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CHAPTER 1

INTRODUCTION

1.1 Background

The resilient modulus is an index that describes the
nonlinear stress-strain behavior of soils under repeated
loads. Recently, the measurement of resilient modulus has
become more common because of its importance in determining
properties of roadbed soils and pavement components. In 1986,
the AASHTO Guide for Design of Pavement Structures (AASHTO,
1986) replaced the "soil support value" of roadbed soil with
resilient modulus. The Design Guide recommends that the
laboratory resilient modulus test procedure, AASHTO T 274-82
(AASHTO 1986), be used for determining the basic engineering
properties of roadbed soils and pavement components.

Since its introduction, the original AASHTO T 274-82 has
been widely criticized. A number of nationwide studies have
been undertaken to search for solutions and alternate test
methods, such as the National Cooperative Highway Research

Program (NCHRP) 1-28 project. Researchers and agencies have
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also proposed several variations of the resilient modulus test
procedure. The Strategic Highway Research Program (SHRP)
Protocol P46 (AASHTO T 294-92) and AASHTO T 292-91I (AASHTO
1991 & 1992) are the most commonly used in recent years.

Most often, resilient modulus measurements are conducted
using the linear variable differential transducers (LVDT)
measurements, as specified by the AASHTO T 292-91I and T 294-
92 test procedures. However, there are some notorious problems
incurred by the current LVDT measurements. Thus, whether it is
possible to find an alternative method has become a major
concern of many researchers. This study was conducted on
alternating the LVDTs by proximity sensors for resilient

modulus measurements.

1.2 Scope of Study

The primary objective of this study was to evaluate the
possibility of alternating LVDTs with non-contact proximity
sensors for measurement of axial deformation in resilient
modulus testing. The goals of this study are to: 1) develop an
apparatus by applying the non-contact proximity probes as well
as LVDT in a single chamber; 2) critically assess the
strengths and weaknesses of utilizing non-contact proximity

probes in triaxial tests.



1.3 Report Organization

This report summarizes the design and the implementation
of the laboratory experimental program by comparing the non-
contacting probes and LVDTs in the resilient modulus test with
exactly the same soil specimen in a single chamber. Meanwhile,
this research evaluates the feasibility of alternating the
LVDTs Dby non-contact proximity probes to obtain the
engineering properties of pavement soils.

The background and objectives of this laboratory study
are presented in this chapter. A literature review of the
LVDT and non-contacting probes is summarized in Chapter 2. The
design of the laboratory experimental program is described in
Chapter 3. Chapter 4 analyzes the procedures followed in the
data acquisition process. Chapter 5 presents and analyzes the
results of the resilient modulus tests. Finally, conclusions
and recommendations of this research study are presented in

Chapter 6. The bibliography is presented in Appendices.



CHAPTER 2
RESEARCH BACKGROUND

2.1 Introduction

As an index that describes the nonlinear stress-stain
behavior of soils wunder repeated 1loads, the resilient
modulus is defined as the deviator dynamic stress
(simulating the moving vehicular traffic) divided by the
resilient axial (recoverable) strain. This concept is
derived from the fact that the major component of
deformation induced into a pavement structure under the
traffic loading is not associated with plastic deformation
or permanent deformation, but with elastic or resilient

deformation.

In recent years, the resilient modulus test has become
more common because of its importance in determining
properties of roadbed soils and pavement components. It 1is
considered to be a required input for determining the
stress-strain characteristics of pavement structures

subjected to traffic loading. The Strategic Highway Research
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Program’s (SHRP) Protocol P46 (AASHTO T294-92) and AASHTO T

292-911 have been most commonly used recently.

2.2 Resilient Modulus Tests

Several methods and test procedures have been used to
obtain resilient modulus, varying from laboratory tests and
field tests. In general, the 1laboratory procedures for
determination of resilient modulus are essentially based on
the exiting cyclic triaxial methods used for determination

of soil properties under repeated loads (Figures 2.1 and

2.2).

In 1986, a workshop at the University of Oregon
reviewed the state of practice in resilient modulus testing.
Since then a number of important improvements have been made
on the loading cycles per step, which have been reduced from
33 and 200 in AASHTO T 274 to 15 and 100, thus reducing the
testing period from approximately 5 hr. to 2.5 hr. The

revisions are included in the new AASHTO procedure T 294-92.

The newest AASHTO T 294-92, which basically reflects
the procedure suggested by the SHRP, is significantly more
convenient to perform when compared to the earlier AASHTO

procedure (e.g. AASHTO T 274). However, some aspects of the
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testing methodology are still ©being investigated and
modified. A number of researchers have focused on how to
better obtain the small strain properties of soils and how
to reduce errors in small magnitude measurements of both
load and displacement. Ping et al. (1995) and Pezo et al.
(1997) have addressed several issues that require further

research.

Many factors influence the resilient modulus of soils,
including: soil type, soil properties, dry unit weight,

water content, stain level, test procedure, and size effect.

A literature review reveals that, in addition to soil
properties, testing parameters such as sample preparation,
sample preconditioning, loading amplitude and sequence, and
confining pressure are the primary factors affecting the
magnitude of resilient modulus. Ping et al. (1998) indicated
that the resilient modulus measured from the middle LVDTs is
significantly different from that determined from the full
length LVDTs because of the end effects and system
compliance. For the T 292-92I test procedure, the average
ratios of the resilient modulus values between the full-
length (20.3cm) and middle (10.2cm) LVDT measurements ranged
from about 0.75 at lower confining pressures to about 0.85
at higher confining pressures. Based on their study, the

effect of stress history results in only about 15 to 20%
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difference in resilient modulus, while the difference in
resilient modulus values due to LVDT positions may vary from

25 to 30%.

Nazarian (1996) and Pezo (1996) proposed a
sophisticated method for accurate measurement of strains
using non-contacting proximity sensors. The sensors are able
to measure stains directly on the specimen, inside the
confining chamber, in the 10™* to 10° percent range
typically observed in resilient modulus testing. Gookin et
al. (1996) also developed a cyclic triaxial testing system
capable of measuring very small to large strain properties
on a single specimen, by combining a wide variety of

existing instrumentation.

2.3 Shortcomings of LVDT Measurement

As mentioned above, many factors affect the results of
the resilient modulus test. Aside from the soil properties
and operational factors, instrumental problems influence the

test results significantly.
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2.3.1 Frictions inside the LVDTs

LVDT measures the movement of the metallic stick inside
the transducer to reflect the deformations of the specimens.
Normally these movements are within 0.1 mil, which is very
easy to be stalled by the friction between the probe and

transducers.

The friction occurs easily due to the narrow space
between the metal probe and the hole on a LVDT transducer.
The diameter of the hole is at a level that is slightly
larger than that of the metal probe, so that the probe can
go through the hole and the transducer can detect the
relevant position of the probe. Frictions definitely exist

as long as there is a contact between them.

An even worse case 1is the misalignment of the LVDT
clamps. Both the metallic stick and the transducer of the
LVDT are fixed on the clamps placed around the specimen with
two LVDTs in between. To achieve an alignment, both the two
clamps must parallel and align to each other, so that the
metallic stick can be set perpendicularly to the LVDT and
stay right in the middle of the LVDTs. This step must be
achieved by repeated visual observations and adjustments,

which are less-reliable and time consuming.
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One fact is that the alignment is not easy to obtain
during a test setup (Figure 2.2). Any type of failure in the
alignment will lead to contact between the metallic stick
and the LVDT transducer, resulting in friction. The worse

the alignment, the stronger the friction force that occurs.

2.3.2 Difficulties in Specimen Alignment

As mentioned, good alignment of the LVDT clamps is
critical to obtaining accurate resilient moduli. In addition
to the clamp alignment, load alignment takes the same roll
in the test results. Misalignment errors occur easily due to
the axis of the applied load not coinciding with the axis of
the specimen (Figure 2.3a). Moreover, the ends of a
cylindrical specimen must be perpendicular to its long axis.
Misalignment errors often cause bending, resulting in non-
uniform distribution of strain in the specimen and an

erroneous estimate of the resilient modulus.

Normally, the following methods are used to minimize
misalignment errors:
(a) the triaxial cell must be carefully machined to be
in perfect alignment
(b) the cell must be aligned relative to the external

loading ram
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(c¢) the specimen must be a right circular cylinder
(d) the specimen must be aligned with the triaxial

cell.

To satisfy the above requirements, the external load
ram, triaxial cell, and specimen should all be vertical when
the cell is placed on a horizontal surface. The entire
alignment of the system should be checked to obtain reliable

results.

The alignment is critical and skillful work during a
triaxial test, which requires the operator’s patience and
special skills. In an conventional triaxial apparatus, the
top of the cell is supported by the cylindrical plexiglas
chamber. Either an O-ring or a flat gasket is placed on the
ends of the chamber to form a seal. When a flat gasket is
used, load alignment is influenced by the wuniformity of
tightness of the nuts holding the tie bars down and by the
condition and type of gasket used. A  thin, low
compressibility gasket should be used and the nuts uniformly
tightened with a torque wrench. For a properly designed O-
ring seal, which results in metal bearing on plexiglas,
alignment in not influenced since the top plate of the cell
bottoms out on the chamber. It is necessary to check all O-
ring sealed interfaces by loading the two parts and

measuring deformation to be sure the seal is made correctly.
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Even after careful system calibration, alignment errors
should also be evaluated during the conditioning phase of
each repeated load test. For the two LVDTs used to measure
axial displacement, illustrated in Figure 2.2, the ratio of
maximum axial LVDT displacement (Ymx) to the minimum reading
(Ynin) should be no greater than 1.10 in accordance with the
SHRP P-46 procedure. Excessive eccentricity can often be
reduced by stopping the test and very 1lightly laterally
tapping the base of the triaxial cell to obtain better
specimen alignment. If flat gaskets are used to seal the
cell chamber, an alternative approach is to adjust the
tension in the rod bolts on one side of the triaxial cell

that also changes the alignment of the loading ram.

