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ABSTRACT

The objective of this thesis is to examine the 
feasibility of using a volume control approach for performing 
Ko consolidation in a triaxial cell. The approach extends 
previous work concerning this issue in three fundamental 
ways ; 1) a new hydraulic system design was introduced to
synchronize pore - fluid withdrawal with volume reduction due 
to vertical compression ; 2) the use of fluid pressures
between 100 psi (69 0 kPa) and 40 0 psi (27 58 kPa) were 
evaluated for use in minimizing compressibility of the fluid 
in both the specimen and the testing system; and 3) the 
magnitude of vertical compliance in the triaxial cell during 
testing was examined.

Bishop's pore pressure coefficient B (Bishop, 19 54) was 
used to evaluate the effectiveness of using increased fluid 
pressures in the specimen pore fluid. The continuity 
equation was used to evaluate the effectiveness of using 
increased fluid pressures in the compression system. Tests 
indicated that the compressibility of the fluid within the 
sample and compression system were significantly minimized at 
a pressure of 400 psi (2758 kPa) . At the 400 psi (27 58 kPa) 
pressure, compliance errors of the triaxial cell became 
significant. An experimentally determined vertical 
compliance correction relating effective consolidation

iii



T-4058

pressure and vertical compliance of the triaxial cell was 
developed and applied to correct for the errors.

The overall ability of the new system to perform Ko 
testing was evaluated by conducting Ko consolidation tests 
with simultaneous hydraulic conductivity measurements on four 
samples of remolded Georgian kaolinite. Kaolinite testing 
produced Ko - values in the normally consolidated range from 
0.42 to 0.50 for the four samples tested. These values are 
within the range of values reported by other researchers for 
Ko testing of normally consolidated kaolinite. Lateral 
deformations during consolidation testing were found to 
average less than 1.5% of the initial diameter throughout the 
consolidation process as measured by monitoring cell volume 
changes and by measuring pre- and post-test sample diameters.

These findings demonstrate the feasibility of performing 
Ko consolidation and hydraulic conductivity measurements in a 
triaxial cell using a volume - controlled approach. These 
findings also indicate changes in the experimental system 
needed to fully realize the potential technical and practical 
advantages of the volume-controlled approach as compared with 
existing methods.
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CHAPTER 1 
INTRODUCTION

In the mineral and energy related fields, it is 
important to reconstruct the geologic history of sedimentary 
soils and to characterize their mechanical and hydrologie 
properties. For this purpose the stress - deformation and pore 
fluid transport properties are important. The properties 
involved include shear strength, compressibility, hydraulic 
conductivity, preconsolidation stress, and the coefficient of 
lateral earth pressure under the condition of no lateral 
deformation, K0 .

The laboratory triaxial consolidation test is commonly 
used to provided information on the compressibility 
characteristics of soils. To obtain directly applicable test 
results, the triaxial cell consolidation test should be 
designed to simulate as closely as possible the conditions 
which exist in nature. In nature, sediments generally 
accumulate and consolidate under conditions of no lateral 
strain, (i.e., one dimensionally). Soils which have been 
consolidated one -dimensionally (along the K0 stress path) 
under natural conditions will show different stress - 
deformation and strength behaviors if reconsolidated in the 
laboratory using a non-Ko stress path (Bishop, 197 5). For 
this reason, it follows that, simulating one-dimensional
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consolidation in the laboratory is essential to predicting 
natural soil behavior. This fact has initiated the 
development of triaxial cell methods for performing Ko 
consolidation on test specimens.

Methods for performing Ko consolidation in triaxial 
cells include ; the semi-rigid confining ring method,
(Aldelhamid and Krizek, 1976), the University of Washington 
Stress meter method, (Sherif and Koch, 1970), and the rigid
cell triaxial test or controlled volume triaxial cell method. 
Entire laboratory systems for performing Ko consolidation on 
triaxial specimens have been developed by other authors 
including Bishop and Wesley, (1975), and Tsuchida and 
Kikuchi, (1992) . The majority of current systems do not use
a volume control approach and are often forced to counteract 
lateral deformations that occur during the consolidation 
process. The introduction of computerized monitoring systems 
in mor-e recent systems has increased the accuracy and 
frequency at which these lateral deformations can be sensed 
and counteracted, but has not eliminated the need for the 
lateral adjustments. In addition, the computerized systems 
have increased the start - up costs and level of sophistication 
required from the user.

The majority of current state-of-the-art Ko systems are 
not widely used in practice and are primarily utilized in
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research laboratories. Therefore as is often the case, 
current practice does not coincide with our current 
capability. Methods that utilize state-of-the-art'techniques 
and are more applicable to state-of-practice are needed. One 
method of moving towards this goal is to develop techniques 
that require less sophistication and interaction from the 
user, but still utilize state-of-the-art technologies. A 
volume controlled approach that could eliminate the need to 
adjust for lateral deformations during consolidation may be 
one example.

In 1984, Yoo introduced a volume controlled approach 
that utilized flow-pump technology. Yoozs approach used an 
idea suggested and later documented by Olsen et. al., (1985) . 
Yoozs work appeared to provide the framework for a volume 
control approach to Ko consolidation testing. The interest 
in Yoo's work centers around the idea that a volume 
controlled Ko consolidation approach may not require frequent 
adjustments to prevent lateral deformation during the 
consolidation process. Although he encountered difficulties 
in the realization of his ideas, it does appear that a volume 
controlled approach using flow-pump technologies is feasible.

The objective of this thesis is to reexamine the 
potential value of using the volume control flow-pump 
approach for meeting the need for a technique for performing 
Ko consolidation in a triaxial cell in which frequent lateral
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adjustments are not needed. This thesis extends the work 
pursued by Yoo in three fundamental ways ; 1) a new system
design is introduced to synchronize pore - fluid withdrawal 
with volume reduction due to vertical compression; 2) the use 
of fluid pressures between 100 psi (69 0 kPa) and 400 psi 
(2758 kPa ) is examined for use in minimizing fluid 
compressibility in both the specimen and the testing system; 
and 3) the effect and magnitude of vertical triaxial 
compliance on system operation is examined.

The overall ability of the new system to perform Ko 
testing is evaluated by conducting Ko consolidation tests 
with simultaneous hydraulic conductivity measurements on four 
samples of remolded Georgian kaolinite.
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CHAPTER 2 
REVIEW OF EXISTING METHODS

2.1. Introduction
For one-dimensional consolidation, Ko is defined as the 

horizontal effective stress divided by the vertical effective 
stress, (o'h/o'v), at conditions of no lateral strain. The 
term Ko consolidation refers to the process of consolidating 
a specimen one dimensionally with no lateral strain.

The value of Ko is commonly determined using laboratory 
or in-situ techniques. Laboratory techniques can be used to 
evaluate Ko directly or indirectly. Indirect methods often 
use some easily measured material property such as the 
friction angle, (4>), or the plasticity index (PI) . Triaxial 
cell methods developed by Saada, (1970), Menzies et. al.
(1988) and Bishop (1975), are examples of measuring Ko 
directly. In - situ methods for determining Ko are also widely 
recognized. In-situ tests provide information on Ko while 
minimizing disturbance effects.

2.2. Laboratory Evaluation of Ko
The triaxial cell is a common fixture in geotechnical 

laboratories. Based partially on this availability, 
researchers have used it in a variety of advanced testing
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systems, including Ko systems. A common triaxial cell 
technique is to directly measure horizontal and vertical 
stresses during consolidation, while continually monitoring 
and correcting for any lateral deformations. When using this 
method, the sample is encased in a flexible membrane, with 
free drainage at one end (or both ends) of the specimen. The 
consolidation is typically produced using an axial loading 
ram used to apply the required vertical pressure to the 
sample. Lateral strain gages may be used to sense possible 
lateral deformations (Bjerrum, L. and Anderson, K. 1972, El - 
Ruwayih, A.A., 197 6). Lateral strains that may occur are
counteracted by triaxial cell pressure increases or decreases 
(Bishop and Henkel, 1964). The semi-rigid confining ring,
(Aldelhamid and Krizek, 1976), and University of Washington 
Stress meter, (Sherif and Koch, 1970) are examples of 
specific methods that attempt to monitor and correct for 
lateral deformations.

A second common Ko consolidation method involves using 
an axial loading ram that has a diameter equal to that of the 
sample. This technique relies on the assumption that no 
volume change of the cell should occur during consolidation 
when sample and loading ram cross - sectional areas are equal. 
This assumption is based on the idea that any volume increase 
caused by insertion of the loading ram into the triaxial cell 
is counteracted by an equal volume of fluid displaced from
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the sample as the loading ram consolidates the sample. With 
equal volumes being inserted and removed from the triaxial 
cell, the triaxial cell volume remains constant. Under ideal 
conditions (a fully saturated sample and a low compliance 
triaxial cell) the technique is effective. The technique is 
referred to as a rigid cell type triaxial test or a 
controlled volume triaxial test, (Bishop, and Henkel, 19 64,
Menzies et. al, 1977). This technique requires a fully 
saturated sample and an extremely low compliance cell-water 
system, (Campeanella and Vaid, 1972).

In 1984, Yoo attempted a volume - controlled approach for 
performing Ko consolidation in a triaxial cell. Yoo's 
approach used an idea suggested and later documented by Olsen 
et. al., (1985). In this approach a triaxial specimen is 
consolidated one dimensionally at a constant rate of 
deformation by synchronizing the rate of vertical deformation 
with the rate of volume decrease by the extraction of pore 
fluid from the specimen. Yoo used a loading press with 
diameter equal to that of the test specimen to control 
vertical deformation of the specimen and a flow pump to 
infuse or withdraw pore fluid. Although average zero lateral 
strain was obtained during Ko consolidation, deformations at 
the specimen ends occurred. Yoo concluded that the condition 
of no lateral strain was violated near the specimen ends due 
to excessive pore pressure gradients across the specimen 
height. Recommendations proposed by Yoo included ; using an
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apparatus to apply high back pressures, thereby ensuring a 
fully saturated sample and back pressure water system; and 
using a means to minimize excessive pore - pressure buildup, 
thereby reducing end deformations. Yoo's recommendations 
reaffirm the need for a fully saturated sample and a method 
by which to accurately control sample pore fluid during 
consolidation.

More recent advances in the laboratory measurement of Ko 
have involved the computerization of many of the systems 
described above. The introduction of computer controlled 
systems has greatly increased operating efficiency. As one 
example, Menzies, et. al., (1977 ) used a computer system to 
monitor and apply corrections for lateral deformations during 
Ko testing. The frequency and accuracy of corrections made 
were greatly increased, as compared to using manual 
techniques.

2.3. Empirical Formulas
Geotechnical engineers and soil scientists commonly make 

use of empirical formulas in which experience and observed 
trends are relied upon. Empirical and theoretical 
relationships for Kon (the value of Ko for normally 
consolidated clays) have been presented by many authors, 
(Brooker and Ireland, 19 6 5, Ladd et. al.,1977 and Sherif et. 
al., 1973).
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The most commonly used empirical formula is the one 
proposed by Jaky (1944), in which:

Kon = 1 ' sin <$>'

where (j)7 = the effective stress friction angle. Mayne and 
Kulhawy, (1982), used a statistical approach to suggest a 
slight variation to Jâkyzs formula :

Kon = 1.003 - sin (&'

Other researchers have suggested empirical formulas that use 
liquid limit, plasticity index, clay fraction, or void ratio 
for calculation of Kon. Most, however, have not been widely 
accepted.

