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GROUND CONTROL STUDY OF A MECHANIZED LONGWALL
COAL OPERATION IN WEST VIRGINIA

By Paul H. Ly

ABSTRACT

This Bureau of Mines report summarizes the analysis and evaluation of
the field measurement results of a comprehensive ground control study
conducted in a mechanized longwall coal mine in West Virginia. Empha-
sis 1s placed on the three basic ground control parameters: ground
pressure, ground movement, and geomechanical properties., Specific top-
ics include premining ground pressures, front-abutment pressure in the
longwall panel, histories of pillar loading, differential roof-strata
movement and bed separation, differential floor strata movement, entry
roof-to-floor convergence, in situ moduli of rigidity of coal seam and
roof and floor strata, and mechanical properties of coal and coal mea-
sures rocks.

1Mining engineer, Denver Research Center, Bureau of Mines, Denver, CO.



INTRODUCTION

Mechanized longwall mining in the
United States is adopted from European
practice and is relatively new. Because
of geologic conditions such as shallower
seams and strong roofs, and a different
layout due to statutory requirements such
as multiple entries, domestic longwall
operations are conducted under different
conditions. The stress distribution in

the overlying strata above the seam and
over the caved area, induced stresses
over the pillars, are affected by the

face length, panel layout, and overhang-
ing immediate roof. The vertical pres-
sure over the face supports, as evidenced

by high chock capacity (up to 600 tons
per unit), formation of pressure arch,
etc., have not been clearly defined.

Unique problems must be identified and
solved by Bureau of Mines engineers and

industry. The Bureau initiated a com-
prehensive ground control study at a
mechanized longwall coal mine 1in West

Virginia, with a contract to Harza Engi-
neering Co., signed in May 1973 (1),2 to
develop simple and practical techniques
for field measurement of ground control
parameters. The contract study Included

measurements of ground pressures, strata
movements, and geomechanical properties
of coal measures rocks. The specific ob-
jective was to ccllect data with respect
to longwall strata behavior that would
make it possible to select the face and
entry supports on a rational basis. The
ultimate objective was to develop ground
control design criteria, such as "inte--
grity factors” for stability evaluation
of longwall chain pillars (2), to improve

the safety, reliability, and efficiency
of the 1longwall wmining in the United
States.

This report summarizes the author's

analysis and evaluation of the field data
produced by the contractor and describes
the in situ determined wmodulus of rigid-
ity; other laboratory-determined mechani-
cal properties are briefly described.
Also presented are the methods and re-
sults of measurement of premining ground
pressures, front-abutment pressures, his-
tories of pillar loading in the longwall
panels, differential roof-strata move-
ments, differential floor 1lifts, and en-
try roof-to-floor convergence.

GEOLOGICAL AND OPERATIONAL SETTING

The longwall test site 1in the Federal
No. 2 Mine of Eastern Assoclated Coal
Corp. is located 25 miles west of Morgan-
town, WV. The mine was opened in 1968
and had only one operating longwall face
during the study period. The face equip-
ment consisted of a double-drum ranging-
arm shearer and four-leg articulated
chocks of 460-ton capacity with a de-
signed yleld pressure of 7,000 psi, and
armored face conveyor. A section of the
mine (fig. 1) that was typical of long-
wall operations shows the sequential pro-
gress of the two longwall panels instru-
mented and tested under the project. The
two instrumented panels were 2,530 ft
long; panel 1 was 430 ft wide and panel 2
was 410 ft wide. The two panels were

2ynderlined numbers in parentheses re-
fer to items in the list of references
preceding the appendixes.

separated by a 210-ft-wide, three—entry-
gate system consisting of a 17-ft-wide
belt entry, a l4-ft-wide air entry, and a
l4-ft-wide middle supply entry (fig. 1).
Coal was mined from the Pittsburgh seanm,
one of the largest and most valuable coal
seams 1n the United States. The extrac-
tion height was 76 in, with approximately
18 in each of coal being left on the roof
and on the floor to improve stability and
to control horizon. The coal seam 1is
moderately friable and 1is separated into
splits by thin continuous beds of pyrit-
iferous shale.

The entry roof was supported by 7-ft-
long roof bolts and wooden planks. The
tailgate-entry supports were supplemented
by two rows of wooden cribs. Each panel
was mined by retreating from west to east
during an approximate 10-month peri-
od, (Face positions at different time
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FIGURE 1. - Mining plan and progress schedule.
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intervals are shown in figure 1. For
example, "23 + 29" on 12/31/73 means
the longwall face was located 2,329 feet
away from the finishing line 0+00 of the
retreating panel 1.)

The overburden, from approximately 750
to 1,000 ft thick, consisted of shale,
sandstone, and limestone. Immediate roof
strata consisted of shale and shaly lime-—
stone, but floor rocks were predomi-
nantly shale. The structural geology of
the area was characterized by nearly
flat-lying to gently dipping beds and

GEOMECHANICAL

Mechanical properties such as strengths
and deformation moduli are among the most
important parameters for ground control
and mine design. An extensive program of
laboratory testing of coal and rock sam—
ples was performed by the Rock Mechanics
and Explosives Research Center .f the
University of Missouri-Rolla under a sub-
contract with Harza Engineering (1).
Comprehensive in situ modulus of rigidity
tests were also conducted by Harza Engi-

neering Co. Ql) and the Bureau of Mines
separately.

The correlation between laboratory
tested property and in situ determined
property, however, is not discussed
here.

MECHANICAL PROPERTIES
Uniaxial and triaxial compressive

strengths, tensile strength, Young's mod-
ulus, Poisson's ratio, and modulus of
rupture of coal and roof and floor rocks
were determined from NX-size (2.155 in)
diamond drill cores of the roof and floor
strata and the coal seam. The results of
these tests on selected roof and floor
core specimens are shown in figures 2 and
3 with the strata correlation; however,
the property values shown are those nor-
mal to bedding plane only. The property
values for shale are comparatively high
due to lower recovery of shale core. The
summary of mechanical properties of the
coal is listed in table 1.

gentle folds. The beds dip to north or
south less than 10°. No major faults are
known to exist. Two prominent sets of
joints intersect at approximately 60° to
80° to each other. The bearing of the
face cleats (major joints) ranges from N
55° W to N 90° W and dips from S 83° to N
89°, The bearing of the butt cleats (mi-
nor joints) ranges from N 5° E to N 45°
E, and dips from N 78° to S 80°. The
gate entries and crosscuts 1in the mine
were driven approximately parallel to
these cleats.

