal points
for these meshes were placed coincident
with dinstrument locations to simplify
data reduction- The outside dimension of
the mesh was six times the largest dimen-
sion of the opening. This provides accu—
racles within 5 pct of the mesh resolu-
tion is fine enough.

o'y=820r>si

ox=1280psi

FIGURE 15. - Two-dimensional finite-element
mesh simulating 8-ft-diam circular shaft.
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FIGURE 16. - Two-dimensional finite-element
mesh simulating 5- by 10-ft rectangular shaft.

Due to symmetry about both axes, with
respect to geometry and loading, only the
first quadrant of the circular mesh is
needed. Instrument locations are shown
superimposed on the mesh. The angles to
the instrument locations from the hori-
zontal axis are 37°, 52°, and 82°, re-
spectively, which correspond to the ac-
tual locations for TSR6, TSR4, and TSR5
with respect to the stress field.

For the rectangular shaft a complete
two-dimensional mesh was required owing
to asymmetry from the shear stress compo-
nent. When field stresses are resolved
coincident with the principal geometrical
axes of the rectangular shape, as shown
in figure 16, the magnitude of these re-—
solved stresses is—-

Minimum horizontal stress 964 psi,

Maximum horizontal stress 1,136 psi,

Shear stress = 214 psi.
The boundary conditions imposed on the
rectangular mesh are also shown in fig-
ure 16, The bottommost center node is
held fixed 1in both x and vy directions.
Instrument locations are again indicated
for TSR4, TSR5, and TSRS.

The solutions consider an opening in a
two—-dimensional plate, under plane strain

conditions, subjected to biaxial field
stresses. Two solution steps are neces-—
sary. In the first step, a solution is
found for the uniformly loaded continuous

plate. Then, 1in the second case, the
material of the opening is removed, and
the analysis is repeated. The desired
results are obtained from the Ilinear
combination of deformations from these
solutions.

Relative displacements are plotted as
a function of distance from the shaft

walls in figures 17 and 18 for the circu-
lar and rectangular shafts, respectively.
In both of these plots, the distances
from the shaft wall to the instrument
sensor location and the instrument refer-
ence depth are indicated. The difference
in displacement between these two loca-
tions is the net radial displacement for
the corresponding instrument, which can
then be compared to that measured in the
field.

The displacement curves all show the
same trend. The rate of displacement
is greater near the shaft wall and
lessens monotonically with increased
distance, converging to near zero at the
model boundary. Figure 17 indicates a
net radial displacement at the TSR4,
TSR5, and TSR6 instrument positions of
0.003 in, 0.002 in, and 0.004 in, respec-
tively. This is about 50 pct of the ac-
tual measured value at TSR4 and TSR5, and
almost an order of magnitude less than
that measured at TSR6.

The results of the
elastic model simulating the
lar test shaft are shown in figure 18,
The plot indicates a net displacement
of 0.008 in, 0.006 in, and 0.004 in for
TSR8, TSR5, and TSR4, respectively. This
is about 30 pct and 40 pct of that mea-
sured at TSR8 and TSR5, and almost two
orders of magnitude less than that mea-
sured at TSR4. Table 3 1lists and com—
pares the results from figures 12, 13,
17, and 18. The theoretical deformation
of the rectangular shaft also exceeds the
corresponding displacements around the
circular shaft at all locations.

Neither of these models compares
particularly well with the field re-
sults. It is concluded that most of the

two-dimensional
rectangu-
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from anisotropy and
rock mass and

displacement results
elastic instability of the
is not a pure elastic response to the
applied stress field. A 1large three-
dimensional model which incorporates the
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TABLE 3. - Measured and theoretical

displacement
Shaft Measured | Two—~dimensional
elastic
Circular:
TSREw cunvons 0.005 0.003
TSRS s annwne .004 002
TSR6uessvass .030 .004
Rectangular:
TSRBue annwun .030 .008
TSRS wneossss .014 .006
TSR sssoswve «072 .004
appropriately simulate this behavior.