The eccentricity ratio varies throughout the test. This
ratio 1is directly proportional to the distance of the
transducer from the loading piston. Hence, distance is not
considered in the eccentricity ratio in which the LVDTs are
located away from the load axis. Therefore, the LVDTs should
be placed as close as possible to the load piston because of

the indeed strict criteria of ratio 1.10.

Based on the tests (R. D. Barksdale et al., 1996) on 29
different specimens at 15 stress levels, which included four
different Dbase materials, an average eccentricity ratio

Ymax/ Ymin gave 1.14 throughout the test for both external and



12

clamp mounted transducers. Each external LVDT, however, was
located only 2.2 in. from the load axis while each clamp was
4.0 in. away. The standard deviation of the eccentricity
ratio for the external transducers was 4% compared to 8% for
the clamps. Experience indicates that in setting up a
specimen, with careful calibration of the triaxial cell and
testing system, an eccentricity ratio of about 1.10 can be
initially achieved. Great care must be always taken to

minimize the eccentricity.

2.3.3 Less reliability of External Measurement

External deformation measurement 1is very easy to
perform, however, the results are general less reliable and
depend upon minimizing system compliance and careful
equipment calibration. Remaining compliance effects can then
be minimized by calibration using a dummy sample of known
stiffness made of steel, aluminum or plexiglas. Displacement
can also be measured within the cell between the end
platens. This approach eliminates several compliance errors
but does not handle non-uniform strain distribution,
compliance in the porous stones, and bedding errors. Some
studies show satisfactory resilient moduli can be obtained

when they are less than 60,000 psi using externally mounted
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transducers. However, great care must be taken to minimize
system compliance and calibrate the system. Many
laboratories will not be able to achieve good results using

external measurement.

2.3.4 Special Techniques Required in Calibration

When conducting the resilient modulus test using LVDT,
compliance errors may occur 1if axial deformation is not
correctly measured outside the cell. To calibrate compliance
in the triaxial cell, a dummy aluminum or steel specimen is
placed in the cell and subjected to a full sequence of
stress level. The theoretical deformation in the dummy
specimen, which has a known modulus, is calculated for a
given stress 1level. The extraneous deformation in the
testing system equals the difference between externally
measured deflection of the specimen and the deflection
occurring in the specimen. So, in order to obtain reliable
resilient moduli, a very careful and proficient operation is
required for a laboratory technician after the system

compliance has been minimized.

Unfortunately, many labs do not have the required
capability to perform a reliable calibration. Even with good

calibration, the accuracy becomes highly suspect when the
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magnitude of the system compliance correction becomes an
important portion of the total observed deformation (Filho,
et al., 1985). System compliance becomes gquite important
when resilient moduli becomes greater than about 10,000 psi
to 15,000 psi (Barksdale, et al., 1975). With system
compliance calibration, resilient moduli greater than about
60,000 psi measured with external LVDTs were found to be
unreliable. Moreover, the reliability of compliance at
deviator stresses less than about 5 psi is also subject to

important errors.

2.3.5 Frequent damage of LVDT and its metal stick

An LVDT transducer, together with its metal stick, must
be fixed on the clamps. They must be put on and off for each
specimen. Meanwhile, during the setup of a specimen, the
LVDT transducers and the metal stick need to be adjusted to
different positions to achieve an alignment. Thus, the
rubber connection in the middle of the metallic stick is
vulnerable in this repeated adjustment. This rubber
connection 1is the weakest part of the stick and suffers
damage frequently. Once it is bent or broken, it can no
longer provide good alignment. Thus the results obtained are

greatly influenced by the damage of rubber connection.



15
2.3.6 Potential slip between the clamps and the membrane

Clamp slippage is a potential problem in measuring

resilient modulus.

The use of clamps placed around the specimen with two
LVDTs between the clamps to measure axial deformation has
been quite popular for many years. To provide alignment
between clamps, the rod holding the LVDT core usually has a
hinged connection or is cut in half with a flexible wire
between the two segments. The thin, circular aluminum or
plexiglas clamps consist of two pieces that are hinged on
one side and have a spring loaded connection on the other.
Clamps are usually placed at either the one-quarter point in
from each end of the specimen or at the one-third point. The
gage length used over the center portion of the specimen is
a compromise between measuring the axial deformation as
close as possible to the center of the specimen, where
strain is reasonably uniform, and using a longer gage length
which gives larger deformation that can be more accurately

measured.

Both clamps must be in a horizontal plane (i.e.
perpendicular to the axis of the specimen) to obtain
accurate readings from the clamp supported LVDTSs. Chisolm

et al. (1976) indicated that a jig or gage rod, temporarily
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placed beneath each side of the clamp, together with a

spirit level can be used to achieve accurate alignment. Both
barreling distortion of the specimen and clamp misalignment
can cause unwanted tilting of the LVDTs, which results in

error in the axial deformation measurement (Figure 2.3b).

Clamp slippage is always a potential problem. The force
tending to cause slip between a clamp and the membrane is
equal to the acceleration acting on the clamp times its mass
which includes the mass of the supported LVDTs. Thus, the
use of a short pulse duration time or soft specimen, which
results in large deformations, is more critical with respect
to clamp slippage than for a 1long pulse time or soft

specimen that gives smaller accelerations.

The force resisting slip is equal to the clamping force
times the coefficient of friction between the clamp and the
membrane/specimen. Using a reasonable clamping force while
minimizing clamp weight reduces the tendency of the clamp to

slip.

Some proposals have been presented to avoid the slip
between the clamps and the membrane, varied from stud to pin
supports for axial deformation measurement devices. Chisolm
and Townsend (1976) placed a small quantity of epoxy glue on
top of each of the clamp contact points with the rubber

membrane. Sweere (1990) used individual LVDT support blocks
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glued directly to the membrane. For static tests, the
relative slip between the specimen and the enclosing
membrane does not occur until near or after failure

(Burland, 1982).

Metal studs have Dbeen placed through the rubber
membrane into granular specimens to eliminate possible slip
(Boyce, 1976). Use of studs offers an excellent positive
method for supporting LVDTs or proximity gages. To prepare a
granular specimen with studs, Boyce and Brown used a
vibratory table to densify the material. The care required
to properly place the studs and prepare the specimen,
however, makes this method unsuitable for routine laboratory
use. Boyce concluded that measurement of at least three
axial strains 1is necessary to provide a reliable average
value. The results of recent studies, however, indicate that
two LVDTs are sufficient to give a reliable resilient
modulus, provided good alignment is achieved, and two are

more practical to use for production type testing.

Dupas (1988) used pins by pushing them into sand plugs
placed in the specimen to support proximity transducers.
Small cross-shaped vanes have been pushed into a soft
cohesive soil. Holes have also been drilled in asphalt

concrete specimens and reference plugs glued in.
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For aggregate bases, Crockford, et al.(1990), fastened

three small, individual aluminum blocks onto the top one-
third point of the specimen and three blocks onto the bottom
one-third point. A pair of aluminum Dblocks, one located
above the other, supported each LVDT measurement assembly.
Clamping action was provided by placing a large O-ring
around each level of three blocks. Three axial LVDTs were
used to measure deformations which define the plane of the

axial specimen deflection.

2.4 Review of Non-contacting Approaches

A number of different non-contacting sensors are
available including inducive, optical, ultrasonic and
pneumatic types. Ultrasonic non-contacting type sensors have
a low sensitivity while pneumatic non-contacting type
sensors are large and hence are not suitable for resilient
modulus measurement (Linton, 1988). Both inductive proximity
sensors and optical extensometers offer excellent methods
for measuring both axial and radial deformations. However,
an optical measurement system has the disadvantage of a high
cost of $30,000 to $50,000 or more depending on the accuracy
desired and options selected, comparing to the moderately

expense of $500 to $3,000 for each proximity sensor.
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An additional important disadvantage of the optical
extensometer when used in triaxial testing is that the
optical line of sight must pass through a flat, clear plate
of preferably optical glass. To overcome this limitation,
the chamber of the triaxial cell has to be redesigned to be
either square or else round with a small flat window. The
flat window, three inches to six inches in size, must extend
above a height slightly greater than the gage length over

which relative deformation is to be measured.

This study has focused on the inductive non-contacting
system using proximity transducer probes. An overview of the
literature reveals that a number of researchers have studied
and applied non-contacting proximity sensors in soil
resilient property tests with different schemes and

purposes.

M. H. Maher, et al. (1996) evaluated the utility of
non-contacting proximity sensors for the measurement of
small strains in resilient modulus tests. The proximity
sensor measurements of resilient modulus were compared with
those obtained from LVDTs. The important issue of granular
soil sample preparation and its effect on the magnitude of
resilient modulus was evaluated. The authors proposed two
methods to facilitate sample preparation and to provide good

contact between the soil and the loading platen. The effect
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of conditioning sequence on sample integrity was also
investigated for the two proposed methods of compaction. In
addition to the experimental program, a number of
constitutive models used for prediction of resilient modulus

of granular soils were examined.

S. Nazarian, et al. (1996) proposed a procedure for
base materials and utilized non-contacting probes to avoid
the well-known problems with mounting LVDTs on the specimen
in measuring deformations. To maximize the amount of
information gained, the researcher measured the lateral
deformations with non-contact probes to determine the
Poisson’s ratio. On the basis of tests on nine synthetic
specimens with known properties and nine different base
materials from different parts of Texas, the study concluded
that the proposed methodology yields accurate and repeatable

results.

W. B. Gookin, et al. (1996) developed a cyclic triaxial
testing system capable of measuring very small to large
strain properties on a single specimen by combining a wide
variety of existing instrumentation, including piezoceramic
bender elements, internal displacement measurement devices
(both contact and non-contact), local displacement
measurement devices, a sensitive internal load cell and an

external load cell. The bender elements provided information
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on soil properties in the nearly linear elastic (very small
strain) range. Local and noﬁ—contact internal displacement
measurements provided information about small strain range
properties, whereas more traditional internal displacement
measurements provided information in the small to large
strain range. In addition, this apparatus can be used over a
wide range of loading frequencies to investigate the effect
of frequency on dynamic soil properties. By combining this
equipment in a single testing system, a number of tests were
run on one specimen, eliminating the effects of variability.
The broad variety of displacement measuring instruments also
allows direct comparisons of these techniques on a single

specimen.

