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ABSTRACT

A seismo-acoustic sonar concept that uses guided interface waves (Rayleigh or

"Scholte_) is being developed to detect buried ordnance in the sea floor and beach

sediments. ~This thesis describes the initial research conducted into the design,
construction, and field testing of possible seismic sources that excite preferentially the
interface waves desired for use in such a system. The theory of elasticity shows that
seismic interface waves have elliptical particle velocity orbits in the vertical plane along
the path of propagation. It was therefore decided that to selectively excite the desired
interface waves, a harmonic source employed at the interface must induce elliptical
particle motion in this plane. Several exploratory sources were developed to produce this
type of excitation. Field tests of the discrete-mode sources developed were conducted to
evaluate this hypothesis, but due to the non-optimum nature of the experimental sources,
perfect discrete source excitation was not obtained. However, it was found that the
medium itself acted as a selective filter for the interface waves after a few tens of meters
'of propagation. The experimental results obtained here suggest that the basic concept of

discrete-mode excitation looks promising.
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L INTRODUCTION

The research described in this thesis is a continuation of work started at the
Applied Research Laboratories of the University of Texas at Austin, sponsored by the
Office of Naval Research, into the development of a seismo-acoustic sonar for the |
detection of buried ordnance using guided, seismic interface waves. Their research
identified certain key issues requiring resolution prior to further concept development.
The primary focus of the present research is to address and resolve some these issues,
specifically; the design, construction, and field testing of a discrete-mode excitation
source for seismic interface waves.

This thesis contains six chapters dedicated to this purpose. The introduction
describes the necessity and motivation for this research. It also includes a brief
exposition on current and emerging mine warfare technology as it relates to buried
ordnance detection. The second chapter provides an introduction into general seismology
with a detailed description of interface waves and the characteristics that make them
ideally suited for such an application. The third chapter describes the previous research
efforts conducted in this and similar areas. The following two chapters contain the major
portion of the information on the discrete-mode source development and the experimental
results, through the ground and surf zone testing phases. The final chapter provides
concluding remarks and recommendations for continuing research efforts, which should

serve to further future project development.

A.  RESEARCH OBJECTIVE

In November of 1996, during the Mine Warfare Symposium held at the Naval
Postgraduate School in Monterey, California, the concept of a seismo-acoustic sonar for
the detection of buried ordnance was introduced to the mine warfare community, and was
based on the work conducted by the Applied Research Laboratories of the University of
Texas at Austin (ARL:UT). [Ref. 1] _ .

The main objective of the ARL:UT study was to demonstrate that an electro-

mechanical transducer could be employed to excite seismic surface waves, of which there ‘



are many types, but especially Rayleigh waves, which could be used to ensonify a buried
mine-like target, and which in turn would produce seismic echoes that could be received,
processed, and displayed. Due to the generally large contrast in density and elasticity
between buried ordnance and the surrounding soil, the target produces seismo-acoustic
echoes that travel in all directions, in all of the possible propagating modes allowed by
the theory of elasticity [Ref. 1]. The experimental results of the study showed that the
concept of a seismo-acoustic sonar for the detection of buried ordnance was scientifically
feasible.

During the course of this first investigation into the use of a seismo-acoustic sonar
for buried ordnance detection, certain key issues requiring resolution were identified.
These issues need to be solved before the overall concept will have sufficient credibility

to progress onto naval system development. These issues included [Ref. 1]:

e Development of sources for selective, or discrete-mode, excitation of seismic
interface waves. _

¢ Development of techniques for selective reception of seismic target echoes.

e Adaptive methods for excitation and reception of optimal modes.

* Measurement, analysis, and utilization of real mine target strengths.

e Incorporation of new discovered cetacean sonar protocols and signal physics.

e Re-examination of vector signal processing technology.

The purpose of the present research is to address and attempt to resolve some of
these key issues, specifically, to initiate development of a discrete-mode source and to
further refine the vector signal processing techniques. The results of this research should

bring the concept of a seismo-acoustic sonar closer to field implementation.

B. RESEARCH MOTIVATION

Because of the series of events that transpired during the Persian Gulf War, a
great deal of attention has been directed towards “main-streaming” mine warfare in the

US military. The use of mines in the battlefield poses a serious threat to many different



military operations, and thus significantly impacts the United States’ ability to execute its
national security objectives. The tactical use of mine warfare directly influences the
shape of the battlespace and may exclude our military forces from areas in which they
our called upon to serve. - In order to accomplish its military objectives, US forces need
effective methods to detect and counter enemy mines. As Admiral Boorda stated in his
1995, white paper on mine warfare, “This warfare area must take its proper place among,
as well as influence, future research and development, acquisition, and modernization
plans and programs”[Ref. 2]. |

In terms of cost-effectiveness and operational and psychological impact, mines
are perhaps the single most attractive weapons available for disrupting the battlespace.
For the foreseeable future, we must expect increases in both the lethality and number of
mines available. Therefore, more advanced technologies must be pursued to make the
detection, classification, and removal of mines and other buried ordnance items quicker,

safer, and more cost-effective.

C. CURRENT AND EMERGING MINE WARFARE TECHNOLOGY

At the present time (1998) there is no single method currently available that can
detect buried mines in shallow water sediments, through the surf zone, onto the beach and
beyond. All the varying buried mine amphibious countermeasure operations can be
effectively grouped into either breaching for amphibious assaults or post conflict
clearance opérations. Breaching operations involve the construction of safe paths
through a minefield during combat, while clearance operations deal with eliminating
unexploded ordnance from large areas for occupation and use. Accurate detection and
identification are essential for both types of operations. For combat breaching it is
important to quickly know where the minefields are located and what their density is,
while ordnance clearance operations need to deal with each and every mine, on a non-

real-time basis.




1. Current Mine Warfare Technology

a) Shallow Water Mine Warfare Technology

From the high-water mark seaward Expiosive Ordnance Disposal (EOD)
divers, Naval Special Warfare (NSW) combat swimmers, Marine Corps reconnaissance
swimmers, and the U.S. Navy marine mammals, plus a variety of towed sweep gear
provide the bulk of the available shallow water mine countermeasure systems.

EOD and NSW personnel serve as an extremely effective neutralization
component, but provide only minimal‘ detection capability. Sonar and laser detection
systems such as the Coastal Battlefield Reconnaissance and Analysis system (COBRA),
the Remote Minehunting System (RMS), and the Airborne Laser Mine Detection System
(ALMDS) are limited to detection of floating mines, shallow water moored mines, and
exposed bottom mines. Of all the sonar and laser technologies currently employed for
shallow water detection only one system is truly effective in the detection of buried
mines, namely the marine mammals. Even though great strides have been made in
increasing the effectiveness of marine mammal systems, search rates are low and the

mammals have difficulty working in the surf zone or in warm water.

b) Land Warfare Technology

From the high-water mark landward, the currently employed breaching
and clearance technologies revolve around hand-held probes, metal detectors, ground
penetrating radar, trained dogs, and mechanical breaching equipment. Each of these
methods has its unique advantages and disadvantages, but they are in general slow,
costly, labor intensive, and not optimal for combat operations. | '

Manual mine countermeasures provide the most reliable and consistent
method of ordnance location, classification, and identification. But manual mine
clearance is slow and dangerous, with an injury rate of nearly one technician every 1,000

mines cleared [Ref. 3].