"Attenuation factors"” have also been de-
veloped (17) to approximate three-dimen-
sional configurations with a two-dimen-
sional model. Another approach currently
being pursued is to systematically reduce
the modulus and incorporate the effects
of anisotropy with a modulus contrast.
Recent 1investigations of anisotropy in
the Coeur d'Alene region, based on the
"Q" rating system (1), suggest that a 4:1
ratio may exist between modulus values
parallel and normal to the bedding.

If this "modulus contrast"” and "modulus
reduction factor" were to be applied to
the Caladay data, the correlation with
field data could be much improved, par-
ticularly normal to bedding. A cursory
analysis shows that the theoretical dis-
placement at the midpoint on the short-
wall of the rectangular shaft may be im-
proved to better than one—-fourth of the
measured value. An even better correla-
tion may be possible for the circular
shaft to about 80 pct of the measured
value normal to the bedding (TSR6). A
more rigorous investigation of all of
these factors would require a more de-—
tailed analysis and is beyond the scope
of this report. As a minimum, considera-
tion of the anisotropic nature of the me-
dium is suggested for any future detailed

anisotropic nature of the rock mass and structural analysis.
the complex joint system  would more
CONCLUSIONS
The test shaft openings discussed in measure response of the rock mass to in
this report are intended to simulate situ field stress, excavation, and ani-

construction of full-size shafts and to

sotropy. The measured displacement in
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both the circular and rectangular shafts
agrees well with the projected in situ
stress and geologic conditions.

The displacement traces obtained during
excavation were characterized by an ini-
tial abutment load, indicated by dilation
of the shaft walls. The closure excur-
sion that followed, as the face advanced
past the measuring points, was much more
pronounced around the rectangular open-
ing. Displacements generally ceased as a
shaft face approached a depth twice the
diameter of the excavation (about 17 ft)
beyond the TSR sensing plane.

The smallest displacements were mea-
sured at the 0° and 45° positions of the
circular shaft (parallel and 45° to the
bedding), and between the center and the
corner of the long axis of the rectangu-
lar shaft. Maximum displacement occurred
normal to the bedding for both the cir-
cular and the rectangular shaft and was
extreme to the point of failure in the
end wall of the rectangular shaft. The
smaller and more wuniform displacement
around the circular shaft is considered a
result of the confining effect of a cir-
cular shape, resulting in smoother stress
flow and more effective rock arching.

The preliminary finite-element modeling
showed that shaft behavior was largely
controlled by anisotropy, and Dbetter

correlation with measured results may be
obtained with large three—dimensional,
anisotropic analysis. By wusing a rock
classification scheme, such as the "Q"
system, improved correlation may also be
possible between measured and theoretical
results, particularly around the circular
opening where the effect of rock discon-

tinuities and elastic instabilities is
reduced.

Based on the measured field data and
evaluation with a preliminary finite-
element analysis, the following conclu-
sions can be drawn:

l. The circular shaft shape 1is least

sensitive to in situ fixed conditions,
particularly rock mass anisotropy.

2. A more competent, "“tighter"” shaft
wall 1is produced around the circular
shape following the excavation process,
as indicated by the subdued nature of the
rock oscillations following each blast.

3. The rectangular shape 1is likely to
respond to in situ conditions with a var-—

iety of behavioral modes such as beam
bending, buckling, and bedding plane
separation,

4, Regardless of shaft shape and
in situ stress field, shaft wall dis-
placement is significantly affected by
rock mass anisotropy and geologic

discontinuities.
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APPENDIX.--BLASTING HISTORY, DISPLACEMENT TRACES, AND DISPLACEMENT RECORDS