Ayushman Gupta, et al. (1996) used non-contacting
proximity probes in the resonant column and torsional shear
tests to measure radial strain. During the conventional
resonant column and torsional shear tests using a Stokoe
device, only the change in height of the specimen was
measured. The researcher modified the Stokoe device to
enable the measurement of change in diameter of the specimen
along with the change in its height during resonant column
and torsional shear tests. The diameter change measurement
system was composed of three proximity probes, coaxial

cables, proximitor conditioners, and DC power supply. The
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probes (7.9 mm diameter) were capable of making non-contact
displacement measurements with a resolution of 0.025 mm
using a metallic target. These probes were fixed along the
circumference of the outer chamber at equal 120 degree
spacing. The vertical location of these probes was such that
they corresponded to the midheight of the specimen. Each
probe was mounted on a micrometer to enable accurate
adjustment of the probe. This system gave a linear output
for a distance range of 0.38 to 2 mm between the probe tip
and the metallic target. During the tests, the targets
(circular copper foils 26 mm in diameter) were fixed on the
soil specimen, and output voltage from each of the three
proximity probes was recorded directly by a computer. The
average readings of the three probes were used to calculate

the change in the diameter of the specimen.

R. Pezo , et al. (1998) reported a new triaxial test
set-up to examine large specimens (150 mm in diameter and
300 mm in length). The system was designed to use eight
proximitors; two placed on opposite ends of a diameter at
mid height of the specimen to measure lateral deformation
and six placed in pairs along the specimen and distributed
at 120 around the specimen, to measure axial deformations.
To calibrate this set-up, nine elastomer specimens were

manufactured with three different stiffnesses, to cover the
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typical range for highway base materials. A quasi-static
test program was implemented using these specimens to
evaluate the capabilities and shortcomings of the system,
the repeatability and accuracy of the test results, and the
optimization of the gage length to be used for measuring
axial strains in the production test system. An axisymmetric
computer model was assembled to predict axial and lateral
deformations at the measuring ©points used in the
experimental program. The experimental and numerical results
were in fairly good agreement except in the vicinity of the
loading end platens. The numerical results indicated
overprediction of the moduli by about 15% when the gage
length used was the whole length of the specimen rather than
the central one-fifth. The experimental data showed somewhat
higher discrepancies (about 20%) for the same range of gage

lengths.

The studies presented above show that non-contacting
proximity probe, in light of precision, is sufficient to
measure the deformation of soils and appear to be a
potential alternative of LVDT in triaxial tests. However,
the details of the advantages and disadvantages need further
investigation into the triaxial tests and whether there is
any unseen aspect 1in practice that is incapable of

alternating LVDT.
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Figure 2.2 Triaxial chamber with internal LVDTs and load cell
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CHAPTER 3

INSTRUMENTATION AND EXPERIMENTAL DESIGN

3.1 General

The purpose of the triaxial test is to simulate and
monitor specimen behavior when it subjected to the normal
field working conditions, ranging from the small stress
pulses of lighter vehicles to moderate stress pulses imposed
by the heavier trucks. This monitoring procedure requires
the apparatus to measure any small deformation, for which a
highly sensitive measurement probe is needed, and the larger
range of the precision, corresponding to the behavior of
hard soils as well as soft soils. Thus, the proximity probes
should be able to cover as many soil types as possible. The
selection type of probes 1is critical. If the initial
measurement 1s not accurate and reliable, all the other
efforts will be compromised in the final results, while a
well-selected proximity probe can save a lot of effort in
the system tune-up and data acquisition stratagem.

Since a main goal of this research is to evaluate the
plausibility of alternating the LVDTs with non-contacting

27
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proximity probes in the resilient modulus tests, the MTS
triaxial testing system has to be modified to ensure both
LVDT measurement and non-contacting proximity measurement to

be performed simultaneously on a single specimen.

3.2 Probe Selection

Basically, proximity probes are non-contacting, gap-to-
voltage transducer systems that measure static as well as
dynamic distances between the probe tip and the observed
target. Their general application requires an accurate,
reliable, non-contacting displacement measurement. However,
their most common use is as shaft position and vibration
measurements on rotating and reciprocating machinery. They
are designed to measure radial vibration and axial thrust
motion on large machine rotors. Due to the similarity of the
measuring circumstances of the triaxial test, the proximity
probes have been studied and implemented in soil resilient
modulus tests in recent years.

Principally, the non-contact inductive displacement
transducers perform two functions: 1) generate a high-
frequency signal that is transmitted to the probe tip; and
2) receive and process a signal from the probe tip, so as to

provide a direct current proportional to the distance
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between the target material and the probe tip. The high
frequency signal is passed through an active coil located in
the probe, which creates a magnetic field around the probe
tip. When a conductive material (the target) interferes with
the magnetic field at the probe tip, eddy currents are
generated in the target. The impedance of the active coil
changes depending on the strength of the eddy currents, thus
the output voltage of the balance bridge is modulated by the
target material moving in front of the magnetic flux around
the probe tip. The travel distance over which this "voltage-
to-gap" proportion is linear, may be from several mils to as
much as one inch. An important advantage of the eddy-current
probe is its immunity to oil and dirt, making it particularly
suitable for use in machinery.

From a mechanical viewpoint, +vibration transducer
systems are naturally divided into two groups, based on the

type of measurement made by each:

e proximity transducer systems measure shaft or target

relative vibration

e seismic sensors (velocity and acceleration) measure
target absolute vibration
Consequently, applications for such probes fall into two

categories:



30

1. Distance Measurement: Typical applications are for
measuring thermal expansion of machine casings and
rotors, thrust bearing wear, etc. The probe is chosen to
match the range of distance to be measured. Output
sensitivities vary from 20mv/mil to 200mv/mil, depending
on the >distance range. In general, the greater the
linear range required, the greater the probe tip size,
in order to have its magnetic field extend over a
greater distance.

2. Vibration Measurement: The non-contacting operation of
the eddy-current probe permits vibration of rotating
shafts to be readily measured. The probe is positioned
at some nominal gap (usually near the center of the
linear range) and peak-to-peak vibration amplitude is
measured. Frequency response to 10 kHz is possible,
giving an electrical replica of the vibration waveform.
Two or more probes may be installed to obtain vibration
at various points and in orthogonal axes.

An eddy-current probe system consists of a probe
connected to an associated probe driver, together with a
power supply. Such a system is used with a wvariety of
indicator, controller, or monitoring devices.

A typical probe system has a linear measuring range of

80 mils and an output of 200mv/mil with a 4340 steel target.
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There are several brands and models of the proximity
probes available in the market, with different prices and
diverse capacities. Many companies have been designing and
manufacturing eddy-current proximity probes for more than 30
years, namely, Bently Nevada Incorporation, Metrix
Instrument Co., Indikon Company, Inc., etc.

The selection of the proximity probes is influenced by
several factors. The most important factor should be
mechanical movement or vibration characteristics of the
specimen (target) under both normal and malfunction
operating conditions. Since the majority of strain
measurements in soil property tests are cylindrical or
radial, the optimum transducer is the type that can best
indicate a change in shaft or position vibration.

The optimum transducer probe should also be the type
that produces a maximum change in output signal as a result
of a minimum change in target vibration condition. Also, the
ideal transducer probe would be best suited for both dynamic
monitoring of movement and malfunction diagnosis.

Aside from the above considerations, the following

factors entered in the selection process:
e dimension of the probes
e sensitivity

e linear range
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e output signal compatibility
The selected probes for this study were model 590 (5M)
Oscillator/Demodulators manufactured by Indikon Company,
Inc. with a nominal linear scale factor of 100
millivolts/mil. The laboratory calibration showed the same
scale factor with a power supply of 24 volts using a target

plate of AISI 4340 steel.

3.3 Probe Specifications

The Model 590 non-contacting proximity probes have the
following specifications:

= a range from 0 to 200 mils

» sgensitivity of 100 mV/mil for vibration measurement
and gap measurement with output range -2 to -20
volts

= linearity of +1 percent between 20 and 90 percent of
full scale (for probe cables up to 10 ft)

» frequency response of DC to 10,000 Hz (-10%)

* temperature range up to 300°F (149°C)

= power at -24V DC, 7mA (supplied to models 590 and
591 oscillator/demodulators) and intrinsic safety

requirements readily met when suitable measuring

instruments are used
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*» target materials included a variety of magnetic and
nonmagnetic steels which work well; chrome and
aluminum are measurable, but specifications are more
limited

= temperature stability

e probe: -0.04% per degree C over operating range

e oscillator/demodulator: +0.03% per degree C over
operating range
= a probe cable length that is up to 50 feet (15
meters)

All probes are interchangeable to within *5% and most

within +3%.

Meanwhile, the following three advantages claimed by
the manufacturer were some of the reasons involved in the
final decision:

1. Less sensitive to surface conditions

The operating frequency of the selected probes (Indikon
Company) 1is approximately 200 kHz. This means that the
probes produce eddy currents that penetrate farther into the
metallic surface opposite the probe, rather than being
confined to a layer of only a few thousandths of an inch,
and are less susceptible to so-called "electrical runout".
(Electrical runout is due to circumferential inhomogeneities

on the surface of a shaft. It produces what appears to be a
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vibration signal on a perfectly round shaft that is
rotated.) Because of their deeper penetration, the selected
probes generally avoid electrical runout effects when used
with turned surfaces. Special shaft preparation, such as
grinding, polishing, burnishing, peening and knurling, can
generally be avoided.

2.Linearization

Indikon Company has developed proprietary linearizing
techniques that enable a probe of a given tip diameter to
have a larger operating range. In applications where space
is limited, linearization allows a smaller probe to be used.

3.0peration to zero gap

The selected probes operate down to the point of
contact between the probe tip and the metal target, as
contrasted with other makes where the probe dies as the

surface is approached.

