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Packer-dilatometer techniques, which are borehole-dilatometer techniques using commercial rubber
packer, were developed to measure the deformability of rocks. Packer-dilatometers for 0.5 inch, AX|
BX, NX and HX size boreholes were developed and were used for rock deformability measurements in
the field. In the packer-dilatometer method, the packer pressurizes the borehole-wall and the borehole
deformation is determined by the amount of fluid injected into the packer. A detailed description of the
theoretical development of quantitative interpretation of the packer-dilatometer method; apparatus, setup
and procedures for the determining of calibration constants; contact pressure determination and field
tests using the packer-dilatometer are provided.

Introduction necessary for numerical modeling, for bearing

capacity and settlement calculations, and for

Rock deformability is an important parameter stability analysis of underground and surface
in the design of structures to be constructed on excavations.

or within rock mass. The modulus value is The deformability, characterized by a modulus
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describing the relationship between the applied
load and the resulting deformation, is determined
by in situ testing and laboratory testing both
statically and dynamically.

A number of borehole deformtion measurement
devices has evolved during the last several
decades to measure the deformability of rock in
situ (Panek et al, 1964 ; Rocha, 1966 ; Goodman
et al, 1968 ; Hustrulid and Hustrulid, 1972 ; de la
Cruz, 1978 ; Yoon, 1986). These methods employ
the application of a load to the walls of a
borehole and the measurement of the response of
the borehole wall. The devices are divided into
three  main dilatometer,
borehole jack and borehole penetrometer.

The most common borehole deformability
testing methods are the borehole dilatometer and
borehole jack tests. Borehole dilatometers are full
circle radial expansion devices. Pressure is
applied through an inflatable cylindrical probe
placed down the borehole at the desired depth.
The change in diameter is measured by either
measuring the change in volume of the fluid
and/or by using differential transformers.

The borehole packer-dilatometer techniques,
which are borehole dilatometer techniques using
commercial rubber packer, were developed to
measure the deformability of rocks (Yoon, 1987).
Packer-dilatometers for 0.5 inch, AX(1.83 inch),
BX(2.38 inch), NX(3 inch) and HX(4.33 inch)
boreholes were developed and were used for rock
deformability in the field The theoretical
quantitative  interpretation of the packer-
dilatometer was developed on the basis the
theory of the linear elasticity of a circular hole in
an infinite plate under plane-strain conditions. In
the packer-dilatometer method, the rubber packer
pressurizes the borehole wall and the borehole
deformation is determined by the amount of fluid
injected into the packer. The volume of the fluid
includes the deformation of the rock as well as
the deformation of the instruments. The volume
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change due to expansion of the instrument was
determined by the calibration constants using
two calibration cylinders, in order to be able to
determine the volume change due to the rock
deformation alone. Also, the contact pressure of
the  packer the  borehole
packer-dilatometer was  considered
calculation of the modulus.

The borehole diameters of AX, BX, NX and
HX used in this tests are common drillhole sizes.

and
the

between
for

AX holes are used for exploration hole in mines.
BX and NX holes are used for geological and
civil site investigations. HX holes are used for
petroleum  exploration and  hydrogeological
investigations. Three inch boreholes are the type
recommended by the American Society for
Testing and Materals  (1983)

characterization. Further detailed information on

for  site

the experiments and test results are in Yoons
work(1987).

Theoretical Considerations of Borehole
Packer-Dilatometer Deformability
Measurement

The of  borehole
dilatometer test results was developed from the
Cylindrical Pressure Cell method of Panek et al
(1965) who calculated the displacement of the
borehole wall based on the linear elastic theory
of a thick-wall cylinder without considering
in-situ stress. In the packer-dilatometer method,

interpretation packer-

the displacement of a borehole is considered a
circular hole under the plane-strain condition in
an infinite plate of elastic material, in order to
express the borehole displacement under far-field
stress conditions as the volume change.

Equation (1) is a fundamental relationship
between the borehole radial displacement U and
in-situ stresses(Jaeger and Cook, 1979, pp 253).
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Where : S1 : major principle stress
~S2 : minor principle stress
: radius of hole
: radial distance
. Angle between the S1 direction
: Young' s modulus

: Poissons ratio

U M

. Applied pressure

the far-field
constant, the change in displacement (U) due to
the pressure change (P) from Pl to P2, based on
equation (1) is

Since principal stresses are

This is the basic equation for determining the
modulus with a circular hole, if Poisson’s ratio is
known. The packer-dilatometer method, however,
measures volume changes resulting from pressure
variations instead from the radial displacement.
The change in the borehole volume (AV,) over
the pressurized segment L when the pressure is
varied from P1 to P2 is given by

— 27rLa2AP A\[r
AV, = E N
(3)
_ _aLd*
G

Thus, the modulus E and/or the modulus of
rigidity G of the rock can be obtained directly
from the

ement if the pressure-volume relationship (AV, /
AP) of rock is known (E=2G(1+ v)).