2.4. In-situ Evaluation of Ko
Two commonly used techniques for the in - s i tu 

determination of Ko are:

• Earth Pressure Cells
• Hydraulic Fracturing
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Each of these methods directly measures the total horizontal 
stress with the vertical stress and pore pressures normally 
requiring independent measurement or estimation. Earth 
pressure cells are normally wide, thin and spade like, with a 
pressure sensitive cell located on the flat face of the 
spade. The devices are driven into the soil, resulting in a 
pore pressure build-up. Excess pore pressures are allowed to 
dissipate before testing begins. The device is primarily 
used in soft soils. Field tests performed by Tavenas (1975), 
Massarsch et. al. (1975), and Benoit et. al. (1986) concluded 
the earth cells give reasonable results, but with substantial 
scatter.

Hydraulic fracturing requires the installation of a 
piezometer into which fluid is pumped. The resulting 
pressure build-up causes a fracture to develop in the soil. 
Upon the development of a fracture, pumping is stopped and 
the seepage flow monitored. A sudden decrease in flow is 
observed when the crack closes in response to the decreased 
pressure. For Ko values less than unity, the pressure at 
which the crack closes is equal to the total horizontal 
stress. However, the unknown spatial orientation and shape 
of the fracture makes it difficult to distinguish in which 
direction the stress is being measured. Hydraulic fracturing 
is common in geotechnical engineering, petroleum engineering, 
and rock mechanics.
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CHAPTER 3
EXPERIMENTAL SYSTEM

3.1 Introduction
The thesis approach is based on withdrawing a pore fluid 

volume from a test specimen that is equal to the specimen 
volume decrease due to an applied axial compression, (Olsen 
et. al. 1988, see Figure 3.0).

AXIAL COMPRESSION

z

z

t = 0

t = t
SOIL SAMPLE

PORE FLUID CONTROL

x Xt = t1 t = 0

Figure 3.0. Idealized Ko consolidation using a flow pump.
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The scope of this thesis involved the design and testing 
of an experimental system. The testing was accomplished by 
performing one - dimensional .consolidation tests with 
superimposed hydraulic conductivity measurements on four 
remolded kaolini te samples. The testing was volume
controlled to produce constant rate of strain consolidation 
with hydraulic conductivity tests performed throughout the 
consolidation process.

The experimental system (Figure 3.1, individual
components (a) through (i) to be discussed in section 3.2) is 
made-up of three basic parts. The parts, or sub - systems, are 
defined as follows :

• Compression Sub-System (defined as one side of dual 
push-pull syringes and the compression chamber of the piston 
assembly, see Figure 3.2.)

• Pore-Fluid Sub-System (defined as one side of dual
push-pull syringes, permeability syringe, and sample, see
Figure 3.3.)

• Total Stress Sub - System (defined as triaxial cell 
chamber and high pressure bellofram, see Figure 3.4.)

The division of the experimental system into sub-systems 
allows for the separate study of each sub-system's behavior. 
As an example, measuring the sub - systems response to elevated 
pressure levels was dependent on isolating that particular 
sub-system, as discussed in chapter 4.
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PRESSURE
TRANSDUCERS

(g)

AP

r - e - 1

FLOW-PUMP 
CONTROLLED 

PISTON

TRIAXIAL CELL
(b)

FLOW-PUMPS W/ 
PUSH-PULL 
SYRINGES

SIGNAL
CONDITIONER

(h)

STRIP CHART RECORDER
(i)

OUTPUT TO SECOND 
STRIP CHART 
^RECORDER

LVDT

REGULATED
PRESSURE

PRESSURE SUPPLY

DENOTES DATA FLOW 
DENOTES FLUID FLOW

0 DENOTES A FLUID LINE 
CONNECTION (C)

Figure 3.1. Experimental system (diagram).
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FLOW-PUMP 
CONTROLLED 

PISTON
a

T  -  _

FLOW-PUMPS W/ 
PUSH-PULL 
SYRINGES

COMPRESSION SUB-SYSTEM 
DENOTED BY THE SHADED 
AREAS

Figure 3.2. Compression sub-system.



T-4058 15

AP

FLOW - PUMP 
CONTROLLED 

PISTON

FLOW-PUMPS W/ 
PUSH-PULL 
SYRINGES

PORE FLUID SUB-SYSTEM 
DENOTED BY THE SHADED 
AREAS

Figure 3.3. Pore fluid sub-system.
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HIGH PRESSURE 
BELLOFRAM

TOTAL STRESS SUB-SYSTEM 
DENOTED BY THE SHADED 
AREAS

Figure 3.4. Total stress sub-system
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3.2. SCHEME OF EXPERIMENTAL SYSTEM
A diagram of the complete Ko system is shown in Figure

3.1, with a photograph of the Ko system in Figure 3.5. The 
sample (a) is mounted on the base pedestal with a porous disk 
and filter paper placed on each end. A latex membrane is 
placed over a portion of the top cap and rolled on to the 
porous disks, sample, and triaxial base pedestal. The entire 
latex covered sample and mounts are sealed inside the 
triaxial cell (b). The system pressure is elevated using the 
high pressure bellofram (c), with attached linear variable 
differential transformer (LVDT). The LVDT provides a 
continuous voltage signal that can be converted into a linear 
displacement. Deformation is induced using the dual push- 
pull syringes (d) . As the dual push-pull syringes 
simultaneously pull liquid from the top and (or) bottom of 
the sample an equal volume of fluid is pushed into the piston 
assembly (e), resulting in one-dimensional deformation of the 
sample.. Hydraulic-conductivity tests are performed using the 
single push-pull syringe mounted on the second flow pump (f). 
Differential transducers (g), measure the horizontal 
effective stress, deviator stress, da, and any imposed
pressure difference, AP, across the sample. Differential 
transducer signals are conditioned through a signal 
conditioner (h), and sent to a three pin strip chart recorder 
(i) .



(a
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d 

(i)
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t 
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Figure 3.5. Experimental system (photograph).
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3.3. CONVENTIONAL COMPONENTS
The triaxial cell is a Wykham Farrame1, model number 

107 54. The cell was modified to house the piston device and 
to withstand pressures in excess of 500 psi or 3448 kPa 
(plastic cylinder, replaced with a 1/4 inch thick, 6 inch
o.d, stainless steel cylinder). The flow pumps are Harvard 
Apparatus model numbers 912 (dual carriage) and 906 (single 
carriage). The three pressure transducers are Validyne 
Engineering model P-300D. Validyne transducers are equipped 
with interchangeable plates. The appropriate plate can be 
chosen based on the maximum anticipated stress level to be 
measured. In the case of Validyne transducers used for this 
system, two of the three transducers contain 500 psi (3448 
kPa) plates and the third a 5 psi plate (34 kPa) . A 
Schaevitz, type 500 HR-DC, LVDT is used for measuring linear 
movement of the bellofram piston, which in turn allows for 
calculation of cell volume changes. A Hewlett-Packard, model 
6215A, power supply is used to power the LVDT. A Validyne 
model MCI- 3 33 signal conditioner is used in combination with 
a Sol tec, Model 1243, analog strip chart recorder to 
condition and monitor the Validyne transducer outputs. A 
Linear brand single pin strip chart recorder is used to 
monitor the LVDT output signal. Both pressure regulators are 
brand name Thermadyne, model SR4-F-580. Fluid tube 
connections are made using Swagelok fittings and stainless 
steel tubing.
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3.4. NEW COMPONENTS/DEVICES
The piston assembly, see Figure 3.6 (diagram) and Figure 

3.7 (photograph), is a combination of a traditional triaxial 
cell and a push-pull flow pump actuator (Olsen et. al. 1991).

PISTON

Figure 3.6. Piston assembly (diagram)
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Figure 3.7. Piston assembly (photograph).



T-4058 22

Push-pull flow - pump actuators provided the means to 
simultaneously infuse and withdraw fluids from two different 
sources at identical rates. This allows for either single 
sided pore-fluid withdrawal (single drainage) or double sided 
pore - fluid withdrawal (double drainage) . The simultaneous 
infusion and removal of pore fluid is obtained by controlling 
the actuator velocity. The piston assembly utilized in this 
thesis works in a reverse manner. By infusing or withdrawing 
a known volume of fluid into the top chamber of the piston 
casing, a precise shaft velocity is produced. Therefore, the 
piston assembly can be used to synchronize vertical movement 
of the piston shaft with the extraction of pore fluid from 
the test specimen.

When performing Ko consolidation, a constant sample 
cross - sectional area must be maintained (i.e. no lateral 
deformation during consolidation). To satisfy this design 
criteria, the cross - sectional area of the compression chamber 
(Figure 3.8, cross - section A-A) was made equal to the sample 
cross - sectional area. By designing the piston compression 
chamber equal to the sample cross - sectional area, a push-pull 
actuator mounted on a Harvard Apparatus flow pump can 
simultaneously withdraw fluid from a test specimen and infuse 
an identical volume of fluid into the piston compression 
chamber.
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DIA 1A
(Upper
Shaft

PISTON

EFFECTIVE CROSS-SECTIONAL 
AREA A-A 

[Area between piston housing 
and the upper shaft)

2 2[n(DIA 2A) /4 - n(DIA 1A) /4]

[n (2 .125 " ) / 4 - n (0.716") /4]

DIA 2A,
(Piston 
Housing)

Top Cap

DIA IB
Bottom

W /////////////Æ
Fluid Ports Not Shown ^

3.14 sq.in.

CROSS-SECTIONAL 
AREA B-B 

(Sample cross- 
sectional area)

2
[n(DIA IB) /4] 

2
[n(2.000 " ) /4]

3.14 sq.in.

Figure 3.8. Cross - sectional area calculations.
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The volume of fluid, infused into the piston compression 
chamber forces the piston down and consolidates the sample. 
The sample volume is decreasing by the consolidation in an 
amount equal to the volume of fluid withdrawn from the test 
specimen. The technique may be expanded to include two 
actuators, one withdrawing fluid from the top of the sample 
and the other withdrawing fluid from the bottom of the 
sample, while both simultaneously infuse fluid into (or out 
of) the piston compression chamber. The mathematical 
relationships in Figure 3.9 further outline the fundamental 
operating principles (Olsen et. al. 1988).
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PUSH-PULL 
FLOW-PUMP

CONTROL
dV/dt

Hid
CONTROL

dZ/dt

PUSH-PULL 
FLOW PUMP

*-

a

ARROWS DENOTE FLUID FLOW

V = AZ WHERE V = VOLUME
A = SAMPLE AREA 
Z = SAMPLE HEIGHT 

dV/dt = A (dZ/dt) + Z(dA/dt)
CONTROL dV/dt = A(dZ/dt)
THEN dV/dt - A(dZ/dt) = 0 = Z(dA/dt) 
THEREFORE A = AREA, IS A CONSTANT

Figure 3.9. Theoretical compression sub-system operation.
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The high pressure bellof ram device, see Figure 3.10 
(diagram) and Figure 3.11 (photograph), is similar to a 
Bellofram pressure controller with the added advantage that 
it can be used to control pressures up to approximately 1500 
psi (10345 kPa) .