TABLE A-l. - Blasting history of circular and rectangular test shafts

Blast Time Advance per blast, ft Total depth, ft
No. J Date Time elapsed, ' h Approx? { Actual Approx? | Actual
CIRCULAR SHAFT
Levooensonneonans | &/ 5/76 12:00 p.m. - 1 1.5 1 1.5
Zeevsessessnvcoee | B/ 5/76 3:30 pem. 0 2 1.5 3 3
Beesreonnsnvsnnen | 4 9/76 2:30 p.m. 95 3 3.5 6 6.5
bevesoososensanes | 8/12/76 12:45 p.m. 165 3 3 g 9.5
S5neeranansnnenees | 4/13/76 12:45 pem. 189 3 3.5 12 13
Buweruescssansnas | 4/19/76 2:00 p.m. 334 4 4 16 17
Tovseossesssnsaos | /21776 11:30 pum, 380 4 3 20 20
Bosssosonssosanoa | #/22/76 11:30 a.m, 404 4 4 24 24
RECTANGULAR SHAFT
Livssossnsnncannss | B/ 4/76 | 10:36 a.m. 0 2 ? 2 p)
2ivessscsnsnsasva | B 4/76 1:45 pem. 3 3 3.5 5 5.5
Beeensassnencanes | 6/ 8/76 11:00 a.m, 97 2 3.5 7 9
Buussnesnnnsssene | 6/11/76 10:54 a.m., 169 4 3 11 12
Seevssnssnvuscsns | 6/21/76 12:45 p.m. 411 3 2.7 14 14.7
Boennsosnsonssnnns | 6/23/786 12:15 p.m. 458 5 6 19 320,7
Tevesoseassenansce | 8/25/76 11:00 a.m. 506 5 (% 26 (9
"Time elapsed since first blast following installation of the instruments.
ZAn approximate depth facllitates reduction of data for finlte-element analysis.
3TSR4 anchor exposed on this blast.
4The final depth is only approximate as the muck was not removed after the last blast.
TABLE A-2. ~ Clrcular test shaft, displacement record
Blast Total depth, Time TSR4 TSR5 TSRO
No. ft elapsed,! h [ MD, in| TD, in| MD, in | TD, in | MD, in | TD, in
leossse 1.5 - - - - - - -
206000 3 0 0.035 | 0.035 -0.018 ~0,018 ~-0.008 ~0, 008
K PN 6.5 a5 -.009 026 .002 -.016 013 005
Gaveses 9.5 165 .009 .035 .013 -.003 ~.012 ~.007
Seenvas 13 189 ~.002 033 . 007 .004 031 024
Beveons 17 334 -.008 025 - 004 -,000 .006 .03
Teeeasns 20 380 000 025 ,002 .002 L0005 .03
Bowasea 24 404 005 .03 002 .004 034 064
MD Measured displacement (inches measured per blast).
Th Total displacement (inches accumulated).
'The initial blast round defined the shaft perimeter; no data were recorded.
NOTE.--Negative sign indicates dilation of the shaft wall,
TABLE A-3, - Rectangular test shaft, displacement record
Blast Total depth, Time TSR5 TSEE TSE4
No. fr elapsed, ! h| MD, in| 1D, in  MD, in | TP, in | MD, in | 1D, in
| 2 0 - - - - - -
2evonns 5.5 3 0.0075| 0.0075| 0.06 0.06 ~0.069 -0,069
3eaeene 9 97 -.021 -.0135 .00 .06 057 -.012
Gosnane 12 169 024 L0105 202835 .0885 .069 057
Seennes 14,7 411 -.0054 ,0051 -.0075 081 -.004 053
Gossnos 20.7 458 -, 003 .0021 -,.0045 0765 -.022 031
Tonsase 26 506 .0015 .0036 ~.017 0595 ~.003 .028

MD Measured displacement (inches measured per blast).
TD Total displacement (inches accumulated).
"The initlal blast round defined the shaft perimeter; no data were recorded,

NOTE .~-Negative sign indicates dilation of the shaft wall.
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FIGURE A-1. - Displacement trace for TSR4 around circular shaft,
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FIGURE A-3. - Displacement trace for TSR6 around circulor shaft.
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FIGURE A-4. - Displacement trace for TSR4 around rectangular shaft,
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