“Metal detectors” are only capable of detecting ordnance containing
ferrous components. They are generally difficult to successfully operate because they
have high false alarm rates. The accuracy of these systems to detect, locate, and analyze
target returns is based on operator judgment and experience. The high false alarm rates
associated with these systems is usually due to the high ferromagnetic soil content in
battlefield areas, as well as by the presence of man made ferromagnetic false targets such
as hubcaps, tea pots, etc. [Ref. 4]

Ground penetrating radar incorporates the same general technology as
conventional radar, but on a much smaller scale. Ground penetrating radar systems fall
into four main categories: common short pulse systems, video pulse systems, synthetic
aperture pulse radar, and frequency modulated-continuous wave radar [Ref. 4]. They all
use the propagation of electromagnetic energy into the soil for target detection and
localization. Subsurface sensing radars rely on the Strength of the electromagnetic signal
reflected from the target. The strength of the reflected signal is highly dependent on
target distance, composition, and orientation, in addition to soil characteristics such as
layering, presence of boulders, etc. High resolution ground penetrating radar systems
usually operate in the frequency range of 30 MHz to 2 GHz, which implies short
operating ranges due to the high attenuation of electromagnetic energy in the ground at
these frequencies. They also suffer from high false alarm rates.

Trained dogs provide a high degree of detection capability without the
;equirement for prior visual location. Most explosive sniffing dogs are trained to identify
only one or two types of explosives; thus a whole squad of dogs would be needed to
detect all the possible explosives types used in just landmines alone. Additionally, the
amount of time required to train a dog for buried ordnance detection is extremely high,
while search rates are low because the dogs get tired and detection capability is reliable
only over very short ranges. | ,

Lastly, breaching equipment is the brute force method of land mine
countermeasures. The use of breaching equipment is the most expedient, but of the low-
end types of available breaching equipment, rollers rarely achieve more that 70%

clearance effectiveness and rotary flails or blades less than 80%. Explosive net breaching



whereby a “fish net” containing shaped charges is rocket fired over an area is more
effective, but much more expensive.

Although these current methods offer the greatest assurance that an area is
safe for use, they are also quite dangerous because they put the operator in close

proximity to the ordnance.

2. Emerging Mine Warfare Technology

Emerging technologies with application to detection and clearance can be grouped
into the following categories: infrared, microwave, photon (laser linescan) backscatter,
nuclear or thermal neutron analysis, passive optical imaging, and “new” acoustic and
seismic technologies. Many of these approaches suffer from large power and high data
processing requirements, and their effectiveness is highly dependent on the propagation

characteristics of the medium.

D. PROPAGATION MEDIUM CHARACTERISTICS

To realistically address the issue of buried mine detection in the surf zone and on
land, much emphasis must be placed on understanding the characteristics of the media in
which the mine detection system must operate. Depth of signal penetration, resolution
characteristics, detection capability, and other system parameters are all highly dependent
upon the medium of probagation. These conditions will usually vary from location to

location and from season to season.

1. Soil Characteristics

In general, the earth’s boundary layers consist of a variety of minerals, rocks,
organic and inorganic compounds, water, and air. The amount of organic materials
present is specific to particular areas and geographical regions, but most orgapic
materials significant to mine warfare are only present in the first few meters of the upper

sediment layer, and decrease with increasing depth. Changes in the water content result



in changes of the dielectric and conduction characteristics of the medium. All these
varying conditions have significant effects on the propagation of electromagnetic and
acoustic waves. [Ref. 4]

Nominally, low frequency electromagnetic waves are less attenuated and result in
increased depths of penetration. Higher frequency electromagnetic signals are attenuated
more, but provide better resolution characteristics. Acoustic energy is less attenuated

than electromagnetic energy in high moisture and densely compacted soil environments.

2. Surf Zone Characteristics

In offshore sediments and in the surf zone, the affect of the water and sediment
interfaces on energy propagation are quite pronounced. Optical techniques have been
developed to penetrate thie water interface, but cannot penetrate the underlying sediment,
so are essentially useless in buried ordnance detection. Magnetic techniques are also
limited because of their low resolution qualities, short operating ranges, and the increased
use of non-magnetic mines. Radar systems are ineffective in the surf zone because of the
extremely high attenuation suffered by electromagnetic energy in seawater, penetrating
no more than the first meter into the water. Acoustic sonar systems are capable of
penetrating both the water and sediment boundaries, but in the surf zone extensive clouds
of micro bubbles generated by wave action scatter and attenuate most of the acoustic
energy. The energy which is left can penetrate the sediments, but is limited by Snell’s
Law, which establishes a “critical grazing angle”, below which sound is totally reflected

within the water column and does not penetrate the sediments. [Ref. 5]

E. SEISMIC WAVE RESEARCH

 With the limitations imposed by the operating environment to current buried
ordnance detection systems, it was obvious that another method of energy propagation
must be identified that could more effectively utilize the soil and sediments as a
propagating medium. With this in mind, it became necessary to extend research efforts to

incorporate seismic wave techniques. Seismic surface waves also propagate along both



water/sediment and air/sediment interfaces and can be easily excited in the environments
- of primary interest for buried mine detection systems. Because of their propagating
characteristics, the use of seismic interface waves can provide a safe minimum standoff
distance between the operator and the ordnance.

There are no systems currently available today that can detect buried mines on
land and in the surf zone. It is clear that development of such a system would help to
provide the military with the kind of system needed to make the transitions to the shore,
implied in such documents like “...From the Sea”, physically realizable. The benefits to
other operations, such as, humanitarian demining could also be significant.

The most common types of seismic waves are those generated by earthquakes,
which travel both through the body of the earth and along its surface. Seismic waves
have also been used extensively in geological prospecting for oil and mineral deposits.
The next chapter contains an overview of seismic wave theory and specific information

on interface waves and their application to buried ordnance detection.



II. SEISMIC WAVE THEORY

This chapter contains a description of the types of seismic waves that propagate
through an elastic medium and along its surface. Within this cornucopia of wave types
exist a category of boundary waves known as Rayleigh and Scholte waves. The general
characteristics exhibited by these waves that make them of practical use in buried
ordnance detection systems will be explored as well as their relation to the other seismic

waves.

A. GENERAL SEISMOLOGY

When one studies the general theory of elasticity, two types of mechanical waves
can be found to propagate in an unbounded, infinite, homogeneous, elastic medium.
These waves, one compressional and one shear, are called body waves since they travel
within the body of the propagating medium. In 1885, the English scientist, Lord
Rayleigh (J.W. Strutt) [Ref. 6] demonstrated theoretically that there exist waves that can
propagate over the planar interface between a semi-infinite elastic half-space and a
rarefied gas. These waves later came to be known as Rayleigh waves. Further research
lead to the discovery of many other boundary waves. Seismic waves can be grouped into

one of the following two categories: body waves and surface waves.

1.  Body Waves

There are two types of body waves. The first and fastest propagating wave is
called the Primary wave or P-wave. A P-wave is a compressional wave, in which the
wave motion alternately compresses and dilates the medium. The particles of the
medium undergo displacements in a direction co-linear with the direction of propagation;
hence the P-wave is also called the longitudinal wave. P-waves can travel through both
solid rock and liquid materials with a (longitudinal) propagation speed given by

B+ip
p

¢l =

, @.1)



where B is the adiabatic bulk modulus, p the shear modulus, and p the density of the
medium. |

The second, and slower, body is wave is called the Secondary wave or S-wave. S-
waves are shear wéves, in that, as an S-wave propagates it shears the medium at right
angles to the direction of propagation. Due to the fact that liquids do not support finite
shear stresses, S-waves cannot propagate in liquids. S-waves travel with a speed given
by

d=%~ 2.2)

In general, when an external force deforms a solid, both P-waves and S-waves

will normally be produced. When a wave of either type interacts with an interface

boundary, reflected waves of both types can be produced.

2. Surface Waves

When a solid has a fluid surface (air or water), or when there is an interface
boundary between two media or between layers of a single medium, surface waves are
normally present. Surface waves are somewhat similar to gravitational ocean waves for
which most of the wave motion is located near the surface and decays exponentially with
increasing distance into both the elastic substrate and the overlying fluid, although the
mechanisms are different.