LVDT W/ 
TEMPERATURE COVER

STRIP CHART 
RECORDED

TRIAXIAL CELL 5 VOLT 
DC POWER 
SUPPLY

BELLOFRAMS
UPPER
CHAMBER

CENTER
CHAMBER

PRESSURE
SUPPLY

BOTTOM
CHAMBER

Figure 3.10. Bellofram device, (diagram).
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Figure 3.11. Bellofram device, (photograph).
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The high- pressure bellofram device operates using two 
standard Bellofram type membranes. The Bellofram membrane 
was developed and is marketed by the Bellof ram Corporation, 
Burlington, Massachusetts. The Bellofram rolling diaphragm 
is a flexible seal with a configuration that permits 
relatively long piston strokes while completely eliminating 
sliding friction. The Bellofram is shaped in the form of a 
truncated cone (top hat). During installation, the Bellofram 
is turned in on itself so that it rolls and unrolls 
alternately on the piston and cylinder wall. The rolling 
action eliminates sliding contact and breakaway friction. 
The standard Bellofram can withstand differential pressures 
of up to 125 psi (862 kPa). The design established in this 
thesis, using the standard Bellofram membranes, allows for 
the pressure across the membranes to be controlled. By 
controlling the pressure across the membranes, pressures much 
greater than the standard 125 psi (862 kPa) pressure may be 
used. Controlling the pressure across the Bellof ram 
membranes is accomplished by using two differential pressure 
regulators. One of the two regulators controls the pressure 
within the bellofram-device center chamber. The second 
differential-pressure regulator controls pressure in the 
device bottom chamber. Note that, increasing the pressure 
within the center chamber does not cause the bellofram shaft 
to move. However, pressure supplied to the device bottom 
chamber may result in shaft movement, which occurs if the
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pressures in the top chamber and bottom chambers become 
unequal. Therefore, pressure supplied to the bottom chamber 
can be translated into pressure in the top chamber. Piston 
displacement is monitored by an LVDT which is connected to a 
strip chart recorder. Because the device housing and piston 
are rigid with constant areas, the displacement of the piston 
can be converted to a volume change. During testing the 
bellofram top chamber is connected to the triaxial cell. 
Therefore, the volume changes recorded by the LVDT are volume 
changes of the triaxial cell. Figure 3.12 (diagram) and 
Figure 3.13 (photograph) illustrate bellofram system 
operation.
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LVDT W/ 
TEMPERATURE COVER

TRIAXIAL CELL 
FLUID

DIFFERENTIAL
PRESSURE
REGULATORS

PRESSURE SUPPLY 
(COMPRESSED NITROGEN)

STRIP CHART 
RECORDED

- 5 VOLT
DC POWER 
SUPPLY

UPPER
CHAMBER
-------

CENTER
CHAMBER

BOTTOM
CHAMBER

Figure 3.12. Bellofram system operation (diagram)
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Figure 3.13. Bellofram system operation (photograph)
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3.5. COMPONENT CAPABILITIES
The capabilities of the system components are described 

by the specifications shown in Table 3.1.

TABLE 3.1. Component capabilities.

PUSH-PULL 
FLOW PUMPS

DUAL PUSH-PULL MAXTMTUM VERTT CAT, STRESS : 2000 
PSI .
FLOW RATES:± 1.9E 1 TO

± 1.9E-6 CC/S 
ACCURACY: SPEED

REPRODUCIBLE 
TO 1.5 %

RESOLUTION:IE-6 ml

SINGLE PUSH-PULL FLOW RATES :+ 1.5E-2 TO
+ 2.9E-7 CC/S 

ACCURACY : SPEED
REPRODUCIBLE 
TO 1.5 %

RESOLUTION:IE-7 ml

VALIDYNE
T R A N S D U C E R S

LOW RANGE AP RANGE : ± 5 . 0  PSI
ACCURACY : ± 0.5 % FULL 

SCALE

HIGH RANGE VERTICAL AND
HORIZONTAL EFFECTIVE
STRESSES RANGE: ± 500 PSI

ACCURACY: ± 0 . 5 %  FULL 
SCALE

HIGH
P R E S S U R E
B E L L O F R A M

VOLUME TRANSDUCER
(L.V.D.T.) RANGE : ± 0 . 5  INCHES 

ACCURACY : ± 0.5 % FULL 
SCALE

GENERAL SPECS.
VOLUME CAPACITY:

± 136 ml. 
MAXIMUM WORKING PRESSURE: 
1500 psi
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CHAPTER 4 
EXPERIMENTAL PROCEDURES

4.1. INTRODUCTION
Chapter 4 describes experimental procedures. The 

procedure categories include : compliance, saturation,
sample/system preparation, and sample testing. Compliance 
and saturation procedures are further divided into categories 
based on the sub - system in which the particular procedure 
applies. As an example, section 4.2, Compression Sub-System 
Procedures. contains saturation and compliance procedures as 
related to the compression sub - system, whereas section 4.3, 
Pore-Fluid Sub-Svstem Procedures, contains saturation and 
compliance procedures as related to the pore-fluid sub
system.

Research completed by Yoo, (19 84), suggested a low 
compliance, highly saturated system would be required to 
successfully perform Ko consolidation in a triaxial cell, 
using flow - pump methods. Investigations into the 
experimental system developed for this thesis support Yoo's 
conclusions. In the experimental system of this thesis, a 
lack of saturation in the compression sub - system (piston 
assembly and compression side of dual push-pull syringes) 
would result in a temporarily decreased piston movement in 
response to the movement of the dual flow-pump shafts,
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therefore causing :

A (dZ/dt ) < (dV/dt) (see Section 3.3, Figure 3.9)

Where: A = Area, (L̂ )
V = Volume, (L̂ /T)
Z = Vertical Displacement, (L) 
t = Time, (T)

Undissolved air in the pore-fluid sub-system (specimen, 
permeability syringe and pore fluid side of dual push-pull 
syringes) would result in A (dZ/dt) > (dV/dt) . In both cases, 
the constraint of Ko consolidation, which states the sample 
must undergo no lateral deformation, is violated. Increasing 
the fluid pressure within the system was identified as a 
possible means of increasing saturation. Therefore, 
saturation procedures were designed to provide information on 
the effects of using various system fluid pressures. 
Compliance procedures were subsequently developed as a means 
of investigating the system's response to the increased 
pressure levels. Section 4.2 through 4.4 describe these 
compliance and saturation procedures. Sections 4.5 through 
4.6 describe sample/system preparation procedures and sample 
testing procedures.
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4.2. Compression Sub-Svstem Procedures
At compression sub-system pressure levels ranging from 

100 psi (690 kPa) to 400 psi (2758 kPa) , the dual push-pull 
flow pump was used to inject a known volume of liquid into 
the compression chamber. A spring was positioned, in the 
normal sample location, directly under the piston. The 
spring simulated a soil sample. The resulting stress 
increase in the compression chamber was monitored along with 
the vertical movement of the piston.

As discussed in section 3.3, the compression chamber has 
a cross - sectional area equal to 3.14 square inches. If a 
constant volume of liquid is delivered to the compression 
chamber, a constant and predictable rate of piston movement 
should result. The piston movement is predicted using the 
continuity equation. The continuity equation is:

AVei = 0 (Janna, 1982)

Where: A = Area, (L2)
Vei = Velocity, (L2/T) 
Q = Flow rate, (L3/T)

or :
A(dZ/dt) = dV/dt.

Where: A = Area, (L2)
V = Volume, (L3/T)
Z = Vertical Displacement, (L)
t = Time, (T)



T-4058 36

The piston movement, based on the continuity equation, can be 
compared with actual vertical movement measured using a dial 
gage indicator, connected to the piston. The dial gage 
measures piston movement relative to a fixed datum. 
Differences in the predicted movement versus the measured 
piston movement are then correlated to pressure magnitudes in 
the compression sub - system.

Tests at system pressures of 100 psi (690 kPa), 200 psi 
(1379 kPa) and 400 psi (2759 kPa) showed differences between 
predicted and measured piston movements. The differences 
varied for each of the three pressures. The smallest 
difference occurred at the 400 psi pressure. This suggests 
that the compressibility of the fluid was minimized by using 
the 400 psi (2759 kPa) pressure.

Upon completion of pressure step tests, the spring was 
removed from the triaxial cell and the piston was moved to 
its lowest position (resting on the bottom pedestal). Fluid 
was pushed into the compression chamber in the same manner as 
discussed above, while the resulting pressure build-up was 
monitored. Under ideal conditions, the dial gage attached to 
the piston would indicate no piston movement as pressure in 
the compression chamber increased. However, as pressure 
increased, the cell deformed and moved upward in relation to 
the stationary piston. The upward movement was the result of
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a vertical component of the cell deformation. The dial gage 
was then replaced with a more sensitive LVDT and the 
deformation of the cell monitored at increasing pressure 
levels. Using these measurements a correction to theoretical 
(or predicted) piston movement based on the pressure level in 
the compression chamber was developed.

4.3. Pore-Fluid Sub-System Procedures
B-bar tests (Bishop, 19 54 and Skempton, 19 54) were used 

to measure fluid compressibility in the pore-fluid sub
system. The B-bar test relates an increase in pore pressure 
to the all around increase in total stress, i.e.;

B-bar = Au/Aac where Au = change in pore pressure
Aac = change in confining pressure

B-bar tests were performed on kaolinite samples at various 
initial pore pressures. Table 4.1 describes the pressures 
and time intervals at which B-bar tests were performed.
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Table 4.1. B-bar testing.

PORE PRESSURE 
@ 100 PSI

PORE PRESSURE 
@ 200 PSI

PORE PRESSURE 
@ 400 PSI

SAMPLE T3 B-BAR TEST 
ELAPSED TIME 

24 HOURS
B-BAR TEST 
ELAPSED TIME 

48 HOURS

B-BAR TEST 
ELAPSED TIME 

72 HOURS

SAMPLE T4 B-BAR TEST 
ELAPSED TIME 

24 HOURS

B-BAR TEST 
ELAPSED TIME 

48 HOURS
B-BAR TEST 
ELAPSED TIME 

72 HOURS

SAMPLE T5 B-BAR TEST 
ELAPSED TIME 

24 HOURS

B-BAR TEST 
ELAPSED TIME 

48 HOURS

B-BAR TEST 
ELAPSED TIME 

72 HOURS

SAMPLE T6
B-BAR TEST 
ELAPSED TIME 

24 HOURS
B-BAR TEST 
ELAPSED TIME 

48 HOURS
B-BAR TEST 
ELAPSED TIME 

72 HOURS

Based on these results, a pressure level and time lapse 
that gave the lowest fluid compressibility were determined. 
Note that the time lapse is the amount of time the sample was 
at an elevated pressure (a pressure > 100 psi ) . As an
example, sample T3 was at a pressure of 100 psi for 24 hours 
before the first B-bar test was conducted. Sample T3 was at 
a pressure 100 psi for 24 hours and a pressure 200 psi for 24 
hours before the second B-bar test was conducted. Sample T3 
was at a pressure 100 psi for 24 hours, a pressure of 200 psi 
for 24 hours and a pressure of 400 psi for 24 hours before 
the third B-bar test was conducted.
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4.4. Total Stress Sub-Svstem Procedures
With the system at the 4 00 psi (27 59 kPa) pressure 

level, a known volume of liquid was pushed from the dual flow 
pump into the top chamber of the high pressure bellofram. 
Downward vertical movement of the bellof ram shaft was 
monitored via the bellofram LVDT. Vertical movement recorded 
by the LVDT was used to calibrate the high pressure 
bellofram. The calibration resulted in a curve showing shaft 
displacement versus fluid volume displaced in the top chamber 
(Appendix B) . This calibration technique was used to 
calculate triaxial cell volume changes during sample 
consolidation.