PROPERTIES
IN SITU MODULUS OF RIGIDITY

of Mines determined moduli
of rigidity of coal seam and roof rocks
using cylindrical hydraulic  borehole
pressure cell (CPC) dilation tests (3).
All CPC's installed for existing ground
pressure measurements were also used for

The Bureau

these tests. In addition, 20 measure-
ments were mwmade 1n the coal seam in 4
horizontal 18-ft holes. Two vertical

holes, approximately 40 ft and 25 ft in
the roof and in the floor were wused to
obtain the modulus—of-rigidity profiles
of immediate roof and floor strata. The
results of 39 tests 1ndicate that the
modulus of rigidity of the Pittsburgh
coal seam is (0.307%0.015) x 10% psi at
the 95-pct confidence level. The modulus
of rigidity of the 15-ft-thick limestone
bed located 12 ft above the Pittsburgh
seam is (2.126%0.991) x 106 psi from four
selected tests at the 95-pct confidence
level. The modulus-of-rigidity profile
of the coal measures was also determined
by means of geophysical logging conducted
by Birdwell Division of Seismic Service,
Inc., under a subcontract with Harza En-
gineering, at 1-ft intervals from the
surface to approximately 200 ft below the
Pittsburgh seam. The results of borehole
dilation tests and geophysical logging
are shown in figures 4 and 5 for compari-
son. The modulus values obtained from
the CPC tests generally will agree with
those obtained from geophysical logging
for coal and shale.



TABLE 1. Summary of mechanical properties of coal seam
Uniaxial Young's Tensile Modulus
compressive modulus | Poisson's | strength,? | of rup- Specific
strength 106 psi ratio! psi ture, psi | gravity
(L/D = 2), psi
Coalenmsvssnsnos 2,621 0.62 0.354 158 (68) 224 1.29
Standard
deviation.sesss 533 0.14 0.072 62 (37) 122 0.046
Number of tests. 12 11 4 6 (13) 3 6
TExcluding those >0.48.
2Tensile strength perpendicular to bedding plane; numbers in parentheses show ten—
sile strength parallel to bedding plane.
The triaxial compressive strength of coal 1s as follows, 1in pounds per square
inch:
Confinement Strength
0 ® 0 0 000 00 0 2 ’ 6 20
500- ® 9 6 00 0 4 ’090
1,0000000es 6,350
1,500000031 8,115
2,000000000 10,925
Limestone KEY
SC Compressive strength, psl
ST Tensile strength, psi
£ Modulus of elasticity, 10®psi
P Poisson's ratio
Shale MR Modulus of rupture, psi KEY
=6 Spacific graity SC Compressive strength,psi
ST Tensile strength, psi
WSS 0| and shale E Modulus of elasticity, (0% psi
30— == P Poisson's ratio
== Shale MR Modulus of rupture, psi
DEPTH, ft SG . Specific gravity
LSS 0 [ [Sammm Coa! and shale
B Tj 13,100 sC Limestone
T] 180 ST L
34,970 SC &3 ][l
E T3 0.162 P
T 20— :]1 ’*3‘;(2) ?T 2.67 56 9 I & .'J:— Calcareous shale
E i 0.142 P 7| 8640 SC
= T £15%8 9575 SC e I
le———— 17500 sC L1 10 ST o ;
- : 2.09 E 0.142 P
el 1o 750 M
] 2620 MR 0.221 p R
LT 118 MR 275 S6
500 56 5| Sugkly eriarecus 268 56 Shale with Interbedded
0.194 p 10 — _E__ e 10765 SC limestone
1,350 MR T2 { 15
s (285 ST
7935 SC — == 4.66 E Shal
689 ST Interbedded shale 0.145 P hale
1.30 E 599ST |- and coal 112 MR
0.108 P = [Ex"
1.79 S6 Coal 20 Limestone
Shale 1,200 ST TIT Limestone with
2,62 SC —_ | m Coal 2.73 SG .inter bedded shale
15857 o= Shale
0.620 E
0354 b
1.29 SG 25—

FIGURE 2. - Mechanical properties of selected
roof core samples.

FIGURE 3. - Mechanical properties of selected

floor core samples.




GROUND PRESSURES

The ground-pressure-monitoring instru-
mentation was intended to cover the pre-
mining ground pressures, front-abutment
pressures 1in the longwall panels, and
loading histories of gate—entry and
bleeder-entry pillars, and barrier pil-

lars, as shown 1in figure 6. The instru-
mentation array was determined in ac-
cordance with the surface subsidence

surveying monumemt array, which 1s not

included in this report.

KEY

O Value from geophysical logging
o Value from CPC single fest

A Mean of CPC multiple tests

705
}‘40 o ~_l Claystone
I T
Limestone
710
35
Shale
715__30 Coal with
limestone
Coaly shale
~ 720
8 25 .
2 ha
= W
2 S
A &
s 725+ s Limestone
2 —20 8
W (TS
X
= E
W 730 o
& _
= Lis &
735+
10 Shale
740
-5 Shale and 4
coal &
Coal &
Shale d
745— Coal Q
o) | 1 |
(0] | 2 3 4
MODULUS OF RIGIDITY,

108 psi

FIGURE 4. - Modulus-of-rigidity profile of

roof strata.

GROUND PRESSURE PRIOR
TO LONGWALL OPERATION

By assuming coal 1is a viscoelastic ma-—

terial, the ground pressures existing
in the two-panel area, at the horizon of
the Pittsburgh seam, prior to longwall

operation, were determined by pressure
convergence tests (4) using a combination
of one CPC and two preencapsulated flat
hydraulic borehole pressure cells (BPC)
installed in a single hole drilled into
the undisturbed area (fig. 7). The BPC's
determine the ratio of ground stresses in
two perpendicular directions and the CPC
determines their sum. The biaxial ground
stresses were consequently determined by
the equilibrium pressures of the three
cells, obtained from the respective cell
pressure convergence curves, as shown
in figure 8. The theoretical considera-
tions for determination of ground pres-
sure existing in a viscoelastic rock mass

KEY
O Value from geophysical logging
O Value from CPC single test
A Mean of CPC multipie tests

0
B Coal T
755 = ] Shale
T Limestone
-5
Shale
. 760
&= o
i i
o
O
o
= —|08
- & |[Z==ZZZ| shale with
0 765+ s | =T interlominated
s & [E=7==] limestone
2 T ==
o Lis [
T
T
7704 &
&, u Shale
a —
| 50 %‘ Limestone
775+
Shale
L o6 Limestone |
I 2 3 4
MODULUS OF RIGIDITY,
IO6 psi

FIGURE 5. - Modulus-of-rigidity profile of

floor strata.
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FIGURE 8. - Cell-pressure-convergence curves and cell-equilibrium pressures for PC49.

by use of borehole pressure cells are ab-
stracted from reference 4 and included
in appendix A.

The vertical pressure (Ny) and horizon-
tal pressure (Ny) existing in the seam at
site PC49 (fig. 6) can be calculated from
the cell equilibruim pressures Pg_gpg
= 1,710 psi, Po_gy = 1,670 psi, and P _gy
= 1,460 psi (fig. 8) by employing appen-
dix equations A-9 and A-14. 1In these two
equations, Vv(0.345) 1is Poisson's ratio

determined by the laboratory tests (table
1 and figure 2), Q = Py_gu/Pe-py, and S
is transverse sensitivity of a BPC, which
is 0.185 as calculated from the geometry

of the cell. From these two equations,
NV + NH = 2,647 pSi, NH/NV = 0-83, Nv
= 1,447 psi and Ny = 1,200 psi are ob-
tained. Their rounded-off numbers, Ny
= 1,450 psi and Ny = 1,200 psi, are
iisted in table 2 and plotted in figure
9.



