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HYDRAULIC BOREHOLE PRESSURE CELLS: EQUIPMENT,
TECHNIQUE, AND THEORIES

By Khamis Y. Haramy' and R. O. Kneisley?

ABSTRACT

This U.S. Bureau of Mines report describes the use of Bureau-developed flat and cylindrical hydraulic
borehole pressure cells. A brief description of the fabrication, installation, and pressurizing equipment
is given, and pressurizing procedures are discussed. Theories available on evaluation of data from the
flat and cylindrical pressure cells and examples of data analysis and stress evaluation are also presented.

ISupervisory mining engineer.
Mining engineer.
Denver Research Center, U.S. Bureau of Mines, Denver, CO.



INTRODUCTION

The flat and cylindrical borehole pressure cells were
developed by the U.S. Bureau of Mines in the late 1950’s
(I)® as part of the Bureau’s long-range ground control
program to improve miners’ safety. The cells are used to
measure mining-induced pressure changes in the mine
structure. A brief description of the pressure cell meth-
od is as follows: Boreholes are drilled into the mine
structure, and pressure cells are installed in each borehole
and pressurized to contact the surface of the hole. As the
hole deforms under changing stress conditions, the defor-
mation is converted to pressure changes through hydraulic
fluid in the pressure cells. The pressure changes are
monitored with gauges or continuous mechanical chart

recorders, or converted to an electrical signal by trans-
ducers and read using data loggers. Although different
types of hydraulic pressure cells are available, this report
discusses the types developed and used at the Bureau’s
Denver Research Center.

The hydraulic pressure cells have several uses, such
as the determination of premining and mining-induced
pressures and/or pressure changes, and the determination
of in situ physical properties of rock mass. This report
briefly describes the flat and cylindrical borehole pressure
cells and summarizes methods available for data analysis.
No preference is given to any of the methods.

EQUIPMENT AND TECHNIQUE

CYLINDRICAL BOREHOLE PRESSURE CELL

The cylindrical borehole pressure cell (CPC) measures
radial pressure changes in the rock and does not distin-
guish between horizontal and vertical pressure changes.
The CPC consists of a copper shell brazed to a cylindrical
steel core. These two components are shown in figure 1.
Glycerine or hydraulic oil is pumped into the annulus
between the shell and core and expanded against the bore-
hole wall. The cell diameter is 1.49 in, and the cell is
designed to be installed in a 1.5-in-diameter drill hole.
The assembled cell is 8 in long, with an effective length of
approximately 7 in. Figure 2 shows the CPC connected to
the pressurizing and recording equipment.

FLAT BOREHOLE PRESSURE CELL

The flat borehole pressure cell (BPC) measures direc-
- tional pressure changes, the direction being dependent on
the cell orientation. The BPC consists of a flat steel
bladder, encapsulated in a 2.34-in-diameter by 8.75-in-long
concrete (grout) cylinder, as shown in figure 3. The steel
bladder is 2 in wide by 8 in long by 0.35 in thick. During
fabrication, two longitudinal holes (tunnels) are normally
cast in the concrete jacket (fig. 4). These 1/2-in-OD
tunnels run the length of the cell, permitting the passage
of hydraulic lines and the installation of several cells in a
single borehole. Figure 5 shows a BPC, the installation
tool, and the pressurizing and recording equipment. The
concrete ratio is a 2-to-1 sand-to-cement mix. For the
concrete to gain full strength, each cell is cured for
approximately 30 days.

3Italic numbers in parentheses refer to items in the list of references
preceding the appendix.

PRESSURIZING SYSTEM

Pressure cells are filled with hydraulic fluid and con-
nected by 1/4-in-OD stainless steel tubing to individual
pressure gauges or to continuous chart pressure recorders,

Figure 1.—CPC and components: A, inner shell; B, expandable
outer copper shell; C, completely assembled CPC.



Figure 2.—CPC connected to pressurizing and recording equipment. CPC (A) is connected to valve gauge (C) and PCM (D).
Optional mechanical chart recorder (E) provides continuous data recording. Component B Is a section of installation rod.



Figure 3.—BPC and components: steel platens (A) form completed flatjack (D), parts B and C are stainless steel tubing used to
pressurize the BPC, and E is the grout-encapsulated BPC.
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Figure 4—BPC schematic.

Figure 5.—BPC connected to pressurizing and recording equipment: A, BPC; B, installation rod; C, valve gauge; D, PCM; E, chart
recorder. :



as shown in figures 2 and 5. Once the cell is installed at
the proper hole depth and in the proper orientation, it is
pressurized by means of a pressure control meter (PCM).
The PCM (figs. 2, 5) utilizes a threaded piston that meas-
ures the volume of the fluid injected into the cell. A
detailed schematic of the PCM, patented by Panek (2), is
shown in figure 6. When pressurized, the cell expands
against the concrete jacket, which in turn expands and
bears against the borehole walls,

Generally, the initial cell seating pressure is depend-
ent on overburden depth. For example, in an approxi-
mately 1,800-ft-deep mine, the cells are set at 2,000 psi
(1.1 x depth). Before the cell is pressurized, the hydraulic
system should be bled and drained of any air bubbles. As
the cell is pressurized, the number of turns on the PCM
should be recorded. The number of turns provides a
measure of the volume of hydraulic fluid in the system,
which in turn provides information on the accuracy of the
hole size. Too much fluid (>75 turns) can mean that the
hole is significantly larger than the cell. As a result, the

pressure cell readings will be less accurate. If the pressure
drops slowly immediately after the cell has been pressur-
ized, a leak in the system or a ruptured cell is indicated,
although a ruptured cell is rare. Laboratory tests have
shown that most of the cells can withstand pressures of up
to 20,000 psi.