The volume change in the borehole caused by
expansion of the rock during internal pressu-

borehole packer-dilatometer measur-
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cannot be obtained directly
from borehole-dilatometer measurements.

rization, however,
Since
the volume change measured includes the volume
change of the rock and the expansion of portions
of the apparatus-such as the dilatometer -cell,
and
fittingsand the compression of the fluid. The

pressure generator, high-pressure hoses
correction factor that compensates for the volume
change due to the apparatus is referred to as the
“calibration constant.” The volume changes in the

packer-dilatometer test can be determined using

A\/rr _ A\/d
AP =A AP +B 4)
Where,

AV; @ volume change in the rock.
AVy @ total volume change due to rock and
apparatus.
A  constant coefficient-correct the volume change
due to packer itself expansion.
B : the volume change due to compression of the
fluid pressure generator, high-pressure hose,
and auxiliary apparatus. B is a constant,
since it does not depend on the type of rock

tested.

A and B can be determined from
tests with
cylinders. Thus, Young’'s
calculated by substituting equation
equation (3),

the

calibration run two calibration

can be

4)

modulus
into

oma’L(1+)

E=3(aV,/oP) B

)

Equation (5) is the basic relationship for the
calculation of rock modulus.

Similarly, A and B can be determined using
two calibration cylinders from following equation,
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The volume change of the calibration cylinder
{Ve) and the total volume change (Vd ) can be
determined experimentally. The material proper-
ties of the calibration cylinders are known.(Panek
et al, 1965, Hustrulid and Hustrulid, 1972).

Based on the stress-displacement relationship
of thick-wall cylinder, equation (7) gives the
of the
calibration cylinder's mechanical and geometric

pressure-volume relation, in terms

properties
A\,c _ 2ral.
2P ~ EJR M
Where,
_ 1+a2/b2 _ 2v2 . Ece,
R=a(7—, /b, TV " Bfa,—1 P ) @&

a=inner radius of the cylinder,

b=outer radius of the cylinder,

P=hydrostatic pressure, psi, against the inner
wall of the cylinder.

&,=longitudinal strain,

E.=Young's modulus of calibration cylinder,

v =Poisson’s ratio of calibration cylinder.

Substituting equation (7) into equation (6),

gives :
27zaL _ AVC
E./R =A( AP )+B 9
Equation (9) is a basic equation for the

determination of calibration constants A and B.
In the calibration tests, the E/R ratios are
known. And equation (9) is solved for A and B.
The calibration constants can be derived by
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substituting pressure, expressed in terms of turns
(AT), into equation (9). Since this
convenient method to measure the

change-in terms of the number of turns of the

is a

volume

pressure generator piston, rather than as an

absolute volume. This gives :

2malL

—a¢ K
E.JR =A( m)+B (10
Where,
K=AV/T, volume change per tum. 0.00799

inch/turn for the 0.5 in. dilatometer and 0.1794
inch/turn for the AX, BX, NX and HX size
dilatometers, and

for the

m=slope of pressure-volume curve

calibration cylinder.

Equation (10), from two calibration tests and
calculation of the constant, can now be written
as follows :

27[(3.1L1R1 —aszRz)mlmz
(Mp—MyK

B=2rx 31L1R1/E1-A(K/ml)

A—_-

Where,

aj, ag=radius of calibration cylinders 1 and 2.

R;, R:=R (see equation 8) of calibration cylinders
1 and 2.

L;, Lo=effective lengths of calibration cylinder 1
and 2.

Ei, Ex=Young’s moduli of calibration cylinders 1
and 2.

my, mp=P/T-pressure-volume change relationship
of calibration cylinders 1 and 2.

A and B, having been obtained from the
calibration cylinders, are substituted in equation
(9) to obtain the modulus of elasticity.
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Where,

Mp=slope of pressure-volume change of rock,
Ly=effective length in rock,

Ay=radius of rock.

Thus, this method requires following informa-
tions for the calibration and the calculation of
Young's modulus of a rock;

A) From two calibration cylinders:

1). Young's modulus and Poisson’s ratio

2). Inner and outer radii

3). Pressure-volume relationship

4). Axial strain

5). Effective length of dilatometer cell
B) Pressure-volume relationship in the rock
C) Poisson’s ratio of the rock.

Since the thickness of the packer-dilatometer
cell is relatively large, the internal pressure of
the packer-dilatometer has to be corrected to
yield the contact pressure between the wall of
the calibration cylinder.