4.5. Sample Loading Procedures
Five artificially prepared kaolinite samples were used 

for testing purposes (Appendix A discusses sample 
preparation) . Four of the samples were tested in the Ko 
triaxial system and one in a 1-D consolidometer, (Gill, 
1989). Table 4.2 lists characteristics of each system.
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Table 4.2. System comparisons.

Ko TRIAXIAL SYSTEM 1-D
CONSOLIDOMETER

SPECIMEN
MATERIAL KAOLINITE KAOLINITE

SAMPLE DIAMETER 2 INCH 2.5 INCH
SIDE WALL 
CONSTRAINT

LATEX (NO SIDE 
FRICTION)

RIGID TEFLON 
WALL (SIDE 
FRICTION)

STRAIN RATE VARIABLE VARIABLE

INITIAL PORE 
PRESSURE 400 PSI 60 PSI

PERMEABILITY 
TEST METHOD

CONSTANT & EQUAL 
INFLOW & OUTFLOW

CONSTANT INFLOW 
W/ OUTFLOW 
MAINTAINED @ 

CONSTANT 
PRESSURE

Ko VALUES DIRECT
CALCULATION UNKNOWN

The following procedures were used for loading the 
kaolinite samples into the Ko triaxial system. A latex 
membrane is rolled onto the top cap. The membrane is sealed 
to the top cap with an 0- ring. The following items in the 
order given are then placed onto the top cap ; porous stone, 
filter paper, sample, second filter paper, and second porous 
stone. The latex membrane is rolled up from the top cap 
until it covers the last porous stone. A small volume of



T - 4058 41

fluid is allowed to seep up around the membrane forcing air 
pockets, which may be trapped in the top cap or membrane, out 
the top of the membrane. The items are turned upside down 
and connected to the bottom pedestal by pulling the membrane 
over the bottom pedestal of the triaxial cell. The membrane 
is connected to the bottom pedestal by using a second O - ring. 
The top chamber of the triaxial cell is then placed onto the 
triaxial base and sealed, see Figure 4.1. An overhead 
reservoir containing deaired water is used to fill the 
triaxial cell. After the cell is filled, the system pressure 
is elevated. To insure sample saturation and to minimize 
undissolved air in the system, initial cell and back 
pressures are elevated to a pressure of 400 psi (27 59 kPa) , 
(pressure level determined from saturation and compliance 
testing discussed in sections 4.2 and 4.3). A supply tank 
containing compressed nitrogen is used with the high pressure 
bellofram, described earlier, to supply and control the high 
pressures . Both cell and back pressures are elevated 
simultaneously to the same pressure level. Several hours are 
allowed to elapse before further test preparation continues. 
This waiting period is precautionary to allow system and 
sample to equilibrate (waiting period determined from pore- 
fluid sub-system saturations tests, as discussed in section 
4.3).
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Porous
Stones Latex 

Membrane0 - Ring

Top Capwmmmm
Sample

Bottom

v Fluid Ports Not Shown

Figure 4.1. Sample installation diagram.
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After the appropriate waiting period, cell and back pressures 
are isolated in such a manner that only the cell is connected 
to the high pressure bellof ram. A B-bar test is used to 
verify pore - fluid sub-system saturation. If the B-bar test 
indicates greater than 99.5% saturation, then Ko testing 
begins. Using the three - pin strip - chart recorder, B-bar 
values greater than 99.5% were difficult to distinguish 
between. Therefore, B-bar values greater than 99.5% were 
assumed to indicate a fully saturated sample. If less than 
9 9.5% saturation levels were found, the sample was allowed to 
stand for several more hours, then another B-bar test 
performed. Once greater than 99.5% saturation was verified, 
testing was ready to begin.

4.6. CONDUCT OF TESTING
The testing process consisted of consolidating the 

sample at a predetermined strain rate, which ranged from 
1x10"6 s'1 to 1x10■7 s'1, while periodically superimposing 
hydraulic conductivity tests. At a predetermined vertical 
effective stress (approximately 500 psi or 3448 kPa ) the 
samples were rebounded. Hydraulic conductivity tests 
continued to be periodically performed during consolidation 
and rebound (one approximately every 3 0 minutes). Once 
testing was completed and the sample removed from the system, 
the sample height and saturated weight were recorded and the 
sample oven dried for moisture content determination. Strain 
rate selection criteria, hydraulic conductivity intervals, 
and vertical effective stress magnitudes are further 
discussed in Chapter 5.
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CHAPTER 5 
EXPERIMENTAL DATA ANALYSIS

5.1. INTRODUCTION
Artificially prepared samples of kaolinite were used to 

test the experimental Ko system. Five kaolinite samples were 
used for testing purposes. One of which was tested in the 1- 
D consolidometer. The test samples were prepared using 
commercially available Standard Air Floated (SAF) clay. The 
clay is marketed by the Georgia Kaolin Company. The 
properties of Georgia Kaolin are well defined and documented 
by the Georgia Kaolin Company. A detailed description of the 
procedures used to prepare the kaolinite samples is given in 
Appendix A.

Strain rates between 1x10'6 s"1 and 1x10"7 s'1 were chosen 
for testing samples. Each sample tested was loaded to a 
vertical effective stress of 500 psi, (approximately 32 tsf
or 3448 kPa) then rebounded. The strain rates and load 
magnitudes were chosen based on reference material 
recommendations (Yoo, 19 84 and Gill, 19 89). Hydraulic
conductivity measurements were superimposed approximately 
every thirty minutes during a test lasting approximately one - 
hundred hours. The thirty minute interval allowed for the 
sample base pore pressure to be well established between 
hydraulic conductivity measurements, see section 5.5.
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The following time history plots were created for each 
of the four samples tested in the Ko system:

• Vertical effective stress versus time
• Horizontal effective stress versus time
• Base pore pressure versus time
• Cell volume change versus time (samples T5 & 

T6 only)

The data from time history plots along with moisture content 
determinations were used to generate the following plots :

• Void ratio versus time
• Ko versus time
• Void ratio versus log vertical effective stress
• Void ratio versus hydraulic conductivity
• Horizontal effective stress versus vertical 

effective stress.

Data analyses focused on evaluating values of Ko, e- 
logazv , and hydraulic conductivity in order to verify the 
accuracy and usefulness of the new Ko system. System 
saturation and compliance analyses were also conducted as 
part of the system calibration procedures. Test results were
compared to reference results when available and to results
obtained using the 1-D consolidometer. Sections 6.2 through 
6.4 discuss in detail the individual data analysis techniques 
used.
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5.2. EVALUATION OF COMPLIANCE
A portion of the thesis research involved developing a 

basis to correct the basic data for errors induced by 
triaxial cell compliance. Compliance errors, as discussed in 
this thesis, refer to stress induced deformations. The Ko 
triaxial system was found to undergo a "ballooning" effect as 
stresses inside the consolidation sub-system increased. The 
vertical component of the compliance was identified and 
plotted versus <7a (compression chamber stress measured 
relative to cell pressure) . The curve was approximately 
linear. Therefore, a linear regression analysis was 
performed and a corresponding equation developed (shown in 
section 6.3). The analysis of the compliance in this manner 
allows for a correction to piston movement based solely on 
the applied stress (<7a ) . Therefore, a unique correction 
curve exists for each cell pressure. Based on the 400 psi 
(2758 kPa) cell pressure used in this thesis, a single 
compliance correction curve was developed.

5.3. EVALUATION OF FLUID COMPRESSIBILITY/SATURATION
A central part of the thesis research was to evaluate 

the pressure levels that best minimize fluid compressibility 
in the system. As discussed in chapter 4, test pressures of 
100 psi (690 kPa) , 200 psi (137 9 kPa), and 400 psi (27 58 kPa) 
(initial cell and pore pressure) were evaluated. The
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evaluations were designed to identify the pressure level at 
which fluid compressibility (the minimization of air voids 
with the fluid) was minimized. Two testing methods were used 
to identify changes in fluid compressibility. B-bar tests 
(discussed in section 4.3) were used to measure changes in 
fluid compressibility in the pore - fluid sub-system. Piston 
displacement tests (discussed in section 4.2) were used to 
measure changes in fluid compressibility in the compression 
sub-system. In compression sub - system testing the continuity 
equation implied A(dZ/dt) = dV/dt, a linear relationship
between time and piston movement when the cross - sectional 
area and flow rates are held constant. Any variations in the 
rate of piston movement contradictory to the movement 
predicted by the continuity equation, may be a reflection of 
air voids existing within the compression sub-system. As 
pressure within the piston chamber increases, the size and 
number of air voids will decrease. Therefore, any changes in 
piston .movement may be a reflection of air voids changes. 
Using this strategy, compression sub-system tests were 
analyzed by looking for changes in piston movement with 
increased compression chamber stress. Changes in piston 
movement at increased pressures served as the flag indicating 
that changes in fluid compressibility (number or size of air 
voids) had occurred.
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Pore - fluid sub - system tests were evaluated by monitoring 
the value of B-bar at increased pressure levels and waiting 
periods. In a manner similar to the compression sub-system 
analyses, a change in the value of B-bar at higher pressures 
or longer waiting times indicated that the higher pressure or 
waiting time were effective at decreasing fluid 
compressibility. Using this approach the effect of using 
system pressure levels of 100 psi (690 kPa) , 200 psi (1379 
kPa) and 400 psi (27 58 kPa) were evaluated.

