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HYDRAULIC BOREHOLE PRESSURE CELLS: EQUIPMENT,
TECHNIQUE, AND THEORIES

By Khamis Y. Haramy1 and R. O. Kneisley2

ABSTRACT

This U.S. Bureau of Mines report describes the use of Bureau-developed flat and cylidrica hydraulc
borehole pressure cell. A brief description of the fabrication, instalation, and pressurizg equipment
is given, and pressurizg procedures are dicussed. Theories avaiable on evaluation of data from the
flat and cylidrical pressure cells and exaples of data analysis and stress evaluation are alo presented.

lSupervsory mining engineer.
2Mining engineer.

Denver Research Center, U.S. Bureau of Mines, Denver, CO.
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INTRODUCTION

The flat and cylidrica borehole pressure cell were

developed by the U.S. Bureau of Mies in the late 1950's

(1)3 as part of the Bureau's long-range ground control
program to improve miers' safety. The cell are used to
measure ming-induced pressure changes in the mie
structure. A brief description of the pressure cell meth-

od is as follows: Boreholes are driled into the mie
structure, and pressure cell are intaled in each borehole
and pressured to contact the surface of the hole. As the
hole deforms under changig stress conditions, the defor-
mation is converted to pressure changes through hydraulc
fluid in the pressure cell. The pre&sure changes are

monitored with gauges or contiuous mechanca chart

recorders, or converted to an electrca signal by tran-

ducers and read using data loggers. Although dierent
tyes of hydraulc pressure cell are avaiable, this report
dicusses the tyes developed and used at the Bureau's

Denver Research Center.
The hydraulc pressure cells have several uses, such

as the determiation of preming and ming-induced
pressures and/or pressure changes, and the determination
of in situ physica properties of rock mass. Th report
briefly describes the flat and cylidrca borehole pressure
cell and sumares methods avaiable for data analysis.
No preference is given to any of the methods.

EQUIPMENT AND TECHNIQUE

CYLINDRICAL BOREHOLE PRESSURE CELL

The cylidrca borehole pressure cell (CPe) measures

radial pressure changes in the rock and does not diti-

guh between horiontal and vertica pressure changes.
The CPC consists of a copper shell brazed to a cylidrca

steel core. These two components are shown in figue 1.
Glycerine or hydraulc oil is pumped into the anulus
between the shell and core and expanded agait the bore-

hole wal. The cell diameter is 1.49 in, and the cell is
designed to be intaled in a l.5-in-diameter dr hole.

The assembled cell is 8 in long, with an effective lengt of
approxiately 7 in. Figue 2 shows the CPC connected to

the pressurizg and recordig equipment.

FLAT BOREHOLE PRESSURE CELL

The flat borehole pressure cell (BPe) measures diec-
tional pressure changes, the diection being dependent on
the cell orientation. The BPC consists of a flat steel
bladder, encapsulated in a 2.34in-diameter by 8.75-in-Iong
concrete (grout) cylider, as shown in figue 3. The steel
bladder is 2 in wide by 8 in long by 0.35 in thck. During
fabrication, two longitudial holes (tunels) are normaly
cast in the concrete jacket (fig. 4). These 1/2-in-OD
tunels run the lengt of the cell, permitting the passage

of hydraulc lies and the intalation of several cells in a
single borehole. Figue 5 shows a BPC, tAe intalation
tool, and the pressurg and recordig equipment. The
concrete ratio is a 2-to-1 sand-to-cement mix For the
concrete to gai fu strengt each cell is cured for
approxiately 30 days.

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

preceding the appendix.

PRESSURIZING SYSTEM

Pressure cell are fied with hydraulc fluid and con-

nected by l/4-in-OD staiess steel tubing to individual
p'ressure gauges or to contiuous chart pressure recorders,

Figure 1.-CPC and components: A, inner shell; B, expandable
outer copper shell; C, completely assembled CPC.
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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 secton of Installation rod.
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Figure 3.-BPC and components: steel platens (A) form completed flat jack (D), parts Band C are stainless steel tubing used to
pressurize the apc, and E Is the grout-encapsulated apc.
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Concrete F I at ce II b I adde r

:¥tiC~Jf¡J.:J;: d2;f;~;~~~~; :;tf~ti

,:~ ~~~ J::l~:~II~š~.D;¿Dn :':E1'1n:l:T~':~2~~::;

stainless steel
tub i ng 1/4-i n 00 threaded tube
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Tunne I s for passage of

tubing from adjacent cells

Figure 4.-BPC schematic.

Figure 5.-BPC conneced to pressurizing and recording equipment: A, BPC; B, Installation roc; C, valve gauge; D, PCM; E, chart
recorder.
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as shown in figues 2 and 5. Once the cell is intaled at
the proper hole depth and in the proper orientation, it is
pressurized by mean of a pressure control meter (PCM).
The PCM (figs. 2, 5) uties a theaded piston that meas-
ures the volume of the fluid injected into the cell. A
detaied schematic of the PCM, patented by Panek (2), is
shown in figue 6. When pressured, the cell expands
agait the concrete jacket, which in tu expands and
bears agait the borehole wal.