The contact pressure can be determined from
the axial and tangential strains of the outer
surface of the cylinder, using the thick-wall

cylinder solution under plane stress condition as
A

follows.
. E(b’—a®(epte,)
Pl— 232(1+V2) (12)
Where,

Pi=contact pressure,

a=inner radius. of calibration cylinder,
b=outer radius of calibration cylinder,
€ p=tangential strain,

€ ;=axial strain, and
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The contact pressure can be determined using
equation (12) if the tangential- and axial-strains
and the geometry of the cylinder are known. The
tangential- for the contact
pressure measurement is determined using strain
gages. This has been described in the Section of
contact pressure measurements.

and axial-strains

“0" ring Mandrel Rubber Membrane -
| M Bleed-off
11 1l\\ | JS 3! g
~N R )i Y IJH’Igh pressure
] 1 hose
Bottom adaptor  ‘Fluld Top adaplor

Fig. 1. A sketch of the modification of Packer
elements.

Apparatus

The packer-dilatometer consists of a packer, a
pressure generator, a pressure gage, a pressure
transducer, a hand-pump and ancillary equipment.
The commercial packers were used to contain
the hydraulic fluid for pressurization of the
borehole wall. A pressure generator and a hand
pump are the pressurizing devices. The pressure
generator graduated allowing the
estimation of the volume injected into the packer.

piston is

A pressure gage and a pressure transducer sense
the pressure. Followings are detailed descriptions
of the apparatus used.

The commercial packer element is composed of
a resilient rubber cover, braided-steel reinfor-
cement, and an inner tube. Removable end
adapters, a steel mandrel and proper fittings were
attached to the
borehole-dilatometer (Figure 1).

adapt packer into a

1. Packer-dilatometers

Commercially available inflatable rubber packer
elements (Lynes Co.) were used for field-testing.



Table 1 lists the packer sizes used in this study.

Table 1. Sizes of commercial rubber packers

(Lynes Co).
Borehole Packer
Size.  Outer die.(inches) Lengthlinches)
AX 1.375 48
BX 2.125 48
NX 2.7 48
HX 3625 66

The top adapter threads into the packer
element both the mechanical
connection to extension rods and the hydraulic
connection to a high-pressure hydraulic hose. The
bottom adapter is used only as a plug. The
is a central solid steel shaft. The
the annulus between the
dilatometer inner tube and the respective
mandrel. The commercial packers can be
pressurized up to 5000 psi(Lynes Co.). The
ancillary equipment to complete the packer-
dilatometer system consists of the following

and provides

mandrel

inflation line is

items :

1) A high pressure generator with vernier
indicator, a pressure rating of 5000 psi, and
a fluid capacity of 20 inch’.

2) A pressure transducer rated at 0 to 5000
psi.

3) A bourdon pressure gage rated at 0 to 5000
psi.

4) A 15 feet flexible high-pressure hose rated
at 12,000 psi burst pressure.

5) Short pieces of 1/4-inch outer diameter
stainless steel high-pressure tubing.

6) A three-way, two stem high pressure valve.

7) High pressure fittings.

8) A hand pump.

9) An amplifier, power supply and digital
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multi-voltmeter.
10) A stopwatch

For tests conducted on laboratory sample, a
miniature packer to fit 0.5-inch diameter holes
was fabricated. It consists of a urethane tube
molded to the specifications, a steel central shaft,
and a steel ring. The ancillary equipment for the
laboratory testing consisted of a low-volume
pressure generator (0.67-inch® capacity). A 0.125
inch outer diameter tubing was used. Also, 15
feet long stainless small
hand-pump were used.

tubing a water

2. The 20-inch®
Development
The 20-inch® capacity pressure generator

(Figure 2) was specially built for this research
because the largest capacity of commercially
available pressure generators is 3.7 incha, which
is insufficient for field tests. The screw in this
pressure generator is capable of 110 turns. It
displaces 0.1794 inch® of fluid per turn.

Capacity Pressure Generator

Plug Body
/  Fluid / Nut
— + ~=
1l .
‘ - > /l 1
“o” ring Gradi
‘Pipe tread ShaR g,o( geal oy
fitting

Fig. 2. A sketch of the pressure generator.

For the laboratory tests a small pressure
generator of 0.67-inch® capacity (High Pressure
Co.) was used and was 84 tums displacing
0.00799 inch® per turn.