5.4. EVALUATION OF Ko
Horizontal and vertical effective stresses are 

continuously monitored during the consolidation process as a 
function of time with a strip chart recorder. Vertical 
effective stresses are measured by using a differential 
pressure transducer connected to the compression chamber and 
sample pore fluid. The horizontal effective stresses are 
also measured using a differential pressure transducer with 
connections to the cell fluid and sample pore fluid. By 
knowing the horizontal and vertical effective stresses the 
value of Ko, (O'h/O'v), is also indirectly monitored during 
consolidation. Therefore, the analysis of Ko was
accomplished by simply monitoring the horizontal and vertical 
stresses versus time.
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The requirement of no lateral strain during Ko 
consolidation was investigated using the high pressure 
bellofram. Recall that the LVDT, mounted on the bellof ram 
device, can be used to calculate volume changes of the cell 
throughout the consolidation test. Because the test specimen 
is located within the triaxial cell, any lateral strain of 
the sample will be reflected in a cell volume change. 
However, the volume changes due to deformations of the 
triaxial cell are also reflected in the LVDT readings. 
Recall that vertical deformations of the triaxial cell were 
measured and subsequently evaluated (see section 5.2) . 
During this measurement and evaluation process, horizontal 
deformations of the triaxial cell were also observed. These 
horizontal deformations suggest that an expansion of the 
triaxial cell occurs during consolidation. As with the 
vertical deformations, the horizontal deformations are caused 
by the increasing compression sub - system pressures acting on 
the triaxial cell. The volume recorded by the bellofram LVDT 
represents both volume changes of the triaxial cell and any 
lateral strains of the test specimen. Although, the LVDT 
readings do not represent the exact sample volume change due 
to lateral strains of the specimen, they do provide a basis 
by which to calculate the maximum volume change that may have 
been caused by sample lateral deformations. Therefore, if 
the total volume change is relatively small then the two 
components, sample lateral deformations and cell
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deformations, can also be considered small. Note that the 
bellofram device is not affected by increasing compression 
sub-system pressures and therefore will not undergo 
deformation similar to those in the triaxial cell. Figure
5.1 illustrates a typical time history plot used for cell 
volume change calculations. Negative time shown on Figure
5.1 indicates that the piston has not yet been placed onto 
the sample and pore fluid is not yet being pulled from the 
sample. Although the system is operating, fluid injected 
into the compression chamber is being pulled from the cell 
not the sample. This approach is used to establish the slope 
of the line shown in Figure 5.1.
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5
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CONSOLIDATION BEGINS AT TIME ZERO
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Figure 5.1. Cell volume change, sample T5.
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The compression sub - system design is such that as the 
dual push-pull syringes manipulate system fluid and the 
piston moves downward, a constant volume change of the cell 
occurs regardless of compression sub-system pressure. This 
small volume change is a result of the piston design. The 
design is such that the upper piston, just below the piston- 
casing contact, has a slightly larger diameter. The larger 
diameter results in a volume change of the cell as the piston 
moves. The constant volume change of the cell that occurs 
throughout the consolidation process is reflected in the 
slope of the curve prior to sample - piston contact. Once the 
slope of the initial volume change line has been established 
using LVDT readings, any deviation from this slope can be 
attributed to a sample diameter change or cell deformation in 
response to the consolidation. Figure 5.1 is the cell volume 
change recorded for sample T5. Note that the maximum uniform 
sample diameter change is identified by the heavy bar, which 
is equivalent to a uniform sample diameter change of 0.017 
centimeters, which is less than a 1.5% uniform diameter 
change for a 2 inch diameter sample.

5.5. EVALUATION OF HYDRAULIC CONDUCTIVITY
Hydraulic conductivity is evaluated from the steady 

state component of pore pressure difference across the sample 
length. This pore pressure difference is induced by the 
single push-pull flow pump. The technique is similar to that 
used by Gill, 1989, with the exception that a push-pull flow
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pump is used (Olsen et. al. 1991). A typical hydraulic 
conductivity test is shown in Figure 5.2. This sample test 
is taken directly from a portion of the strip-chart recorder 
record of sample T4. Each hydraulic conductivity test has an 
initial transient response followed by steady state flow. 
Note that the baseline established between each hydraulic 
conductivity test slopes downward. The slope is the result 
pore pressure gradients induced by the consolidation process. 
This type of test has been well documented by (Olsen, 1966, 
and Olsen et. al. 1985, 1991).

INFUSION PERMEABILITY TEST

B
& o . o -ai
I  ■< -1.5- 
%

BASE LINE PORE PRESSURE

WITHDRAWAL PERMEABILITY TESTS

- 2.0
30 5040 60

TIME (HRS)

Figure 5.2. Sample hydraulic conductivity tests, data from 
sample T4.



T-4058 53

5.6. EVALUATION OF VOID RATIO
Deformation rate is calculated using the constant rate 

at which the dual flow-pump delivers fluid to the constant 
cross sectional area compression chamber. By recording the 
total time the flow pump operates, a delivered volume over 
time can be translated into a deformation rate. This 
deformation rate is then corrected for compliance errors 
using the compliance correction discussed in section 5.2. 
The corrected deformation rate is used in combination with 
initial and final sample height measurements and with 
moisture content determinations to establish a void ratio - 
time relationship. Hand recorded dial gage readings were
also used as a further check against calculated deformation 
rates.
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CHAPTER 6 
RESULTS

6.1 Introduction
Chapter six contains test results. Results include 

those on saturation, compliance and sample testing. Section
6.2 discusses the results from fluid compressibility 
(saturation) tests. Section 6.3 discusses the results from 
compliance tests. Results from the five kaolinite samples 
tested are partially presented in section 6.4, with the 
remainder of the sample test results being presented in 
Appendix B.

6.2 FLUID COMPRESSIBILITY/SATURATION TEST RESULTS
As discussed in chapter 4, system pressure levels were 

increased and the resulting effects on the compressibility of 
fluid within the pore-fluid and compression sub-systems 
monitored. Results of tests performed on the compression 
sub - system are shown in Figure 6.1. Note the effect on 
piston movement as pressure was varied. Results from 
saturation tests on the pore - fluid sub-system are shown in 
Table 6.1. As discussed in chapter 4, B-bar tests were 
performed at different pressures and varying time increments 
in order to evaluate fluid compressibility. Based on 
compression sub-system and pore - fluid sub-system results, a 
system pressure of 400 psi (2758 kPa) was used for sample 
testing purposes.
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Straight-line /Theoretical Displacement 
Displacement @ 100 psi 
Displacement @ 200 psi 
Displacement @ 400 psi

Experimental curves have been 
corrected for compliance.

q  0 . 3 0  4 ------ 1-------(------ 1------ 1-------1------ 1------ 1------ 1------- r

1 6 0 0  1 7 0 0  1 8 0 0  1 9 0 0  2 0 0 0  2 1 0 0

TIME, SEC

Figure 6.1. Shaft movement versus time, for different
pressure levels, piston moving against a spring.

Table 6.1. B-bar tests as conducted at various pore 
pressures.

PORE PRESSURE 
@ 100 PSI

PORE PRESSURE 
@ 200 PSI

PORE PRESSURE 
@ 400 PSI

SAMPLE T3 90.0 % 99.0 % > 99.5 %

SAMPLE T4 98.0 % 99.0 % > 99.5 %

SAMPLE T5 98.5 % 99.5 % > 99.5 %

SAMPLE T6 98.0 % 99.0 % > 99.5 %



T-4058 56

6.3 COMPLIANCE TEST RESULTS
Compliance induced errors (triaxial cell expansion as 

the result of increased pressures within the compression sub
system) were adjusted for by the development of a correction 
for vertical compliance. The correction was developed to 
prevent the misinterpretation of vertical sample deformation 
as calculated from piston shaft movement. The misinterpreted 
vertical shaft movement is a result of the increased pressure 
in the compression sub-system, which forces the triaxial cell 
vertically upward around the piston shaft rather than forcing 
the piston vertically downward. Figure 6.2 shows the 
calculated correction for various effective compression 
chamber pressures.

0.008
- 1.5056e-3 + 1.6960e-5x R 2 -  0.988

Cell Pressure * 400 psi0.006 -

L ,
0 .004 -

Linear Best Fit 
Experimental Data

0.000
400 5000 200 3001 0 0

C o m p r e ss io n  C h am b er S tr e s s  
M in u s C e ll P r e ssu r e , p s i

Figure 6.2. Vertical compliance correction curve.
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6.4 SAMPLE TESTING RESULTS
Results from test sample T6 are presented. The results 

of four other samples referred to as samples T3 through T5 
and C2 are presented in Appendix B . The C2 sample is the 
comparison sample that was tested in a one-dimensional 
consolidometer (Gill, 1988). Results for sample T6 are
presented in Figures 6.4 through 6.10. Figure 6.11 shows 
triaxial cell volume changes versus time for sample T6.

Figure 6.4 shows the horizontal and vertical effective 
stresses versus time. Note that at a vertical effective 
stress of 500 psi (approximately 90 hours into the test) the 
specimen was unloaded.

T IM E , H R S

Figure 6.4. Effective stresses time history, sample T6.
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Figure 6.5 shows base pore pressure versus time for 
sample T6. Hydraulic conductivity tests are shown by the 
numerous "U" shaped curves occurring approximately every 3 0 
minutes. At 65 hours, hydraulic conductivity tests were 
stopped for 10 hours and then restarted using a larger AP. 
Approximately 90 hours from the start of the test the 
specimen was unloaded resulting in a pore pressure change.

M&

a
£MEso -2  -

0 25 50 75 100 125
TIME, HRS

Figure 6.5. Base pore pressure versus time, sample T6.
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Figure 6.6 shows void ratio versus time for sample T6. 
At 90 hours from the start of the test the specimen was 
unloaded, resulting in the slope change on the void ratio 
versus time curve.

I
i 0.9 -

0.7
25 1 2550 75 1 000

TIME, HRS

Figure 6.6. Void ratio time history, sample T6.

Figure 6.7 shows Ko values versus time for sample T6. 
Ko values recorded for the first 13 hours of the test 
represent Ko values in the over consolida ted range. At 90 
hours from the start of the test the specimen was unloaded. 
Ko values calculated during unloading are again in the 
overconsolidated range. Figure 6.8 shows the e-loga'v curve 
for sample T6. The specimen was loaded to a vertical 
effective stress of approximately 500 psi then unloaded.
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Figure 6.7. Ko versus time, sample T6.

O .9

0.8

0.7 1 ooo1 oo.1 1 o
VERTICAL EFFECTIVE STRESS, PSI

Figure 6.8. Void ratio versus log vertical effective stress, 
sample T6.
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Figure 6.9 shows void ratio versus hydraulic 
conductivity for sample T6. Figure 6.10 shows horizontal 
effective stress versus vertical effective stress for sample 
T6. Recall that test sample T6 was loaded to a vertical 
effective stress of approximately 500 psi then unloaded.

0

1

o
► 0

0

0

HYDRAULIC CONDUCTIVITY, CM/S

-7

Figure 6.9. Void ratio versus hydraulic conductivity, sample 
T6.
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I  -
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0 100 200 500300 400
VERTICAL EFFECTIVE STRESS, PSI

Figure 6.10. Horizontal effective stress versus vertical 
effective stress, sample T6.

Figure 6.11 shows the triaxial cell volume changes 
versus time for sample T6. Negative time shown on Figure 5.1 
indicates that the piston has not been placed onto the sample 
and pore fluid is not being pulled from the sample. The 
slope of the line shown in Figure 6.11 was established based 
on LVDT readings taken prior to the start of consolidation. 
The solid bar in Figure 6.11 denotes the maximum possible 
uniform sample diameter change detected during consolidation. 
The bar length was converted to a numeric value using the 
bellofram calibration curve shown in Appendix B, Figure B4.4.
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Figure 6.11. Triaxial cell volume changes versus time, 
sample T6.