3.4 Probe Placement

3.4.1 Probe Position

Proper design and installation of the transducer
components are as important as proper transducer selection.

Although various kinds of mounting hardware, specifically
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designed for complete electrical and mechanical protection,
were available in the market, the particular and limited
space in the existed triaxial cell prohibited the use of
those accessories. The mounting position and hardware had to
be specifically designed. The four LVDTs, four proximity
probes as well as the four targets had to be accommodated in
the eight-inch-diameter cell properly, meanwhile enough
space needed to be left for the operator to install the
parts and make alignment during the test setup.

A key point noticed in the design is that the LVDT and
non-contacting proximity probes measured the deformations of
the specimen in different ways. These differences existed in
both the relative movements between the probes and the
computations of the deformations. Comparing to a non-
contacting proximity probes, the LVDT and its target were
small and 1light, thus were easy to be attached to the
specimen. When the specimen experienced a deformation, both
the LVDT and its target moved closer or further. One set of
a LVDT and its target was sufficient to reflect the
deformation of the specimen. While the size and the weight
of a proximitor tip disallowed it to be mounted in the same
way. The proximity probe, with its long shield cable, was
mounted to a rigid place and the deformation of the specimen

measured by monitoring the movement of the target, attached
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on the specimen. Thus, it required two sets of proximitors
and targets to obtain a deformation and a rigid support
system to ensure there was no movement on the probes during
testing.

This was accomplished by mounting each probe tip on a
racket mounted on the rods inside the cell (Figure 3.1). The
mounting had to be accomplished in such a manner that the
probes can be conveniently adjusted at the beginning of a
test to place the probe tip at about 10 to 20 mils from the
target.

The mounting rackets were locked in place with screws
on two of the three rods connecting the top and bottom
plates of the triaxial cell (Figure 3.2). The design of the
mounting ring and the assembly of the probe in the triaxial
cell are shown in detail in Figure 3.3 through Figure 3.7.

To compare the behavior of the non-contacting probes
and LVDTs, altogether four proximitors were placed in the

cell with two on each side (Figure 3.1).

3.4.2 Probe Orientation

The proximity probes measured the displacement of the
target as the metal target approached or moved away from the
probe tip. However, during a triaxial test, the specimen

experienced a significant deformation after the 1,000 cycles
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of conditioning. It is important to let the target go as far
as possible in the tests, otherwise, the probes may suffer
damage when the specimen experiences a larger deformation
(Figure 3.8(a) and Figure 3.8 (b)).

The axial deformations were measured along the middle
one-half of the specimen with four proximitors. Two were
installed about 51 mm high from the bottom of the specimen
and two were installed about 51 mm high from the top. At
each height, the two proximitors were located at 180-degree
intervals. The axial deformation was calculated as the
average of the deformations measured at the two sides. The
variations between the deformations measured at each side
were carefully monitored to ensure that the specimens deform
uniformly under the applied axial load.

Meanwhile, the internal LVDTs measured the exactly same
deformations using a clamping device. Deformation along the
full length of the specimen was measured by the two LVDTS

mounted above the specimen.

3.4.3 Probe Calibrations

In order to obtain high accuracy, it was necessary to
calibrate the proximitors using the same target that was
used in the test set-up and the calibrations had to be

performed at the test temperature and with an identical
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constant power supply. Several stages of systematic
calibration were conducted before and after the installation
of probes.

First, each individual proximitor was calibrated with a
modified calibrator, which can move the target at a
precision of 0.0001 inch. During this stage of calibration,
a 24v DC power supply was used and the output signals were
measured with a multimeter. The results of the calibration
of each probe are shown in Figure 3.9 through Figure 3.12.
All the four probes were able to provide a perfect linear
range from 10 mils to 150 mils, with regression rate over
0.999.

Secondly, each probe was calibrated by connecting to
the MTS machine. Data were collected with both multimeter
and computer. The regression lines were the same to those
obtained in the first stage of calibration. The data
readings from the computer were fluctuated, however, the
average readings were very close to the data from the
multimeter.

Next, in addition to calibrating each probe
individually, overall calibrations of the testing apparatus
were conducted by adding an element to the system each time.

Typical calibration graphs are shown in Figures 3.13 and
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3.14. All the four probes performed in a linear range of 10
mils to 140 mils.

To best calibrate the system, a micro-positioner was
installed between the probe and the mounting ring for in-
place calibration. This single stage positioner measured
only 0.20 x 0.44 x 1.03 inches with 0.125 inch travel. It
provided precise and smooth motion with no backlash, by a
positive spring loaded carriage, straight within 1 micron
and less than 1 micron maximum wobble. It featured a fine 80
TPI screw adjustment. On the 0.4 inch square mounting
surface there was a 0.155 inch tapped center hole for
transmission and mounting. These features were specifically
designed for linear positioning and calibration.

The results of these in-place calibrations are shown in
Figures 3.15 and 3.16. Note that the slopes of the
regression lines were very close to the previous results.

Generally, the output signals of the proximity probes
are proportional to the target position with respect to the
probe tip. This voltage increases when the gap increases
from 0 to 200 mils at an average rate of 100 millivolts per
mil. Best linearity (<=0.5% of F.S.) was attained in the

range of 10-140 mils.
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3.5 Target Placement

3.5.1 Target requirement

The target material and size have a significant effect
upon probe performance. The probe response depended upon
both the magnetic properties and the bulk conductivity of
the target material. The performance of probes with the
materials most used in machinery (alloy and stainless
steels) is well-known and was conducted by the manufacturer.

Since the penetration of eddy-currents into the target
material is small, target thickness is determined mostly by
the need for mechanical rigidity, 50 mils being more than
adequate. Probe connectors, when mated, must not touch any

machine metal parts to avoid faulty grounding.

3.5.2 Target Design

The calibration made by the manufacturer of the
proximity probe and oscillator/demodulator was based on a
target material of type 4340, 4140 or equivalent carbon
steel. Following this, the target material for this research
was type 4340. Two sets of targets were designed and used
during the study, one set with a diameter of 1.2 inches, the

other set with a diameter of 1.7 inches.
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Knowledge obtained from this study was that a smaller
target results in non-linearity as the probe gap increases.
The target area for the probe must have a diameter of at
least 1.75 inches concentric with the probe tip, as required
by the manufacturer. However, due to the very limited space
in the triaxial chamber and the special supporting
techinique of the target, the size of the target was
designed as 1.2 inches, on the basis that it would perform
well in both static and dynamic calibrations. A smaller
sized target with a lighter weight would avoid the initial
displacement after mounting it to the clamp.

Figure 3.17 shows the primary design of the target with
a diameter of 1.2 inches.

Repeated tests show that the 1.2 inch targets are
sufficient with the stiff soils having higher resilient
modulus. The effect of the size is not detectable when the
gap is at the lower side of the range. The influence becomes
significant only when the distance comes closer to the upper
side of the range. The minimum target size should be
determined by the size when the target is at the end of the
linear range (Figure 3.18). A larger range needs a larger
target diameter.

For a softer soil with a lower resilient modulus, the

deformation after the 1000 cycles of conditioning can exceed
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100 mils or even higher. With the testing loads, the total

deformation will be higher than 120 mils or more. When the
distance between the target and the probe reaches the upper
side of the measuring range, the system gave irrational
data. To solve this problem, the operator needs to move the
probes closer to the targets.

The surrounding environment of the probe also needs to
be considered. Of extreme importance is to provide the probe
tip circular clearance. The magnetic field of the probe
extends beyond the immediate area between the probe tip and
the target, so any metal at the side of the probe also
affects the performance. Since this metal appears to the
probe as an additional target, it is important that the
metal to the side of the probe be sufficiently distant so as
not to affect its linearity.

As recommended by the manufacturer, any metal other
than the one being sensed should be at least 1.0 inch away
from the probe tip’s centerline over a distance of 1.5
inches from the target towards the probe body. A metallic
surface in a plane x inches away from the probe tip’s
centerline has much less effect than placing the probe tip
in a hole whose radius is x inches. Adjacent metal should

preferably be one or two probe diameters distant. Where this
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is not possible, special linearization techniques are needed
to achieve the desired result.

During the first phase of the instrumentation, many
days elapsed before noises were introduced to the circuit.
The noises were cut down significantly after the metallic
micro-positioner was moved away from the probe tip. (Figure

3.19a and Figure 3.19b)

3.5.3 Clamp Desigg

As discussed in Chapter Two, a clamping device 1is
essential to the specimen and LVDT alignment. Clamps in bad
condition will result in a failure of the test. Meanwhile,
slippage between the membrane and the specimen is always a
potential problem.

Although the non-contacting proximity probes may
ultimately eliminate the clamps by mounting the targets with
O-ring, glue, or make it L-shape, in this study, the clamps
were used to better compare the non-contacting proximity
probes with LVDTs. The positions of the LVDTs were required
to horizontally rotate to an angle to make room for the
target. The clamp slippage was minimized by raising the
clamp forces. This stronger clamp force was also required by

the extra weight of the targets.
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3.6 Power Supply

The proximity probes required -24v DC power to produce
an eddy current.

A Preteck DC (model 3003B) power supply was first used.
This was a regulated digital DC power supply, with the
output DC voltage of 0~30v, current O0~3A. Both 1load
regulation and line regulation <= 0.02 + 2 mv. ripple &
noise voltage <= 0.2 mv(rms), 4 mv(p-p); ripple & noise
current <= 2mA(rms), 10 mA(p-p).

This power supply works well in static calibration.
However, after the dynamic calibrations and tests were
conducted, this power supply proved to be unsuitable to the
system, because it brings noise to the system. The noise was
detected and illustrated by connecting an oscilloscope to
the system. This power supply produced noises with the
frequency around 200 kHz, coincided with the frequency of
the oscillator/demodulator of the proximity probes, and was
one of the sources of the unstable data.