Generaly, the intial cell seatig pressure is depend-

ent on overburden depth. For exaple, in an approxi-

mately 1,800-ft-deep mie, the cell are set at 2,00 psi

(1.1 x depth). Before the cell is pressured, the hydraulc
system should be bled and draied of any ai bubbles. As

the cell is pressurd, the number of tu on the PCM
should be recorded. The number of tur provides a

measure of the volume of hydraulc fluid in the system,
which in tu provides inormation on the accuracy of the

hole siz. Too much fluid (~75 tur) ca mean that the

hole is signcatly larger than the cell. As a result, the

A

O-ring9/16"-18NF

i

--æ-
416 5/5

pressure cell readigs wi be less accurate. If the pressure
drops slowly imediately afer the cell has been pressur-
ized, a leak in the system or a ruptured cell is indicated,
although a ruptued cell is rare. Laboratory tests have

shown that most of the cell ca withtand pressures of up

to 20,00 psi.

DRILLING EQUIPMENT

Since a precision hole is requied for proper pressure
cell instalation, special drilg equipment is requied.
The Bureau uses a post-mounted, ai-powered dril com-

monly used in underground core drilg operations. The

dril, used in conjunction with a precision bit by exper-

ienced drers, provides a precisely dred hole that per-
mits accurate pressure cell response to changig ground
pressures.

A specialy designed bit that combines a diamond and
a drag bit rapidly dr smooth and precise-diameter in-

strumentation holes (3) (fig. 7).

KEY

, i-~E~F~ I C1-/~
¡ 0622" ( fil¡giimnuf?i" bo. ~

T 3/4"-16NF 1/4"=! 1-5/8" ll
Bross

416 5/5 horden R/C 42-45

A B C 0 E F

3" 5-7/16" 3-1/2" 1-1/2" 8-3/16" 3-7 8" 3-3/4"
5" 7-3/16' 5-5/16" 3-/16 11-5/8" 5-1 2" 5-9/16"
7" 9-1/4" 7-1/4" 5-1/4" 15-3/4" 7-1 2" 7-1/2"

No, 3 dri II~/8" '-
3/1~ l- 3/8 "-24NF

-i 3/4"
1/2" 5/5 hex

'"

~-J/4'~/4"i-9:=c:
\1/8" dri II
Bross

3/16! ~3-1/8'~
ir -------- !iN ~ i ~ 0:: l" i ~ ~
+ f -------~ .! ..

Figure 6.-Detalled schematic of PCM; S/S and R/C are stainless steel and Rockwell hardness number, respectively. (Full-size
(18- by 30-1n) drawing available from K. Y. Haramy or R. O. Kneisley, Denver Research Center.)



INSTALLATION INSTRUCTIONS

Instalation rods are made in 5-ft-Iong sections of
l-l/4-in-square aluminum tubing. The placement heads,

one each for the BPC and CPC, fit onto the intalation
rods. Detaied drawigs of the instalation rods and place-
ment heads are contaied in figues 8, 9, and 10.

As a cell is intaled, the "feel" of the cell is essential.
If the hole is squeezed, the cell might not fit though
the tight or squeezed spot. Often, a cell ca be pushed
through a tight spot; however, someties redrilg (ream-
ing) the hole may be necessar. If too much pushig force

-
EW rod

7

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 diconnect the intalation rod
unti the cell is seated and pressurd. Otherwe, the cell
may move or rotate, and the orientation wi be incorrect.
To intal more than one cell in a hole requies special
attention. Tubing attached to the deepest cell must pass

through the tunels of al cells, as shown in figue 11.

Thi procedure is repeated for the next deepest cell and
so on until the shalowest cell is intaled.

Box connector

Spacer.

Weld.

2. 125-i n drag bit

45"

EW rod

Single-tube BX core barrel

2.34-in dia.ond

8-3/4" Threaded joints

29-1/2"

EW rod

1-1/411

~~
1.875-in drag bit

2.00-in thin wall .a.onry dia.ond bi t

2.17-in dia.ond inserts

12-1/2'~ -I" 26-1/2"

4511

Figure 7.-Comblnatlon.preclslon bit.
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1-1/4"

I- 17/64"/
I c/~

1-1/2"

60"
17/6411 .1

"""0 I
T

1-1/2"

//
¿?//

1-1/4-in aluminum square tubing

~ i-7 ~~4\~ 'YI d ~ If- 3" "I
. "" 1-1/2"

1-in stainless steel square bar

Figure 8.-Pressure cell Installation rod.

1-in d¡a~ 3 threads per inch

1-1/2" , 3/4"
3-3/4"~ 1 5/8"

1/41,1 i' --------l--d

Tf~4=j¡4~'-- !~I~ 1-/4"
6113/411 3/4" 17/64" II

~ 6" À 3/~" ~. ~i-1/2_ -D I, -.1 ~ ,,_r~~ f--i
5/8" i-q PT 5/8 T - "3/4-i n stee I rod . 1-3 -iT

1-1 n square stee i

-l 1
1-1/4110 0.850"

T T

~Weldi
Figure 9.-CPC installation rod head.
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1/21~
1/4"

1-1/4-in square 1-in square

2-1/8"

7/16" ~4-5/16"--'~-I ~
3/811__

I: 6-7/16" +

8-1 3/1 6 "

/
8-1 3/1 6 II

1 8-1 /4"
"r-3" ~

Figure 10.-BPC Installation rod head.

Ce II Ce I I 2 (BPC) 1 ( CPC )

Figure 11.-Schematlc of three-ellinstallation.

PRESSURE CELL DATA ANALYSIS

ROCK STRESS ANALYSIS FROM CELL DATA

This section includes a dicussion of the importance of
stress measurements; a very brief summar of stress meas-
urement studies; and descriptions, with exaples, of tech-
niques avaiable for convertig pressure cell measurements
to either ground stress and/or changes in ground stress.