BAR LENGTH DENOTES THE MAXIMUM SAMPLE 
DIAMETER CHANGE DETECTED 
DURING CONSOLIDATION.
BAR LENGTH = UNIFORM ADIAMETER OF 0.030 cm

SLOPE = 0.000059 mv/hr

CONSOLIDATION BEGINS AT TIME ZERO

i
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CHAPTER 7 
DISCUSSION

7.1. Fluid Compressibility/Saturation
The fluid compressibility of the pore - fluid system was 

found to decrease with increasing pore-fluid system pressure 
(Table 6.1, section 6.2) . Pressure levels below 200 psi 
(1379 kPa) did not provide B - bar values above 99.5%. B - bar 
values at 100 psi (69 0 kPa) for samples T3 and T4 shows an 
increase between samples. This increase is believed to be a 
time effect (air forced into solution over time) . As 
discussed in section 4.3, the B-bar test is an indication of 
the fluid compressibility of the entire pore - fluid sub
system, which includes ; sample, permeability flow-pump, and 
all stainless steel tubing connecting the sample and 
permeability flow-pump. Sample T2 was the initial sample
tested in the system and sample T6 was the last sample 
tested. Between sample testing (during loading and 
unloading) the fluid inside the permeability flow-pump was 
maintained at a pressure not less than 100 psi or 690 kPa 
(often over 200 psi or 1379 kPa). It is believed that the 
increased B-bar values between samples T3 and T4 at the 100 
psi (690 kPa) pressure are due to air inside the permeability 
flow-pump and stainless steel tubing, being forced into 
solution over time. This suggests that both pressure and 
time influence saturation level. It also indicates the
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importance of the initial system deairing, traditionally 
performed before sample loading. It further emphasizes the 
fact that system saturation as well as sample saturation must 
always be considered.

To evaluate the degree of fluid compressibility in the 
compression sub-system, the dual push-pull flow pump was used 
to inject a known volume of liquid into the compression 
chamber, as discussed in section 4.2. Tests at cell 
pressures of 100 psi (69 0 kPa), 200 psi (1379 kPa) and 400 
psi (27 58 kPa) showed piston movement that differed from the 
theoretical movement (calculated from the continuity 
equation), see Figure 6.1 (section 6.2). It was noted that 
at higher pressures the offset between predicted movement and 
actual movement decreased. It is suggested that the 
variations in piston movement indicate changes in the 
compressibility of the fluid within the compression sub
system. Piston movements recorded for higher system 
pressures indicate the test fluid became less compressible in 
the compression sub - system at the higher pressures. Figure
6.1 shows that at pressures less than 200 psi (137 9 kPa) , 
piston movement was not significantly affected by pressure 
level. This observation of noticeable change above the 200 
psi (1379 kPa) barrier is in agreement with results obtained 
from B-bar tests which also indicated a greater than 99.5% 
saturation was only obtainable at pressures over 2 0 0 psi 
(1379 kPa).
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It is concluded that a pressure of over 200 psi (137 9 
kPa ) significantly reduced fluid compressibility, and 
therefore, improved system operation. At a pressure of 4 00 
psi (2758 kPa) fluid compressibility was further reduced and 
saturation levels increased slightly more. Based on these 
conclusions, a cell and pore pressure of 400 psi (27 58 kPa) 
was chosen for the initial system test pressures.

7.2. COMPLIANCE
Upon completion of the pressure step tests referred to 

in the previous section, the spring, which provided 
resistance in response to piston movement, was removed and 
the piston was moved to its lowest position (resting on the 
bottom pedestal) . Ideally, as described in section 4.2, the 
dial gage, attached to the piston would have remained 
stationary as stress in the compression chamber increased. 
But, as stress increased, the cell deformed. In effect the 
cell moved upward in relation to the stationary piston. The 
triaxial cell did not remain rigid as compression chamber 
stresses were increased. The magnitude of the deformations 
at different compression chamber stresses were monitored and 
recorded, as discussed in section 5.2. Figure 6.2 (section 
6.3) depicts the result obtained. The figure provides a 
correction to theoretical piston movement based on the 
applied stress level, (aa) . The curve is applicable only for 
a cell pressure equal to 4 0 0 psi (2758 kPa) . Note that the
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correction was applied to the compression sub-system piston 
movement curves and accounts for the non-linearity of the 
theoretical curve shown in Figure 6.1.

7.3. Ko COMPARISONS
Table 7.1 summarizes the typical approximate values of 

Ko as given by Lambe and Whitman (19 69).

TABLE 7.1. Typical approximate values of Ko (Lambe and 
Whitman, 1969).

z \
NORMALLY CONSOLIDATED CLAY 0.4 -0.7
LIGHTLY OVERCONSOLIDATED CLAY 0.8 - 1.2
HEAVILY OVERCONSOLIDATED CLAY 1.2 -2.8
REMOLDED CLAY 0.7

v J

A simplified depiction of Ko behavior for homogenous 
normally consolidated clays as described by Mayne and Kulhawy 
(1982) is shown in Figure 7.1.
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1st UNLOADING
HORIZONTAL
EFFECTIVE
STRESS,

FAILURE /

1st RELOADING

VIRGIN COMPRESSION

VERTICAL EFFECTIVE 
STRESS, O'

FIGURE 7.1. Typical Ko behavior for a normally consolidated 
clay.

Graphs of vertical effective stress versus horizontal 
effective stress for load and unload cycles as performed 
during sample testing, show a similar shape to that shown in 
Figure 7.1. Figure 7.2 shows the results from sample T4, in 
which the characteristic shape during a Ko loading and 
rebound is evident. Similar curves for other samples tested 
are shown in Appendix B.
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Figure 7.2. Horizontal effective stress versus vertical 
effective stress, data from sample T4.

Ko values for kaolinite in the normally consolidated 
range compiled by Maynes and Kulhawy, 1982, show a wide range 
of values for Ko, see Table 7.2. Table 7.3 summarizes the 
values found for Ko in the normally consolidated range for 
the samples tested during this thesis. Note the values for 
Ko found during thesis testing are within the range of values 
reported by Mayne and Kulhawy, 1982.
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Table 7.2. Ko values during virgin consolidation as reported 
by Mayne and Kulhawy, 1982.

. *REFERENCE SOIL NAME KoVALUE
SINGH, (1971) KAOLINITE 0 . 51
BORLAND,(19 67) KAOLINITE 0 . 69
PARRY & WORTH KAOLINITE 0 . 64(1976)
PARRY & SPESTONE 0 . 64
NADARAJAH (1973) KAOLINITE
SKETCHLEY & SPESTONEB RANSBY, (1973) KAOLINITE 0.66
POULOS,(1978) SYDNEYKAOLINITE 0 .48
MOORE & COLE 
(1977) AUSTRALIAN 0 . 56KAOLINITE

MOORE & COLE AUSTRALIAN 0 .44(1977) KAOLINITE

Ko values reproduced from Mayne and Kulhawy (19 82) and not from the original reseachers listed.

Table 7.3-. Ko values during virgin consolidation for test 
samples T3 through T6.

AVERAGE Ko 
VALUE

MAXIMUM KO 
VALUE

MINIMUM Ko 
VALUE

SAMPLE T3 0.49 0 . 50 0.46

SAMPLE T4 0.45 0.49 0.42

SAMPLE T5 0.47 0.48 0.46

SAMPLE T6 0.46 0.47 0.44
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7.4. LATERAL STRAIN
Possible lateral strain of the test specimen during 

consolidation was investigated using two methods. Method one 
used direct measurements of the sample diameter before and 
after the sample had been consolidated. Method two used the 
high pressure bellofram to measure volume changes of the 
total stress sub - system. The measurements were then related 
to the maximum possible sample diameter change which could 
have been caused by that volume change. Both methods 
indicated only small sample diameter changes during 
consolidation, less than 1.5% uniform diameter change using 
method one and less than a 1.0% uniform diameter change using 
method two. As discussed in section 5.4, volume changes 
within the total stress sub - system are not completely due to 
lateral strains of the test specimen. The volume changes may 
also be caused by one or more of the following ; 1) strain of 
the triaxial cell resulting from pressure increases in the 
compression sub-system, 2) strain of the total stress sub
system resulting from the 400 psi operating pressure, 3) 
temperature and barometric pressure effects, and 4) bellofram 
compliance.

Horizontal deformations of the triaxial cell were 
observed during vertical compliance testing. Although not 
formally documented, small deformations were detectable using 
a dial gage placed on the triaxial cell. Based on these 
observations, it is likely that the triaxial cell undergoes a 
volume change in response to the consolidation stresses 
induced by the compression sub - system.
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Total stress sub - system volume changes resulting from 
the 4 00 psi operating pressure; including any bellofram 
compliance, were monitored along with the temperature and 
barometric effects, by recording triaxial cell volume changes 
30 to 40 hours prior to the beginning of sample 
consolidation, see Figure 6.11, section 6.3. During this 
pre-consolidation there are no compression sub - system induced 
stresses acting on the triaxial cell. However, as discussed 
in section 5.4, volume changes of the triaxial cell resulting 
from the downward movement of the piston do occur. Results 
of the 30 to 40 hour pre-consolidation monitoring indicated 
only small volume changes in the total stress sub - system. 
Therefore, the effects of the 400 psi operating pressure, 
bellofram compliance, and any temperature and barometric 
effects appear to be of an insufficient magnitude to fully 
explain the total volume change observed at the end of the 
consolidation process.

Based on the information given above, volume changes 
recorded by the bellofram LVDT appear to be primarily the 
result of; 1) strain induced on the triaxial cell by 
increasing compression sub-system pressures, and 2) lateral 
strain of the test specimen. However, note that the total 
recorded volume change was relatively small. If the entire 
volume change is considered to be caused by lateral strain of 
the test specimen only, it would represent less than a 1.0% 
uniform diameter change of the test specimen.
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7.5. E-LOG q/v CURVES
Four kaolinite samples were tested in the Ko system. 

They are numbered T3 through T6. A fifth sample was tested 
in a 1-D consolidometer and is referred to as sample C2. As 
discussed in Appendix A, each sample was preconsolidated 
before testing, with each sample consolidated to a slightly 
different initial void ratio. It is known that in some 
soils, differences in strain rate can influence the 
interpretation of certain soil parameters, such as the pre
consolidation stress (Crawford, 1988). Variations in strain 
rate may also result in shifts of the pressure void - ratio 
curve. Figure 7.3 shows the pressure-void ratio curves for 
the five samples tested in this thesis.

1 .45 -
1 .35 - X xCKl)6kij-M
1 .25 -

A AA A &  4^

►
0.85 “

?  0.95 -
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o Sample T3 

■ Sample T4 

x Sample T5 
A Sample T6

0.65
1 0 1 00 1 000

V e r tic a l E f fe c t iv e  S tr e s s , p s i

Figure 7.3. Void ratio versus Log a'
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Apparent shifts exist between the test samples. Samples T3 
and T5, replotted in Figure 7.4 were consolidated at strain 
rates which differed by a factor of two. However, these 
curves show no apparent shifting. This suggests that the 
remolded Georgian kaolinite used for sample preparation is 
relatively insensitive to strain rate effects, for the range 
of strain rates used. Apparent shifts in the over
consolidated range may therefore primarily be due to 
differences in pre-consolidation stress and the associated 
initial void ratio. Test samples C2 and T4 can be used to 
demonstrate this point.