The final decision on power supply was made to use two
12v acid batteries in a series connection. The batteries
were model UN2796. The total voltage was around 24.6~25.4v
after recharging, which was higher than the requirement, but

did not apparently adversely affect the measurement.
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Figure 3.8 (a) Targets go closer to the probes during a test

Figure 3.8 (b) Targets go further from the probes during a test
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CHAPTER 4

DATA ACQUISITION AND PROCESSING

4.1 General

A data acquisition system was set up to conduct the
measurements. Since the output signals of the proximity
probes were analog, a data-converting device (A-to-D
converter) was needed to transform the analog output signals
of the probes into recordable digital signals. However, the
maximal input voltage of the A-to-D converter was 12.5 v,
while the maximum output of the proximity probes was 22 v. A
voltage reducer was needed to bridge the difference. In
addition, noises existed in the non-contacting proximity
probe system. The magnitude of the noise came in the same
level of the measuring signal and made the collected data
unstable.

In this chapter, selections of the A-to-D converter and
voltage reducer are discussed and the solution to the noise
problem is presented. The procedure for processing the data

is also described in this chapter.

60
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4,2 A-to-D Converter

Since the signals from the probe conditioner were
analog, while the computer can take only digital signals, a
data collection device was needed to convert the analog
signals of the probes into digital files. This was achieved
by adding an A-to-D converter.

To best compare the non-contacting probes with LVDTs,
it was important to compare them based on the same data
acquisition system. For this concern, the same MTS analog-
to-digital converter used for the LVDTs was used to collect
the probe output signals. Thus, the output signals from both
LVDTs and proximity probes were collected simultaneously by
the same A-to-D board.

This A-to-D converter of the ATM controller had eight
input channels in the external input connector (connector

J42) . These channels were set up as shown in Table 4.1.

4.3 Voltage Reducer

A problem occurred after using the MTS A-to-D converter
concerning the range of the output signal of the proximity

probes (0~22v not matching the range of the A-to-D converter
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(0~12.5v). Thus, a voltage reducer was needed to minimize the
difference between the two parts by linearly reducing the
upcoming signals to a lower voltage range. This was achieved
by a voltage divider consisting of resistors (Figure 4.1).
The resistance of the resistors was sufficiently higher than
the down stream resistance so as to provide the linearity.
The existing resistance in the A-to-D converter board was
around 200Q); therefore, two 100k resistors in a series
connection were used for the voltage reducer. As shown in
Figure 3.13 and Figure 3.14, resistors of 100kQ and 10kQ all

gave good linearity in the calibrations.

4.4 Data Stabilization

4.4.1 Noise Features

Noises existed in the test system, ranging from the
frequency of 10 Hz to 1000 kHz. The results of LVDT
measurements were quite stable. However, the collected data
from the non-contacting proximity system contained noises as
shown in Figure 4.2. The deformations of the specimen
computed with noises varied significantly as shown in Figure
4.3. These deformations, if correctly measured and recorded,
would have been distributed closely around its average line,

as the deformations from the LVDTs shown in Figure 4.3. Under



63

the influence of the noises, the data collected by the non-
contacting system were very unstable.

The noises were picked up by the unshielded wires
between each proximity probe and the A-to-D converter. The
noises came at a level of 0.3v, which is about the same level
of the output voltage produced by the deformations of the
soil sample under the tests.

To better recognize the feature of the noises, a Channel
Signal Analyzer (Type 2032, made by Bruel & Kjar, Denmark in
1987) was used to analyze the properties of the noises that
existed in the system. The Analyzer is a self-contained
peripheral device that allows users to collect spectral
information.

The typical shape of the noise detected by the analyzer
and collected by the system is illustrated in Figure 4.4.
Several domain noises of around 60 Hz and 200 kHz existed in
the system, coincident with the frequency of the electric

power supply and proximity probes oscillator/demodulator.

4.4.2 Build-in Frequency of the Proximity Probes

As previously stated in Chapter 3, an eddy-current probe
used in this system has a tip containing an inductance

element which was excited by a high-frequency current from
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its associated oscillator/demodulator. The resulting AC
magnetic field at the probe tip induced eddy currents in the
metal target or shaft opposite it. These eddy currents in
turn changed the impedance of the probe, thereby changing the
voltage across it. Since the magnitude of the eddy current
interaction is dependant upon the gap between the probe and
the metal opposite, the voltage across the probe was
proportional to the distance or gap between the probe tip and
the target. The distance over which this voltage-to-gap
proportion is linear, may be from several mils to as much as
one inch.

Particularly, the Indikon proximity probes used in this
study consisted of a support rod having a coil at its
sensitive end. The coil was energized with a current of
approximately 200 kHz, then developed a magnetic field which
was disturbed by the presence of metal. This disturbance, or
eddy-current loss, was sensed by the probe system as the
metal target approached or moved away from the probe tip. The
output of a proximity probe is expressed as either a DC
position signal or an AC peak-to-peak vibration signal.

These proximity probes operated at a frequency of
approximately 200kHz. As a result of this lower operating
frequency, the proximity probes were less sensitive to cable

changes as well as able to penetrate deeper into the metal
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surface, thus minimizing the problems due to electrical
runout. Electrical runout was caused by local inhomogeneities
on the surface of a shaft or target which even though
perfectly round, gaves rise to signals that appeared to be
due to vibration. This is an advantage designed by the
manufacturer. In most cases, Indikon proximity probes can be
utilized on a turned surface, while competitive probes
require the surfaces to be polished, ground, burnished,
peeled and in some cases even knurled.

This low frequency might be one of the sources of the
noises introduced to the triaxial test system, since there
were a lot of noises with a frequency of 200kHz as detected
by the oscilloscope and signal analyzer. The 200kHz frequency
joined the noises causing the collected data unstable and

should be filtered before the A-to-D converter.

4.4.3 Filter Circuit and Data Reduction

The simplest way of eliminating the noises was to add a
capacitor to each circuit between a proximity probe and the
A-to-D converter. The capacitors function as filters to sieve
out the alternative signals with the frequencies higher than

a given level.



66

Trial-and-error tests were conducted with the capacitors

ranging from 1uF to 4700uF. However, only capacitors between

the range of 4.7uF and 100puF were found to function well in
the noise filtering to this particular circuit. Further
studies on the selection of the capacitors were conducted for
this range.

Capacitors need to work together with resistors. A
particular capacitor must be selected to best filter the
noises with the specific resistance in the circuit. The
optimum capacitor should be able to filter out the signals
with higher frequencies and have least effects on the working
signals. Many tests were conducted with timed data by
changing different capacitors in the system, and the results
showed that the capacitors affected the signals in three
different ways.

1. The magnitude of capacitors affected the proportions
of the noises it was able to filter out. Lower capacities can
filter only a small portion of the noises while higher
capacities will remove many low-frequency signals, including
those working signals of thelload and deformation cycles. As

shown in Figure 4.5, there were more noises left in collected
data filtered with 1puF capacitor than that filtered with 47uF

capacitor.
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2. Capacitors make time shifts in the signal curves. The
magnitude of the time shift is proportional to the capacity.
Larger capacities gave a longer time shift (Figure 4.6 and
Figure 4.7). The time shift of capacitors was critical to the
Peak/Valley mode of the data acquisition system of the MTS.
This mode recorded data when the master channel signal
detected a peak or valley. It acquired data every time a peak
or valley was detected on a force channel (master channel)
and, at the same time, took data on the displacement channels
(slaved channel). With time shifts, the peaks of the signals
of the slaved channels came later than the peaks of the
master channel. Thus, the recorded points of the slaved
channels were the points before the exact peaks.

Because the peak/valley mode could not correctly record
the peak and valley values of all channels, the MTS data
acquisition mode was changed to a timed mode, that recorded
the data of all channels at a selected time segment. The
segment of this study was set to 0.01 second.

3. The capacity decreased the magnitude of the signal.
The higher the capacity was, the more signals were cut out. A
number of systematic tests were conducted on the selection of
the capacitors. Figure 4.8 shows the effect of different

capacitors to the system regarding the particular resistors.

This figure also shows that capacitors greater than 10uF
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would reduce the signals sharply while capacitors lower than
10uF would retain too much noise in the system.

Since the 10uF capacitor was around the critical point
that could filter the noises with an acceptable level of time
shift and reduction on the signals, it was determined as the
final noise filter to the specific system.

The procedure of the final data acquisition system is
illustrated in Figure 4.9. Figure 4.10 shows one unit of the
filter circuit while Figure 4.11 illustrates the difference
in deformation readings with and without a filter.

Still, small noises remained in the system with 10pF
capacitors. This problem was solved by averaging the 35
cycles out of the 50 cycles of recorded data with a Visual

Basic Application program that was run in Microsoft Excel.

4.5 Compution of Resilient Modulus

As the data collection mode was changed from Peak/Valley
to Timed Data (0.0lseconds/cycle), the data processing
program was modified accordingly for computation of the

resilient modulus.
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4.5.1 Computational Procedure for AASHTO T-292

According to AASHTO T 292-91I, in a resilient modulus
test, a series of tests with different deviator stresses at
different confining pressures can be performed after the
specimen conditioning stage. The data were recorded for every
cycle of each test, however, only the last five cycles of
each test were used for final averaging. The resilient
modulus (MR) was calculated from the load and deformation
using the equation:

Mz = Oa / & (4.1)
where o3 1s the deviator stress and & is the resilient or

recoverable strain.

4.5.2 Modified Program for Data Processing

As the data collection mode changed to Timed Data, the
recorded data files appeared different from that of
Peak/Valley mode. With a Timed Data mode, loads and
displacements of LVDTs and proximity probes were recorded
100 times in one load cycle, comparing to that of two points
a cycle with Peak/Valley mode. For each soil specimen, 14
series of tests with different deviator stresses and
confining pressures were conducted. 50 cycles of loads were
repeated in each test. The recorded file size of the Timed

Data mode was about 100 times greater than that of the
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Peak/Valley mode, giving more detailed information about the
loads and deformations.