TABLE 2., -- Results of premining ground-pressure measurements

Depth of Vertical | Horizontal pressure | Ny BPC

Location! measurement | pressure (Ny), psi2 'ﬁv response

hole, ft (Ny), psi| Ny (N-S) | Ny (E-W) ratio (K)?
PCleceoesosssesossosnsnce 24 1,270 15210 0.95 1.14
PC2iveacossssasnsonvscnas 23 1,550 1,080 .70 .80
PC3eeseesscosnoasnasnas 22 1,500 1,290 .86 1.05
PChseeeosnsncsscsscscnsse 23 1,250 1,570 1.25 .97
PCOeseosscossscsccnasans 208 840 1,360 1.62 ND
PCOhuveessssnnosnnneannae 138 990 1,120 le13 ND
PC7eesoesscssscsscsnns 78 1,360 1,270 »93 1.09
PCBewnovnososnsoansnnes 29 1,280 880 .69 1.11
PClOveessosssosssonnsee 23 1,020 1,390 1.36 .82
PCllececoocssscsssnnes 23 1,250 15250 1.00 ND
PCl2eeesesncoossvesnans 24 1,230 1,480 1.20 77
PCl3eeesocecsnocsncnsse 189 1,300 1,240 .95 1.14
PCldseseoossssscsncacs 129 1,590 1,270 .80 .86
PClDOeseessessscssnnnse 80 1,680 1,340 .80 .76
PClbessnssoosnacssosss 27 1,160 1,400 1.21 ND
PCl7ssusvssannmonsssiie 208 1,090 910 .83 ND
PCl8.vesevecasocscconne 135 1,000 1,000 1.00 ND
PClO:seceossossassnanee 79 1,150 1,020 .89 ND
PC20esessosssosssccnns 29 870 990 1.14 1.09
PC2leceesoessnsscscnsnse 23 900 690 o717 ND
PC22ccnsoosnnsusesones 24 1,000 1,100 1.10 ND
PC23.cecessccsascnssns 23 1,090 770 ol 1 ND
PC24euseensssocnnesnns 24 1,060 1,190 112 .81
PC25.cccsscssscccnssss 189 980 1,340 1,37 1.18
PC26cssseccessesccnnne 127 1,260 1,060 .84 ND
PC28scecvcsssecncsnnes 28 1,170 1,150 .98 ND
o 0 22 850 1,160 1.36 1.17
PC30sssssssnsssmsssssss 24 840 1,100 1.31 1.19
PC3lesosesccsocanannne 9 1,320 1,230 «93 1.03
PC35csesscsosssscssnsne 24 1,320 1,080 .82 1.10
PChlecueossocrcnosnnce 24 1,240 1,040 .84 1.10
PChlesesoossscncssanns 24 1,130 1,210 1.12 .88
PC49.vrvononsscannasns 24 1,450 1,200 .83 1.00
PC52ucseesccsssosanccsse 9 1,380 1,290 93 .94
PC55sasescossancasonsse 23 1,180 1,050 .89 1.18
PC56ucesscsassossonsas 23 1,500 1,330 .89 .84

ND Not determined.
'Missing PC numbers indicate either instrumentation failure or that instrumentation

was not used for this measurement.,

2Horizontal pressure

measurement

east-west) at each location.

BPC equilibrium pressure

was taken

3k =

" Effective directional ground pressure

in only 1 direction

Average K = 1.00%0.05.

(north-south or
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With this technique, the vertical
ground stress prior to longwall opera-
tion, ranging from 840 to 1,680 psi, was
determined as shown 1n table 2 and figure
9, The variation of the vertical stress
was dependent on the thickness of over-
burden and coal extraction ratio at
the measuring location. The horizontal
ground stress was in the range of 690 to
1,570 psi. These results reveal that the
vertical pressures agree with the theo-
retical values derived from the overbur-
den weight, The horizontal  pressure
ranges from 69 to 162 pct of the vertical
pressure. Theoretically, the ratio of
the horizontal stress to vertical stress
should be 55 pct for v = 0.354, by assum-
ing the coal 1is nearly elastic; there-
fore, the tectonic stress in this area is
very significant in both north-south (N-
S) and east-west (E-W) directions. The
vertical pressure profiles across the
panels show wavy shapes, with their peaks
at approximately 20 pct of the panel
width inside the ribs (fig. 9). This
phenomenon suggests a formation of pres-
sure arch over the 210-ft-wide gate-entry
system with its abutments located at 20
pct of the panel width inside the ribs.

The in situ BPC response ratio K, which
is the ratio of BPC equilibrium pres-
sure to the effective directional ground
pressure, 1is 1,00 at the 95-pct confi-
dence level with standard deviation of
5 pct, as shown in table 2. For exam-
ple, K(PC49) was derived as follows:

K(PC49) = PB—BV / (Nv + S x NH> = 0.998
or K(pcag)y = Pepy / (Ny + S x Ny)
= 0.995. With this response ratio, the
absolute  values of biaxial ground

stresses and stress changes can be deter-
mined with a combination of two BPC's in-
stalled in a single drill hole (5). The
basic concepts of mining-induced stress
measurement with hydraulic borehole pres-
sure cells are abstracted from reference
5 and included in appendix B.

FRONT-ABUTMENT PRESSURE
IN LONGWALL PANEL

pressure gauge readings
passage and con-
charts for

From periodic
before and during face
tinuous—-pressure-recorder

11

BPC's installed in the Jlongwall panels,
the vertical front—abutment pressure pro-
files are drawn (figs. 10-11). Notice-
able increase of mining-induced seam
pressure began when the face distance was
approximately 160 ft 1in panel 1 and 170
ft in panel 2, approximately 0.18 to 0.2
times the overburden thickness. The
abutment pressure rose gradually until
the face was 50 ft away; thereafter, the
rate of 1dincrease accelerated until the
abutment pressure reached the peak value
at approximately 6.9 ft distance, which
is approximately equal to the extraction
height. The pressure rapidly dropped to
zero or below the premining seam pressure
at the actual face through the 6.9-ft-
wide vyielded =zone. These measured re-
sults reveal that the width of the abut-
ment zone is approximately 160 to 170 ft
(0.18 to 0.20 times the overburden thick-
ness) including the 6.9-ft (extraction
height) wide yielded zone.