1.45 -

1 .35 -

1 .25-

•§ 1.15- 
&iti 1 .05 -
I 0.95- Sample T3 (Strain Rate = x) 

Sample T5 (Strain Rate = 2x)0.85-

0.75
100010010

V e r t ic a l E f f e c t iv e  S tr e s s , p s i

Figure 7.4. Comparison graph, strain rate effects.
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Figure 7.5 shows sample T4, tested in the Ko system, and 
sample C2 tested in the 1-D consolidometer. Test sample C2 
was lightly consolidated before loading and shows no apparent 
pre-consolidation pressure. Test sample T4 was pre
consolidated at a much higher pressure and shows distinct 
pre-consolidation pressure. Note that as sample T4 moves 
into the normally consolidated range (vertical effective 
stress greater than approximately 60 psi or 414 kPa) curves 
T4 and C2 converge. This suggests that the new Ko system can 
produce results that are in close agreement with results 
obtained using a 1-D consolidometer.

1 .35 -
° Sample C2 (1-D Consolidometer)

1 .25 -
° % ^  ■ Sample T4 (Ko System)
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Figure 7.5. Comparison graph, Ko system versus 1-d 
consolidometer.
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7.6. PLOT SUMMARY

The following observations are made based on sample 
testing results.

• The Ko values in the normally consolidated range 
for the four "T" samples tested averaged 0.468 with a 
standard deviation of 0.017.

• Sample diameter changes during consolidation, as 
recorded by cell volume changes, show an equivalent uniform 
diameter change of less than 1.0%, over the duration of the 
test.

• Final sample diameters as compared to initial 
sample diameters verify a less than 1.5% diameter change 
during consolidation.

• Hydraulic conductivity values decreased as void 
ratio decreased, hydraulic conductivity values ranged from 
1x10’8 centimeters per second to 1x10'9 centimeters per 
second for the five samples tested.
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• Base pore pressures measured across the sample 
length, reached a maximum of 2 psi (14 kPa) during the 
consolidation process, using single drainage (one sided pore- 

fluid removal) and a strain rate range between 1x10'6 s'1 and 
1x10 "7 s*1. This represents less than a 1.5% ratio between 
average pore pressure and the consolidation induced 
differential pressure across the sample. The 1.5% ratio is 
the highest which occurs over the duration of the 
consolidation process.
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS

8.1. CONCLUSIONS
This thesis investigated the feasibility of using a 

volume control approach for performing Ko consolidation in a 
triaxial cell. It extends previous work on this issue in 
three fundamental ways ; 1) a new system designed to
synchronize pore - fluid withdrawal and volume reduction due to 
vertical consolidation was designed and tested ; 2) an
elevated fluid pressure was used to minimize undissolved air 
in both the specimen and testing system; and 3) errors 
induced by vertical compliance were evaluated and a 
correction developed. System testing was carried out by 
conducting Ko consolidation tests with simultaneous hydraulic 
conductivity measurements on four samples of remolded 
Georgian kaolinite.

Testing indicated that the compressibility of the fluid 
in the pore fluid sub-system and the compression sub-system 
could be significantly decreased by increasing the operating 
pressure of the sub - systems. Three system pressures were 
evaluated, 100 psi (690 kPa), 200 psi (1379 kPa) and 400 psi 
(2758 kPa). The 200 psi pressure was found to decrease fluid 
compressibility significantly and a pressure of 400 psi (27 58 
kPa) decreased the fluid compressibility sightly more. 
Therefore, a pressure of 400 psi (2758 kPa) was selected as
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the operating pressure. It was further discovered, that 
higher system pressures produced significant triaxial 
compliance errors. A compliance correction was subsequently 
developed and applied for the 4 0 0 psi (2758 kPa) test 
pressure.

In order to verify that the new system could produce 
accurate Ko consolidation results, the system was tested 
using samples of artificially prepared Georgian kaolinite. Ko 
consolidation tests with simultaneous hydraulic conductivity 
measurements were conducted on four kaolinite samples. Test 
results produced Ko values that averaged approximately 0.468 
with a standard deviation of approximately 0.017 within the 
sample test group of four. These results are consistent with 
values obtained by other researches using similar materials. 
Results from e-loga'v curves were compared with those 
obtained using a 1-D consolidometer. The comparisons showed 
similar results with only small shifts in the 
overconsolidated range resulting from variations in the 
initial void ratios. Verification of no lateral strain 
during consolidation was verified using two methods ; 1)
direct measurement of sample diameter before and after 
testing ; 2) monitoring of cell volume changes throughout the 
consolidation process. Method one indicated less than a 1.5% 
uniform diameter change had occurred during consolidation of 
each of the four samples tested. Measurement method two 
indicated less than a 1% uniform diameter change had occurred 
during the consolidation process. These results suggest that
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the proposed Ko-consolidation method is effective in 
minimizing lateral strains and thus produces Ko consolidation 
without the need for adjustments to prevent lateral strains.
In addition, only small pore pressure build-ups throughout 
the Ko consolidation, less than 2 psi (14 kPa) for a single 
drainage test loaded to an effective vertical stress of 500 
psi (3448 kPa), were observed.

8.2. RECOMMENDATIONS
This thesis has established that volume controlled Ko 

consolidation in a triaxial cell is feasible. The next 
logical step is to develop a rigid procedure for performing 
this type of testing in practice. In developing this 
procedure the following should be considered ; 1) initial
tests using high pressures within the triaxial cell (> 4 0 0 
psi or 2758 kPa) appear to be effective in decrease fluid 
compressibility; 2) pressures, greater than 400 psi (2758 
kPa) , used in a traditional triaxial cell can result in 
deformations of the triaxial cell; and 3) conventional 
triaxial cells are limited in that they do not have the 
capability to apply tensile forces on test samples, which 
allows for Ko values greater than one to be measured.
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APPENDIX A 
KAOLINITE PREPARATION

Appendix A contains information on the methods used to 
prepare the kaolinite samples used in the testing program.
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Raw Material
The test samples were prepared using commercially 

available Standard Air Floated (SAF) clay. The clay is 
marketed by the Georgia Kaolin Company.

Saturation
Kaolinite was mixed with distilled water to a LL (liquid 

limit) of approximately 110%. The distilled water was added 
to a beaker and the kaolinite placed on top. The mixture was 
then placed under vacuum for approximately 24 hours.

Initial Consolidation
The sample was poured into a rigid ring type 

consolidometer and consolidated to a consistency of 
sufficient stiffness to allow for loading into the Ko 
triaxial system or 1-D consolidometer.

Trimming
Samples were initially consolidated at a diameter of 3.0 

inches, then trimmed to a diameter equal to 2.0 inches for 
placement into the Ko triaxial system or 2.5 inches for 
placement into the 1-D consolidometer.
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APPENDIX B 
TEST RESULTS

The results from kaolinite samples tested are shown in 
Appendix B . Note that test samples T3 and T4 were unloaded 
(vertical stress decreased) and then reloaded (vertical 
stress increased) midway between the beginning and end of 
each test, see Figures B1.0 and B2.0. The unloading and 
reloading is also reflected in each of the other curves shown 
for test samples T3 and T4.
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Figure B4.4. Beliefram calibration curve

Figure B4.4 shows two bellofram calibration curves. The 
two curves represent the upper and lower linear ranges of the 
bellofram LVDT. The curves were created by pushing a known 
volume of fluid directly from a flow pump into the top 
chamber of the bellofram while simultaneously monitoring the 
voltage reading of the bellofram LVDT using a strip chart 
recorder. The LVDT mounted on the bellofram produces 
voltages readings which are directly related to the position 
of the bellofram shaft. The position of the bellofram shaft 
is directly related to the volume of fluid in the top chamber
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of the bellofram. Therefore, any volume change within the 
bellofram can be determined by monitoring the LVDT readings 
and subsequently applying the equations shown in Figure B4.4. 
The equations relate the constant cross - sectional area of the 
bellofram top chamber and the change in LVDT mili-volt 
readings to a volume change of the bellofram top chamber. 
Recall that during sample testing the bellofram top chamber 
is connected to the triaxial cell. Volume changes within the 
triaxial cell during sample testing can therefore be 
determined.
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APPENDIX C 
DESIGN DRAWINGS

Appendix C contains the following design drawings :

Permeability Flow Pump, (Olsen, 1991) 
Consolidation Flow Pumps, (Olsen,1991) 
Piston Assembly 
High Pressure Bellofram
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OVERALL SMALL DESIGNASSEMBLY
NOT TO SCALE Design by

Olsen, 1991

m s
l i s i

CROSS SECTION A-A END CAP END CAP
HOUSINGSHAFT

PUMP CARRAIGE
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HOUSING 
MATERIAL 316 SS
# NEEDED = ___
NOT TO SCALE

SMALL DESIGN

Design by 
Olsen, 1991

2.100” ±0.010* 2. 100” ± 0 .010” 

H  ►

i

2

10-32 x 3/8” THREADED HOLES 
ON 0.900 ” RADIUS for 10-32 x 3/4” 
Allen-head machine screws

4.600 ” ± 0.010 0.900 ”

10-32 x 3/8” THREADED HOLES 
ON 0.900 ” RADIUS for 10-32 x 3/4" 
Allen-head machine screws

DIA = 0.410” + 0.003” 
- 0 . 0 0 0  ” THREADED HOLES

2P

1/4-20 x 3/8
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SHAFT
MATERIAL 316 SS
# NEEDED = ___
NOT TO SCALE

SMALL DESIGN

Design by 
Olsen, 1991

GROOVE FOR PARKER PRECISION # 107 
O-RING DIMENSIONS 

LD. = 0.206 ” ± 0.005 ”
WIDTH = 0.103” ± 0.003 ”

0.406 ”

n

10-32 x 3/8 ” THREADED HOLE 
FOR 10-32 x 1-1/2”
Allen-head machine screw 0.145 ” 

± 0.005

GROOVE DIAMETER 
0.232 ” + 0.000 ”

- 0.003 ”

0.800 ”4.800 ” ± 0.010 ” 4.800 ” ± 0.010

0.375 ”
+ 0.000 
- 0.003 *

ADDITIONAL PARTS NEEDED

_ Allen-head machine screws 10-32 x 1-1/2 ” 

_ Allen-head machine screws 10-32 x 3/4 ” 

O-Rings, Parker Precision Number 110 

_ O-Rings, Parker Precision Number 026 

_ O-Rings, Parker Precision Number 107
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END CAP 
MATERIAL 316 SS
# NEEDED = ___
NOT TO SCALE

SMALL DESIGN

Design by 
Olsen, 1991

1/8 ” TAPERED FEMALE 
PIPE-THREADS

HOLES ON 0.900 ” RADIUS 
FOR 10-32 x 3/4 ” ALLEN-HEAD 
SCREWS. Countersink for Allen-head to 
provide smooth end surface 1.800 ” ± 0.010 ” 