Surface waves can also be divided into many types. One type of surface wave,
which propagates in the duct between two sedimentary boundaries, is called a Love
wave. Love waves induce side-to-side particle motion in a horizontal plane, but at right
angles to the direction of propagation. A second type and more prevalent surface wave is
thé Rayleigh wave. Rayleigh waves, which occur at the planar interface between a semi-
infinite elastic half-space and a gas, have both vertical and horizontal particle motion in a
vertical plane oriented along the direction of propagation. Rayleigh waves propagate
with a phase velocity slightly less than the bulk shear wave velocity in the elastic
medium. Another type of boundary wave, analogous to the Rayleigh wave, is the Scholte
wave, which occurs at the interface between a liquid and an elastic half-space such as the

seafloor. Scholte waves are characterized by a phase velocity that is also slightly slower

10



than the shear wave speed in the solid. Essentially, Rayleigh and Scholte waves are very
similar, the only difference being that the liquid media component of Scholte waves is
more pronounced than the gas media component of Rayleigh waves. The interface wave
that propagates along the boundary created by two elastic half-spaces is called a Stoneley
wave. Stoneley waves travel with a velocity that is slower than the shear wave velocity

in either media.

B. RAYLEIGH WAVES

In an isotropic solid the stress-strain relations have the following form

, 0,=A0+ 2ue,
- * (2.3)
ny = sty ’ Gyz = peyz ’ O, = UE,

O = A0+ 2ue,, o, =10+ 2ue

where A and p are the Lame constants, 0 the dilatation, or volume strain, and c; and g;
are the stress and strain, respectively, where i denotes the direction of the stress or strain
and j defines the plane over which it is applied. Using the elastic relations from (2.3), the
equations of motion for an isotropic solid (neglecting body forces) can be written as

i _

%= (A + )70 + i, (2.4)

where # represents the particle displacement and p the density of the medium [Ref. 7].
These equations of motion can be shown to lead to the propagation of the two types of
body waves with phase velocities given by (2.1) and (2.2).

If we consider the propagation of a plane wave through an elastic medium with a
free boundary, such that the boundary is free from stress, we are lead to the wave

equations

2

T gy, OV _o 25
atz ¢ ¢' atZ csVW’ (')

where the potentials ¢ and y were introduced to separate the effects of compression and
rotation in the medium [Ref. 7]. The simultaneous solution of (2.5) for a disturbance that
is localized at the boundary and decays with increasing depth requires that the following

relation be satisfied

K — 8k’ + (24— 16y}’ + (16 - 16) = 0. (2.6)
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This relation is known as the Rayleigh equation, where k is the ratio of the RayleighA
wave speed to the shear wave speed, normally 0.9, and y? is the ratio of the shear wave
speed to the longitudinal wave speed. y? can also be expressed solely in terms of the

Poisson’s ratio, namely

2 G __ M _I-2v
LA A+2u 2-2v° 2.7)

where v is the Poisson’s ratio. Thus, to solve the Rayleigh equation, which is cubic in k2,
requires that only the Poisson’s ratio for the propagating medium be known. Therefore
the Rayleigh wave speed in an infinite isotropic solid is independent of frequency and
depends only on the elastic constants of the medium. The Rayleigh wave corresponds to
the root of the Rayleigh equation that lies in the (real) interval (0,1). It can be shown that
for values of the Poisson’s ratio in the range 0 - 0.5 the Rayleigh equation has one and
only one such root. Hence Rayleigh waves (R-waves) traveling at the boundary of an
isotropic, homogeneous medium are dispersionless. [Ref. 7,8]

Figure 2.1 shows the variation in the wave speed ratios as a function of the
Poisson’s ratio for an isotropic, homogeneous solid substrate. From the figure we can see

that Rayleigh waves propagate at almost the same speed as shear waves, varying from
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Figure 2.1. Variation in Wave Speed Ratios as a Function of Poisson’s Ratio
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approximately 0.87 to 0.96 of the shear wave speed. Appendix Al contains the
MATLAB code used to generate Figure 2.1 and Appendix A2, the code used to evaluate
just the Rayleigh wave speed ratio as a function of the Poisson’s ratio.

Rayleigh waves can be visualized as the superposition of two waves, one
longitudinal and one transverse, which propagate along the boundary of an elastic half-
space. The particle motion associated with a Rayleigh wave is normally elliptical in
nature, with the semi-major axis of the ellipse perpendicular to the boundary and the
semi-minor axis parallel to the direction of propagation, depending on the boundary
conditions. As Figure 2.2 illustrates the particle motion at the surface is retrograde
elliptical, but shifts to prograde at a finite depth. The shift in particle rotation occurs at a
depth of approximately 0.2\, for solids, and approximately 0.1A, for real sediments,
where A, is the Rayleigh wavelength [Ref. 8,9].
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| Figure 2.2. Elliptical Particle Motion Induced by Rayleigh Wave

Figure 2.3 displays the variation in the ratio of the longitudinal to vertical particle

displacements for Rayleigh waves at the surface of an homogeneous, isotropic solid, as a
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function of the Poisson’s ratio, while Figure 2.4 depicts how the particle displacements

vary with depth.
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Figure 2.5 shows the variation in the stress components that occur with depth for the

same isotropic conditions.
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Figure 2.5. Tensile and Shear Stresses

From Figure 2.4 we can see that the vertical displacement first increases and
reaches its maximum at approximately 0.1A,, then exponentially decreases with depth.
The longitudinal displacement decreases with depth from the outset and changes
direction at approximately 0.2A,, reaching a secondary maximum at 0.5A,. From Figure
2.5 one can see that the tensile stress along the direction of propagation also changes
direction at approximately 0.25A, and the other stress components reach their maximums
at 0.3, then all exponentially decay with depth. These sets of curves serve to show the
localization of the Rayleigh wave to a layer approximately two wavelengths thick under
isotropic conditions. '

Appendices A3-A6 contains the MATLAB code used to generate Figures 2.2-2.5,
respectively.  Additional insight into Rayleigh wave behavior is contained in the

computer codes and figures making up the rest of Appendix A.
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C. SEISMIC WAVES

From the literature [Ref. 6,7,10], where solutions to the elastic wave equations
have been obtained, we can form an idealized picture, as shown in Figure 2.6, of the

wave system created by a vertical point impulse at the surface of an ideal, isotropic,
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Figure 2.6. Wave System from Vertical Point Impulse [Ref. 10]

substrate medium. From the figure we can see that the wave system is composed of
three major events corresponding chronologically to the arrivals of the P-wave, bulk S-
wave, and R-wave. Thus a particle at the surface will first be displaced by the P-wave,

then by the bulk S-wave, followed by a much larger oscillation due to the passing

16



Rayleigh wave. This illustrates that the Rayleigh wave is the most significant disturbance
along the surface of an isotropic half- space, and at large distances from the source may
be the only clearly distinguishable wave. [Ref. 10] h

For a disturbance in the form of a circular footing undergoing vertical oscillations
at the surface of an isotropic, elastic half-space the basic features of the wave field far

away from the source are shown in Figure 2.7 [Ref. 10].
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Figure 2.7. Wave Field from a Circular Footing

The two body waves propagate radially outward from the source along a hemispherical
wavefront. The decrease in the amplitudes of the body waves within the medium is

proportional to 1/r, where r is the radial distance from the source, while along the surface
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of the half-space the far-field amplitudes decrease as I/r. Rayleigh waves, on the other
hand, propagate radially outward with a cylindrical wavefront and experience a far-field
amplitude decrease that is proportional to //47. For a vertically oscillating point source
at the surface of an isotropic, elastic half-space, it was determined that the distribution of
input energy among the three wave types is 67% Rayleigh wave, 26% shear wave, and
7% compressional wave. [Ref. 10] |
From this brief exposition on seismic wave fundamentals, the features that make

Rayleigh waves unique (in an isotropic half-space) are that they are:

e Dispersionless, thus propagate with a phase velocity that is independent of
frequency.

e Localized within a layer that is approximately two wavelengths deep.

e The most significant disturbance along a surface boundary.

e Easy to excite, with a particle motion that is retrograde elliptical at the

surface.