Importance of Stress Measurements

Panek (1-2, 4) suggests that ground control consists of
exercising control of rock diplacement or deformation
that depends on

. Mine structure-openig and pilar geometries,

geologic beddig and jointig,

. Mechanca properties-strengths, elastic properties,
an flow characteristics,

. Load duration-time interval that an openig or

support structure is exposed to load, and
. Load or applied stress-overburden weight, tectonic

stresses, and ming-induced load redistributions.

Control of rock stress is the most complex of the four
factors because rock stress is inviible, dicult to measure,
and liited to the ming-created rock structure. Stress
measurement, whether qualtatively by viual observation
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or quantitatively using intrumentation, is essential but
very dicult because of rock-intrumentation interaction.
Whe "go"-"no go" gauges may provide data for assessing
a given design they are often of little use for solvig
particular problems (1).

Although diplacement is easier to measure, incorrect
inerences of stress magntude and diection ca result
from measured diplacement. Two- and thee-diensional

stress analyses reveal that such inerences ca lead to
erroneous conclusions (1). Since rock deformation de-

pends on both pressure and mechanca properties, vara-
tions of rock properties with a mie ca obscure pres-
sure effects. Since rock deformation alo depends in part
on load duration, stress measurement may provide an
advance warg of ground control problems and provide
a basis for corrective action (1).

Stress Measrement Studies

Quantitative rock pressure measurements not only
provide a mean for solvi site-specic ground control
problems. but alo permt comparon between in-mie
measurements and more theoretica analyses. Since the
early 196's, the Bureau has been involved in the devel-
opment and analysis of in situ stress measurement intr-
mentation and techques (5-7). Early field studies em-
ployed borehole pressure cell to monitor stress chanes
durg pilarg, especialy under bump-prone conditions

(8). Whe such studies were not strctly quantitative (i.e.,
measured pressure cell readigs were not related to actual
ground stress), these in-mie investigations proved very

usefu in relatig pressure cell measurements to observed
strata behavior. From one such study, Curth (9) devel-
oped the followig relation between pilar pressure and
pilar extaction:

2
il P v = -0.11 Ax + 0.356 Ax '

where il v = mean vertica pilar pressure increase,

and A = percentage of pilar mied.

The 1970's saw expanded use of hydraulc pressure
cell, especialy with increased use of mechand longwal
in the United States. One study included analyses of chai
pilar and panel entr performance. Site-specifc fidigs

included determination of pressure arch width over long-
wal panel entries, determation of forward abutment

magntude and extent, and identication of the intial cave
and the loadig hitories of chai pilars and startig
room-bleeder entr pilars (10-11). A ground control study
of shortwal mig used borehole pressure cell to
monitor pilar pressure changes and to determine forward

(1)

abutment extent. Smal increases in chai pilar pressure
were attributed to the fact that overlyig liestone beds
did not bridge the panel (12).

More recent Bureau studies, whie not unversaly us-
ing hydraulc pressure cell, have emphasized some tye of
pressure and/or pressure change measurements to char-
acterize longwal entr performance (13-15), to investigate
multiseam interaction in both coal and noncoal deposits
(16-19), to evaluate ming methods in bump-prone con-
ditions (20-22), and to provide in-mine valdation of
computer-generated analyses (23-25). A brief discussion
of some western U.S. coal mie studies follows.

Lu (13) utid pressure cell to determie preming
ground pressures, to analyz forward abutments, and to in-
vestigate load tranfer and the residual strengt of chai

pilars. Results indicated that whie vertica stress gen-

eraly agreed with overburden loadig, horiontal stresses

usualy exceeded the value expected from Poisson's effect.
Contiuous recordig of forward abutment pressure indi-
cated that ming-induced increases extend from 0.23 to
0.33 ties the depth ahead of ming, that signcat
pressure increases begi when the face is approxiately
50 ft away, and that a yield zone of width equivalent to
about one extaction height exits at the face. Lu suggests
that forward abutment magntude and extent provide a
crterion for entr support design. For that portion of

the entr subjected to forward abutment pressure, entr

support density should be increased in proportion to the

increase in abutment pressure.
Haramy (21) included analysis of pressure data to

describe a possible faiure mechansm of a major bump in
a deep, western U.S.longwal operation. Abutment pres-
sures were found to consist of two components: a gradual
increase associated with mai roof load transfer onto the

panel and dynamic load increases followig bumps. Pres-
sure cell instaled in taigate-side pack wals indicated that
pack wal response to a major bump resulted from floor
faiure. Pressure cell data, combined with longwal shield
loadig and diplacement measurements, indicated that
when critica pressures, in part due to an overhangig roof,
were reached, the floor faied violently, reducing confe-
ment of the panel rib and bearing strength of the pack
wal-floor structual component.

DeMarco (15) included analysis from pressure cells
instaled in chai pilars and longwal panels at a deep,

western U.S.longwal mine that used both two- and three-
entr systems. Analysis indicated that, from a ground

control viewpoint, the two-entry design better met the
goal of reduced roof fal, reduced total ground stress,
and eliination of concentrated load transfer into futue

mig areas. Two-entry ground control improvements

included reduced areal loadig that resulted in fewer roof
fals in a zone of more geologicay diturbed roof. Lower



stress magntudes and more evenly distributed loadig of
the two-entry system suggest improved ming conditions
in the lower seam and a reduction of stress concentrations
along sand chanels, faults, and fracture sets encountered
during development.