The data were processed using an Excel program on a
tabular format. The program was written in Visual Basic
Application, which can be run in Microsoft Excel by clicking
“Run Macro” in the “Tools” menu. The program was executed in
the order of the flow chart illustrated in Figure 4.12 with
the following steps:

1. The first 14 cycles and the last one cycle were
deleted. Only the data of the remaining 35 cycles between
the 15" and 49*" cycles were kept for averaging due to the
appearance of instability in the loads during the first 15
cycles and the last cycle. As shown in Figure 4.13, the
loads in the 35 cycles after the 15" cycle were relatively
stable with a reliable repeatability.

2. The remaining 35 cycles of data were averaged. Since
the data file recorded the test information exactly 100
times in one load cycle (1 second), the averaging was done
on the related points at the same position of each cycle. As
demonstrated in Figures 4.14 and 4.15, no phase shift
occurred between the cycles and the curve shapes remained
the same after averaging.

3. The peak and valley points of each variable in the

averaged data were found, the resilient modulus then
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calculated wusing the difference between the peaks and
valleys. Using this method, the time shift effect caused
from the filters was eliminated as the peaks and valleys in
each curve were found independently.

Oon the final report sheet, the resilient moduli
obtained by full-length-positioned LVDTs, middle-length-
positioned LVDTs and proximity probes were presented
together. The differences between the resilient modulus from
the middle-positioned LVDTs and proximity probes were also
computed. All the results of resilient modulus computed by
this modified program were in positive agreement with the
results obtained by the T292 data collecting method and

processing program.

4.6 Test Program

4.6.1 Soil Materials

Three types of soils: A-3, A-2-4, limerock were
selected for triaxial tests wusing the established non-
contact proximity instrument. All the soil samples chosen
for experimentation in this study were tested for previous
LVDT based resilient modulus studies. Thus the consistency
of the test results may be checked by comparing the recent

results with previously obtained data. The basic properties
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of each soil, such as optimum moisture content and dry unit
weight, were evaluated in the previous studies. Experiments
for each type of soils were targeted for conducting under
the same conditions, the same moisture content and the same
compaction efforts, using the same test procedure. The basic

soil properties and test conditions are summarized in Table

4.2.

4.6.2 Resilient Modulus Test Procedures

The procedures used for the laboratory testing were
generally in accordance with those suggested by the American
Society for Testing and Materials (ASTM) and the Manual of
Florida Sampling and Testing Methods (FDOT 1988) and T292-
91I. The 292-91I was used as a main reference for all tests.
However, due to the changes in the apparatus, the test
procedure needed to be adjusted accordingly. This adjustment
was mainly reflected in the setup of the specimen and the
data acquisition of the test data. As stated previously in
chapter 3, the LVDT and non-contacting proximity probes work
simultaneously in a single triaxial cell. Thus, a specimen
should be set up with both LVDT and non-contacting probes in
each alignment. This combined alignment was critical even
though it took longer than the alignment in the respective

single test measurement. More attention was given to the
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alignment of the LVDTs, since bad LVDT alignment often
results in test failure, while the non-contacting probes
were not very sensitive to the slight misalignment.

During the resilient modulus test, 1000 cycles of
specimen conditioning were conducted first. Then, a series of
tests at different deviator stresses and confining pressures
were performed, the same as T 292-91I. Timed data were
recorded for every cycle of the tests and the middle thirty-
five cycles were used for computation of resilient modulus.
The resilient modulus (Mzp) was calculated by dividing the
deviator stress by the resilient strain (Equation 4.1).

For each test, the resilient modulus results were
reported in a tabular form comparing the results from LVDT
measurements and non-contacting proximity probe measurement.
A regression model was used to get the regression equation of
M from the confining pressure and bulk stress. Replicate
resilient modulus tests were conducted on each type of soils

to check the repeatability of the tests.
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Table 4.1 External Input Channels of the MTS A-to-D Converter
Channel 1 2 3 4 5 6 7 8
No.
cﬂ:r':‘"ee' J42-1,2 | J42-3,4 | J42-5,6 | J42-7,8 | J42-9,10 | J42-11,12 | J42-14,15 | J42-16,17
Signal Probe1 | Probe2 | Probe3 | LVDT1 | LVDT2 LVDT3 LVDT4 Probe4

Table 4.2 Soil Properties and Test Conditions

Soil Type A-3 A-2-4 Limerock
Lee Co.,
Source State Road 70 State Road 70 Site #1B,
S.R. 884
Optimum
Moisture Content 11.40 10.60 7.40
(%)
Max Dry Density 17.6 19.6 20.5
(kNIms) (112.1pcf) (122.1pcf) (130.6pcf)
Labratory
Moisture Content 11.1~11.46 10.3~10.7 7.32~7.35
(%)
Labrotory Dry - - _
Density (kN/ms) 17.97~18.78 20.62~20.84 21.70~21.98
Number of Tests 4 3 2
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Figure 4.1 Voltage Reducer Circuit for a Probe
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Figure 4.10 Filter and voltage reducer circuit for a probe



85

00.

009

I

(dweo awes uo pue speoj awes Japun)
SJ19}|1} O/M pue /m saqoud ay) jo ejep pawil] L}y ainbi4

00S

(03s10°0) awnL

0oy

0oe 00¢

Il !

001

-

I

:__

-
T a—

(1o310edeD o/M) 4n o

68200

- 6200

- 66200

- €00

- G0€0°0

- LE00

GLeo0

(s|iw) uonewuaoyag



86

Delete the first 14 and the last 1 cycles
(keep the middle 35 cycles)

l

Average the data from the 35 cycles to
form one single cycle of data
(increment of 100 points)

Find the peak and valley of each
variable in the averaged data

Calculate the resilient modulus
using the peak and valley of each
variable

Figure 4.12 Flow chart for computing resilient modulus
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Figure 4.14 Load and deformation of a cycle before averaging
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CHAPTER 5

SUMMARY AND PRESENTATION OF EXPERIMENTAL RESULTS

5.1 Resilient Modulus Test Results

The materials tested in this research consisted of
limerock, AASHTO A-3 material and AASHTO A-2-4 material.
Typical results of resilient modulus tests are presented in
this chapter, including the confining pressure, deviator
stress, bulk stress, axial strain, and the corresponding
resilient modulus values by each test sequence. Comparisons
of the resilient modulus obtained by different measurements,
regarding to the test sequence, confining pressure, and bulk

stress for each soil type are presented as follows.

5.1.1 Resilient Modulus Values for A-3 Soil

A total of four samples of A-3 soil (sandy subgrade
material) were tested in the laboratory under the same test
conditions. The results are summarized in Tables 5.1 through
5.4. Comparing to A-2-4 soil and limerock, the A-3 specimens
were difficult to set up since they are often soft, unstable

and usually tilted after extruding from the compaction mold.

90
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The data for the four tests are shown in Figures 5.1
through 5.12 in terms of the test sequence, confining
pressure and bulk stress with the corresponding resilient
modulus values. For different types of measurements, the
results show that the middle-positioned LVDTs gave the
highest resilient modulus values whereas the resilient
modulus values obtained from the non-contacting proximity
probes were in between the results obtained by the middle

and full-length LVDT measurements.

5.1.2 Resilient Modulus Values for A-2-4 Soils

The A-2-4 soil was more stable than the A-3 soil after
compaction, thus it was easier to set up. Three tests were
conducted and all results fell in a closer range than those
of the A-3 soil. Summaries of the test results are given in
Tables 5.5 through 5.7. Figures 5.13 through 5.21
demonstrate the results for each test. The figures display
the same trend as that for the A-3 soil: the resilient
modulus values obtained from the non-contacting proximity
probes were in between the two resilient moduli obtained by
the middle and full-length LVDT measurements during each

test sequence.

5.1.3 Resilient Modulus Values for Limerock Material

The results of two specimens of the Florida 1limerock

materials are summarized in Tables 5.8 and 5.9. Comparisons
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of resilient moduli and their regression lines are shown in
Figures 5.22 through 5.27.

The Florida limerock materials displayed a wide range of
resilient Dbehavior wunder different loading and confining
conditions, as shown in the tables and figures. This was
consistent with the results from previous studies.

Though the results were volatile, the trend for each
test of limerock was the same as for the A-3 and A-2-4 soils:
the resilient modulus value obtained by the non-contacting
proximity probes was higher than that obtained by the full-
length-positioned LVDTs but lower than that from the middle

LVDTs.

5.2 Analysis and Discussion of the Test Results

The resilient modulus values obtained from the non-
contacting proximity probes as measured by the deformation
of the half length of specimen were always lower than that
of the middle-positioned LVDTs. The middle-positioned ones
measured the same deformation of the same length of specimen
but were higher than that of the LVDTs at the full length as
measured by the deformation of the full length of the
specimen. The test results are further discussed 1in

following sections.
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5.2.1 Repeatability of Resilient Modulus Tests

At least three replicate samples were conducted for
each type of soil to investigate the repeatability of the
tests and to ensure the validity of the resilient modulus
test results. Figures 5.28 and 5.29 show the comparisons of
the resilient modulus results from the replicate samples of
A-3 and A-2-4 soils. The data points were close to the line
of equality, though some were a 1little scattered. The
repeatability of the resilient modulus test was satisfactory
for each type of soils.

Some data points were away from the line of equality.
One possible reason for the variation may have been due to
the variation of the soil specimens. The variation might be
induced by the offset of moisture content and dynamic
compaction during the specimen preparation. Although the
duplicate samples were compacted at the same energy level
(the soil samples were divided into the same number of layers
with the same number of blows for each layer), variations
existed in the moisture content and density of the specimens.
Another reason could be due to the problem with installation
of LVDTs. Since the installation of LVDTs especially the
alignment was very difficult and inconvenient, there might be
inaccuracy of placement, which led to variations in all of

the three measurements.
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5.2.2 Deformation Loss in Middle-positioned LVDTs

As discussed in Chapter 2, middle positioned LVDTs
required a skillful alignment during the sample set-up. This
alignment required three-dimension adjustments, which are
achieved by adjusting the two clamps, to which the LVDTs
were vertically attached. Specimen tilting or clamping
tilting resulted in the friction between the metal stick and
the coil sensor of middle-positioned LVDTs. The problem is
that a perfect alignment can hardly be achieved in a regular
test, therefore, frictions always exist in the middle-
positioned LVDT measurement.