It is these features that make Rayleigh waves ideal for buried ordnance detection
in the earth and along the beach. Scholte waves exhibit the same general characteristics
as Rayleigh waves, the major difference being that Scholte waves occur along the
interface between a liquid and an elastic half-space, thus making them ideally suited for
surf zone applications.

It should be remarked that in natural soil, beach, or seafloor sediments, the
overburden weight of the surface sediments causes the shear modulus to increase with
increasing depth. This means that the shear velocity increases with depth and that, in
turn, means we have a condition requiring dispersion. This occurs because the lower
frequency, long wavelength waves naturally propagate at deeper depths in the sediment,
where the shear velocity is greater. Thus, low frequency, long wavelength signals
pfopagate faster than high frequency, short wavelength signals.

If an electromechanical source could be built that could selectively excite
Rayleigh waves, more of the energy used in signal generation could be put on target, and

less of the projected energy would exist to create unwanted reverberation carried in non-
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Rayleigh wave modes. However, at the target, even pure Rayleigh waves get distributed
into other non-Rayleigh modes. With the addition of special signal processing techniques
that exploit the known features of Rayleigh waves from target echoes, we could capitalize
on discrete-mode sonar methods. The next chapter discusses the previous research
efforts made in buried ordnance detection using seismic waves and the experimental

limitations imposed by the systems used.
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HI. PREVIOUS RESEARCH EFFORTS

This chapter briefly reviews two previous research projects that explored the
propagation of energy along an air/sediment interface to detect buried objects. The first
project was an experiment conducted at the Naval Postgraduate School, investigating the
applicability of array theory to target localization. The second project, done at the
Applied Research Laboratories of the University of Texas at Austin (ARL:UT), for which
this thesis is a direct continuation, developed' the theory and signal processing techniques
for the first phase of the seismo-acoustic sonar system. Other significant prior research
consists of the dry-land experimental work done at the firm of Bolt, Beranek, and
Newman (BBN) and theoretical work done at the Coastal Systems Station. These works

will be cited subsequently.

A. NAVAL POSTGRADUATE SCHOOL (NPS)

In 1995, NPS student LT William Stewart conducted research into the feasibility
of using a phased array to generate surface waves to detect buried ordnance [Ref.11]. His
research was the continuation of a study conducted by BBN Systems and Technology
from 1987 to 1992 [Ref. 12]. The source utilized in the NPS study was a four-inch, large
cone excursion, electrodynamic speaker, whose frequency response for the radiation of
sound was relatively constant over the range 50 — 7000 Hz. The speaker cone was
modified by bonding to it a 25-gram mass, cone-tipped plunger, which was used to
improve ground coupling. See Figure 3.1.

Three single-axis seismometers were used as ground vibration receivers. Testing
was conducted in a twelve-foot diameter, four-foot deep redwood tank filled with
approximately 17 tons of medium grain sand. With a single source and the three
receivers, LT Stewart was able to successfully demonstrate target localization using
surface waves. Though no data was reported on the results for target localization using a

phased array, his study did show that beamforming with a three element linear array of

surface sources was possible. [Ref. 11]
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B. ARL:UT

An investigation into the use of Rayleigh waves for buried ordnance detection
was conducted by ARL:UT on the beach of Mustang Island, near Corpus Christi, Texas,
in 1996 [Ref. 1]. Their experimental setup consisted of a source which employed a six-
inch by eight-inch exciter foot, from which protruded 43, %-inch nails and a receiving
array composed of three seismometers, as shown in Figure 3.2.

Their raw, field recorded data did not show the target. But with the use some
sophisticated vector signal processing techniques and some coherent subtraction methods,
operating on the reverberation, the target was detected at its appropriate range and
bearing. A seismo-acoustic detection model for elastic targets buried in elastic sediments

was also developed to support the measurements [Ref. 13].
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Figure 3.2. ARL:UT Seismic Sonar Experiment

C. COASTAL SYSTEMS STATION

Some of the benchmark research efforts recently produced by the laboratories of
the Coastal Systems Station concern the theoretical solutions and numerical modeling of
acoustic wave scattering from elastic objects buried in underwater sediments and plane-
stratified poroelastic media [Ref. 14,15]. Objects located in fluid mediums produce
resonant scattering behaviors. These same objects when buried in ocean sediments
display a resonant scattering behavior which is modified by the proximity to interfaces,
sediment attenuation, and sediment loading, thus information obtained from the scattering
field can be used for identification as well as detection. Further experimental verification
of these solutions could have significant impact on the capabilities of seismo-acoustic

sonar systems.
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D. EXPERIMENTAL LIMITATIONS

What is common to the aforementioned experiments is the use of vertical source
excitation, which generates not only Rayleigh waves, but also undesired P- and S-waves.
Thus, the Rayleigh wave signals of interest were contaminated by body wave signals. To
satisfactorily localize the target, in the ARL:UT experiments, this unwanted reverberation
had to be removed during the signal processing by coherent subtraction of the reverberant
background field in the absence of the target from the field with the target present.
Vector signal processing was also used for the first time, in the ARL:UT experiments, to
bring the target echoes above the reverberation. This technique capitalizes on the known,
90-degree phase difference between vertical and horizontal components in propagating

.Rayleigh waves. But since coherent subtraction is not a feasible signal processing option
in a operationally fielded system, another solution must be identified. The research team
at ARL:UT theorized that considerable reverberation suppression could be achieved by
utilizing an excitation source that could selectively excite Rayleigh waves [Ref. 1]. They
also experimented with a two-degree of freedom source, which preferentially excited
Rayleigh waves that probagated to tens of meters in range. Unfortunately, this source
produced a signal too long in time duration for sonar application.

The use of ultrasonic Rayleigh waves in non-destructive testing is a well-
documented science, but selective excitation of low frequency Rayleigh waves in
terrestrial media has not been previously attempted. The remainder of this thesis
describes the development and testing of a discrete-mode, elecfromechanica], Rayleigh

wave source for a seismo-acoustic sonar.

24



IV. DISCRETE-MODE SOURCE DEVELOPMENT AND TESTING
(GROUND PHASE) |

This chapter documents the initial design, construction, and testing of the first
four generations of the discrete-mode, Rayleigh wave source. The associated
experimentation involved testing in both a laboratory environment and various field
environments. This portion of the research, known as the Ground Phase, was used for
proof-of-concept testing and’ qualitative determination of the relations between input

signal parameters and the resulting surface wave field.

A. DESIGN CRITERIA

The first step in constructing a discrete-mode, electromechanical, Rayleigh wave
source for a seismo-acoustic sonar system was to establish a set of guiding design
criteria. Based on the known features of Rayleigh waves and the previous research work
completed, it was decided that minimum requirements that a source needed to meet were

that it:

¢ Have sufficient degrees of freedom (2) to drive the ground in elliptical orbits.

e Have good ground coupling in both the horizontal and vertical directions.

e Generate Rayleigh waves with sufficient amplitudes to allow detection at a
range of at least 10 m.

e Provide a repeatable waveform capable of high repetition rates over long
periods of time. '

» Be able to operate over a range of low frequencies in the 20 — 200 Hz band.

The most important of these requirements is that the transducer oscillate the
ground in elliptical orbits, so that as much as possible of the input energy be converted to
discretely excite Rayleigh waves.

All seismic transducers consist of two basic components: a vibration source and a

source-to-ground coupling mechanism. The vibration source transfers the input electrical
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energy into output mechanical energy. The source-to-ground coupling mechanism
provides the means by which the output mechanical energy is transmitted into the
propagating medium. A constraint on the source design was that the ground coupling
mechanism be as light weight as possible, while at the same time being as stiff as
possible. This was desired so most of the mechanical force generated by the source

would be used to move the ground and not just the source.