Hackett (19) combined measurements from borehole
pressure cells instaled under a longwal panel and in the
panel to characterize the forward abutment and gob
reloadig in a Wyoming trona mine. Ming-induced pres-
sure increases began when the face was approxiately
0.25 times the depth away, and contrar to most coal mine
measurements, no yield zone was observed near the face.
Pressure cells instaled under the panel indicated that
gob reloading stabiled 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
finte-element and displacement -discontinuity modelig,
was compared with in-mine measurements at five face
positions simulating the ming of two adjacent longwal
panels. Results indicated qualtative agreement between
predicted and observed behavior. Discrepan~ies were at-

tributed to assumptions of liear elastic behavior that does

not simulate fracturing; unealsticay high vertica stress
near the pilar edge due, in some extent, to confement
generated by the elastic model; the assumed yield criteria;
and in situ physica property values. Regardless of the

quantitative dierences, the modeled and in-mine results
agreed regardig trends of increasing pilar core stress and
rib yieldig.

Conversion of Cell Readings to Actual Stresses

Whe the above studies have proven usefu most, if
not al, have not included conversion of pressure cell

readigs to actual rock stresses. Such conversion may be

helpfu to (1) develop confdence in numerica modelig
technques by providig quantitative comparison between

predicted and observed in-mine behavior and (2) valdate

more theoretica analyses of stress-related, especialy
three-diensional, problems. Several investigators have

developed methods to determine rock stress and/or rock
stress changes from in situ pressure measurements. Fol-
lowig are descriptions of some publihed technques for
Bureau-developed hydraulc pressure cell. No conclusions
are drawn as to which, if any, technque is best or indeed
vald; theoretica considerations and mathematica deriva-
tions have been minized but are referenced for futher
readig, and where possible, exaples have been included.

Morgan (26) described a method to determine rock
stress based on the principle of static equibrium. Ths

11

technque utiles mathematica relationships independent
of both elastic properties and stress ditribution near the
openig. Before ming, a vertica stress, O'y = ai' exists;
the preming load on the plane through O-x (fig. 12) is

d d
f 0' dx = f O'.dx = O'.dY i i ,o 0 (2)

where d = ditance.

Static equibrium requies that the total load remai
constant; the load origialy on the openig, O'iW, is

superiposed on the ribs. Denotig the areas under the
stress distributions cures by A1, A2, A3, and A4, from
figue l2, it follows that (26)

y

A

------,
I I

0 I I X
I I
I I dL______

~ w-1

(J y

x

(Jy

B

xo

Fractured, flowing
\. curve

-~"''' -l
(J.

,

Figure 12.-1l1ustratlon of principle of static equilbrium for
single opening (26). A, Single opening of width w through slice
O-d; B, several possible stress redistributons resulting from

driving opening w.



12

Ai = Ai + O'iW

and Ai =A3 =A4,

from which (~- Az = (A4 - Az = O'iW, (3)

where Ai' Ai, ~, A4 = areas, integral, of respective
stress-ditance cures,

w openi width

and O'i = intial vertca stress.

Intial vertca stress, 0' ¡, is determed graphicay from
the measured pressure change cure, g, to fid the area

(A - AJ. Using the openig width w, and equation 3, the
intial stress and the absolute stress, 0'; + g, ca be
caculated. No assumptions regardi the actual stress di-
trbution or rock properties (elaticity, isotropy, or homo-
geneity) are requied. It is, however, assumed that the

resultig stress reditrbution is symetrica and that
measurements need only be made in one rib (26).

Two potential applications of ths method follow.
Pressure cell are intaled in boreholes from an ex-

istig entr (entr A), and intial cell readigs are recorded

(fig. 13). Afer the new entr (entr B) is mied, pressure
readigs are retaken, and the stress change-ditance is in-
tegrated. Initial stress, O'¡, is caculated using equaton 3;
the absolute stress is determined by addig the pressure
changes to the intial stress, O'¡ + g. Exple 1 ilustrates
use of th technque:

EXAPLE 1: Th exaple ilustrates the use of
Morgan's method to determe absolute ground stress
from cell data (26).

1. Followi development of entr A (fig. 13), intal
pressure cell and record intial readigs.

2. Determine area under pressure-ditance cure afer

development of entr A (fig. 14A):

Pressure, Awrage Zone Zone
Zone zone ends, pressure, width, area,

psi psi ft psi-ft

1 .. . 20, 40 30 12 3,00
2 .. . 40, 30 35 16 5,60
3 .. . 30, 700 50 16 8,00
4 .. . 700, 50 60 12 7,20
5 .. . 50, 30 40 16 6,40

Total ......................... . 30,80

3. Followig development of entry B (fig. 13), record
and plot cell readigs as shown in figue 14B.

4. Determine area under pressure-distance cure afer

development of entr B:

._- --- -- - - - - - - -f - - - - - - ----- - -----
Future open i ng,

entry 8

._- - - - _____ - - - - J______ _____ __ _ ___

Pressure ce II s

Existing opening,

entry A

l

Figure 13.-Determlnatlon of O'i and distribution of 0'., caused
by mining new opening (26.