Since the middle LVDTs and non-contacting probe targets
were both attached on the same clamps, they measured exactly
the same deformations as the specimen. As shown in every test
result, middle positioned LVDTs always measure a lower
deformation (higher resilient modulus) than non-contacting
probes and full-length-positioned LVDTs. This difference
become more significant when there is a misalignment that
caused one of the middle LVDTs stuck (Table 5.10).

While the proximity probes, which were easy to install
and align, measured the deformation in a more stable and
reliable way than the middle-positioned LVDTs, the probes
were not sensitive to the misalignment either. In all cases

of the tests in this study (over 150 loading sequences on
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more than 11 specimens), the proximity probes measured the

deformations about 5-10% higher than the middle LVDTs (Table

5.11).

5.2.3 End Effect of Full-length-positioned LVDTs

Full-length-positioned LVDTs can induce errors to the
deformation measurements because of air gaps (Figure 5.30)
between the specimen and accessories such as porous stones
and platens, and errors due to specimen tilting etc.

In every test of the study, the full-length-positioned
LVDTs, though easy to install, provided resilient modulus
values that were lower than those obtained by the other two
measurements. The differences became more significant when
the soil type was coarser and harder, for example, limerock.
As shown in Figures 5.1 through 5.12, for A-3 soils, the
full-length LVDTs gave resilient modulus values approximately
20~25% lower than the other two measurements. However, for
Limerock, this difference ranged from 30% to 50% (Figures
5.22 through 5.24).

The effect of air gaps was increased in limerock tests
as the samples were very hard and the deformations on the air
gaps occupied a significant portion in the total deformation
of the specimen. In limerock tests, there were more air gaps

between the specimen surface and the porous stones due to the
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larger diameter of the 1limerock particles, which made it
difficult to surface the specimen as good as A-3 and A-2-4
soils after compaction. Generally, the 1limerock specimen
needs to be prepared with more effort in the surfacing step
by flattening pulverized particles to the surface.

Figures 5.25 through 5.27 show a test in which the
limerock specimen was prepared by a loose effort in
surfacing. Obviously, it increased the difference between the
resilient moduli from full-length-positioned LVDT and the
other two measurements.

Theoretically, the differences of the sensitivity and
accuracy among each measurement should not change because of
the change in soil type. The phenomenon appeared in this
study, that the differences of the test results increase when
the soil specimens were prepared with air gaps, is evidence
of the existence of the end effect in the full-length LVDT
measurement.

This observation is in agreement with previous studies.
Ping et al. (1998) compared the full-length positioned and
middle-positioned LVDTs and indicated that the resilient
modulus measured from the middle LVDTs was significantly
different from that determined from the full length LVDTs.

For the T 292-92I test procedure, the average difference of
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the resilient modulus values between the full-length and
middle LVDT measurements ranged from about 15% to 25%.

Maher et al. (1996) compared the non-contacting
proximity probes with full-length-positioned LVDTs by fixing
the targets to the specimen using double-sided tape. The
study concluded that the use of non-contacting proximity
probes with a gauge length of one-third gave more accurate
and repeatable results than that of LVDTs with a gauge
length of one (AASHTO T294-92). According to this study, the
use of full-length-positioned LVDTs underestimated the
resilient modulus values by 20% when testing dense granular
materials. The study of Pezo et al. (1998) wverified this
discrepancy of about 20% and suggested using the middle one-

third of the specimen length to avoid the end effect.

5.2.4 Reliability and Benefits of the Proximity Probe

Measurement

As practiced in the experiments and supported by the
results, the proximity probes appeared to be a good
alternative of the LVDTs. The major advantage of the
proximity probes was the higher sensitivity and accuracy
with lower chance of test failure. These transducers did not
bear on the specimen, though it needed to mount metallic

targets that moved rigidly with the specimen.
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The high accuracy came with requirements of thorough
calibration of the transducer, with the same target used in
the system set-up, and identical constant voltage supply
during testing and calibration operations. The high accuracy
and sensitivity also required that the target be in close
proximity to the probe tip, not exceeding its linear range.

Another advantage of the non-contacting probes was
reflected in the alignment of the specimen setting up.
Parallelism between the target and the sensor was not
critical as long as the angle between the sensor face and
the target was within approximately 15 degrees. Thus, the
proximity probe output was not influenced by tangential
movement of the targets and is sensitive only to
displacements in the axial direction. Furthermore, these
probes had a transient response of 10 usec. Thus, hundreds
of data points were recorded for each cycle of loading even
at high frequency (>100 cycles/sec). Temperature changes and
environment conditions, such as surface contamination and
humidity between the sensor and the target, had minimal or
no effect on the system accuracy.

Of course, errors may be induced to the non-contacting
probe measurement as well as the middle positioned LVDTs
measurement from the system compliance of triaxial cell

accessories or from slippage of the membrane. Claros et al.
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(1990) also stated that it was difficult to secure the LVDT

clamps to ensure there was no movement. With the current
clamp mounting method, poor alignment of the specimen or
inaccuracy of installation caused by the difficulty in the
set-up of the measurement system may induce errors. In
addition, the data from the non-contacting proximity probes
may contain noises ranging from 60Hz to 200 kHz, coincident
with the frequency of the electrical power supply and
proximity probes oscillator/demodulator. The filtering

process may have induced errors on the test results.
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Figure 5.1 Resilient modulus test result for A-3 soil (Sample A)
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Figure 5.4 Resilient modulus test result for A-3 soil (Sample B)
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Figure 5.7 Resilient modulus test result for A-3 soil (Sample C)
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Figure 5.10 Resilient Modulus Test Results for A-3 Soil (Sample D)



121

(g ejdwes) 10s g-y 40} ainssaid Bujupuod sA snjnpow judl|isay L1°G ainbi4

ed) ‘ednssald Buiuyuon

Ole ¢ 4, o s b ¢ z 0l
g
9
B )
8
5 I 018
, »
—
m
=
nl—
1z Z
@)
)
c
a € w
s [
~ v
S
HLOD9N3I1 11Nd 1V LAATINOYd --1-- §
- 39d0dd ALINIXOYHd NOYHd === | | 9
| 47IVH 371ddiN 1V LAATNO"d — — JA




122

(g a1dweg) |10S ¢-y 10} SS3JIS Y|NQ SA SNNpow Jual|isay ZL'S ai1nbi4

edy ‘ssais ying

: 4 € ¢ Ol s g
S
9
= .
8
\\\hm, No—\

A

m

2

=

m

2z

z 3

=

o

=

€ —

C

w

vz

=

HLON31 1IN4 LV LAAT WOYd -=-- s ©
3804d ALINIXOY¥d WOYS = @== 9
47vH 31QAIN LY LAAT WONd — — j




OMid LVDT Modulus
N Probe Modulous

OFull LVDT Moduous

L7000 vmgsmmzmgmgzqmgqgzgzzgqgz@qgzqgzz@q73q77 7722222222222

123

[ zzzzzzzqzq7q@qzqzqpqgqgq@zzzzzizzzzizz;z:Zzz;:

V7700700000000 mm07qm0mpgp7gqgqgqpgzpgqgzzq@z2z;2zz;2:z22

[ 770000000007z 07770000000

L7777z ez iz a7

7777777

(7777772700400 00 000000 77702002

[z 070msm0 dgapgzzz 7z a2 72222

_WizzzzzzzzzzzzzzzzzzzzzZZI gz g g a2

400

350

300

250
0
150
100

ediN YW

o o
w0

14

13

12

11

10

Test No.

Figure 5.13 Resilient modulus test result for A-2-4 soil (Sample A)
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Figure 5.16 Resilient modulus test result for A-2-4 soil (Sample B)
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Figure 5.19 Resilient modulus test results for A-2-4 soil (Sample C)
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Figure 5.22 Resilient modulus test results for limerock (Sample A)
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Figure 5.25 Resilient modulus test results for limerock (Sample B)
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Resilient Modulus from Sample B, D
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Figure 5.28 Repeatability of resilient modulus
tests for A-3 soils
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The conclusions, based on the observations and analyses
from this laboratory experimental study, are summarized

below.

1. The laboratory resilient modulus testing program was
successfully conducted by using specimens of selected
granular materials and Florida limerock with both
measurements of LVDTs and non-contacting proximity probes
simultaneously on a single sample. The resilient modulus test
was repeatable and the test results were believed to be

representative.

2. The resilient modulus values measured from the middle-
positioned LVDTs (gauge length ratio of 0.5) were higher than
those from the proximity probe measurement for the limerock

and granular materials. The reasons for this difference may
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be due to frictions between the LVDT sensors and the noises

induced to the proximity probes.

3. The resilient modulus values measured from the full-
length-positioned LVDT measurement were lower than that from
the proximity probe measurement and the middle-positioned
(gauge length ratio of 0.5) LVDT measurement. The main reason

for this difference could be due to the end effect.

4, The application of non-contacting proximity probe with a
gauge length ratio of one half gave accurate and reliable
results in the measurement of axial deformation of resilient
modulus tests. Typically, the results from the proximity
probe measurement were about 5~10% lower than those from the
middle-positioned LVDT measurement but about 15% higher than
those from the full-length-positioned LVDT measurement for

granular materials.

6.2 Recommendations

The following recommendations are made based on the

analysis and observations from this laboratory study:
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1. The proximity probes appeared to be a good alternative
of the LVDTs. The major advantage of the proximity probes was
the lower chance of test failure. However, it needed to mount

metallic targets that moved rigidly with the specimen.

2. One of the major concerns in resilient modulus testing is
the positioning and mounting of the deformation measurement
device. An improved mounting method of the devices on the
specimen will possibly increase the reliability of non-

contact measurement as well as the LVDT measurements.

3. For granular materials, vibratory or gyratory compaction
may be a better choice for preparation of test specimens in

the laboratory.

4. Further studies should be made on the improvement of LVDT
measurement and the evaluation of other non-contact

measurement, such as the electro-optical system.