DRILLING EQUIPMENT

Since a precision hole is required for proper pressure
cell installation, special drilling equipment is required.
The Bureau uses a post-mounted, air-powered drill, com-
monly used in underground core drilling operations. The
drill, used in conjunction with a precision bit by exper-
ienced drillers, provides a precisely drilled hole that per-
mits accurate pressure cell response to changing ground

pressures.

A specially designed bit that combines a diamond and
a drag bit rapidly drills smooth and precise-diameter in-
strumentation holes (3) (fig. 7).
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INSTALLATION INSTRUCTIONS

Installation rods are made in 5-ft-long sections of
1-1/4-in-square aluminum tubing. The placement heads,
one each for the BPC and CPC, fit onto the installation
rods. Detailed drawings of the installation rods and place-
ment heads are contained in figures 8, 9, and 10.

As a cell is installed, the "feel" of the cell is essential.
If the hole is squeezed, the cell might not fit through
the tight or squeezed spot. Often, a cell can be pushed
through a tight spot; however, sometimes redrilling (ream-
ing) the hole may be necessary. If too much pushing force

is used, the pressure cell may get stuck in the hole, pos-
sibly at an undesirable location and at an incorrect
orientation.

It is important not to disconnect the installation rod
until the cell is seated and pressurized. Otherwise, the cell
may move or rotate, and the orientation will be incorrect.
To install more than one cell in a hole requires special
attention. Tubing attached to the deepest cell must pass
through the tunnels of all cells, as shown in figure 11.
This procedure is repeated for the next deepest cell and
so on until the shallowest cell is installed.
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Figure 11.—~Schematic of three-cell installation.

PRESSURE CELL DATA ANALYSIS

ROCK STRESS ANALYSIS FROM CELL DATA

This section includes a discussion of the importance of
stress measurements; a very brief summary of stress meas-
urement studies; and descriptions, with examples, of tech-
niques available for converting pressure cell measurements
to either ground stress and/or changes in ground stress.

Importance of Stress Measurements
Panek (I-2, 4) suggests that ground control consists of

exercising control of rock displacement or deformation
that depends on

e Mine structure—opening and pillar geometries,
geologic bedding and jointing,

o Mechanical properties—strengths, elastic properties,
and flow characteristics, '

e Load duration—time interval that an opening or
support structure is exposed to load, and

¢ Load or applied stress—overburden weight, tectonic
stresses, and mining-induced load redistributions.

Control of rock stress is the most complex of the four
factors because rock stress is invisible, difficult to measure,
and limited to the mining-created rock structure. Stress
measurement, whether qualitatively by visual observation
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or quantitatively using instrumentation, is essential but
very difficult because of rock-instrumentation interaction.
While "go"-"no go" gauges may provide data for assessing
a given design, they are often of little use for solving
particular problems (I).

Although displacement is easier to measure, incorrect
inferences of stress magnitude and direction can result
from measured displacement. Two- and three-dimensional
stress analyses reveal that such inferences can lead to
erroneous conclusions (7). Since rock deformation de-
pends on both pressure and mechanical properties, varia-
tions of rock properties within a mine can obscure pres-
sure effects. Since rock deformation also depends in part
on load duration, stress measurement may provide an
advance warning of ground control problems and provide
a basis for corrective action (I).

Stress Measurement Studies

Quantitative rock pressure measurements not only
provide a means for solving site-specific ground control
problems, but also permit comparison between in-mine
measurements and more theoretical analyses. Since the
early 1960’s, the Bureau has been involved in the devel-
opment and analysis of in situ stress measurement instru-
mentation and techniques (5-7). Early field studies em-
ployed borehole pressure cells to monitor stress changes
during pillaring, especially under bump-prone conditions
(8). While such studies were not strictly quantitative (i.c.,
measured pressure cell readings were not related to actual
ground stress), these in-mine investigations proved very

useful in relating pressure cell measurements to observed -

strata behavior. From one such study, Curth (9) devel-
oped the following relation between pillar pressure and
pillar extraction:

2
AP, = -0.11A, + 0356 A7, €Y)
where AP, = mean vertical pillar pressure increase,

and A,

The 1970’s saw expanded use of hydraulic pressure
cells, especially with increased use of mechanized longwalls
in the United States. One study included analyses of chain
pillar and panel entry performance. Site-specific findings
included determination of pressure arch width over long-
wall panel entries, determination of forward abutment
magnitude and extent, and identification of the initial cave
and the loading histories of chain pillars and starting
room-bleeder entry pillars (10-11). A ground control study
of shortwall mining used borehole pressure cells to
monitor pillar pressure changes and to determine forward

= percentage of pillar mined.

abutment extent. Small increases in chain pillar pressure
were attributed to the fact that overlying limestone beds
did not bridge the panel (12).