3. Calibration Cylinders

Aluminum- and steel-hollow cylinders were
used to calibrate the packer-dilatometers. The
steel cylinders were ASTM 1040 for which
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Young's modulus and Poisson’s ratio are 30.3X%
10° psi and 0.29, respectively. The aluminum-
cylinders were ASTM 2060 for which Young's
modulus and Poisson’s ratio are 10.3%10° psi and
0.33, respectively. The interal diameters of the
steel-cylinders were approximately the same as
the diameters of the drill boreholes. The outer-
and inner-diameters, and length of the calibration
cylinders used are given in Table 2.

Table 2. Size of the calibration cylinders.

Calibration ¢ylinder. {inch)

Dilatometer
Material LD 0.b Length
05 aluminum 055 162 7
05  aluminum 0565 0.75 7
05  aluminum 055 162 7
AX  steel 1875 2 43
AX  steel 185 2 48
BX  aluminum 237 3125 43
BX  steel 3 3 43
NX  steel 3 4 48
NX  aluminum 3 4 48
NX  aluminum 3 4 48
HX  steel 4 55 4
HX  aluminum 45 55 108
Experimental Setup
for Calibration
1. Pressure vs. Volume Measurements
The calibration setup for the packer-

dilatometer is shown in Figure 3. A hand-pump
was used to fill the pressure generator. The
dilatometer was inflated by tuming the piston
/screw mechanism in the pressure generator. The
pressure was monitored by a transducer and a
bourdon pressure gage. The displacement was

=

monitored on the pressure generator in terms of
volume per turn. The pressure transducer output
was connected through an amplifier to a digital
read-out. The setup for the
calibration of the miniature packer-dilatometer is

experimental

similar to that of the larger packer-dilatometers,
except that small size equipment was used.

2. Contact Pressure Measurements

The experimental setup for contact pressure
measurements were the same as for the
calibration setups described in previous section.
The only difference was that strain gages were
attached to the calibration cylinders. A 350 ohm
rosette strain gage or two pairs of strain gages
attached axially and laterally on the surface of
the calibration cylinder and were used to
determine the contact pressure of the dilatorheter
cell.

The deformation of the cylinder during the
inflation of the dilatometer was recorded on an
X-Y recorder in the form of pressure vs. strain.
The contact pressure was calculated from the
measured strains. Figure 3 shows the experi-
mental setup for the determination of the contact
pressure.

Bourdon gage

Straln gage
[

Calibration cylinder
Pressure generator

Fig. 3. Sketches of experimental setup for the
calibration and contact pressure
measurements.



Experimental Procedures

1. Dilatometers for the AX-, BX-, NX- and HX-
holes.

Experimental procedure for the various size
holes followed these steps :

D) The dilatometer was filled with oil, and the

upper adapter was tightened.

2) The high-pressure flexible hose was conn-
ected and oil was pumped into the system
with the hand-pump.

3) Oil was bled through the bleeding valve
until the dilatometer was full.

4) Then the dilatometer was inserted into the
calibration cylinder.

5) The whole system was pressurized up to
approximately 1500 psi several times before
the measurement started.

6) The system was pressurized to 900 psi and
held for 20 minutes until the pressure was
stabilized.

The pressure was the
pressure generator, and the pressure and
number of tums were recorded. A 05 turn
was added every 2 minutes for all the
dilatometers except for the HX size dilato-
meter, for which a 15 turn adjustment was

7
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increased using

made eve 2 minutes, since it is a large
packer.

The pressure was increased until around
1500 psi.

Then the pressure was released from the

8)

9)
system.

2. Contact Pressure Measurements

Basically, the measurement of contact pressure
is the same as the procedure for determining the
pressure vs. volume relationship except that the
pressurization was continuously increased in
order to obtain a pressure-strain curve. The
procedure the measurement of

pressures for the dilatometers was as follows :

for contact
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1) Same as step 1) to step 6) in previous
Section.

2) Pressure in the whole system was released.

3) Pressure-strain curves were recorded on
the X-Y recorder as the pressure was
increased from zero to approximately 2000
psi.

4) The contact pressures were calculated using
equation (12).

a a
a
. a A a
a a
A

AX

a
o

8Xx

a " &
A

A A
a
LAY
A
Iy
a

'y

a 4 A

a4 a
A

Fabe 4 a4

a
‘[A ‘A‘
a a
Y
ry a

-

a
a
a as
Aaa saklranasanad

e T T T T T T Y T Y
20 @ 0 20 100 120

VOLUME (TURN)

PRESSURE { X 3000 PSN)

VY S S U WY S T W S N S N SN S N R N W Y

T

T
140 140

Fig. 4. The pressure-volume curves in the

steel calibration cylinders.