B. CONCEPT SOURCE

With the design criteria established for a suitable source, the next step was to
design and construct laboratory prototypes that could be tested to examine the effects of
varying source parameters such as frequency and driving voltage, on the resulting surface
wave field. This was deemed a necessary first step because the results obtained would
help in selecting an appropriate vibration source and designing the ground coupling
mechanism for a field test source. It was decided to construct the concept source out of
on-hand laboratory equipment and to conduct the required testing in the twelve-foot

diameter, four-foot deep redwood, sand filled tank used in the previous NPS experiment.

1. Vibration Source

The Model F5B Electromagnetic Shaker (or Mini-Shaker for short) produced by
Wilcoxon Research was chosen as the vibration source for proof-of-concept testing. The
Mini-Shaker is an electrically driven force generator, with a constant (blocked) force
output of 0.2 1bs ( 0.89 N) over the frequency range of 100 — 1000 Hz (See Appendix B1
for manufacturer specifications). The design configuration of the Mini-Shaker allows it
to be stud-mounted in any position without external support or shaft alignment

considerations.
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2. Ground Coupling Mechanism

The source-to-ground coupling mechanism, as shown in Figure 4.1, was
constructed from two pieces of aluminum. Aluminum was chosen because of its high

tensile strength and low mass. Appendix C1 contains the actual design drawings.

Figure 4.1. Picture of Concept Rayleigh Wave Source (scale in inches)

The bottom piece was constructed from a hollowed out aluminum block. When
buried in the sand, the inside surfaces of the block provide the required vertical and
horizontal coupling to the medium. The top piece was manufactured to hold two Mini-
Shakers and a tri-axial accelerometer (Accelerometer specifications contained in
Appendix B2). Mounting studs were placed in the top piece so as to align the Mini-

Shakers at a 45 degree angle with the horizontal surface plane of the sand. This specific
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placement of the Mini-Shakers was chosen so that any two-dimensional oscillatory
motion could be excited by individually controlling the phase and amplitude of each
shaker. '

3. Experimental Results

The test equipment setup as described in Appendix D1 was used for the concept
source testing. The source and seismometer receivers were positioned in the test tank as
shown in Figure 4.2 and Appendix D1. This setup allowed for the greatest separation
between the source and the tank wall and the farthest receiver and the tank wall. The
seismometers were tri-axial, moving coil geophones, which measure the velocity of

ground movement.

Figure 4.2 Concept Source Testing Experimental Setup
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The first experiment was intended to qualitatively determine the effects of phase
differences between the Mini-Shakers on the axial surface wave field, as a function of
frequency. These results were characterized by the difference in the seismometer outputs
for the axial and vertical directions. The transverse direction was not evaluated because
the Rayleigh wave motion of interest exists in the vertical plane along the direction of
propagation. Continuous sinusoids of frequencies 100, 150, 200, 250, 300, and 500 Hz
were chosen as the test values. Since the left most Mini-Shaker in Figure 4.2 was used as
the reference shaker, phase differences were chosen to correspond to the following six

cases:

e Case 1 - Right shaker lagging by 25 degrees.
e Case 2 - Both shakers in phase.

e Case 3 - Right shaker leading by 25 degrees.
e (Case 4 - Right shaker leéding by 45 degrees.
e Case 5 - Right shaker leading by 90 degrees.
e C(Case 6 - Right shaker leading by 135 degrees.

In all test cases except the second, which produced exclusively vertical motion, the
motion of the source was elliptical as was seen by the lissajous pattern of the radial and
vertical components of the accelerometer. Appendix E contains the qualitative
experimental results for all phases and frequencies evaluated. The results of this first
experiment showed that there was a great deal of variation in the axial surface wave field
with both source frequency and relative phase.

A second experiment was conducted to assess the effects of not only varying the
frequency and phase, but also the driving voltages of the Mini-Shakers. This second
experiment further served to show that the axial surface wave field, even in the nearly
homogeneous, isotropic conditions of the sand tank, was a highly complex outcome of all

variable source parameters.

Even though surface waves were generated in all test cases, the specific
combination of source parameters needed to produce Rayleigh waves of sufficient

amplitude and duration at the desired ranges for buried ordnance detection had yet to be
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determined. It was evident from the initial testiﬁg that the appropriate combination
would not be found in the laboratory. This is because, not only is the correct
combination highly dependent on the individual properties of the vibration source and the
ground coupling mechanism, but also on the local properties of the propagating medium
at the time of testing. Furthermore, the limitations imposed by the tank, such as
reflections from the tank walls and short ranges, made it impossible to quantify the
source. To proceed any further in developing a discrete-mode, Rayleigh wave source

would require designing a source that could be tested under actual field conditions.

C.  FIELD TEST SOURCE - MOD I

To begin constructing a discrete-mode, Rayleigh wave, source that could be used
in the field required that a suitable vibration source be identified. Once the vibration
source was chosen, then the source-to-ground coupling mechanism could be
appropriately designed and constructed. The vibration source needed to be rugged
enough to withstand the beach and surf zone envi-::nment, yet inexpensive enough so that
multiple pairs could be acquired, if arrays of paired vertical and horizontal sources could

eventually be utilized.

1. Vibration Source

A test source that satisfied most of the necessary prerequisites was found
manufactured by Aura Systems Inc., under the nomenclature of a Bass Shaker (See
Appendix B3 for manufacturer specifications) [Ref. 16]. The Bass Shaker is a moving
magnet transducer, intended to be used as a low frequency vibration source for a car
stereo system. They are normally mounted under car seats or in door panels to provide
listeners with the sensation of sound, without moving air like an ordinary speaker. The
Bass Shaker generates a nominal force output of 10 1bf (44.5 N), independent of its

mounting orientation.
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2. Ground Coupling Mechanism

Since the Bass Shakers were considerably different in size and shape from the
Mini-Shakers used previously, the source-to-ground coupling mechanism had to be
redesigned. It was decided that the Bass Shakers should still be positioned at a 45-

degree incline to the horizontal plane to provide the necessary degrees of freedom to

produce all variations of elliptical motion. As shown in Figure 4.3, the ground

B4

Figure 4.3. Picture of Field Test Source — Mod I
coupling mechanism was constructed from two pieces of aluminum. The top piece

serving as a support braée.for the upper part of the Bass Shakers and as a mounting

surface for the electrical (BNC) connectors. The bottom piece serves as the attachment
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point for the lower part of the Bass Shakers and provides the coupling mechanism to the
medium through two rows of machine screws. Appendix C2 contains the Mod I
technical drawings. A tri-axial accelerometer was positioned in the center of the base to
monitor the source motion, and there was also an accelerometer mounted on the base of

the support brace. Refer to Appendix B2 for accelerometer specifications.

3. Experimental Results

Before commencing any field experimentation, the new Rayleigh wave source
was put through some operator familiarization and initial shakedown testing in the sand
tank laboratory. Using the test equipment setup as described in Appendix D2, the same
experiments were conducted as with the Mini-Shakers. These tests provided :-ther
verification that the axial surface wave field was a strong function of the input source
parameters.

With the knowledge gained from the laboratory, it was clear that the first goal of
any field experimentation should be to ass' s the Mod I source’s ability to generate
surface waves. To do this required finding a nearby location that was relatively free from
any underground obstructions that would scatter the outgoing surface waves and make

detection more difficult. The choice was made to use the NPS softball field as the first
| site for the field experiments. Progressing onto field experimentation from an equipment
point of view proved to be quite a challenge at first, but as the résearch progressed,
equipment difficulties were quickly overcome.

Once at the softball field, the lab equipment was setup as described in Appendix
D3. Figure 4.4 illustrates the initial experimental layout. The initial distances were
chosen based on expected Rayleigh wave speeds on the order of 100 m/sec and the
maximum length of electrical cable available. Due to the hardness of the ground,
trenches for the two rows of machine screws had to be dug in order to get the base of the
. source flush with the ground. After all the equipment was setup, attempts were made to
detect the source motion above the background noise at the two seismometers located at
ranges of 15.2 m (50 ft) and 30.5 m (100 ft). After many unsuccessful attempts to detect

Rayleigh waves at these ranges, the decision was made to move back to ground zero.
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The two seismometers were repositioned at distances of 1 m and 5 m from the source.
From the variation in source parameters attempted, it was clear from the accelerometer

output that the Mod coupling mechanism had good horizontal coupling with the ground,

but poor vertical coupling.