More recent Bureau studies, while not universally us-
ing hydraulic pressure cells, have emphasized some type of
pressure and/or pressure change measurements to char-

~ acterize longwall entry performance (13-15), to investigate

multiseam interaction in both coal and noncoal deposits
(16-19), to evaluate mining methods in bump-prone con-
ditions (20-22), and to provide in-mine validation of
computer-generated analyses (23-25). A brief discussion
of some western U.S. coal mine studies follows.

Lu (13) utilized pressure cells to determine premining
ground pressures, to analyze forward abutments, and to in-
vestigate load transfer and the residual strength of chain
pillars. Results indicated that while vertical stress gen-
erally agreed with overburden loading, horizontal stresses
usually exceeded the value expected from Poisson’s effect.
Continuous recording of forward abutment pressure indi-
cated that mining-induced increases extend from 0.23 to
0.33 times the depth ahead of mining, that significant
pressure increases begin when the face is approximately
50 ft away, and that a yield zone of width equivalent to

~ about one extraction height exists at the face. Lu suggests

that forward abutment magnitude and extent provide a
criterion for entry support design. For that portion of
the entry subjected to forward abutment pressure, entry

_ support density should be increased in proportion to the
_increase in abutment pressure.

Haramy (21) included analysis of pressure data to
describe a possible failure mechanism of a major bump in
a deep, western U.S. longwall operation. Abutment pres-
sures were found to consist of two components: a gradual
increase associated with main roof load transfer onto the
panel and dynamic load increases following bumps. Pres-
sure cells installed in tailgate-side pack walls indicated that
pack wall response to a major bump resulted from floor
failure. Pressure cell data, combined with longwall shield
loading and displacement measurements, indicated that
when critical pressures, in part due to an overhanging roof,
were reached, the floor failed violently, reducing confine-
ment of the panel rib and bearing strength of the pack
wall-floor structural component.

DeMarco (15) included analysis from pressure cells
installed in chain pillars and longwall panels at a deep,
western U.S. longwall mine that used both two- and three-
entry systems. Analysis indicated that, from a ground
control viewpoint, the two-entry design better met the
goals of reduced roof falls, reduced total ground stress,
and elimination of concentrated load transfer into future
mining areas. Two-entry ground control improvements
included reduced areal loading that resulted in fewer roof
falls in a zone of more geologically disturbed roof. Lower



stress magnitudes and more evenly distributed loading of
the two-entry system suggest improved mining conditions
in the lower seam and a reduction of stress concentrations
along sand channels, faults, and fracture sets encountered
during development.

Hackett (19) combined measurements from borehole
pressure cells installed under a longwall panel and in the
panel to characterize the forward abutment and gob
reloading in a Wyoming trona mine. Mining-induced pres-
sure increases began when the face was approximately
0.25 times the depth away, and contrary to most coal mine
measurements, no yield zone was observed near the face.
Pressure cells installed under the panel indicated that
gob reloading stabilized when the face was about 500 ft, or
0.29 times the overburden depth, inby the face.

Kripakov (16) included a comparison between computer-
generated and in-mine behavior to design mine structures.
Computer-generated behavior, based on a combination of
finite-element and displacement-discontinuity modeling,
was compared with in-mine measurements at five face
positions simulating the mining of two adjacent longwall
panels. Results indicated qualitative agreement between
predicted and observed behavior. Discrepancies were at-
tributed to assumptions of linear elastic behavior that does
not simulate fracturing; unrealistically high vertical stress
near the pillar edge due, in some extent, to confinement
generated by the elastic model; the assumed yield criteria;
and in situ physical property values. Regardless of the
quantitative differences, the modeled and in-mine results
agreed regarding trends of increasing pillar core stress and
rib yielding,

Conversion of Cell Readings to Actual Stresses

While the above studies have proven useful, most, if
not all, have not included conversion of pressure cell
readings to actual rock stresses. Such conversion may be
helpful to (1) develop confidence in numerical modeling
techniques by providing quantitative comparison between
predicted and observed in-mine behavior and (2) validate
more theoretical analyses of stress-related, especially
three-dimensional, problems. Several investigators have
developed methods to determine rock stress and/or rock
stress changes from in situ pressure measurements. Fol-
lowing are descriptions of some published techniques for
Bureau-developed hydraulic pressure cells. No conclusions
are drawn as to which, if any, technique is best or indeed
valid; theoretical considerations and mathematical deriva-
tions have been minimized but are referenced for further
reading, and where possible, examples have been included.

Morgan (26) described a method to determine rock
stress based on the principle of static equilibrium. This
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technique utilizes mathematical relationships independent
of both elastic properties and stress distribution near the
opening. Before mining, a vertical stress, 0, = o, exists;
the premining load on the plane through 0-x (fig. 12) is

d d
{aydx = ‘(I). odx = od, (¥}

where d = distance.

Static equilibrium requires that the total load remain
constant; the load originally on the opening, ow, is
superimposed on the ribs. Denoting the areas under the
stress distributions curves by A,, A,, A;, and A,, from
figure 12B, it follows that (26)

A
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Figure 12.—lllustration of principle of static equilibrium for
single opening (26). A, Single opening of width w through slice
O-d; B, several possible stress redistributions resulting from
driving opening w.