Pressure, Average Zone Zone
Zone zone ends, pressure, width, area,

psi psi ft psi-ft

1 .. . 700, 700 700 12 8,00
2 ... 700, 50 60 16 9,600
3 ... 500,800 650 16 10,400
4 ... 80, 600 700 12 8,400
5 ... 60, 300 450 16 7,200

Total .................,....... . 44,000

5. Determine intial stress (0';):

0" = A2 - Ai = (44,000 - 30,800) psi-ft = 412psi.i W 32 ft
6. Determine absolute stress (0'; + g):

Pressure Dffrence Absolut
Cell Reading Reading (g) stress

2 1 (cr; + g)

1 .. . 30 30 0 412
2 ... 60 500 +100 512
3 ... 80 700 +100 512
4 ... 500 300 +200 612
5 ... 700 40 +300 712
6 ... 700 200 +500 912

7. Plot absolute stresses as shown in figue 14B.
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Figue 15 ilustrates use of the static equibrium
approach to determine the absolute stress ditribution
resultig from widenig an exiting openig: Cure 1
shows the intial pressure cell readigs; cure 2 represents
the postwdenig readigs. Equatig the areas under the
two cures,

where (Ai - A3) O'iWl/2,

(A2 - A3)

yields (A2 - Ai)

and O'iW2/2,

O'i(W2 - wi)/2.

The factor 1/2 is used because the areas for only one
side of the openig are considered. Pressure cell meas-

urementsprovide the stress changes (g) for determing
the area (Ai - A1), Given ths area and the openig
widths, W1 and w~ equation 4 is solved for the intial
stress, O'¡.

Sellers (27), using elastic theory, derived equations for
convertig observed cell pressure changes to rock stress
changes. Thi method requies the elastic properties of
the rock and the borehole intrument stiess, with in-

strument stiess being derived from cell pressurtion

Figure 15.-Vertcal stress determination after widening

existing opening.

cycles, in a borehole. Rock properties can be obtaied
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 unorm radial pressure agaist the borehole wal,
but caot distingush between vertica and horizontal

rock stress changes (4, 28). Using CPC data, rock stress
changes (fig. 16A) are determined by the followig
equations:

(4)
tiP C E

(tiS + tiT) = cpc S (plane stress condition) (5)
21l La 2

or

tiP C E
(tiS + ti T) = cpc S (plane strai condition), (6)

21l La 2(1_1)2)

l l l S

-- T----

~S l l l

os

t t t

Figure 16.-Stress around CPC exertng uniform radial
pressure (A) and stress around BPC on borehole wall (8).



Vertica rock stress changes ca be determed from the
BPC's, flat jack cell respondig to ground pressure

changes normal to the plane of the cell (fi. 168). Usin
simar expressions, rock stress changes for the plane stress
and plane strai conditions are determed by applyig the
followlg equations:

AS =
A P cpcCsE

(plane strai condition)
21fLa2(1-u2)

or
AP CsE

AS = cP (plane stress condition),
21f La 2

where AS = stress change perpendicular to flat jack plane.

Lu (10, 29-31) has developed a diect rock stress
measurement technque, especialy suited for weak and
soft rock. In situ rock stresses are caculated from either
a three-cell package (one CPC and two orthogonaly
oriented BPC's) or, if the loca rock response ratio is
known, a two-BPC package (31). The biaxal rock stresses
are determined by solvig equations for the sum of the
stresses from the CPC readigs and for the ratio of the
stresses from theBPC readigs. Lu (29) includes detaied
theoretical considerations, equation derivations, and the
basic concepts of ming-induced stress measurement.

Exaple 2 shows cell data and the necessar caculations.

EXAPLE 2: Thi exaple ilustrates the use of Lu's
method to determie response ratio and ming-induced
stresses using mine data from a thee-cell package (10,

29).

1. Premig ground stress determation:

(7)

At day 34:

P e-bpv = 1,800
P e-bph = 1,700

P e-c = 1,800

Sc = 0.185

(8)

Q = Pe-bph = 1,700 = 0.944.
P e-bpv 1,800

Ni + N2 = P e-cpc = 1,800 = 2,36.
(1 - v) 0.76

Ni Q - Sc

N2 - 1 - QSc

0.944 - 0.185 = 0.759 = 0.920.

1 - 0.944(0.185) 0.825

N1 = 0.92N2

N1 + N2 = 2,36

1.92N2 = 2,36

N2 (vertica stress) = 1,233 psi

N1 (horizontal stress) = 1,135 psi
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2. Response ratio, K, determation:

At equibrium:

P e-bpv

P e-bph =
Nv
Nh =

1,800
1,700

1,233
1,135

P
K = e-bpv

Nv + S~h
1,800 = 1,800 = 1.247.

1,233 + 0.185(1,135) 1,442

or

P
K = e-bph

Nh + S~v
1,700 = 1,700 = 1.247.

1,135 + 0.185(1,233) 1,363

3. Postmg ground stress determination:

At day 100:

Pbpv = 1,90
Pbph = 1,500

N _ P pbv - Sc(PbpJ _ 1,90 - 0.185(1,500)v - -
K(l - Sc2) 1.247p - (0.185)2)

= 1,622 = 1,34.

1.20

P pbh - Sc(Pbpv)
Nh =

K(l - S/)
1,500 - 0.185(1,90)

1.247p - (0.185)2)

= 1,149 = 954.

1.20

As shown in exaple 2, premi ground stresses ca

be determined by solvig the followig equations (10, 29):

P e-cp
Ni + N2 = ,

(l-lJ)

and
Ni = Q - Sc

N2 1 - QSc '

where P e-c CPC equibrium pressure,

1) = Poisson's ratio (assumed 0.24),

Q = ratio of horiontal and vertica BPC
equibrium pressures (0.944),

Sc = BPC tranverse sensitivity (0.185),

and Ni, N2 = preexitig biaxal ground stresses.