The idealized profiles of the vertical
front—abutment-pressure 1increment across
the panel, which were composed of data
from the two panels, are plotted in fig-
ure 12, The profiles are not symmetri-
cal about the central axis of the panel
because the panel adjacent to the tail
entry of panel 2 had been mined out and
the roof had caved. The skewness 1is
amplified when the longwall face has ap-
proached the pressure cells. The central
one—third of the panel undergoes the
lowest abutment pressure; the tail en-
try (gob side) abutment is 2 to 3 times
greater than that of the head entry side.
This 1s evidently due to the interaction

of side—abutment pressure of the inter-
panel entries. The side-abutment pres-
sure 1s higher on the tail entry side

because its adjacent panel has been ex-
tracted and the overburden pressure has
been transferred onto the active panel.

The width of the front abutment and the
magnitude of the wvertical pressure in
figures 10 and 11 can be used as criteria
for entry support design because the
loads applied to support the entry roof
should be proportional to the seam pres-
sure. Therefore, for that portion of
entry where the front-pressure abutment



12

2,500
KEY
o PC5, 208 ft from rib
2,000} ¢ PCI8, 135 ft from rib |l

7 A PC7, 79 ft from rib
Wi v PC8, 29 ft from rib
] h, Average overburden thickness of headgate-side
= half of panel 1, 780 ft
g 1,500 H Average extraction height, 6.89 ft |
= 5
& Yielded zone—_ g
=)
§ 0.2h, |
W 1,000 =
a
4 0.06h,
=
L
O

500 _

0 o |
-200 —150 —-100 =50 0
PANEL | FACE DISTANCE, ft

FIGURE 10. - Profile of vertical front-abutment pressure of headgate-side half of panel 1 during

extraction of panel 1.

forms, the support density should be in- Gate-Entry Pillars

creased in proportion to the increase in
the abutment pressure. Such reinforce-
ment can be achieved by adding cribs or
hydraulic props.

The loading histories of the gate-entry
pillars shown in figure 13 are depicted
by a plot of the cell pressure changes
that were recorded before, during, and
after face passage. Pressure in the cen-—
ter portion of the pillar was measured by
pressure cells installed 22 to 24 ft in-

HISTORIES OF PILLAR LOADING

Histories of pillar 1loading in terms

of mining-induced pressure changes were
observed with BPC's installed in the ac-
tive mining areas. Three types of pil-
lars were investigated: gate—entry pil-
lar, bleeder—entry pillar, and barrier
pillar between the bleeder entry and the
mains. Throughout this report, the "face
distances" refer to the plane distances
between the monitoring instrumentation
and the longwall face. Negative distance
indicates that the instrumentation plane
is in the solld area and positive dis-
tance indicates that the instrumentation
plane is in the gob area.

side the 82— by 100-ft pillars. The ver-
tical loading induced by the extraction
of panel 1 on both A-row and B-row pil-
lars (see figure 6) initially increased

at approximately -300 ft. The loading
continued to increase until the face had
reached the cells. The 1loading still

continued to increase, but at a reduced
rate until this face had retreated ap-
proximately 600 ft beyond the cells;
thereafter, the loading gradually stabil-
ized (figures 134 and 13D).
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FIGURE 11. - Profile of vertical front-abutment pressure of tailgate-side half of panel 2 during

extraction of panel 2.

The vertical loading induced by the ex-
traction of panel 2 on the A-row pillar
started to increase at -400-ft face dis-
tance up to -250-ft face distance, where
the pillar apparently had a local fail-
ure. However, the residual strength con-
tinued to support the much-reduced load
until the face had reached -150-ft dis-
tance (data collection was terminated at
this time due to excessive roof falls and
pillar rib spalling), as shown in figure

134.
The vertical loading induced by the
extraction of panel 2 on B-row pillars

started to Increase at -300-ft face

distance. It peaked at zero face dis-
tance with a 300-pct increase (fig. 13D).
Shortly thereafter, the pillar collapsed.
This event suggests that the overbur-
den weight originally distributed over
panel 1 was transferred onto panel 2
rather than onto the interpanel pil-
lars after panel 1 had been extracted.
This effect is due to the pressure arch
over the gate—entry system, which formed
shortly after the entries had been de-
veloped. Then the increased overburden
load over panel 2 was transferred back
onto the interpanel pillars, especially
onto the B-row pillars, when panel 2 was
extracted.
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The horizontal loading in both direc-
tions, parallel and perpendicular to
mining direction, generally decreased
gradually following the face advance.
However, when the longwall face had ap-
proached within 100 ft, it increased mod-
erately up to zero face distance (fig.
13, B-C, E-F).

A comprehensive study of gate-entry
pillar-loading history may lead to new
approaches of longwall pillar design such
as the “integrity factor approach” (2).
The vertical-pressure profile across the

pillar gives the total pillar load. The
horizontal-pressure profile yields a
strength profile, which in turn gives
the total pillar strength. Thus the

defined as "the ratio

"integrity factor,”

of total strength to total load under the
respective profiles,"” can be derived.

Bleeder-Entry Pillars

Starting—-End Pillars

The loading histories of the starting-
end bleeder-entry pillars are generally
those of unloading in accordance with the
face advance, as shown in figure 14, The
vertical pressure in the first-row pillar
adjacent to the first-panel end started
to decrease immediately after the start-
ing of mining and continued to fluctuate
until the face had advanced 200 ft; then,

the loading leveled off at slightly
higher than the premining 1level. Be-
tween 200- and 400-ft face advances, this
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FIGURE 13. - Loading history of gate-entry pillars.

stress fluctuated again with
amplitude. These phenomena
may imply that the initial break of main
roof over the panel occurred at 200-ft
face advance and the second major break
at 400-ft face advance. The second panel
extraction caused only a slight increase
in the 1loading of this same pillar, as
shown in figure 144, and may indicate
that a portion of the overburden load was
transferred back onto the first-panel
gob.

vertical
much reduced

Horizontal stress acting in the direc-
tion of mining 1in the first-row pillar
at the end of panel 1 showed a major
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FIGURE 14. - Loading history of bleeder-entry pil-

lars at panel starting ends.

unloading—-and-loading cycle during the
period of the first 200-ft advance of the
panel 1, and then continued a gradual un-
loading trend until it leveled off at its
50 pct magnitude (fig. 14B). Horizontal
stress acting in the direction perpendic-
ular to the direction of mining in the
first-row pillar at the panel 1 end also
indicated a major unloading—and-loading
cycle during the first 200-ft face ad-
vance of panel 1, and then stabilized at
the premining level of loading. The sec-
ond panel (panel 2) extraction did not
affect the horizontal loading of this
pillar along the direction perpendicular
to the direction of mining (fig. 14C).
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The premining vertical loading of the
second-row pillars at the starting end of
panel 2 was approximately 10 pct lower
than that of the first-row pillars. This
loading suffered only a minor fluctuation
caused by the panel 1 extraction wup to
200 ft, then remained at approximately
10 pct higher level. The panel 2 extrac-—
tion also caused a minor fluctuation to
this pillar loading up to 200-ft face ad-
vance, then stayed at the premining level
(fig. 14D).