A=A, vow
and » Al = A3 = A4,
from which (A5 - A,) = (A4 - Ay = oW, 3

where Ay, Ay, Ay A, areas, integrals, of respective

stress-distance curves,

w opening width,

and g; initial vertical stress.

Initial vertical stress, o, is determined graphically from
the measured pressure change curve, g, to find the area
(A; - A,). Using the opening width, w, and equation 3, the
initial stress and the absolute stress, o, + g, can be
calculated. No assumptions regarding the actual stress dis-
tribution or rock properties (elasticity, isotropy, or homo-
geneity) are required. It is, however, assumed that the
resulting stress redistribution is symmetrical, and that
measurements need only be made in one rib (26).

Two potential applications of this method follow.

Pressure cells are installed in boreholes from an ex-
isting entry (entry A), and initial cell readings are recorded
(fig. 13). After the new entry (entry B) is mined, pressure
readings are retaken, and the stress change-distance is in-
tegrated. Initial stress, o, is calculated using equation 3;
the absolute stress is determined by adding the pressure
changes to the initial stress, o; + g. Example 1 illustrates
use of this technique:

EXAMPLE 1: This example illustrates the use of
Morgan’s method to determine absolute ground stress
from cell data (26).

1. Following development of entry A (fig. 13), install
pressure cells and record initial readings.

2. Determine area under pressure-distance curve after
development of entry A (fig. 144):

Pressure, Average Zone Zone

Zone zone ends, pressure,  width, area,
psi psi ft psi-ft

1... 200, 400 300 12 3,600
2 ... 400, 300 350 16 5,600
3 ... 300, 700 500 16 8,000
4 ... 700, 500 600 12 7,200
5... 500, 300 400 16 6,400
Total ... 30,800

3. Following development of entry B (fig. 13), record
and plot cell readings as shown in figure 14B.

4. Determine arca under pressure-distance curve after
development of entry B:

Future opening,
entrypB S

_______________ 1

Pressure cells

Existing opening,
entry A
i

Figure 13.—Determination of o; and distribution of oy caused
by mining new opening (26).

Pressurs, Average Zone Zone
Zone zone ends, pressure, width, area,
psi psi ft psi-ft
1... 700, 700 700 12 8,400
2... 700, 500 600 16 9,600
3... 500, 800 650 16 10,400
4 ... 800, 600 700 12 8,400
5... 600, 300 450 16 7,200
Total .......coviiiiiiiiiii, 44,000
5. Determine initial stress (o;):
A, - A - i—
o; = 2 "M (44,000 - 30,800) psi-ft _ 412psi.
w 32t
6. Determine absolute stress (o; + g):
Pressure Difference  Absolute
Cell Reading  Reading © stress
2 1 (o; +9)
1. 300 300 0 412
2. 600 500 +100 512
3. 800 700 +100 512
4. 500 300 +200 612
5. 700 400 +300 712
6 . 700 200 +500 912

7. Plot absolute stresses as shown in figure 14B.
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Figure 14.—Example illustrating static equilibrium method. A, Example pressure cell readings prior to driving
entry; B, postentry development pressure cell readings and absolute stress values. Zones are numbered left to
right; cells are numbered right to left.
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Figure 15 illustrates use of the static equilibrium
approach to determine the absolute stress distribution
resulting from widening an existing opening: Curve 1
shows the initial pressure cell readings; curve 2 represents
the postwidening readings. Equating the areas under the
two curves,

where (A; -Ay) = ow, /2,
vields (Ay - Ag) = oWy - wy)/2. @

The factor 1/2 is used because the areas for only one
side of the opening are considered. Pressure cell meas-
urements provide the stress changes (g) for determining
the area (A, - A,). Given this area and the opening
widths, w, and w,, equation 4 is solved for the initial
stress, o,

Sellers (27), using elastic theory, derived equations for
converting observed cell pressure changes to rock stress
changes. This method requires the elastic properties of
the rock and the borehole instrument stiffness, with in-
strument stiffness being derived from cell pressurization

FATATZ T TL T TX TXTX TATLTX T LTI

—o

N Pressure cells
w1_—__e ;

—__e

— e . ———— ——

\
\

\/Curve 2

!\‘/Cell pressure change
\
Curve 1— | N /Curve 3

\\
> i

0 0i

_______ X

—~fw, /2}— f

Figure 15.—Vertical stress determination after widening
existing opening.

cycles in a borehole. Rock properties can be obtained
from either laboratory or in situ modulus of rigidity tests.
The in situ test assumes a value for Poisson’s ratio.