Experiment Results
and Discussion

1. Results of Pressure vs. Volume Measurements
in Steel and Aluminum Calibration Cylinders
Pressure vs. in the steel

cylinders were measured from approximately 40

psi to 2000 psi. Figure 4 shows typical pressure

vs. volume curves for AX-, BX-, NX- and

HX-dilatometers the  respective  steel

calibration cylinders. The curves show nonlinear

relations at low pressures because of inflating of
the system, eg. the dilatometer, hoses and
tubing, etc. The curves then become increasingly
linear. The upper range of measurement was
limited because of the capacity of the pressure

volume curves

in
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generator, pressure limit of the 05-inch

dilatometer, and the tensile strength of the rocks.
And the most of the rocks used in this research
have tensile strengths of less than 2000 psi. It

was to withstand this high

not necessary

pressure.

Table 3. The linear pressure ranges for the
various sizes of the packer-
dilatometer in the steel cylinders.

Linear pressure Coefficient of

Dilatometer

range(psi) correlation(%)
05 300-1500 99.89
AX 530-1800 99.06
BX 531-1800 %9.18
NX 610~1800 99.16
HX 600-1800 9.17

Table 3 shows the linear ranges of the
pressure vs. volume curve in the steel calibration
cylinder. The linear portion of the relationship
was determined by linear regression. The span
was shortened until the coefficient of correlation
reached 99%. For most of the dilatometers, the
range above 600 psi can be defined as linear.
Pressure-volume calibrations were carried out for
the every packer-dilatometer in the steel and
aluminum calibration cylinders to determine the
calibration constants A and B.

The results of pressure vs. volume measur-
ements in the steel and aluminum calibration
cylinders are shown in Table 4. The results
show that the pressure change for the miniature
packer-dilatometer is higher than that of the
larger packer-dilatometer, since the ratio between
the fluid volume injected by
generator and the total volume of the fluid

the pressure

contained in the dilatometer is larger for the
large dilatometer packers
The 05-inch-dilatometer shows 3894 psi/turn

ol &g Fuixiat Alg Ay s
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for the steel cylinder and 403.45 psi/tun for the
aluminum cylinder. The pressure change in the
steel cylinder was lower than in the aluminum
cylinder, since the steel cylinder diameter is
thinner than that of the aluminum cylinder. The
ratios between the inner and outer diameters are
1.16 for the steel cylinder and 295 for the

aluminum cylinder.

Table 4. Pressure-volume measurements of
calibration cylinders.

Dilato- . Number Press-vol.  ratio(psi/turn®)
meter Material

(inch) of tes!S  average  corrected average
05 steel 5 38931454
05 alum. 5 403453325
05  alum 5  36324%58
AX steel 5 17432130 15855%1.09
AX alum. 4 14426%530 134.17£2.02
BX steel 5 137.241259 129281218
BX  aum 3 62.30x0.77 5844*0.73
NX steel 5 107.39£1.03 102.0210.96
NX alum. 4 96.01+£215 90.92+2.04
NX alum. 5 8265+1.29 T1$H*115
HX steel 5 37.15x0.77 35.00+0.73
HX alum 4 22.66+2.18 2095%2.01

* 00079 in/turn for the 05 inch diameter dilatometer and
0.1794 in/tum for the AX, BX, NX and HX diamcter hole
dilatometer

The AX-hole packer-dilatometer increases
17404 psi/turn and 142.25 psi/turn, in steel and
aluminum calibration cylinders, respectively. The
BX 137.12
psi/tum and

size packer-dilatometer increases
and 61.92 psi/turn, steel
aluminum calibration cylinders, respectively. The
pressure measurement the

aluminum cylinder is less than half of that in the

in

vs.  volume in

steel cylinder, because the aluminum cylinder is



thin and its inner diameter is much larger than
that of steel cylinder. Consequently, such
measurement yields a higher modulus value if
the larger clearance calibration cylinder is used.
For example, the results of modulus of BX-hole
tests are higher than the other smaller hole test
results

The NX-size dilatometer increases 107.73
psi/tun and 96.01 psi/tun for the steel and
aluminum calibration cylinders, respectively. The
HX size packer-dilatometer 37.16
psi/tun and 21.16 psi/tum for the steel and
aluminum calibration cylinders, respectively. The
larger fluid volume contained in the packer gives
a smaller pressure

increases

increasing and a lower
sensitivity.

The pressure measurements were repeated
several times in order to determine whether the
measured values were repeatable. In general, the
test results, shown in Table 4, were
repeatable with a standard deviation of less than
6 psi/tumm or 2% of the mean. There is a

tendency that the first measurement values were

as

lower than the subsequent values. They were not
included in the calculations.