Horizontal loading of the same pillar
in the direction of mining showed no in-
fluence of the panel 1 extraction but in
dicated a significant unloading effect of
the panel 2 extraction, starting from 60-
ft face advance and ended at 200-ft face
advance, then remained at 33 pct lower
than the premining loading level (fig.
14E).

Horizontal loading of the same pillar
in the direction perpendicular to the
direction of mining showed
of the panel 1 extraction. A slight un-—
loading effect of the panel 2 extraction,
however, appeared at 40-ft face advance,
continued up to 200-ft face advance, then
remained at 10 pct lower than the premin-
ing level as shown in figure l4F.

Finishing-End Pillars

The relative position of the finishing-
end bleeder—entry pillars differs from
that of the starting-end bleeder-entry
pillars because there was a 100-ft-wide
barrier pillar left between the panel-end
and the first-row pillars after the panel
extraction was finished (fig. 1). There-
fore only the effects of the panel ex-
traction on the pillar loading of the im-
mediate panel were significant and those
of the neighboring panel extraction were
negligible.

The loading histories of the finishing-
end pillars are somewhat similar to
the mirror images of those of the start-

ing-end pillars. Those of the first
(near) row pillars indicate unloading
trends, whereas those of the second

no influence

(far) row pillars indicate loading trends
(fig. 15). This trend of loading his-
tories, as indicated by figures 14 and
15, reveals that the abutment pressures
at the end of panel had been shifted from
the pillars in the first row to the sec-
ond row after starting and before finish-
ing of the panel extraction.

Reduction of load on the first-row pil-

lars in wvertical and in two horizontal
directions started when the remaining
panel length was approximately 800 ft.

The vertical-pressure reduction of ap-
proximately 10 pct 1s shown in figure
154. The horizontal-pressure reduction
in the mining direction amounted to 33
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pet (fig. 15B); likewise the horizcntal-
pressure reduction in the direction
perpendicular to mining direction
amounted to 15 pet (fig. 15C).

Load transfer on the second—-row pillars
at the finishing end of panel 2 in the
vertical direction and in the horizontal
direction perpendicular to the mining
direction started when the remaining
panel length was approximately 200 ft and
resulted in approximately a 20-pct in-
crease, as shown 1in figure 15(0 and F).
The horizontal loading of the same pil-—
lar in the direction of mining was only
slightly affected by the panel extrac-
tion, as shown in figure 15F.

Barrier Pillars

In barrier pillars for panels 1 and 2,
the increase in vertical pressure and
decrease in horizontal pressure appeared
when the longwall face had approached
to within the last 100-ft portion (figs-
16-17). The changes are 4 to 5 pct at
all locations in the pillar. However,
the premining pressures differ from loca-
tion to location. Apparently, the high-
est vertical pressure at the edge of
each pillar is due to the effect of side
abutment pressure. The lowest horizontal
pressure at the edge of each pillar is
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FIGURE 16. - Loading history of panel 1 bar-

rier pillar,
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due to fracturing of that portion. After
panel extraction was complete, the bar-
rier pillar edges continued to fail be-
cause the 1increase of vertical pressure
and the decrease of horizontal pressure
continued, as indicated by PC34 and PC51
curves in figures 16 and 17.
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FIGURE 18. - Ten-anchor-point extensometer.
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STRATA MOVEMENTS

DIFFERENTIAL ROOF--STRATA MOVEMENT
AND BED SEPARATION

The mining-induced differential move-
ments in roof strata and the bed separa-
tions were monitored by 10-point exten-—
someters (fig. 18) installed in 3-in-diam
vertical holes at stations R1, R2, and R3
shown in figure 6. The extensometer con-
sisted of flat wedge-type anchors, 0,041~
in-diam steel wires, and a spring-loaded,

7-day clock, 10-channel strip-chart re-
corder, The anchor depth varied from
station to station: the deepest anchor

positions ranged from 70 to 80 ft, while
the recorders were anchored at the 3,.5-ft

because most
of the roof
occurred be-
installed.

used as the reference point
of the premining movement
surface and 1its vicinity had
fore the instrumentation was

Based on the extensometer data of sta-
tion R2 at the intersection of middle en-

try and the crosscut, the roof-strata
movements induced by panel 1 extraction
started before the face was within 200

ft distance, and continued wuntil comple-
tion of panel 1 extraction with the most
active movements occurred around the
passage of the face. There was a brief
stabilization  period, approximately 3
months, before the panel 2 extraction in-

depth. The No. O anchor at 3,5 ft is duced further movements, which occurred
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at approximately -900-ft face distance
and continued wuntil the immediate roof
(up to 40 ft) caved at approximately
-100 ft of panel 2 face distance, The

cunulative downward movement of the imme-
diate roof, relative to the 75-ft hori-
zon, exceeds 1.0 in, as indicated by fig-
ure 19 between anchors 3 and 5.

Roof-strata movements also occurred at
the intersection of the first entry and
the crosscut, station Rl. The mining in-
fluence started before the panel 1 face

had reached the -200-ft face distance,
became more active at -120-ft face dis~-
tance, and became very active at -50-ft

immediate roof over

and above) finally
retreated 4
as inai-

face distance. The
the station (28 ft
caved when the longwall face
to 6 ft past the extensometer,
cated in figure 20.
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Figure 21 shows the roof-strata move-
ments that occurred at the intersection
of the third entry and the crosscut, sta-
tion R3. Measurement was started when
the panel | face was at -23 ft from the
extensometer, The roof-strata movements
started when the face passed 85 ft beyond
the extensometer and stopped at 445-ft
face distance. The effects of panel 2
extraction appeared when the face dis-
tance was -300 ft. The movements were
accelerated at approximately -150-ft face
distance. They reached the maximum rate
at approximately -50-ft face distance.
Then the roof caved at 15—-ft face
distance.

Three major roof--bed separation hori-
zons were 1dentified within 80 ft of
the immediate roof strata; they are
(1) the boundary between the shale-coal
intercalating bed and shale bed, approxi-
mately 7 ft above the roof surface, as
indicated by the 1-2 curve of figure 22
and 0-1 curves of figures 23 and 24,
(2) the 4-ft, thinly bedded shale direct-
ly overlying the 2-ft Redstone seam, 30
ft above the roof surface, as indicated
by the 3-4 curve of figure 22 and the 2-3
curves of figures 23 and 24, and (3) the
2-1/2-ft soft claystone bed between the
upper and lower limestone beds, 40 ft
above the roof surface, as indicated by
the 4-5 curves of figures 22 and 24, and
the 3-4 curve of figure 23,

The roof-bed separations at station Rl

on the headgate side of panel 1 started
when the panel 1 face approached to
within 120 ft (fig. 22). This distance

the distance at the start
of increase 1in mining-induced vertical
seam pressure (figures 10 and 22). The
roof-bed separations at station R3 on
the tailgate side of panel 2, however,
started when the panel 2 face approached
to within 150 ft (fig. 24). This dis-
tance also agrees with the distance at
the start of increase in mining-induced
vertical seam pressure (figures 11 and
24),

agrees with
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investigation.
station F2 was destroyed by the

The 3-ft

tractor,

installation at
supply

The data indicate that the magnitude of
differential floor lift follows the depth
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descending order of 3-, 7-, and 15-ft
depths. At station F1 (fig. 25), the
panel 1 extraction-induced 1lift first oc-
curred at -265-ft face distance, accel-
erated at -145-ft face distance, and
reached the peak of 1.3 to 2.5 in at -5-

of measuring strata; namely, in the to -3-ft face distances. At station F2
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FIGURE 28. - Convergence recorder.