Figue 17 shows cell pressure data and caculated rock
stress versus time. The pressure could alo be plotted
versus face ditance from the cell.

Followig caculations of the premig ground stresses,
the response ratio, K, ca be caculated using the followig
equations (30-31):

P - P bK = e-cp e- pv
Ni + S~2 (11)

or
P -P

K - e-cp e-bph- ,
N2 + S~l (12)

where P e-bpv' P e-bph = BPC vertica and horintal equi-

librium pressures.

Ming-induced stresses ca then be determed from
two BPC readigs, using their known K values, or with the
two-cell package consistig of two BPC's oriented perpen-
dicular to each other. Exaple 3 and figue 18 ilustrate
use of th technque using BPC data from an underground
coal mie.

EXAPLE 3: Thi exaple ilustrates the use of Lu's
method to determine ming-induced stresses using mine
data from a two-cell package. Pressure cell readigs and
stresses determined, in pounds per square inch:

Pressure cell Mining-induced
Day readings strsses

Pbp Pbph Ny Nh

140 2,50 90 1,938 36
146 2,60 90 2,021 34
152 2,60 1,00 2,081 431
160 2,700 1,200 2,058 582
180 2,90 1,40 2,194 717

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

(9)

(10)

If the measured biaxal stresses are vertica and hori-
zontal, then ming-induced vertica and horizontal stresses
ca be caculated from the followig equations, which were

derived from equations 11 and 12:

N = Pbpv - Sc(Pbph)v 2
K(l- Sc ) ,

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

N _ Pbph - Sc(Pbpv)h - ,
K(l - Sc2)

rock stiness; and cell sensitivity to tranverse loadig
(14) exceeds earlier reported values.

For caculatig biaxal stress state, Babcock derived the

followig equations:

where Nh, Nv = ming-induced horizontal and verti-
ca stresses,

and P bph' P bpv = horiontal and vertica BPC readigs.

Babcock (32), from experimental testig, derived
equations for convertig BPC pressure changes to biaxal
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

Sv = im m ((:J (:~)).

s. = im m ((:J (:;)). (16)

(15)
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Figure 18.-C11 pressure and ground stress versus time from
two-ell package.

and

where

¡ )2/3
. 1-v2

m (psi) = 4.34 -i '

¡ )2/3
1-v2

m (GPa) = 0.220 -i '

S", Sh = vertica and horiontal rock stress
change,

. .
O'v , O'h = vertica and horintal BPC settig

pressures,

0'", O'h = vertica and horiontal BPC pressure
readigs,

m = slope of laboratory-derived equations
relatig pressure cell and rock pres-

sure change to cell settig pressure,

E = elastic modulus of rock,

and v = Poisson's ratio of rock.

Absolute stresses ca be determined by addig the
computed rock stress changes to the preexitig stress
field. Exple 4 and figue 19 ilustrate th technque,

using data from pressure cell intaled in a longwal paneL.

EXAPLE 4: Th exaple ilustrates Babcock's meth-
od to determine mig stress changes usin mine data
from vertca and horintal cell pressure. Units are
pounds per squae inch:

Face Vertcal Horizonta
distace, ff Pbp AI ¡i Sv Pbph Albph Sh

175 ..... 1,50 0 0 1,50 0 0
150 ..... 1,595 95 n 1,515 15 36
75 1,65 155 122 1,520 20 55

50 1,740 240 186 1,54 40 90
25 2,155 65 432 1,510 10 151

15 2,50 1,00 611 1,522 22 219

IN SITU PHYSICAL PROPERTIES
FROM CELL DATA

(17)

Hydraulc borehole pressure cell ca alo be used to

determine in situ physica properties. The CPC was orig-
inaly developed to determine in situ values for the mod-
ulus of rigidity. Panek (28) provides an explanation of
theoretica considerations, data reduction, and comparon
of CPC test results with other methods.

Test procedures requie CPC cabration with two
metal cyliders, determation of pressure-volume char-

acteritics for the PCM, and CPC expanion inide a bore-
hole to determe the in situ modulus of ridity. Bore-
hole diameter change is proportional to the fluid volume
pumped into the CPC. To accurately determine fluid
volume, two or someties thee cabration tests are
performed. These cabration tests provide two constants
and account for factors such as fluid compressibilty, CPC
end effects and copper shell expanion, and expanion of
the tubing and other hardware. Testig requies cyclc
pressurtion of the CPC, tyicay two cycles. The CPC

is pressurd fist with one of the cabration cyliders;

the procedure is repeated for the second cylider; and
fialy, the pressure-volume cyclig is performed in the

borehole. Figue 20 shows a tyica CPC cabration

cure; the slope of the pressure-volume cure is essential.
One tur on the PCM equal 0.0192 in3 (28).

(18)
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Figure 19.-Cell pressure and ground stress changes versus face distance.

Expansion of the CPC agait either a cabration cyl-
inder or dril-hole wal provides a value for li V / lip, where
li V is the volume change resultig from PCM piston dis-
placement and lip is the change in fluid pressure. The
relationship between li V / lip and li V;/P; at the borehole
or iner cylider wal is (28)

¡li Vij . (li VJ
- cylider or = a + ß - .
Pi borehole li P PCM (19)

Constant a corrects for fluid volume changes not due
to hole diameter changes, whie ß corrects for the fact
that fluid pressure is not tranmitted undiinshed to the
calbration cylider or borehole wal. A smal portion
expands the copper shell of the CPC (28).