The CPC can sense ground pressure changes that exert
a uniform radial pressure against the borehole wall,
but cannot distinguish between vertical and horizontal
rock stress changes (4, 28). Using CPC data, rock stress
changes (fig. 164) are determined by the following
equations:

AP, CE
(AS+AT) = PS5~
2rLa®

(plane stress condition) (5)

or

AP_ CcE
(AS+AT) o —BS

(plane strain condition), (6)
2xLa’(1-v?)

p
T———-— a ‘—T
Cp
<
A
Oy
s |1}
»
a |8 Gy
Ap

g 1

Figure 16.—Stress around CPC exerting uniform radial
pressure (A) and stress around BPC on borehole wall (B).



where (AS'=AT) = vertical and horizontal stress Pressure cell : Pmmi"iffg'aﬂd
changes, respectively, Day readings postmining
Pbpv Pbph P e ground stresses
AP, . = observed CPC pressure change, N, Ny
e 34 ... 180 1,700 1,800
_ ) 42 ... 1,800 1700 1900 1,233 1,135
E = elastic modulus of rock, 56 ... 1800 1700 1900 1,302 1,198
63 ... 1,800 1500 2,000 1,490 1,142
L = CPC length, 70 ... 1900 1,400 2000 1,606 1,026
77 ... 1800 1,400 2000 1,606 1,026
a = Dborehole radius, 85 ... 1,900 1,400 2,000 1,606 1,026
- . 94 ... 1900 1,400 1,900 1,525 975
_ o 100 .. 1,900 1,500 2,100 1,619 1,144
v = Poisson’s ratio of rock, 107 .. 1800 1,400 21100 1,68 1,077
. 114 .. 2000 1,400 2200 1,820 1,075
and Cs = cell and system stiffness from 121 .. 1500 1,300 1900 1,380 1,120
expansion test. 128 .. 1,400 1,200 1,900 1,389 1,111

Vertical rock stress changes can be determined from the . .
BPC’s, flatjack cells responding to ground pressure 1. Premining ground stress determination:*
changes normal to the plane of the cell (fig. 16B). Using

similar expressions, rock stress changes for the plane stress At day 34:

and plane strain conditions are determined by applying the Peppy = 1,800
following equations: Peyppn = 1,700
| Poepe = 1800
AP_ CE S. = 0.185
- ®"S"_ (plane strain condition) (7) ¢
2xLa’(1-v?) '
Q- Pe-bph _ 1,700 0944
AP_ CE P T 1,80
or AS=__%"5" (plane stress condition), ®) e-bpv
2nLa?
Pe. 1,800
where AS = stress change perpendicular to flatjack plane. Ny +N; = (1e_q:) = 67 < = 2,368.

Lu (10, 29-31) has developed a direct rock stress
measurement technique, especially suited for weak and N, Q-S, 0.944 - 0.185 0.759
soft rock. In situ rock stresses are calculated from either N, "T1T-0S. - 1-0944(0185) _ 0825
a three-cell package (one CPC and two orthogonally 2 5. 9440.185) 0.
oriented BPC’s) or, if the local rock response ratio is

=0.920.

known, a two-BPC package (31). The biaxial rock stresses N; = 0.92N,
are determined by solving equations for the sum of the

stresses from the CPC readings and for the ratio of the N; + N, = 2,368
stresses from the BPC readings. Lu (29) includes detailed

theoretical considerations, equation derivations, and the 1.92N, = 2,368

basic concepts of mining-induced stress measurement.
Example 2 shows cell data and the necessary calculations. N, (vertical stress) = 1,233 psi

EXAMPLE 2: This example illustrates the use of Lu’s
method to determine response ratio and mining-induced
stresses using mine data from a three-cell package (10,
29).

N, (horizontal stress) = 1,135 psi
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2. Response ratio, K, determination:

At equilibrium:
P = 1,800
e-bpv 4
C-bph = 1,700
N, = 1233
N, = 1,135
K. Tebpy 1,800 _1800 L0
TN, +SN, 1233 +0185(1,135) 1442 =
v h
or
_ Peopn 1,700 _L700 o4
N, +S. N, 1135+0.185(1,233) 1363

3. Postmining ground stress determination:
At day 100:

1,900

P,
pv
1,500

Pyon

N _ Fpov ~Sc(Poph) _ 1,900 - 0.185(1,500)
L =

K(1-82) 1.247{1 - (0.185)%}
_ L1622 a4,
1.204

, - Foon~ScPopy) _ 1,500 - 0.185(1,900)

K(1-S.2 1.247{1 - (0.185)%}
LAty
1204

As shown in example 2, premining ground stresses can
be determined by solving the following equations (10, 29):

P
N, +N, = % 9
U A ) ©)
N. Q-S
and L= "¢ (10)
N, 1-QS,
where Pecpe = CPC equilibrium pressure,

<
]

Poisson’s ratio (assumed 0.24),

Q ratio of horizontal and vertical BPC

equilibrium pressures (0.944),

S. = BPC transverse sensitivity (0.185),

and N;, N, = preexisting biaxial ground stresses.
Figure 17 shows cell pressure data and calculated rock
stress versus time. The pressure could also be plotted
versus face distance from the cells.
Following calculations of the premining ground stresses,
the response ratio, K, can be calculated using the following
equations (30-31):

_ Pecepe = Pevpy (11)
N, + SN,
P -P
or K =_°Pc _ebph (12)
N, + S
where Pe_bpv, Pe_bph = BPC vertical and horizontal equi-

librium pressures.

Mining-induced stresses can then be determined from
two BPC readings, using their known K values, or with the
two-cell package consisting of two BPC’s oriented perpen-
dicular to each other. Example 3 and figure 18 illustrate
use of this technique using BPC data from an underground
coal mine.