NPS Softball Field:

Geophone #2 -—\
Geophone #1 ——\

]
&— Bleachers

Figure 4.4. Field Source Testing Experimental Layout

At a distance of 1 m, the surface waves generated by the source motion were
clearly visible, but at 5 m could not be separated from the background noise. This was
clearly unacceptable, so to increase the chance of detection, improvement in the signal to
noise ratio was required. First attempts were made by increasing the duty cycle, from 5
cycles to 20 cycles in increments of five. The increase in signal duration was clearly
visible at 1 m, but at 5 m the signal was still buried within the background noise. The
next effort was to increase the drive voltages of the two Bass Shakers. Starting at S

Vrms, the drive voltage was increased in increments of five, until the current limit of the
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power amplifiers was reached at approximately 39 Vrms. Even at 39 Vrms, the surface
wave motion generated by the source was barely discernable at 5 m.

As a result of the first field experiment the following conclusions were drawn.
First, to generate Rayleiglfwaves of sufficient amplitude to be detected at rangés of at
least 10 m would require that the Bass Shakers be driven at the upper end of their linear
response voltage limit. Second, that the ground coupling mechanism needed to be
redesigned so as to enhance the vertical coupling. Furthermore, since there were so many
channels of data that needed to be observed and ultimately processed, a method of

recording all the field data was also required.

D. FIELD TEST SOURCE - MOD II

Using the lessons learned from the first field experiment, the next major

milestones were to:

o Find the operating limits of the Bass Shaker.
e Modify the ground coupling mechanism to increase the vertical coupling.
e Incorporate into the field test equipment a method of obtaining multiple data

channels.

1. Vibration Soufce

The manufacturer specifications that came with the Bass Shakers did not indicate
any electrical operating limits. The installation guide (Appendix B3) did provide an
advised maximum continuous power rating of 25 W per shaker. With an input
impedance of 4 Q and a 25 W power rating, the maximum continuous drive voltage is
only 10 Vrms. These ratings app1~y only to its intended use as a car stereo component and
not for use as a vibration source for a seismic transducer. Consultation with the
manufacturer provided no further information.

 Without any formal documentation available, the only way to adequately assess

the operating limits of the Bass Shakers was to see under what operating conditions
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would failure occur. Sets of failure tests were conducted using the test equipment setup
as described in Appendix D4. The goal of the failure testing was to estimate the amount
of signal distortion as a function of frequency and drive voltage.

The HP35665A Signal Analyzer was used to simultaneously monitor the time
series and total harmonic distortion of the Bass Shaker using the output signal of a uni-
axial accelerometer mounted on the shaker case (See Appendix B4 for accelerometer
specifications). The time series of the accelerometer output was used to visually detect
any signs of failure or non-linearity as evidenced by changes in signal shape and/or
duration. An estimate of the signal distortion over the first ten harmonics of the
fundamental frequency, i.e. the drive frequency, was obtained using a built-in machine
function.

The first set of failure tests were conducted by driving the shaker with 20 cycles
of a sine wave, with a 2.00 sec repetition period, for fundamental frequencies of 100,
150, 200, 500, and 1000 Hz. While holding the frequency fixed, drive voltages of 10.1,
20.1, 30.1, and 38.6 Vrms were used, with 38.6 Vrms being the maximum voltage
attainable without exceeding the current limit of the power amplifier. Figure 4.5 is a
graphical representation of the signal distortion as a function of frequency and drive
voltage for a 2.00 sec repetition period. Even though the overall signal distortion was
low, the accelerometer time series for the 1000 Hz drive frequency showed evidence of
non-linear behavior. The leading and trailing edges of the accelerometer signal were not
as detailed as compared to the output signal from the function generator. There was also
evidence of pulse elongation in the signal. The non-linear behavior was attributed to
internal heg_ting effects, as evidenced by noticeable case heating observed, but the shaker
did not fail.

To stress the Bass Shaker further toward failure required that a more powerful
amplifier be utilized. To hopefully alleviate the distortion caused by internal heating the -
repetition period was increased to 5.00 sec. A second set of failure tests were conducted
with the new repetition period using a higher rated amplifier. During this second round
of testing, the test shaker failed. The shaker was disassembled to locate the cause of the

failure, but the internal design of the Bass Shaker only made the explanation speculative.
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Figure 4.5. Signal Distortion for 2.00 sec Repetition Period

Since the cause of the failure of the first Bass Shaker was unknown, a second
shaker was setup to complete the evaluation with the new amplifier. Figure 4.6 displays

the results of the second set of tests.
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Figure 4.6. Signal Distortion for 5.00 sec Repetition Period
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Using a repetition period of 5.00 sec seemed to effectively reduce the amount of
internal heating and resulting distortion. As can be seen from Figure 4.6, the optimal
drive frequency with respect to minimal signal distortion was 250 Hz. Again since the
currenf limit of the power amplifier was exceeded before the shaker failed, it is safe to
assume that with the current test equipment setup, shaker failure due to input drive

voltage is not a major concern.

2. Ground Coupling Mechanism

To enhance the vertical coupling of the source to ground coupling mechanism,
two end attachments were mated to the original base as shown in Figure 4.7. The

attachments were constructed to hold three machine screws each, making the same 45-

Figure 4.7. Picture of Mod II Base Modifications
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degree angle with the horizontal surface plane as the Bass Shakers. It was hoped that
these modifications to the base of the ground coupling mechanism would increase both
the horizontal and vertical source coupling.

The upper support brace for the Bass Shakers was also modified. First, it was
reduced in size to position the shakers closer to the desired 45-degree angle. Second,
new BNC mounts were incorborated, making the Mod II source rhore rugged. Figure 4.8
is a picture of the redesigned Rayleigh wave source. Appendix C3 contains the technical

drawings for the modifications.

Figure 4.8. Picture of Field Test Source — Mod II

Addition of the two end attachments meant that emplacement of the source would

first require placing the base into the ground in a similar fashion as the Mod 1 source,



then by using a cordless drill boring the six remaining angled machine screws into the

ground.

3. Experimental Results

To resolve the data gathering issue, a SD390 Dynamic Signal Analyzer, made by
Signal Processing Systems, was added to the test equipment setup described in Appendix
D3. The SD390 is capable of receiving, displaying, and storing eight channels of
information simultaneously, in real time. The eight channels provided data gathering

capabilities for the:

¢ Radial and vertical components of the base-mounted accelerometer.

. Longitudinal, transverse, and vertical components of the two tri-axial

seismometers.

Field testing of the Mod II source was also conducted at the softball field, using
the equipment setup as shown in Appendix D5, but the source experimentation did not
progress much farther than equipment setup. It was clear from the output signals of the
accelerometer that the source was not exciting horizontal motion equally as well as it was
exciting vertical motion. Thus generating the required elliptical motion to selectively
stimulate Rayleigh waves would be nearly impossible. Attempts to replace the source
were made, but did not significantly improve the operating conditions. ,

The results of the second field experiment prompted the need for further
refinements to the design of the ground coupling mechanism and to rethink the utility of

the softball field as the test location.

E. FIELD TEST SOURCE - MOD III

It is, of course, important to have good horizontal and vertical coupling to the
ground for Rayleigh wave stimulation. Generating elliptical particle motion at the source

requires moving the medium through a combination of both radial and vertical
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excitations, such that, the semi-major axis of the ellipse is normal to the surface boundary
and the semi-minor axis parallel to the interface in the direction of propagation.
Therefore, having the correct design for the ground coupling mechanism is a major

portion of discrete-mode source development.