APPENDIX

Macro for Data Reduction

Sub Analysis()
MsgBox ("Please
Application.Run
Application.Run
Application.Run
Application.Run
Application.Run
Application.Run
Application.Run
Application.Run
Application.Run

End Sub

Sub findOneCycle()

Put the cursor to the Al Cell")

"PERSONAL

"PERSONAL.

"PERSONAL.

"PERSONAL.

"PERSONAL.

"PERSONAL.

"PERSONAL.

"PERSONAL.

"PERSONAL.

.XLS!findCycles"
XLS!deleteCyclesMoreThan49"
XLS!deleteFirstl5Cycles"
XLS!averageOneVarible"
XLS!averageAll"
XLS!keepAverageDeleteRest"
XLS!findMaxAndMin"
XLS!caculatePeakVallyDifference"

XLS!calculateModulus"

ActiveWindow.SmallScroll Down:=102

ActiveCell.Offset (100, O0)

.Rows ("1:1") .EntireRow.Select

Selection.Insert Shift:=x1Down

ActiveCell.Offset (1,

End Sub

0) .Rows("1:1") .EntireRow.Select
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Sub

End

Sub

End

Sub
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findCycles ()

Dim i As Integer
ActiveCell.Offset (14, 0).Rows("1:1") .EntireRow.Select
For i = 1 To 50
Application.Run "PERSONAL.XLS!findOneCycle"
Next i

Sub

deleteCyclesMoreThan49 ()

ActiveWindow.ScrollRow 1

ActiveCell.Offset (-5050, 0).Rows("1l:1") .EntireRow.Select

ActiveWindow.ScrollRow 4970

ActiveWindow.SmallScroll Down:=-31

ActiveCell.Offset (4949, 0).Rows("1l:1") .EntireRow.Select

ActiveWindow.ScrollRow = 5873
ActiveWindow.ScrollRow = 6164
ActiveWindow.ScrollRow = 6275

ActiveWindow.SmallScroll Down:=54
ActiveCell .Rows("1:1382") .EntireRow.Select
Selection.Delete Shift:=x1Up

ActiveWindow.ScrollRow 1

ActiveCell.Offset (-4949, 0).Rows("1:1") .EntireRow.Select

Sub

deleteFirstl5Cycles()
ActiveWindow.ScrollRow = 1436

ActiveWindow.SmallScroll Down:=-17



End

Sub
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ActiveCell.Rows("1:1414") .EntireRow.Select

Selection.Delete Shift:=x1Up

ActiveCell.Rows("1:1") .EntireRow.Select

Sub

averageOneVarible ()

ActiveWindow.ScrollRow = 5060

ActiveWindow.ScrollRow = 4006

ActiveWindow.ScrollRow = 3012

ActiveWindow.ScrollRow = 3384

ActiveWindow.ScrollRow = 3956

ActiveWindow.SmallScroll Down:=-174

ActiveWindow.LargeScroll Down:=-9

ActiveWindow.SmallScroll Down:=7

ActiveCell.Offset (3536, 1).Range("Al").Select

ActiveCell.FormulaR1Cl = _
"=(R[-102]C+R[-203]C+R[-304]C+R[-405]C+R[-506]C+R[-

607]C+R[-708]C+R[-809]C+R[-910]C+R[-1011]C+R[-1112]C+R[-

1213]C+R[-1314]C+R[-1415]C+R[-1516]C+R[-1617]C+R[-1718]C+RI[-

18191 C+R[-1920]C+R[-2021]1C+R[-2122]C+R[-2223]C+R[-2324]C+R[~

2425]C+R[-2526]C+R[-2627]C+R[-2728] C+R[-2829]1C+R[-2930]C+R [~

3031]C+R[-3132]C+R[-3233]C+R[-3334]C+R[-3435]C+R[-3536]C) /35"

ActiveCell.Offset (1, 0).Range("Al") .Select

End Sub

Sub

averageAll ()

ActiveCell.Offset (-1, 0).Range("Al").Select

Selection.AutoFill Destination:=ActiveCell.Range("Al:I1"),



147

ActiveCell.Range("Al:I1") .Select
Selection.Copy

ActiveCell.Offset (1, 0).Range("Al") .Select
ActiveWindow.SmallScroll Down:=107
ActiveCell.Range ("A1:I99") .Select
ActiveSheet.Paste

End Sub

Sub keepAverageDeleteRest ()

ActiveCell.Offset (-1, 0) .Range("Al").Select

ActiveCell.Select

ActiveWindow.SmallScroll Down:=101

ActiveCell.Range ("A1:I100") .Select

Selection.Copy

ActiveCell.Select

Selection.PasteSpecial Paste:=x1Values, Operation:=x1None,
SkipBlanks:= _

False, Transpose:=False

ActiveCell.Offset (-1, 0) .Rows("1l:1") .EntireRow.Select

ActiveWindow.ScrollRow = 11

ActiveCell.Offset (-3534, 0).Rows("1:3535") .EntireRow.Select

ActiveCell.Activate

Application.CutCopyMode = False

Selection.Delete Shift:=x1Up

End Sub

Sub findMaxAndMin ()
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ActiveCell.Offset (-1, 0).Rows("1:1") .EntireRow.Select
Selection.Delete Shift:=x1Up

ActiveWindow.SmallScroll Down:=98

ActiveCell.Offset (102, 1) .Range("Al") .Select
ActiveCell.FormulaR1Cl = "=MAX(R[-102]C:R[-3]C)"
Selection.AutoFill Destination:=ActiveCell.Range("Al:I1")
ActiveCell.Range ("Al:I1") .Select

ActiveCell.Offset (1, 0) .Range("Al") .Select
ActiveCell.FormulaR1Cl = "=MIN(R[-103]C:R[-4]C)"
Selection.AutoFill Destination:=ActiveCell.Range ("Al:I1")
ActiveCell.Range("Al:I1") .Select

ActiveCell.Offset (0, 8) .Range("Al").Select

End Sub

Sub calculateModulus ()
ActiveCell.Offset (0, -10).Range("Al:K1").Select
Selection.Copy
ActiveCell.Offset (2, -1).Range("Al") .Select
Selection.PasteSpecial Paste:=x1Values, Operation:=x1None,
SkipBlanks:= False, Transpose:=False
ActiveCell.Offset (-2, 0).Rows("1l:1").EntireRow.Select
ActiveWindow.ScrollRow = 1
ActiveCell.Offset (-118, 0).Rows("1:119") .EntireRow.Select
ActiveCell.Activate
Application.CutCopyMode = False
Selection.Delete Shift:=x1Up

ActiveCell.Offset (0, 1).Columns ("A:C") .EntireColumn.Select
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Selection.Delete Shift:=x1ToLeft

ActiveCell.

Offset (0,

Selection.Delete Shift:=x1ToLeft

ActiveCell.Offset (2, -5).Range("Al") .Select
ActiveCell.FormulaR1Cl = "Axial Load"
ActiveCell.Offset (1, 0).Range("Al").Select
ActiveCell .FormulaR1Cl = "=R[-2]C/0.224809"
ActiveCell.Offset (-1, 1).Range("Al").Select
ActiveCell.FormulaR1Cl = "Dev. Stress"
ActiveCell.Offset (1, 0).Range("Al") .Select
ActiveCell.FormulaR1Cl = "=RC[-1]/3.1415926/4"

convert to SI

ActiveCell.
ActiveCell.
ActiveCell.
ActiveCell
ActiveCell.
ActiveCell
ActiveCell.
ActiveCell
ActiveCell.
ActiveCell
ActiveCell.
ActiveCell
ActiveCell.
ActiveCell

ActiveCell.

FormulaR1Cl= "=RC[-1]/3.1415926/4.0/0.0254/0

Offset (-1, 1).Range("Al").Select
FormulaR1Cl = "Mid LVDT Strain"
.Offset (1, 0).Range("Al") .Select
FormulaR1Cl = "=(R[-2]C[-1]1+R[-2]C)/2/4"
.Offset (-1, 1).Range("Al") .Select
FormulaR1Cl = "Full LVDT Strain"
.Offset (1, 0).Range("Al") .Select
FormulaR1Cl = "=(R[-2]C+R[-2]C[1])/2/8"
.Offset (-1, 1) .Range("Al") .Select
FormulaR1Cl = "Probe Strain"

.Offset (1, 0).Range("Al") .Select
FormulaR1Cl = "=(R[-2]C[1]+R[-2]CI[2])/2/4"
.Offset (-1, 1).Range("Al").Select

FormulaR1Cl = "Mid LVDT Modulus"

4) .Columns ("A:A") .EntireColumn.Select

.0254"



ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

ActiveCell.

ActiveCell

End Sub
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.Offset (1, 0).Range("Al") .Select

FormulaR1Cl = "=RC[-4]/RC[-3]1/1000"

.Offset (-1, 1).Range("Al") .Select

FormulaR1Cl = "Full LVDT Modulus"

.Offset (1, 0).Range("Al") .Select

FormulaR1Cl = "=RC[-5]/RC[-3]/1000"

.Offset (-1, 1) .Range("Al") .Select

FormulaR1lCl = "Probe Modulus"

.Offset (1, 0).Range("Al") .Select

FormulaR1Cl = "=RC[-6]/RC[-3]1/1000"

.Offset (-3, -7).Range("Al") .Select

FormulaR1Cl = "Axial Load"

.Offset (0, 1) .Range("Al") .Select

FormulaR1Cl = "Mid LVDT1"

.0ffset (0, 1) .Range("Al") .Select

FormulaR1Cl = "Mid LvVDT2"

.0ffset (0, 1) .Range("Al") .Select

FormulaR1Cl = "Full LVDT1"

.Offset (0, 1) .Range("Al") .Select

FormulaR1Cl = "Full LVDT2"

.Offset (0, 1) .Range("Al") .Select

FormulaR1lCl = "pl-p2"

.Offset (0, 1) .Range("Al") .Select

FormulaR1lCl = "p3-p4"

.Offset (3, 1) .Range("Al") .Select
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