EXAMPLE 3: This example illustrates the use of Lu’s
method to determine mining-induced stresses using mine
data from a two-cell package. Pressure cell readings and
stresses determined, in pounds per square inch:

Pressure cell Mining-induced
Day readings strasses

P,,pv Pbph N, Ny

140 .. 2,500 900 1,938 363
146 .. 2,600 900 2,021 348
152 .. 2,600 1,000 2,081 431
160 .. 2,700 1,200 2,058 582
180 .. 2,900 1,400 2,194 717

K, from a three-cell site, = 1.247,

If the measured biaxial stresses are vertical and hori-
zontal, then mining-induced vertical and horizontal stresses
can be calculated from the following equations, which were
derived from equations 11 and 12;

_ Popv = Sc(Pypn)

N, L
K(1-S7).

(13)
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Figure 17.~Cell and ground pressures versus time from three-cell package.

Nh - Pbph - Sc(Pbpv)
K(1-82)

and ’ (14)

where Ny, N, = mining-induced horizontal and verti-

cal stresses,

and - Pyyp, Py, = horizontal and vertical BPC readings.
Babcock (32), from experimental testing, derived
equations for converting BPC pressure changes to biaxial
ground stress changes. Laboratory results showed that
the logarithm of cell pressure change is proportional to
rock stress change; cell response increases with increased
setting pressure; cell response decreases with increased

rock stiffness; and cell sensitivity to transverse loading
exceeds earlier reported values.

For calculating biaxial stress state, Babcock derived the
following equations:

-r 3 \)
. [8 g
S, _89_111 N i (15)
m x x
_\UVJ LahJ-
( Y3 ( )
g g
sh=§3_1n LY A (16)
m x *
_\ahJ \o’vJ-
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m = slope of laboratory-derived equations
relating pressure cell and rock pres-
sure change to cell setting pressure,

E = elastic modulus of rock,

and v = Poisson’s ratio of rock.

Absolute stresses can be determined by adding the
computed rock stress changes to the preexisting stress
ficld. Example 4 and figure 19 illustrate this technique,
using data from pressure cells installed in a longwall panel.

EXAMPLE 4: This example illustrates Babcock’s meth-
od to determine mining stress changes using mine data

. ‘;
[~ %
n
e
73
b2 = —
=
» KEY
e
3 Apbpv AN,
& | _
o o Pbph o Nh ]
=
&
2 1 =
4 i
&
=
&
0 | | | | | | ]
140 160 180
TIME, days

Figure 18.—Cell pressure and ground siress versus time from

two-cell package.

2/3
. 1-22
m (psi) = 4.348 = , 17
2/3
1-.2
and m (GPa) = 0.220 5 , (18)
where S, S, = vertical and horizontal rock stress
change,
o,,0, = vertical and horizontal BPC setting
pressures,
o, 0y, = vertical and horizontal BPC pressure

readings,

from vertical and horizontal cell pressure. Units are
pounds per square inch:

Face Vertical Horizontal
distance, t Py, APy Sy Pun APy Si
175 ..... 1,500 0 0 1,500 0 0
150 ..... 1,595 95 77 1,515 15 36
7% ...... 1,655 155 122 1,520 20 55
50 ...... 1,740 240 186 1,540 40 90
25 ...... 2,155 655 432 1,510 10 151
15 ...... 2,500 1,000 611 1,622 22 219

IN SITU PHYSICAL PROPERTIES
FROM CELL DATA

Hydraulic borehole pressure cells can also be used to
determine in situ physical properties. The CPC was orig-
inally developed to determine in situ values for the mod-
ulus of rigidity. Panek (28) provides an explanation of
theoretical considerations, data reduction, and comparison
of CPC test results with other methods.

Test procedures require CPC calibration within two
metal cylinders, determination of pressure-volume char-
acteristics for the PCM, and CPC expansion inside a bore-
hole to determine the in sita modulus of rigidity. Bore-
hole diameter change is proportional to the fluid volume
pumped into the CPC. To accurately determine fluid
volume, two or sometimes three calibration tests are
performed. These calibration tests provide two constants
and account for factors such as fluid compressibility, CPC
end effects and copper shell expansion, and expansion of
the tubing and other hardware. Testing requires cyclic
pressurization of the CPC, typically two cycles. The CPC
is pressurized first within one of the calibration cylinders;
the procedure is repeated for the second cylinder; and
finally, the pressure-volume cycling is performed in the
borehole. Figure 20 shows a typical CPC calibration
curve; the slope of the pressure-volume curve is essential.
One turn on the PCM equals 0.0192 in® (28).
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Figure 19.—Cell pressure and ground stress changes versus face distance.

Expansion of the CPC against either a calibration cyl-
inder or drill-hole wall provides a value for AV/Ap, where
AV is the volume change resulting from PCM piston dis-
placement and Ap is the change in fluid pressure. The
relationship between AV/Ap and AV,/P; at the borehole
or inner cylinder wall is (28)

AV AV
——]cylinderor = a + 8 |[— . (19
i | borehole Ap [PCM

Constant a corrects for fluid volume changes not due
to hole diameter changes, while 8 corrects for the fact
that fluid pressure is not transmitted undiminished to the
calibration cylinder or borehole wall. A small portion
expands the copper shell of the CPC (28).