1. Ground Coupling Mechanism

From the second field eXperiment it was noted that boring the machine screws
into the ground with the cordless drill seemed to lock the source in place. The problems
with the ineffective coupling arose from having tb dig holes for the pre-positioned
vertical machine screws. Hence, it only seemed logical that the source base be modified,
so that all the screws could be positioned by screwing them into the ground. The Mod III

base as shown in Figure 4.9 is the result.

Figure 4.9. Picture of Mod III Base Modifications
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The Mod TIII base modifications consisted of the addition of the two larger end
attachments to the original base and the switch from 3 % inch machine screws to 6 inch
machine screws. Reuse of the original base only served to reduce the turn-around time

between field tests, since a whole new base did not have to be machined.

2. Experimental Results

Due to the equipment difficulties that arose from using the softball field as the test
location, it was decided that any following ground phase experimentation be conducted
from the lab in Spanagel Hall. Appendix D6 contains the new test location layout. The
same equipment setup as described in Appendix D5 was used.

With the necessary modifications to the ground coupling mechanism completed,
the next field experiment was used to ensure that the Mod III base provided the required
horizontal and vertical coupling for Rayleigh wave stimulation. This phase of the source
testing consisted of verifying, that with the correct phase settings for each of the Bass
Shakers, both radial and vertical source motion could be individually stimulated. The
stiffness of the ground to the source motion was quite noticeable, it was only through the
manual manipulation of both phase and amplitude, that individual excitation of radial and
vertical motion was possible. '

The fourth, and final, ground phase field experiment was used to investigate the
axial surface wave field effects for various drive voltages and relative phases of the Bass
Shakers. Refer to Appendices D5 and D6 for the corresponding equipment and
experimental setups. The effects to the surface wave field were characterized by
measuring the coherence between the radial and vertical signal components at the furthest
seismometer. Coherence on the order of unity would indicate a high degree of reliability
in the magnitude and phase information of the received signals. The coherence was
determined using a builf—in processing option of the SD390 Signal Analyzer, using the
average of ten received signals from a 250 Hz, 20 cycle sine wave burst, with a 5.00 sec
repetition period. Driving voltages of 20, 40, 60, and 86 Vrms and relative phases of 0,
30, 60, 90, 120, 150, 180 degrees were chosen as the test values.
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The quantitative results of the experiment are shown in Figure 4.10. As can be
seen from the figure, the coherence between the radial and vertical components of the
received signal increases as drive voltage increases, being nearly unity over most phase
angles for a drive voltage of 86 Vrms. This final ground phase experiment illustrates
that, the greater the input energy into the medium, the better the stimulation of reliable,
repeatable, surface wave fields. The reason for the low coherence at 120 degrees is
unknown.
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Figure 4.10. Coherence Measurements as a Function of Voltage and Phase

The time and effort spent in conducting the Ground Phase research provided a
great amount of detail about the behavior of the field test sources and the associated
surface wave fields. The choice of the Bass Shakers as the vibration source proved to be
quite effective in generating the kinds of motion desired for discrete stimulation of

Rayleigh waves.
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Since the development of the seismo-acoustic soﬁar concept, the ultimate goal of
the combined research efforts was to develop a mine detection system that was capable of
locating buried ordnance, both in the surf zone and on land. Clearly, the surf zone is the
more complicated environment to operate in, with regards to both the physics and the
equipment required. The next chapter describes the development and experimental
research conducted in this new environment. This portion of the research was identified

as the Beach Phase.
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V. DISCRETE-MODE SOURCE DEVELOPMENT AND TESTING
(BEACH PHASE)

This chapter covers the beach and surf zone development and experimental
testing of the discrete-mode, seismic wave source. Included within the chapter are
individual sections documenting the different phases of the experimentation. The first
section briefly addresses the final modifications made to the source-to-ground coupling
mechanism. The next section covers the ambient background noise analysis and ground
truthing experiments conducted at the test site location. The remaining sections describe
the research efforts made to assess the ability of the test source to selectively excite
Réyleigh waves.

During the ground phase experimentation, research efforts were mainly directed
at investigating the operating characteristics of the field test sources, in order to find the
most effective source-to-ground coupling design. Secondly, it was also concerned with
qualitatively assessing the effects of various source parameters on the axial surface wave
field. The ground phase research provided the necessary background information that
was needed to successfully interpret the beach phase experimental results. Progressing
onto beach and surf zone field experimentation was a major milestone in furthering the
devel.opment of a discrete mode seismo-acoustic source and towards a greater
understanding of the complex physics involved.

Using the lessons learned from the ground phase experimentation with respect to
equipment transportation and logistics, it was evident that working out the bed of a
pickup truck would not suffice for the beach phase experimentation. Thus, it was
necessary to find a research platform that was large enough to transport all the equipment
to the test site and that could provide the necessary electrical power. The mobile home

owned by the Oceanography Department was the logical and most readily available

solution.
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A. FIELD TEST SOURCE - MOD IV

From the results obtained during the last set of ground phase experiments, the
Mod III source-to-ground coupling mechanism, as shown in Figure 4.9, seemed to
provide the necessary coupling in both the horizontal and vertical directions. As a result
of its successful testing it was decided that this design be used as a model for the
fabrication of the final ground coupling mechanism to be used for the beach phase
experimentation. Figure 5.1 is a picture of the Mod IV ground coupling mechanism.

Appendix C4 contains the technical drawings for the Mod IV base.

Figure 5.1. Picture of Mod IV Ground Coupling Mechanism
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To help protect the sources from the harsh beach environment, all joints and
access holes were filled with silicone. Furthermore, a waterproof accelerometer was also

added (See Appendix B5 for manufacture specifications).

B. BACKGROUND NOISE AND GROUND TRUTHING EXPERIMENTS

Because of the highly complicated nature of the surface wave field, it was
necessary to obtain a sufficient knowledge base of the ambient acoustic properties of the
~ test medium. To obtain the required information meant that ambient background noise

analyses and ground truthing experiments be conducted at the proposed source testing
_site. The test site chosen was a stretch of beach on the Monterey Bay coastline located
behind the NPS Beach Research Facilities. The section of beach front area used, as
shown in Figure 5.2, was approximately 80 feet wide from the surf zone to the sand
dunes at low tide with a longitudinal extent far exceeding that required for the source
testing.
NG
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1. Background Noise Analysis

In order to make source testing and data interpretation as simple as possible it was
desired that the source be operated in a frequency range for which competition with the
background noise would be minimal. Background noise samples were taken at the test
site using the seismometers as the receivers. Spectral analysis of the noise samples taken
showed that the strongest noise components resided between 5-20 Hz as shown in Figure
5.3. Since these frequencies were well below the envisioned operating frequencies for
the Bass Shakers filtering out the undesired background noise from the input signals
would be relatively simple. Appendix F contains the MATLAB programs used to

conduct the spectral analysis.
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Figure 5.3. Ambient Background Noise

2. Ground Truthing

To obtain an accurate picture of the ambient acoustic properties of the test site a
series of ground truthing experiments were conducted to estimate the group velocity of
the Rayleigh wave. As was shown in section II C, Figure 2.6, a vertical point impulse
generates a wave system comprised of P-, S- and R-waves, as well as other wave types
not shown. ‘

To simulate a vertical impulsive source a bowling ball with a self-contained uni-
axial accelerometer was dropped from an average height of 45 inches, as shown in F igure

5.4. A bowling ball was used because it is spherically symmetric and impacts the ground
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the same way on each drop. When the bowling ball impacts the ground several
radially outward propagating wave systems are created. The impact of the bowling ball
is sensed by the accelerometer, which triggers a multi-channel data acquisition system to
record the response of a pre-positioned seismometer. Appendix B6 contains the -
manufacturer specifications for the uni-axial accelerometer and Appendix D7 the wiring

diagram for the equipment setup.