Additional pressure vs. volume measurements
using the NX size dilatometer in the steel
cylinder were performed about one month after
the results in Table 4 were obtained. It was
found that the mean pressure vs. volume was
consistently 105.3 psi/turn, which is 2 psi/turn or
about 2% lower than the earlier tests.

2. Contact-Pressure Measurements

The contact pressures were caiculated by
using Equation (14). The contact pressures were
calculated from the tangential and axial strains at
every 250 psi increment. The contact pressure of
the 0.5-inch-diameter dilatometer shows no effect
of the thickness of the dilatometer, since it is
flexible and thin as compared with the packers.

In general, the contact-pressure were mainly
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influenced by the initial inflating pressure and
size of the packer. Since the initial inflating
pressure does affect the value of the pressure vs.
volume ratio. The pressure-volume value should
be determined by the ratio between the contact
pressure and volume change, not the ratio
between the gage pressure and volume change.
The linear regression of the contact and gage
pressures of the dilatometers are shown in Table
5, where Y is the contact pressure in psi and X
is the gage pressure. Therefore, the values of
pressure-volume measurements were corrected
for the moduli calculated from the laboratory and
field measurements.

Table 5. The linear regression of the contact

pressuras.
Dii?itr?:;\e)zter Material Lineaérq ;e;?i;er?sion
05 aluminum Y=X-9%
05 steel Y=X-83
AX steel Y=0911X-112.6
BX steel Y=0.942X-117.2
BX aluminum Y=0.938X-132.5
NX steel Y=0.947X-126.6
NX aluminum Y=0.933X-1279
HX steel Y=0.942X-1287
HX aluminum Y=0.943X-133.0

2. Effective Length Measurements

Measurements of the effective length of the
dilatometers were measured with different levels
of internal pressure. Table 6 shows an example
of the effective length measurement results. Most
of the experimental results show that the
effective lengths are larger than the original
packer element length. But, when the ratio of the
inner diameter of the calibration cylinder to the
dilatometer diameter is larger than a certain
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value, the effective length becomes shorter than
the original length. For example, the packer for
the BX hole, which is 36 inches long, become
3512 1000 psi  inside the
NX-inner-diameter ~ aluminum but
becomes 37.11 inches at the same pressure inside

inches at

cylinder,

the BX inner diameter.

Table 8. The effective
Packers.

lengths of NX hole

Steel(l.D 3 inch) Aluminam(l.D 3.6 inch)

Pressure length pressure tength
{psh (inches) (psi) (inches)
785 36.031 704.1 36.219
9% 36.156 968.6 36.406
1119 36.156 11165 36.438
1390 36.172 1356.5 36.563
1503 36.375 14675 36.750
1742 36.406 17885 36.750

Table 7. Results of the calibration constants
A and B, and calibration parameters.

Calibr. Axigl» Pressure- Effsctive Constant
Cylinder stra:gs Volume lgngth
x 10°)  (psi) (inch) A B
05 -8 3894 34 -3983E-6 02150
05 -72 403.45 3.834
05 -74 363.24 384
AX -87 15855 36.98 -1970E-4 0.1934
AX  -341 134.111 36.58
BX -11.8 12928 3711 -7.7T718E-5 08654
BX -744 5844 35.12
NX -117 10202 36.49 -3650E-2 0.2423
NX -525 9092 36.49
NX -1044 7795 36.16
HX -84 35.00 52.00 -8.7521E-2 01997
HX -579 2095 50.54
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The effective length changes less than 04
inches in the range of pressure from 900 psi to
1500 psi as shown in Table 6. The errors in the
of length do not
significantly effect the results of rock modulus
calculation.

measurement effective

4. Calibration Constants A and B of
Packer-Dilatometer
The calibration constants A and B for the
packer dilatometers in Table 7 were calculated at

the

a contact pressure of 1000 psi. The values of
volume ratio are the slope of
pressure change - with contact
pressures between 750 and 1250 psi. The values

pressure Vs,
vs.  volume

of effective length and axial strain were
calculated at a contact pressure of 1000 psi. The
axial strains determined during the
measurement of contact pressure. An example of
the moduli determination chart shown in Figure 5
is constructed using the constant A and B. Once
the is
determined using the packer-dilatometer, the
moduli of the rock can be obtained directly from

the chart.

were

pressure  vs. volume measurement

Vs

. V7
f o
[ /524
: >z n
g, = |

|

—

60 (1) 72 % 20 s

PRESSURE-VOLUKE CHANGE (PSYTUNN)

2

Fig. 5. Modulus determination chart with the
NX dilatometer.