(fig. 26), the 1ift induced by the panel
1 extraction first appeared at -225-ft
face distance, accelerated at -40-ft face
distance, and continued to approximately
350-ft face distance. The 1ift induced
by mining panel 2 at station F2, however,
occurred at =330 ft and reached 3 in max-
imum 1ift (7-ft horizon) at -100-ft face
distance when the station was destroyed
by caving. At station F3 (fig. 27), the
1lift induced by mining panel 1 was found
insignificant, the 1lift induced by mining
panel 2 first occurred at -300-ft face

distance, accelerated at -150-ft face
distance, and then reached the maximum of
1 to 1.25 inch at -3—-ft face distance,
when the station was destroyed.

ENTRY ROOF-TO-FLOOR CONVERGENCE

Mining-induced roof-to~-floor conver—
gences were measured in the head entry of
panel 1 (station CRl1) and in the tail en-
try of panel 2 (station CR2), as shown in
figure 6. The spring-wound clock conver-
gence recorders (figs. 28-29) were set 3
ft away from the rib of the longwall pan-
els. The roof and floor anchors for the
recorders consisted of rock bolts in
which the heads were machine grooved to
allow a snug fit for recorder posts. All
roof bolts were anchored at 1.5 ft depth,
but the floor bolts were anchored at 1.5-
ft and 4-ft depths for each station.

Measurements are plotted in figures 30
(ctation CR1) and 31 (station CR2). At

both stations, the anchor at 4-ft depth
into floor showed more convergence than
the anchor at 1.5-ft depth. This 1is
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because more floor lift of 1.5-ft horizon
than that of 4-ft horizon had already oc-—
curred prior to the inception of mining-
induced floor 1lift and convergence. Ac-—
tive mining-induced convergence appeared
at approximately -150-ft face distance at

both stations. The magnitude of conver-
gence is rather small compared with the
magnitude of floor 1lift at nearby sta-
tions Dbecause the convergence stations
were set close to the rib of longwall
panels (only 3 ft from the rib line).

SUMMARY AND CONCLUSIONS

This report summarizes a portion of the
results of a comprehensive ground control
at a mechanized longwall

study conducted

- e e

FIGURE 29. - Convergence meter.

coal mine in West Virginia. The objec-
tive of this study was to develop simple
and practical techniques of field mea-
surement for ground control parameters.
Special emphasis was placed on ground
pressures, strata movements, and geome-
chanical properties, Significant find-
ings are summarized as follows.

o Bureau of Mines hydraulic borehole
pressure cells, including the cylindrical
(CPC) and flat (BPC) cells, are simple
and efficient instruments to measure ex-
isting ground pressures, and to monitor
mining-induced ground-pressure changes.

o Premining profile of vertical ground
pressure across each panel is maximum at
approximately 20 pct of the panel width
inside the ribs. This phenomenon may
suggest that a pressure arch was formed
over the 210-ft-wide interpanel-entry
system. Its abutments are at 20 pct of
the panel width inside the ribs.

o The width of the vertical-front-
pressure abutment in the longwall panel
is approximately 0.18 to 0.20 times the
average overburden thickness, including
the yilelded zone approximately equaling
the extraction height.

o The idealized profile of vertical-
front—-abutment pressure across the panel,
which was composed of data from the two
panels, is unsymmetrical about the cen-
tral axis. The skewness 1s amplified
when the longwall face has approached the
pressure cells, The central one-third of
the panel shows the lowest abutment pres-
sure. The gob-side abutment pressure is
2 to 3 times greater than that of the
solid side because of the interaction of
side—abutment pressures of the gate en-
tries. The side-abutment pressure of the



tailgate entry is much higher than that

of the headgate entry.

o The width of the front abutment and
the magnitude of the vertical pressure
can be used as criteria for entry support
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the front—-abutment pressure occurs, the

support density should be increased in
proportion to the increase in the abut-
ment pressure. Such support reinforce-

ment may be achieved by adding cribs or

hydraulic props.

design. For that portion of entry where
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o Vertical loading in the gate—entry
pillars received the initial effects of
extracting the immediate panel at -300-ft
face distance (negative distance indi-
cates that the instrumentation plane is
in the solid area). The rate of increase
was intensified at -100-ft face distance.
The increase 1in the headgate entry
piliars continued to the point beyond
zero tace distance. However, the load
increase 1in the tailgate entry pillars
peaked at zero face distance.

o Loading histories of the starting-
end bleeder-entry pillars reveal that the
initial break of the main roof over the
panel may have occurred at 200-ft face
advance, and the second break at 400-ft
face advance, or that the main roof over
the panel may have broken at approximate-
ly 200-ft intervals of longwall advance.

o The 10-anchor-point extensometer was
an efficient instrument for monitoring
the differential roof-strata movements
and roof-bed separations, even if its in-
stallation was tedious.

major roof-bed separation
were identified above the
coal seam: (1) the boundary between the
shale-coal 1intercalating bed and shale
bed, which is approximately 7 ft above
the roof surface, (2) the 4 ft of thinly
bedded shale directly overlying the 2-ft

o Three
horizons

Redstone seam, which is 30 ft above the
roof surface, and (3) the 2-1/2-ft soft
claystone bed between the upper and lower
limestone beds, which i1s 40 ft above the
roof surface.

o Active mining-induced roof-bed sepa-
rations on the headgate-side of panel 1
started when the panel 1 1longwall ap-
proached to within -120 ft. Those on the
tailgate side of panel 2 started at -150-
ft face distance. These distances agree
closely with the distances at which the
mining-induced vertical seam pressures
started to increase.

o Magnitude of differential floor 1ift
is 1n accordance with the depth of mea-
sured strata, specifically, din the de-
scending order of 3-, 7-, and 15-ft
depths. The 1ift 1induced by panel ex-
traction first occurred at -225- to -300-
ft face distance, accelerated at -145- to
-150-ft face distance, and reached the
peak at -3- to -5-ft face distance.