L21lriLj ¡li V / liT j- cylider or = a +ß p .E/R borehole li p/ li T p PCM (20)

The term liV fliT, 0.0192 in3 per PCM piston tur is a

constant. The slope of the pressure-volume èure depends
on the constants a and ß and on the ratio E/R specifc

rna.
n

C)
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5
W
0:::(/(/w
0:
CL

2U
CL

4

3

2

a

26 28

turns
Figure 20.-PCM pressure versus PCM displacement. ~ath a

represents expansion of CPC copper shell, while path b repre-
sents cylinder or borehole dilation. Pressure decrease Is shown
on path c. Path c 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 calbration cylider. Determination of the con-

stants, a and ß, and the modulus of rigidity, G, requies
solvig the followig equations:

21lr¡E=-
E/R'

Ç' =I:V/I:Tp'

11 = I:p/I:Tp'

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

(Ei - Ez)L 11 111 2ß = x ,
Ç' 112-111

and a = EiL - ßÇ'/lIi,

where a, ß = cabration constants,

Ei, E2 = constants for the two cabration cyl-
inders used,

Ç' = 0.0192 in3 per PCM piston tur,

L = CPC effective lengt (7 in),

ri = inide radius of cylider,

4if
0.n

C) 3..
w 7J 1

0: 2::(J(Jw
10: -

CL
T1

:¿u
CL

o

and 111' 112 = pressure-volume slopes from ca-
bration tests.

Expanion of the CPC in a borehole provides a new
pressure-volume slope, m3, which with the above caculated
constants, a and ß, determines the modulus of rigidity, G,(21)

(22)

(23) where

(24) and

2

G = 1lr3 L ,
a + ßÇ'/1I3

(26)

(25 where

G = in situ modulus of rigidity,

113 = pressure-volume slope from test m
borehole,

2 2 Ç'(T3 -Ti)
r3 = ri +

1lL
(27)

ri = iner radius of cabration cylider
number 1,

and T 3 - T 1 = dierence in PCM tus at 1,000 psi
between test in borehole and test in
calbration cylider number 1.

The followg detaied exaple and figue 21 wi clar
the use of th method.

EXAPLE 5: This exaple ilustrates the determina-
tion of modulus of rigidity from CPC cabration cures.
Specifcations for calbration cyliders used in ths exaple
are as follows:

KEY

Material

Stee I cy Ii nder
Aluminum cyl inder
Coal dri II hole

4 8 12 16
PCM DISPLACEMENT,

Turns at \00 psi

T, = 1.522

T2 = 3.20

T3 = 25.38

20 24
turns

28

Figure 21.-Eample calibration curves for determining In situ mOdulu,s of rigidit.

Slope. psi/turns

1/, = 1,821.37

1/2 = 1,276,283

1/ 3 = 1,050, 286



Cylinder 1 Cylinder 2

E . . . , . . . . . .. 106 psi. .
v................. ..
Inner radius ,...,.. in , ,

Outer radius. . . . . .. in . .
"/1 p .......... Ibjin3..

£ ........ 10-6 in4/1b . .

Material ............ . .

30,37
0,294
0.740
1.047

12,741
0.3649

Steel

10.50
0.343
0.741
0.998
3,960

1.1757
Aluminum

CPC pump-up tests were performed in an underground
coal mine to determine the in situ modulus of rigidity, G.
Figue 21 shows second-cycle slopes for expanion tests in
the two calbration cyliders and in a dril hole in the coal
seam. Using data from the above pressure-tuns plot and
calbration cylider specifcations, G is determined as
follows:

1. Determie constant ß (equation 24):

ß
(€l - €Z) L '11'12

Xe r¡2-r¡i

(0.3649 - 1.1757 x 10-6) (7.125
0.0190

x (1,821.37) (1,276.283) = 1.2967.

(1,276.283) - (1,821.37)

2. Determine constant a (equation 25):

a = €lL - ße/r¡i = (0.369 X 106) (7.125)

_ (1.2967) (0.019) = -1.093 x 10-5.

1,821.37

3. Determine rl (equation 27):

2 2 e(T3 - Ti) 0.019(25.38 -1.52)r3 = ri + =lrL 11(7.12

+ (0.740)2 = 0.568 in2.

2 2 e(T3 -T2)
r3 = r2 +

lrL
=

0.019(25.38 :. 3.2)

11(7.125)

+ (0.741)2 = 0.568 in2.

21

2 . 2r3 (av) = 0.568 m .

4. Calculate G (equation 26):

lrr3 i-

G=
a + ße/r¡3

11 (0.568)(7.125)

1.093 x 10-5 + (1.2967)/1,050.286

= 1.015 X 106.

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 determed from the
previously described combination of one CPC and two
BPC's instaled in a single borehole (thee-cell package)
(35). Lu (31, 33-34) alo includes dicussion of theoretica
considerations, brief descrptions of other avaiable in situ
physica properties tests, and exaples of th technque.
The deformation modulus is determined by (33-34)

21ra2L(1 + vr) ( )Er = (1 - vr)(Nl + N2) - Pe-cpc IC, (28)Pep .
where Er = rock mass deformation modulus

(secat),

Ur = rock mass Poisson's ratio (secat),

P ep = CPC pressure readig,

P e-c = CPC equibrium pressure,

a = CPC dr-hole radius,

Ni' N2 = biaxal stresses as determined using
equations 9-10,

and

C = ki +k2(VclPc), (29)

where ki = constant related to fluid volume re-

taied in CPC,

k2 = constant related to response ratio
between input and output of CPC
pressure,

v c = fluid volume change in CPC for each

tur of PCM piston,
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and Pc = fluid pressure change in CPC for
each tur of PCM piston.