27l'riL .
——|cylinderor = a + 8
E/R | ‘borehole

AV/AT,

Ap/ATP} PCM’ (20)

The term AV/AT, 0.0192 in® per PCM piston turn, is a
constant. The slope of the pressure-volume curve depends
on the constants a and 8 and on the ratio E/R specific

SR A AN =2 BN e’}
1

PCM PRESSURE, 10° psi

i

0 I SR S N
14 16 18 20 22 24 26 28
PCM DISPLACEMENT, turns

Figure 20.—PCM pressure versus PCM displacement. Path a
represents expansion of CPC copper shell, while path b repre-
sents cylinder or borehole dilation. Pressure decrease is shown
on path ¢. Path ¢ slope is steeper than path b slope because
only elastic strain is recovered. Subsequent pressure cycles tend
to follow path c.
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to each calibration cylinder. Determination of the con- -

stants, a and B, and the modulus of rigidity, G, requires
solving the following equations:

_ 2nr; 21
€= E/—i" ( )
£ =AV/AT,, (22)
n =Ap/AT,,. )

Substituting equations 21-23 into equation 20 yields (28)

_ (g -g)L o Mn2

B , )
§ N2 -1
and a = eL-B¢/ny, (25)
where a, B = calibration constants,
€;, €, = constants for the two caliﬁration cyl-

inders used,

0.0192 in®* per PCM piston turn,

CPC effective length (7 in),

inside radius of cylinder,

4

and ny 1, = pressure-volume slopes from cali-

bration tests.

Expansion of the CPC in a borehole provides a new
pressure-volume slope, m,, which with the above calculated
constants, @ and 8, determines the modulus of rigidity, G,

) 1'r1'32L
G=—__, (26)
a+pé/n;
where G = in situ modulus of rigidity,
n3 = pressure-volume slope from test in
borehole,
v 22 &(T3-Ty)

d Ty =10 # 2
an 3 1ll 7l'L ( 7)
where r; = inner radius of calibration cylinder

number 1,
and T; - T; = difference in PCM turns at 1,000 psi

between test in borehole and test in
calibration cylinder number 1.

The following detailed example and figure 21 will clarify
the use of this method.

EXAMPLE 5: This example illustrates the determina-
tion of modulus of rigidity from CPC calibration curves.
Specifications for calibration cylinders used in this example
are as follows:

'PCM PRESSURE, 10 Jpsi = « =

KEY
3 Siope, psi/turns Material Turns at 1000 psi —
7, =1821.37 Steel cylinder T, = 1.522
n, =1276.283 | Aluminum cylinder T, =3.20
7, =1050.286 | Coal drill hole T; = 25.38

L]

o 4 8

|
12

|
16 20

PCM DISPLACEMENT, turns

Figure 21.—Example calibration curves for determining in situ modulus of riygidity.



Cylinder 1 Cylinder 2
= 10 psi 30.37 10.50
U oot ieaninees on 0.294 0.343
Inner radius ....... in 0.740 0.741
QOuter radius ....... in.. 1.047 0.998
WP e, ib/in3 .. 12,741 3,960
€ i 10%in*/lb.. . 0.3649 1.1757
Material ............ .. Steel Aluminum

CPC pump-up tests were performed in an underground
coal mine to determine the in situ modulus of rigidity, G.
Figure 21 shows second-cycle slopes for expansion tests in
the two calibration cylinders and in a drill hole in the coal
seam. Using data from the above pressure-turas plot and
calibration cylinder specifications, G is determined as
follows:

1. Determine constant 8 (equation 24):

_ (e -¢)L

B - G
3 N2-1

_ (03649 - 1.1757 x 107°) (7.125)
0.0190

(1,821.37) (1,276.283)

- 1.2967.
(1,276.283) - (1,821.37)

2. Determine constant a (equation 25):
a = gL - B¢/n; = (03649 x 105) (7.125)

_ (.2967) (0019) 4 0931075,
1,82137 '

3. Determine ;> (equation 27):

2.2, 8T3-Ty) 001902538 - 1.52)
371 L B 7(7.125)

+ (0.740)% = 0.568 in?.

2 2 &(T3-Ty) 00192538 -32)
nL w(7.125)

+(0.741)% = 0.568 in?.

21
r:,"z (av) = 0.568in2,
4. Calculate G (equation 26):

B nry’L ~ 7(0.568)(7.125)
a+BE/n3  1.093x107 + (1.2967)/1,050.286

= 1.015 x 10°,

Lu (33-34) recently proposed a new method for the in
situ determination of the modulus of deformation and
Poisson’s ratio. These properties are determined from the
previously described combination of one CPC and two-
BPC'’s installed in a single borehole (three-cell package)
(35). Lu (31, 33-34) also includes discussion of theoretical
considerations, brief descriptions of other available in situ
physical properties tests, and examples of this technique.
The deformation modulus is determined by (33-34)

2ra’L(1 +v,) :
= o[- M) - B g, (28)
epe .
where E, = rock mass deformation modulus
(secant),
v, = rock mass Poisson’s ratio (secant),
Pepe = CPC pressure reading,
Pepe = CPC equilibrium pressure,
a = CPC drill-hole radius,
N;, N, = biaxial stresses as determined using
equations 9-10,
and
C= kl + kZ(Vc/Pc)’ (29)
where k; = constant related to fluid volume re-
tained in CPC,

k, = constant related to response ratio
between input and output of CPC
pressure,

V. = fluid volume change in CPC for each

turn of PCM piston,
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and P, = fluid pressure change in CPC for
each turn of PCM piston.