In conclusion, some simple and practi-
cal investigations of ground control be-
fore and during the longwall operation is
essential to the success of mechanized
longwall operations. The techniques and
instrumentation layout presented 1in this
report can be used as guidelines for such
studies.
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APPENDIX A.-—-THEORETICAL CONSIDERATIONS FOR DETERMINATION
OF GROUND PRESSURE EXISTING IN A VISCOELASTIC ROCK MASS
BY USE OF HYDRAULIC BOREHOLE PRESSURE CELLS?

BASIC PRINCIPLES

The state of stress in an in situ in-
tact rock mass, whether it is homogeneous
or heterogeneous, isotropic or anisotrop-
ic, and elastic or inelastic, 1s initial-
ly in equilibrium or inactive. However,
once a hole is drilled into such a rock
mass, the ground pressure existing in the
vicinity of the hole will become active
due to stress relief of the portion of
the hole.

materials are
chew time

most geologic
of them may
creep under an inter-
mediate (compared with  the breaking
strength of rock) constant stress (6).
However, the general problem of stress—
strain analysis 1s the same for elastic
and for viscoelastic structures. The
only difference is that for viscoelastic
structures, Hooke's law 1s to be replaced
by a viscoelastic stress—-strain relation—
ship derived from creep. In other words,
the viscoelastic solutions can be derived
from those of the elastic problem by re-
placing the elastic modulus with the
viscoelastic modulus on the basis of

Usually,
elastic, but some
effects such as

the elastic-viscoelastic
principle (7).

correspondence

of a long drill hole in a
viscoelastic, deep rock formation, loads
are imposed by external biaxial (e.g.,
vertical and horizontal) ground pressures
and, simultaneously, by internal dilating
pressure introduced by the pressure cell,
The state of stress 1in the rock mass is
the same as that in an elastic rock under
the same loading condition, but the asso-
ciated displacements and strains are time
dependent. The solution to the problem
can be derived from the elastic theory

In the case

for a problem of the same geometry and
subjected to the same boundary 1loads.
If the viscoelastic effects appear in a

linear manner, substitute the correspond-
ing viscoelastic modulus (or the recipro-
cal of the creep compliance) for the
elastic modulus, which is based on the
correspondence principle between visco-
elastic and elastic theories. Poisson's
ratlo may be assumed as time independent.
In fact, the time dependency and the var-
iance of Poisson's ratio are both insig-
nificant compared with the viscoelastic
modulus for most types of rock.

SUM OF BIAXTAL GROUND PRESSURES

Based on the "principle of superposi-
tion,"” the problem of the radial dis-
placement of a long drill hole at depth
in a uniform elastic rock formation, sub-
jected to an dinternal pressure P; can be
resolved into the problems of an infinite
plate with a circular center hole sub-
jected to a biaxial stress field, and of
a thick-wall cylinder with an infinite

1Excerpt of reference 4 (pp. 460-463).

a(1-v?)
Uao = — g —

[(Ny + Np) + 2 (N; = Np) cos 28],

outer radius and subjected to an internal
pressure P;, as shown in figure A-1.

For an infinite plate with a circular
center hole subjected to a biaxial stress
field, wunder the special plane strain
condition in which the axial strain is
zero (g, = 0), the radial displacement
U,o, at the periphery of the hole (r = a)
is determined by

(A-1)



where N,
acting at the

and N, are normal stresses
infinite boundaries, r and
0 are the polar coordinates of the point
in consideration, E is the modulus of
elasticity, and Vv is Poisson's ratio.
For an elastic and infinitely thickwalled
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cylinder subjected to an internal pres- EEEE:
sure P;, the radial displacement U,; on B Infinit NF
the inner wall of the cylinder (r = a) . Infinite plate with
circular hole.
can be written as
a(l+v)P|
Uat =— (A-2) A. Drill hole in rock mass.
The net radial displacement U, at the A=B +C o .
periphery of the hole, due to the ground C. Infinitely thick-walled cylinder,
pressures and the inner dilating fluid NOTE: Broken line indicates deformation.
pressure, can be obtained by superimpos-
ing the two displacements Uao and Ua]. FlGURE A']. & Schemutic Of ground pressure in rock
Noting that U,, and U,; have opposite mass.
signs, then
v, = 2LEY rp (- V)N, + Np) + 2(N; - Np) cos 26}, (A-3)
Since U, is a function of 6, the vol~ pressure and the inner dilating fluid
ume change V4 of the drill hole within pressure induced by a cylindrical pres-
the active length L due to the ground sure cell can be expressed as
2
Vg =2 27 (a £ U,)2 do - malL = £ 212 LAY fp - (1 -w) (g + )b (ad)
By virtue of the correspondence princi- the viscoelastic case, by assuming that
ple, E in equation A-4 can be replaced Poisson's ratio 1s time independent; thus
with the reciprocal of creep compliance we obtain the time-dependent volume
J(t), which is the function of time t for change
Vy(t) = £ 2ma2L(1+v) {P;(t) - (1-v)(N; + Np)}J(t). (A-5)
On the other hand, when a cylindrical the wall of the drill hole, the follow-
pressure cell is pressurized and expanded ing relationship exists between the two

outer shell of
with

in a drill hole and the
the cell 1is made fully i1n contact

Vd/Pd el K1 F K2 (VC/PC)

where C = K; + K, (V./P.), V4 is the vol-
ume change 1n the drill hole, V. is the
fluid volume change and P, is the fluid
pressure change in the pressure cell,
Ky is the constant determined by the

volume-pressure ratios V4/P4 of the drill
hole and V./P. of the pressure cell:

or —Vd = C Pd’ (A_6)
compressibility of fluid body retained
in the pressure cell, which has the nega-
tive value, and K; is the response ratio
between drill hole and pressure cell,
which is dependent on the bulk moduli or
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compressibilities of the rock mass and
the pressure cell. For the rock mass
with the time-~dependent properties,

-Vgq(t) = C Py(t). (A--7)

Py(t) = F 2 7 a2L(1+v){P;(t) - (1-v)(N; + Np)}J(t)/C,

A d1ill hole subjected to external bi-
axial ground pressures and internal di-
lating pressure will tend to restore the
strain equilibrium by means of stress
compensation, If the stress is compen-
sated to its criginal equilibrium state;
namely, if Py4(t) = 0, then V4(t) = 0.
From equation A-8, we can see that if N,
+ Np = P;(t)/(1-v), then Py(t) =0 be-
cause in equation A-8, all terms but
{P;(t) = (1-v)(N; + NZ)} are nonzero. 1If
we replace the cell pressure P;(t) under
such condition with P,, which may be
called equilibrium cell pressure, then

Ny + N, = Po/(1-v). (A-9)

Py(t)

If there is any cell for which the bore-
hole strain is in equilibrium because the
stress is in equilibrium at an arbitrary
time t, namely, ,if P4(t) = 0, then both
P4q(t) = 0 and P;(t) = 0. Consequently,
we obtain Pe = P;(t) from equation A-10.