Field Measurements by the
Packer-Dilatometer Techniques

Field tests carried out using the
developed packer-dilatometers in the Niagara
dolomite at an abandoned quarry located in near
Valders, Wisconsin, USA. Four boreholes for
each of the AX, BX, NX and HX diameters
holes, were determined the deformabilities within
8 feet from the surface.

were

1. Borehole Drilling

Vertical boreholes for the dilatometer tests
were drilled using a Longyear 34 drilling machine
and 4 different drilling bits (creating holes of
AX, BX, NX and HX diameter). The locations of
the test boreholes are shown in Figure 6. Sixteen
boreholes, four holes for each size, were drilled
in the floor of the quarry. The top two feet in
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Fig. 6. Borehole locations.
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the AX size holes (A-2, A-4) were drilled using
a BX hole size bits. Thus, only the bottom part
of the A-2 and A-4 holes were used for
deformability tests. The locations of boreholes
were selected based on the absence of jointing.
The depth of boreholes was around 8 feet.

2. Experimental Set-Up and Procedures

The experimental setup for the field tests is
the same as shown in Figure 4. The apparatus
consists of the packer-dilatometer gage, pressure
generator (20-inch® capacity), a 15 feet long
high-pressure: hose, hand pump, bourdon gage,
pressure transducer and fittings. Dry batteries
were used for the power supply for the pressure
transducer.

The experimental procedures followed the
same as the calibration tests. The system was
initially pressurized to 900 psi using a hand
pump. Then the pressure was increased in
increments up to 1500 psi using the pressure
generator. The rate maintained was 0.5 turns per
2 minutes for all dilatometer sizes Except the
HX dilatometer for which increments of 1.5 turns
were applied every 2 minutes. The pressure was
monitored by a bourdon gage and pressure
transducer (5000 psi). The
calculated from the voltage output.

pressure was

3. Field Test Results and Discussion

The pressure-volume relationship between
contact pressures of 750 psi and 1250 psi (Gage
pressure 900 to 1500 psi) was used to calculate
the deformation modulus. The pressure range
was limited because the strength of the dolomite
is 2250 psi. The in-situ moduli measured by the
packer-dilatometer were at around 50% of the
tensile strength of the rock. Deformation moduli
are summarized together with RQD information
in Table 9.

The average modulus for the AX hole is 2.363
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Table 9. Field test results of the moduli determination.
Hole No. A1 | A1 | AL | A2 | A2 1 A3} A3 | A3 | A4 | A4
Depth(inch) 6-43| 30-76] 50-87 40-T7| 40-77) 10-47| 40-%| 58-%| 40-T7 40-T7
Press,/Turnipsi/turn) | 1247221 110.7901 121.950| 131.650 130.630‘ 96474| 123844 | 117.114| 120.312{ 126.480
Modulus(x10 psi) 25371 1863] 2381 2990 2‘917‘ 1377 2486 2137 229%| 2643
RQD(%) 88101 70.850| 712201 100.000 - 77030| 100.000{ 100.000| 79.050 -
Hole No. B-1 B-1 B2 B2 | B2 B3| B3| B3| B4} B4 | B4
Depthfinch) 8-45, 8-45| 4-45| 20-37| 42-79| 5-42| 30-47; 42-79| 4-41| 25-62| 0-&
Press/Turmi(psi/tirn) | 908951 90549¢ 97.947| 80482| 90868| 69.130( 72800( 933401 72805 81920| 90.800
Modulustx10 psi) 3481 34581 3977 2843| 347| 2252, 2433] 3647 2433| 29%| 347
RQD(%) 87.840 -1 918901 95930 100000 85810| 8810} 100000| 73650| 74.320| 82.430
Hole No. N-1 N-1 N-1 N-2 N-2 | N-2 N-3 N-3 N-3 N-4 N-4 N-4
Depthlinch) 6-43| 30-67, 50-87| 6-67| 25-65| S50-87; 6-43| 30-67| 43-80| 3-40| 24-61| 44-81
Press/Turn(psi/turn) 82962 73183] 74130| 68340} 74274 729807 72938| 76.191| 81.381| 66.162| 57.402| 75924
Modulus(x10 psi} 25661 2171 1832 1577 1908|° 1830 1827 2030 2419 1472 1.106) 2014
RQDG& 100000 8500 91900 78400| 86.500| 91.900| 100000} 100.000| &3.700| 8.100| 93.900} 100.000
Hole No. B-1 | H-1 }-H2: H2 | H3 | H-3 | H4 | B+
Depthlinch) 16-67| 16-67| 20-71| 20-71| 17-68. 17-68| 21-72| 21-72
Press./Turn{psi/turn) | 21.937| 22640| 18245| 18720| 22940 22590| 21558| 21937
Modulus{x10-psi) 1930 2060f 1367 1430 2118; 2051 1863| 1930
RQD(6) 94230 - - -1 100000, - - -

x 106 psi with a maximum of 2990 x 106 psi
(A-2, 31 to 68 inch) and a minimum of 1377 x
106 psi (A-3, 6 to 43 inch). The average
modulus for the NX hole is 1.904 x 106 psi with
a maximum of 255 x 106 psi (N-1, 6 to 43 inch)
and a minimum of 1.105 x 106 psi (N-4, 18 to
55 inch). The average modulus for the HX
diameter hole is 1.844 x 106 with a maximum
2118 x 106 psi (H-1) and a minimum 1.317 x
106 psi (H-2).