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

IIr

(1 - IIr)

(N2 - N2-0)

(Ni - Ni-O) 

, (30)

where 1)r = in situ Poisson's ratio (secat),

Ni-O' N2-O = biaxal stresses at equibrium,

and N¡, N2 = biaxal stresses (N1 is imposed and
N2 is induced by Poisson's effect).

The constants, k1 and k2, correspond to Q and ß (28)
and are caculated as shown in equations 24 and 25. If

PCP'" Pe-a N¡, N~ and 1)r are known, Er is caculated using

equation 28. Poisson's ratio is determed from the biaxal
stresses calculated from equations 13 and 14, and from
the biaxal stresses at equibrium, Nl-6 and Ni-' These
equibrium biaxal stresses ca be caculated from equa-
tions 9 and 10 using an iterative method; a Poisson's ratio
value is fist assumed, and the stress values corrected using
the in situ value for 1)r (33-34).

Results of this technque are ilustrated in figue 22
(33). Example 3 and figue 18 show ÍDdicated pressure
readigs and caculated biaxal stresses. Poisson's ratio
was caculated using equation 30, and for each set of 1)"
toP cp' N1, and N2, Er was caculated from equation 28.
Figue 22 is shown as a fuction of the normaled axal
stress, Z/Zo, with Z = N1 and Zo = Nl-6 (33).

Babcock (32) alo includes a technque for the in
situ determination of Poisson's ratio. Pressure cell are

FACE D I STANCE, ft

24 689
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Figure 22.-In situ deformation modulus and measured
stresses versus normalized axial stresses (33.

instaled to the same settig pressure to measure both

horizontal and vertica pressure changes. The ratio of hor-
izontal to vertica pressure changes are used with figue 23
to estiate Poisson's ratio (32).

SUMMARY AND CONCLUSIONS

Hydraulc borehole pressure cell have been utiled

for several decades to investigate strata control problems
and to perform in situ physica properties tests. Various
designs and technques have been developed by dierent

investigators. This report summars usage of pressure
cells and technques developed by Bureau personneL. It
includes inormation requied for the construction and

intalation of pressure cell and analyses of pressure cell

data. Analyses included a sumar of results from field
studies, as well as procedures requied for converting cell
pressures to ground stresses and changes in ground stress,
and step-by-step procedures for in situ physica propertytesting. ,
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Figure 23.-In situ Poisson's ratio based on the absolute stress change technique (32).
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APPENDIX.-SYMBOLS

borehole radius P bph' P bp

areas, integral, of respective stress- Pc
ditance cures

Percentage of pilar mied P cp

factor for determing in situ defor- P e-b1i P e-

mation modulus

cell and system stiess from expanion P e-
tests

P,1
ditance

elastic modulus of rock Q
ratio applicable to a specic cabrationcylider r
rock mass deformation modulus (secat)

r¡

modulus of rigidity
s

pressure change caused by mig
Sc

cell response ratio
Sh'Sy

constant related to fluid volume retaied
in CPC

T
constant related to response ratio
between input and output of CPC
pressure

25

horintal and vertica BPC readigs

fluid pressure change in CPC for each
tu of PCM piston

CPC pressure readig

horintal and vertica BPC equibrium
pressures

CPC equibrium pressure

pressure on iner wal of borehole or

cylider

ratio of horintai and vertica BPC

equibrium pressures

radial ditance from pressure ,cell to
borehole wal element

inide radius of CPC cabration cylider

vertica stress

geometrc factor ófBPC (0.185)

horintal and vertca rock stress
changes

horintal stress

T3 - T l' T3 - T 2 dierence in PCl4 tu (borehole-
cabration cylider) at 1,00 psi

CPC lengt Vc fluid volume change in CPC for each
tu of PCM piston

slope of laboratory-derived equations

relatig pressure cell and rock pressure

chanes to cell settig pressures
w openi width

normald axal stressesz, Zo

premin ground stresses
a,p

biaxal stresses at equibriui
åp

ming-induced horintal and verticastresses td cp
fluid pressure åP y
PCM pressures along cabration cures åS

cabration constants

chane in fluid pressure

CPC pressure change

vertca pilar pressure change

vertca stress chane
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.6T

.6Tp

.6V

.6Vi

E, E¡, E2

r¡, r¡¡, r¡~ r¡3

e

v

horintal stress chane v r
tu change measured by PCM ç

volume change resulti from PCMdiplacement 0' ht 0' v
volume chane of borehole or cylider

O'h.' 0'/

constants for two cabration cyliders

pressure-volume slopes from cabration

tests
0',i

O'r

ane between cell ax and stresscomponents O'y
Poison's ratio 0'8

* U.S. GP: 1991-511.Q10142019

Poisson's ratio of rock (secat)

volume constant (0.0192 in3) per PCM
piston tur

horiontal and vertica BPC pressure

readigs

horiontal and vertica BPC settig
pressures

intial vertica stress

radial stress

premi stress

tanential stress
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