7 2ma?L(1+v)J(£) [P (t)

From equations A-5 and A-7, we obtain the
relationship between the biaxial ground
pressures Ny, Ny, and the pressure change
in the drill hole P4(t):

(A-8)

Thus the sum of the biaxial ground pres-
sures Ny + N, can be obtained from equa-

tion A-9 with a single pressure cell
installation by taking the cell pressure
reading P;(t) as P, when P;(t) has lev-

eled off as shown in figure A-24.

If the multiple cells are installed at
the same spot with different 1initial
pressures (fig. A-2B), then we may com-

pare the rates of cell pressure change to
obtain the equilibrium cell pressure P,
during the early period of the test. By

differentiating both sides of equation
8 with respect to t and substituting
equation A-9, we obtain

+ {P;(t) = P }I(t)/I(t)]/C. (A-10)

Thus the equilibrium cell pressure P, can
be found from the P;(t) wversus P;(t)
graph for an arbitrary t (e.g., t = 10
days) as the P;(t)-intercept of the re-
gression line as shown in figure A-2C.

RATIO OF BIAXTAL GROUND PRESSURES

Field experiments showed that when an
encapsulated flat borehole pressure cell
(EBPC) 1is installed in a drill hole and
pressurized, the directional displacement
of the drill hole U(t) will occur propor-
tionally to the difference between the
internal pressure and the effective ex-
ternal pressure of the cell. Therefore,
we have an empirical relationship

U(t) = [p;(t) - K N]J(t), (A-11)
where J(t) is the composite compliance of
rock mass, capsule material, and cell
material, 5,(t) is the internal cell
pressure, N is the resultant directional
ground pressure, and K 1is the pressure

response ratio that 1is dependent on the

composite compliance of rock mass, cap-
sule material, and cell material. Also,
there 1s a relationship Py(t) = k U(t)

existing between U(t) and the pressure
change at the inner wall of the drill
hole P4(t), where k is the proportional-
ity constant; therefore, with substitu-
tion of equation A-11, we have

P4(t) = k [P;(t) - K N]JJ(t). (A-12)

Equation A-12 indicates that

§i(t 0 is a sufficient condition
r

KN
fo ) =

2— =
Py(t 0.



To derive the rate of _the pressure
change in the drill hole, P4(t) for the
short--term pressure convergence test with

Ba(t) = K3(e)[Bi(t) + [B;(t) - x N} J(£)/T(e)].

it is evident that
condition for

From this equation
Pi(t) ~KN=20 is the
Py(t) = 0, because when Py(t) = 0, both
Py(t) = 0 and P;(t) = 0. In both cases,
if we take the P;(t) wunder the condition
P,(t) - KN =0 as the equilibrium cell
pressure P,, we may write P, = K N, Then
by knowing the equilibrium cell pres-
sures in the two orthogonal_ directions
Pgy and Pgp, the ratio Q = Pgy/P,p can
be expressed in terms of Ny and Nj as Q
= (N; + S Ny)/(N, + S Ny), where S is the
transverse sensitivity of the flat bore-
hole pressure cell body, which is equi-
valent to the ratio of effective cross-
sectional areas 1in the two orthogonal
directions. From this relationship, the
ratio of the biaxial ground pressures can
be derived as

Ny/Np = (Q = 8)/(1 - Q8).  (A-14)
The numerical value of S is 0.185 for the
EBPC currently in use, calculated from
the configuration of the cell body.

the multiple-EBPC installation,
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we dif-

ferentiate both sides of equation A-12
with respect to t and obtain
(A-13)
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APPENDIX B.--BASIC CONCPETS OF MINING-INDUCED STRESS MEASUREMENT
WITH HYDRAULIC BOREHOLE PRESSURE CELLS'

of biaxial ground pres-—
rock mass can be de-
termined by pressure convergence tests
using a combination of one CPC and two
preencapsulated flat BPC's dinstalled in
a single drill hole, as shown by figure
B-1. Based on the elastic theories of
plates and thick-walled cylinders, and by
application of the elastic and viscoelas-—
tic correspondence principle, two equa-—
tions were derived to calculate the biax—
ial stresses, N; and N,, existing in a
viscoelastic rock mass (4).

The magnitude
sures existing in a

Ny + Ny = Po_cpe / (1-v), (B-1)

Ny / N =(Q-5S8)/ (1 -Qx S), (B-2)
where Py_gpc 1s the equilibrium pressure
of CPC (fig. B-24), v is Poisson's ratio
of the rock mass, Q = P,y / Py, where P,
and Py, are the equilibrium pressures of
two BPC's (figure B-24, P,_gy and Pg.gy),
and S 1is the transverse sensitivity of

TExcerpt of reference 5 (pp. 205-207).

0,185 as calculated
of the current Bureau

the BPC, which 1is
from the geometry
of Mines cells.
Using the same rationale, the changes
in the 1in situ biaxial ground stresses
induced by mining or exzcavation can be
determined with the same instrumentation
(fig. B-1). T1If the blaxial stresses are
vertical and horizontal pressures as

shown 1in figure B-2, the two equations
required are
Ny + Ny = Pgopg / (1-v), (B-3)

ana

Ny / Ny =(Q-8)/ (1 -Qx8), (B4
are horizontal and ver-
tical ground pressures respectively,
Pope 1s the pressure reading of CPC,
and Q = Pgy / Pgy, where Pgy and Pgy are
horizontal and vertical BPC pressure
readings, respectively (fig. B-24). In
this case, Pgpg, Pgy, and Pgy are equi-
valent to Pg_cpc:

where Ny and Ny

Pe-BH>» and Pg.py,

FIGURE B-1. - Hydraulic borehole pressure cell package consisting of one CPC and two BPC's,
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FIGURE B-2. - Mining-induced pillar loading. 4, Cell pressures versus time
and face distance to cells; B, vertical and horizontal pillar pressures versus
time and face distance to cells.
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FIGURE B-3. - Hydraulic borehole pressure cell package consisting of two BPC’s.

respectively, at the time of gauge read-
ing. Thus with the cell pressure diver-
gence curves of figure B-24, the ground
pressure histories shown in figure B-2B
can be obtained.

The induced biaxial ground stresses
(e.g., vertical and horizontal pressures)
also can be measured and determined by a
combination of only two BPC's installed
in a single drill hole, as shown in fig-
ure B-3, if the pressure response ratio
K, defined as the ratio of Pgy or Pgy to
the effective directional ground pres-—
sure, is known. This response ratio K is
determined by

wU.S. GPO: 1985-505-019/20,026

K = PBH / (NH + S x NV)
or

K = PBV / (NV + S x NH)’ (B"'S)
where Ny and Ny are derived from equa-
tions B--1 through B-4. Therefore, with

and S, Ny and Ny can
equation B-5 and

known values of K
be calculated wusing
the Pgy, Pgy readings. The value of K
varies with the rock type; for example,
Keoa) (tested with Pittsburgh seam) is
1.00£0.05 within 95-pct confidence inter-
val from 24 tests.
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