Poisson’s ratio is determined by using (33-34)

v N ‘Nz-o), 30)
(1-v;) (Ny-Np)
where v, = in situ Poisson’s ratio (secant),
Ny Ny = biaxial stresses at equilibrium,
and v N,, N, = biaxial stresses (N, is imposed and

N, is induced by Poisson’s effect).

The constants, k, and k,, correspond to o and g (28)
and are calculated as shown in equations 24 and 25. If
Poo Pepo Ny, N, and v, are known, E, is calculated using
equation 28. Poisson’s ratio is determined from the biaxial
stresses calculated from equations 13 and 14, and from
the biaxial stresses at equilibrium, N, , and N,,. These
equilibrium biaxial stresses can be calculated from equa-
tions 9 and 10 using an iterative method; a Poisson’s ratio
value is first assumed, and the stress values corrected using
the in situ value for v, (33-34).

Results of this technique are illustrated in figure 22
(33). Example 3 and figure 18 show indicated pressure
readings and calculated biaxial stresses. Poisson’s ratio
was calculated using equation 30, and for each set of v,,
AP, N;, and N,, E, was calculated from equation 28.
Figure 22 is shown as a function of the normalized axial
stress, Z/Z,, with Z = N, and Z, = N, (33).

Babcock (32) also includes a technique for the in
situ determination of Poisson’s ratio. Pressure cells are

FACE DISTANCE, ft
s -274 24 335 689

T T T T T
KEY
© Pepe
i— m N1

STRESSES, 10°psi
|

CELL PRESSURE AND MEASURED

0 I |

& 1.00 . , 0.5
({e]

9 Lo
= r

A=A o 1=
%) 0 —.3 =
2 .50 =
3 v
e —.2 B
B 51 &
= —H1 8
2

2 0 ] ] 0

& 1.0 1.5 2.0 2.5

‘ NORMAL 1ZED AXIAL STRESS (Z/Z,)

Figure 22.—In situ deformation modulus and measured
stresses versus normalized axial stresses (33).

installed to the same setting pressure to measure both
horizontal and vertical pressure changes. The ratio of hor-
izontal to vertical pressure changes are used with figure 23
to estimate Poisson’s ratio (32).

SUMMARY AND CONCLUSIONS

Hydraulic borehole pressure cells have been utilized
for several decades to investigate strata control problems
and to perform in situ physical properties tests. Various
designs and techniques have been developed by different
investigators. This report summarizes usage of pressure
cells and techniques developed by Bureau personnel. It
includes information required for the construction and

installation of pressure cells and analyses of pressure cell
data. Analyses included a summary of results from field
studies, as well as procedures required for converting cell
pressures to ground stresses and changes in ground stress,
and step-by-step procedures for in situ physical property
testing.

q.
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APPENDIX.—SYMBOLS
borehole radius Poois Pogw
areas, integrals, of respective stress- P,

distance curves
Percentage of pillar mined )
factor for determining in situ defor- Py Poypy
mation modulus
cell and system stiffness from expansion P,
tests
P,
distance
elastic modulus of rock Q
ratio applicable to a specific calibration
cylinder r
rock mass deformation modulus (secant)
I
modulus of rigidity
S
pressure change caused by mining
S,
cell response ratio
Sm Sv
constant related to fluid volume retained
in CPC
T
constant related to response ratio
between input and output of CPC T,;-T, T;-T,
pressure
CPC length V,
slope of laboratory-derived equations
relating pressure cell and rock pressure ~ w
changes to cell setting pressures
Z Z,
premining ground stresses
@, B
biaxial stresses at equilibrium
Ap
mining-induced horizontal and vertical
stresses AP,
fluid pressure AP,
PCM pressures along calibration curves ~ AS

horizontal and vertical BPC readings

fluid pressure change in CPC for each
turn of PCM piston

CPC pressure reading

horizontal and vertical BPC equilibrium
pressures

CPC equilibrium pressure

pressure on inner wall of borehole or
cylinder

ratio of horizontal and vertical BPC
equilibrium pressures

radial distance from pressure .cell to
borehole wall element

inside radius of CPC calibration cylinder
vertical stress
geometric factor of BPC (0.185)

horizontal and vertical rock stress
changes

horizontal stress

difference in PCM turns (borehole-
calibration cylinder) at 1,000 psi

fluid volume change in CPC for each
turn of PCM piston

opening width

normalized axial stresses
calibration constants

change in fluid pressure

CPC pressure change

vertical pillar pressure change

vertical stress change
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AT
AT,

AV

€, €, €,

7 N1 N N3

horizontal stress change
turn change measured by PCM

volume change resulting from PCM
displacement

volume change of borehole or cylinder
constants for two calibration cylinders

pressure-volume slopes from calibration
tests

angle between cell axis and stress
components

~ Poisson’s ratio

¥ US.GPO: 1991—511-010/42,019

Poisson’s ratio of rock (secant)

volume constant (0.0192 in®) per PCM
piston turn

horizontal and vertical BPC pressure
readings

horizontal and vertical BPC setting
pressures

initial vertical stress
radial stress

premining stress

tangential stress
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