The measurements were repeated twice in the
A-1, B-1l, H-1 to H-4 holes. The moduli
differences were obtained with 996 % (A-1),
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162 % (B-1), 34 % (H-1), 2.35 % (H-2), 259 %
(H-3) and 1.85% (H-4).

The of the standard deviation
indicates that the borehole packer-dilatometer
techniques give consistent results in the field as
well as the laboratory.

variation

Advantage and Disadvantage of
the Packer-Dilatometer over Other
Dilatometer Techniques

The borehole packer-dilatometer technique has



an advantage of simplicity, availability, and
inexpensiveness in making the packer-dilatometer.
Various sizes of packer element are available
commercially. Thus, one can make the device
easily. One need not build a mold for the
dilatometer cell as in the Colorado School of
Mine cell method (Hustrulid and Hustrulid, 1972)
nor build an attachment for the L.V.D.T and
wire line channel as in the LN.E.C method
(Roch et al, 1970).

Since the contact pressure at the borehole wall
and calibration constants from two calibration
cylinders are considered, this method is probably
more accurate than other dilatometer techniques.
None of the other dilatometers consider contact
pressure between the device and the borehole
wall. Ignoring contact pressure, which can give
higher rock deformation values since the internal
pressure, is taken into account as being the same
as the pressure at the borehole.

The volume involved in  the
packer-dilatometer - test is larger than that in the
CSM cell, CP.C method or LNE.C dilatometer
method so that the modulus determined using
this device can be more representative. The
length of the packer-dilatometer (for NX
diameter hole) is 36 inches, which is twice as
long as the others are. Thus, this method can
represent the deformability of twice as much
volume of rock mass. Also, This method can be

rock

used at a great depth if it is required, since a
flexible high pressure is used. The C.SM cell
method has a limitation of 50 feet in depth
because stiff stainless steel tubing is used. This
method can be used in the field in conjunction
with hydrofracturing stress measurements, since
the equipment and borehole size for the both
measurements are very similar. The
packer-dilatometer method is good for the low
deformation modulus rocks which gives a larger
volume change than the high modulus rocks.
Also, this method may be less sensitive than the

&34
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CSM cell or the LEN.C method, since a large
volume of fluid is involved in this method. It
takes longer to measure, since the time interval
between the measurement is longer. The strength
of rock higher than 5000 psi cannot be measured
in this method, since the packer-dilatometer can
only sustains 5000 psi.

Conclusion

1. The borehole packer-dilatometer techniques
can be used for the

modulus economically using a commercial packer

determination of rock

with a simple modification. The pressure-volume
ratios of the stesl and aluminum calibration
cylinder were determined with less than a 5% of
differences by the developed packer-dilatometers.
Also, moduli for the steel- and
aluminum-calibration cylinders were determined
by the packer-dilatometers as part of a
verification of the calibration constants A and B
with less than a 5% error Therefore, the
borehole packer-dilatometer techniques using
calibration constant A and B from the two
calibration cylinder, is reliable. the
range and contact
pressure of the packer-dilatometers indicates that
the modulus of rocks can be determined in the
range of above 500 psi, since the initial inflating
required to be the
pressure-volume increase of the devices. Further,
can be
developed with a large capacity of a pressure
generator.

2. The borehole packer-dilatometer devices are
simple to use and to build, easily available
commercially and inexpensive to build and test.
Also, the tested volume by this method is twice
as large as the conventional dilatometers; it
represents more rock mass. This method is good
for the low modulus rocks since the volume

Young's

However,

determination of linear

pressure is linear

larger sizes of borehole-dilatometers



change due to the rock displacement is large and
takes about one hour to measure one test.

3. The in-situ moduli of Niagara dolomite, in
Valders, Wisconsin with the packer-dilatometer
techniques for the AX, NX and HX diameter
holes vary from 1.105 to 2990 x 106 psi with an
average of 2.132 x 106 psi. The high modulus
values were obtained in the region where R.QD
and joint spacing are high while low values are
obtained in the region where the long vertical
cracks and large horizontal joint are present.
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