N  H

Ï
0.410 ” 
+ 0.003 

0.000
0.380 ”
±  0.002 ”

GROOVE FOR PARKER PRECISION # 110 
O-RING DIMENSIONS 

LD. = 0.362 ”
WIDTH = 0.103 ”

GROOVE DIMENSIONS 
O.D. = 0.549 ” + 0.003 ”

- 0.000 ”

WIDTH = 0.145 ” ± 0.005 ”

2.100 ”

± 0.010”

GROOVE FOR PARKER PRECISION # 026 
O-RING DIMENSIONS 

LD. = 1.239 ”
WIDTH = 0.070 ”

GROOVE DIMENSIONS 
O.D. = 1.379 ”
WIDTH = 0.095 ” ± 0.003 ”
DEPTH = 0.047 ” ± 0.003 ”
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OVERALL ASSEMBLY 
NOT TO SCALE

MEDIUM DESIGN 
( Ko Project)

Design by 
Olsen, 1991

m illill li

CROSS SECTION A-A END CAP END CAP

HOUSING
SHAFT

W///////^

PUMP CARRAIGE
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HOUSING 
MATERIAL 316 SS 
# NEEDED = 2 
NOT TO SCALE

MEDIUM DESIGN 
( Ko Project)

Design by 
Olsen, 1991

2.100” ±0.010”

4  M

10-32 x 3/8” THREADED HOLES 
ON 0.900 ” RADIUS for 10-32 x 3/4” 
Allen-head machine screws

4.600 ” 0.010

2. 100” ± 0 .010” H H

0.900

DIA = 0.562 ” + 0.003 ” 
- 0 . 0 0 0  ” THREADED HOLES

1/4-20 x 3.8 ”
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SHAFT
MATERIAL 316 SS 
# NEEDED = 2 
NOT TO SCALE

MEDIUM DESIGN 
( Ko Project)

Design by 
Olsen, 1991

GROOVE FOR PARKER PRECISION #110
O-RING DIMENSIONS

LD. = 0.362 ” ± 0.005 "
WIDTH = 0.103 ” ±0.003 ”

0.558 " v GROOVE DIAMETER
10-32 x 3/8 ” THREADED HOLEV 0.388 ” + 0.000 ”
FOR 10-32 x 1-1/2” X  0 .145” - 0.003
Allen-head machine screw

C

-------------------------------- ► + « + * ------------------------------H
4.800 ” ± 0.010 ” 0.800 ” 4-800 ” 1 0-010

±  0.010 ”

0.375 ”
+ Q ooo >, ADDITIONAL PARTS NEEDED
- 0.003 ”

• 2 Allen-head machine screws 10-32 x 1-1/2 ”

• 16 Allen-head machine screws 10-32 x 3/4 ”

• 6 O-Rings, Parker Precision Number 110

• 4 O-Rings, Parker Precision Number 026
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END CAP MEDIUM DESIGN
MATERIAL 316 SS ( Ko Project)
# NEEDED = 4
NOT TO SCALE Design by

0.7 ”
Olsen, 1991

1/8 ” TAPERED FEMALE 
PIPE-THREADS

HOLES ON 0.900 ” RADIUS 
FOR 10-32 x 3/4 ” ALLEN-HEAD 
SCREWS. Countersink for Allen-head to 
provide smooth end surface 1.800 ” ± 0.010 ”

Ï
0.562 
+ 0.003 
- 0.000

2.100 ”

± 0.010”

GROOVE FOR PARKER PRECISION # 110 
O-RING DIMENSIONS 

I D. = 0.362 ”
WIDTH = 0.103 ”

GROOVE DIMENSIONS
O.D. = 0.549 ” + 0.003 ”

- 0 . 0 0 0  ”

WIDTH = 0.145 ” ± 0.005 ”

GROOVE FOR PARKER PRECISION # 026 
O-RING DIMENSIONS

I.D. = 1.239 ”
WIDTH = 0.070 ”

GROOVE DIMENSIONS
O.D. = 1.379 ”
WIDTH = 0.095 ” ± 0.003 ”
DEPTH = 0.047 ” ± 0.003 ”
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OVERALL ASSEMBLY 
(X-SECTION)
NOT TO SCALE

COVER PLATE

CASING

SHAFT

\

-CAP
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SHAFT
MATERIAL: 316 SS 
NO. NEEDED = 1 
NOT TO SCALE

TAPPED W/ 1/8” FEMALE 
PIPE THREADS

i
1.07

i

4 .8 4 ”

6.30

DIA = 2.121” + 0.002” 
- 0.000”

DIA = 0.716” - 0.000”
+ 0.002”

SMOOTH EDGES

GROOVE FOR PARKER 
PRESION # 327 
O-RING

I.D. = 1.725” ± 0.015” 
WIDTH = 0.210” ± 0.005” 

GROOVE
O.D. = 1.759” + 0.000”

- 0.005” 
WIDTH = 0.285 ± 0.005”

HOLE DIA = 1/8”

2.000 +  0.002 ”  

- 0 . 0 0 0  ”
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CAP
MATERIAL: 316 SS 
NO. NEEDED = 1 
NOT TO SCALE

RADIUS = 1/2

/  K  r  ►!
DEPTH = 0.157”

TAPPED W/ 1/8” FEMALE 
PIPE THREADS

DIA = 1/8”

ADDITIONAL PARTS NEEDED

• 5 Allen-head machine screws 10-32 x 1-1/2 ”
• 5 Allen-head machine screws 10-40 x 1-1/2”
• 1 O-Rings, Parker Precision Number 327
• 4 O-Rings, Parker Precision Number 209
• 1 O-Rings, Parker Precision Number 141
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COVER PLATE 
MATERIAL 316 SS 
NO. NEEDED = 1 
NOT TO SCALE

DIA = 0.721 ”

DIA = 3.123

FIVE HOLES 
ON 1.437 ” RADIUS, 
PLEASE SUGGEST 
SCREW SIZE

TAPPED W/ 1/8 ” FEMALE 
PIPE THREADS

0.787 ”

DIA = 1/8

0.593 ”

GROOVE FOR PARKER 
PRECISION # 209 
O-RING

I.D. = 0.671 ” ± 0.009” 
WIDTH = 0.139 ” ± 0.004” 

GROOVE
O.D. = 0.954 ” - 0.000”

+ 0.004” 
WIDTH = 0.185 ” ± 0.004 ” 
DEPTH = 0.123 "±0.004 ”

m j , » -

GROOVE FOR PARKER 
PRECISION# 141 
O-RING

I.D. = 2.300 ” ± 0.020 ” 
WIDTH = 0.103 ” ± 0.003 

GROOVE
O.D. = 2.472 ” + 0.003 ”

- 0.000 ” 
WIDTH = 0 .145” ±0.005 
DEPTH = 0.077 ” ±0.003
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CASING
MATERIAL: 316 SS 
NO. NEEDED = 1 
NOT TO SCALE

DIA = 4.5”
FIVE HOLES ON 1.929 ” RADIUS FOR 
10-32 SCREWS

DIA = 3.130”

DIA = 2.125” 
-  0.002 ”

+ 0.000”
0

3.346”

0.591”

FIVE THREADED HOLES ON 
1.437 ” RADIUS, PLEASE SUGGEST 
SCREW SIZE

GROOVE FOR PARKER 
PRECISION #151  

O-RING
I.D. = 2.987” ± 0.024” 
WIDTH = 0.103” ± 0.003” 

GROOVE
O.D. = 3.160” ± 0.003” 
WIDTH = 0.145” ± 0.005” 
DEPTH = 0.077” ± 0.003”
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OVERALL ASSEMBLY 
(X-SECTION)
(NOT TO SCALE)

TOP CAP

CORE

EXTENSION

VIEWPORT

EXTENSION

BOTTOM CAP
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TOP CAP 
MATERIAL 316SS 
# NEEDED = 1

f
1”
i

ROUND CORNERS TO A CORNER
RADIUS = 1/16 ”

CENTERED HOLE TAPPED 
W/ STRAIGHT THREADS 
FOR O-RING FITTING 
(SEE ASSESSORS SHAFT)

DIA = 4.5 ”

6 HOLES W/ 60 DEGREE 
SPACING ON 2.000 ” RADIUS 
(PLEASE SUGGEST SIZE)

DIA = 2.500 ” ± 0.002 ”
HOLE TAPPED W/ 1/8” 
FEMALE PIPE THREADS

3”
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EXTENSIONS 
MATERIAL 316SS 
# NEEDED = 2

SEE BELLOFRAM 
GROOVE DETAILS 
ON SEPERATE PAGE>

GROOVE FOR BELLOFRAM
# 3-250-250
GROOVE
BEAD GROOVE WIDTH = 0.141”± 0.003 ” 
BEAD GROOVE HEIGHT= 0.118” ± 0.002”X__

%

►H
0.125 ” ± 0.003”

1

HOLE TAPPED W/ 1/8” 
FEMALE PIPE THREADS

GROOVE FOR PARKER
PRECISION # 148
0-RING I.D. = 2.737” ± 0.022”

WIDTH = 0.103” ±0.003”
GROOVE

O.D. = 2.925” ± 0.005’ 
WIDTH = 0.145” ± 0.005” 
DEPTH = 0.077" ± 0.003”

DIA = 4.5 ”

DIA = 2.500 ” ± 0.002 ”

6 HOLES WZ 60 DEGREE 
SPACING ON 2.000 ” RADIUS 
(PLEASE SUGGEST SIZE)
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VIEWPORT 
MATERIAL = CAST 
ACRYLIC 
# NEEDED = 1

DIA = 4.5

DIA = 2.500 ” ± 0.002

6 HOLES W/ 60 DEGREE 
SPACING ON 2.000 ” RADIUS
(PLEASE SUGGEST SIZE)
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DETAIL FOR 
BELLOFRAM 
GROOVE

BEAD GROOVE HEIGHT 
0.118 ’’ ± 0.002 ”

FLANGE LIP 
CLEARANCE 
0.021” ± 0.003'

CORNER 
RADIUS = 1/16'

BEAD GROOVE WIDTH 
0.141 ” ± 0.003 ”

FLANGE LIP WIDTH 
0.125 ” ± 0.003 ”

ADDITIONAL PARTS NEEDED

• 6 Allen-head machine screws 10-32 x 11.25”

• 2 Belloframs, I.D. # 3-250-250

• 2 O-Rings, Parker Precision Number 148

• 1 L.V.D.T. with straight threads and o-ring Fitting
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CORE
MATERIAL = 
CAST ACRYLIC 
# NEEDED = 1

CORNER 
RADIUS= 1/16 ”

DIA = 2.310 ” ±0.002 ”
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6 THREADED HOLES W/ 60 DEGREE SPACING
ON 2.000 ” RADIUS
(PLEASE SUGGEST THREAD SIZE)

BOTTOM CAP 
MATERIAL 316SS 
# NEEDED = 1

CROSS-SECTION 
A - A

HOLE TAPPED W/ 1/8” 
FEMALE PIPE THREADS

ROUND CORNERS 
TO A CORNER 
RADIUS = 1/16 ”

DIA = 2.500 ” ± 0.002

4.5