Figure 5.4. Picture of Initial Ground Truthing Experiment

Since a seismometer is a velocity-sensing instrument, the particle motion induced
by the propagating wave system is converted to an output voltage, which is proportional
to the particle velocity, which can be used to obtain the wave velocities. The particle
velocity data obtained from the seismometers were processed using a time versus
frequency decomposition method. This method involves dividing the seismometer data
records into equal length blocks with a pre-defined overlap. The midpoint of each block

can be associated with an arrival time based on the separation between the bowling ball
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and the seismometer, which in turn can be associated with a wave velocity. The power

spectral density of each block is calculated and stored in a matrix, which associates
frequency with velocity. The results of the data processing are then displayed in the form
of a Gabor plot, named after its inventor Professor Gabor of the University of Delft, the
Netherlands. The Gabor plot depicts the decomposition of the wave field as a contour
plot of slowness (inverse speed) as a function of frequency. From the Gabor plots,
estimates of the propagating velocity of various wave modes can be made.

Furthermore, since the particle displacement of the beach sediments is
proportional to the particle velocity, the received seismometer signals can also be used to
graphically display the average particle motion observed at the seismometer. The
resulting particl‘e motion can be displayed in the form of a Hankel plot or hodogram. By
plotting the longitudinal component of motion versus the vertical component as a
function of time, which is known as a Hankel plot, the motion can be used to determine
the wave type, i.e. P, S, or R. A hodogram is the two-dimensional form of a Hankel plot.
Appendix G contains the MATLAB programs used to analyze the ground truthing data.

The first set of ground truthing measurements were conducted as shown in Layout
I of Appendix D7. Two series of bowling ball drops were made. The first series was
conducted approximately 45 feet from the surf zone, in dry sand. The bowling ball was
dropped at distances of 6, 12, 18, and 24 feet from the seismometer. The second series
of drops were conducted at the edge of the surf zone using distances of 6, 12, 18, 24, 36,
and 48 feet.

During the analysis of the seismometer data it became evident that even a source-
receiver separation of 48 feet did not allow for the desired time separation of the
propagating modes in the wavetrain. Thus, an accurate decomposition of the different
wave types could not be accomplished. Figures 5.5 and 5.6 show the time series of the
longitudinal and vertical velocity signals received at the seismometer for distances of 24
feet in dry sand and 48 feet in wet sand, respectively. The time series depicted have been
adjusted so that 0 sec corresponds with the impact of the bowling ball. Figures 5.7 and
5.8 are Hankel plots of the particle motion at the seismometer for the associated time

series.
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Recalling that Rayleigh waves induce elliptical particle motion, its clear from the
Hankel plots that the motion shown at these distances is due to the presence of more than
just the Rayleigh wave. Thus to adequately estimate the various wave speeds would
require allowing greater time for wave separation to occur. This could only be
accomplished by using larger separation distances between the seismic source and the
séismometer.

To promote wave separation, the same experiment was conducted a second time
using much larger distances. Figure 5.9 and Layout Il in Appendix D7 show the
experimental layout for the second phase of ground truthing experiments. Separation
 distances of 50, 70, 90, 110, and 130 feet were selected. Also, a second seismometer was
placed at a distance of 10 feet behind the first to allow for the collection of five additional
data sets at intermediate distances. Furthermore, it was decided that the ground truthing
efforts be concentrated in the drier areas of the beach since the Bass Shakers were not

waterproof.
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Figure 5.9. Picture of Second Ground Truthing Experiment
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Increasing the separation distance between the drop location and the first
seismometer greatly increased the ability to decompose the wave field. It was not until
the data files for distances of 70 feet and greater were analyzed that modal separation in
the Gabor plots became clear. Figure 5.10 is the Gabor plot for a separation distance of
70 ft (21.3 m). Figure 5.10 shows the existence of at least two wave modes, the slower
mode being‘the Rayleigh wave as determined by analysis of the hodogram of the time
series velocity signals. The group velocity of the Rayleigh wave at 40 Hz is
approximately 88 m/sec (0.0114 sec/m) and the second mode is another wave with a
group velocity of approximately 114 m/sec (0.0088 sec/m) at 60 Hz.. The identity of the
second wave is unknown since its speed is not consistent with that expected for a shear

wave in this sediment.
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Figure 5.10. Gabor Plot for a 70 ft. Source-Receiver Separation Distance
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The forces generated by the bowling ball impact with the beach sediments seems

to generate larger amplitude body waves, as compared to the point source discussed in

section II C. This is clearly evident in the time series for the seismometer longitudinal
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section II C. This is clearly evident in the time series for the seismometer longitudinal
velocity signal displayed in Figure 5.11. Even at a distance of 130 feet, the longitudinal
particle motion caused by the body waves is comparable to that of the Rayleigh wave.
The displacements in the vertical direction are almost entirely dominated by the Rayleigh
wave. ‘

Figures 5.12 and 5.13 are the Hankel plot and hodogram, respectively, for the
time series of Figure 5.11. These figures serve to illustrate how much more prevalent is
the retrograde elliptical motion of the Rayleigh wave at these larger distances. Figure
5.14 is the Gabor plot of the wave decomposition at a range of 130 ft (39.6 m). As can be
seen from the figure, two propagating wave modes are present in the velocity range 60-
250 m/sec. From the Gabor plot, the Rayleigh wave speed is estimated at approximately
89 m/sec (0.0112 sec/m) and the second wave has a speed of approximately 109 m/sec
(0.0092 sec/m). The ratio of the Rayleigh and shear speeds obtained from this plot are
within 10% of the theoretical ratio predicted by the theory of elasticity.
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Figure 5.15 shows an aggregate display of the accelerometer trigger signal (lowest

trace) and the seismometer vertical velocity versustime recorded for the bowling ball
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Figure 5.15. Rayleigh Wave Progression as a Function of Space and Time
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drops between 50 ft (15.2 m) and 130 ft (39.6 m) range. The behavior of the velocity
amplitude with range should not be considered indicative of what would be observed for
an end-on array of five seismometers receiving a single signal, as site conditions probably
changed over the duration of the data collection. The large vertical amplitude of the
Rayleigh wave is easily distinguishable in the more distant traces. The extracted group
velocity is approximately 90 m/sec (see straight line in Figure 5.15), which agrees well

with speeds estimated from the Gabor plots.

C. DISCRETE-MODE EXCITATION

With the necessary ground truthing experiments completed, the next phase of the

research was to begin testing the Mod IV field test source (See Figure 5.16). The goal of

Figure 5.16. Picture of Mod IV Field Test Source
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the research conducted from this point on was to prove that by inducing the appropriate
elliptical particle motion into the beach sediments at the source, Rayleigh waves might be
preferentially excited. Based on the theory for surface waves in a homogeneous,
isotropic, elastic half-space, the particle motion induced by Rayleigh waves at the
boundary surface is retrograde elliptical, with the vertical motion approximately 1-%

times the longitudinal motion.

1. Propagation Characteristics

Before moving onto accessing the Mod IV source’s ability to selectively excite
Rayleigh waves, some brief experimentation was conducted to see if the beach site itself
had a preferential direction for energy propagation. To investigate this, the Mod IV field
test source was positioned with two seismometers at equal distances, in the longitudinal

direction, on both sides of the source, as shown in Figure 5.17 and layout I of Appendix

Figure 5.17. Picture of Wave Propagation Experiment
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D8 (Also see Appendix D8 for associated test equipment setup).

The source as shown in Figures 5.16 and 5.17 was positioned so that, facing
seaward, the port Bass Shaker faced in southerly direction along the beach and the
starboard Bass Shaker to the north (See Figure 5.2 for orientation). Analysis of the
shaker motion indicated that for an equal amplitude, positive input voltage, a negative
phase for the port shaker and a positive phase for the starboard would generate retrograde
elliptical source motion with respect to the southern positioned geophone. Reversing the
phase would then induce a prograde elliptical motion.

For a homogeneous, isotropic, elastic medium the ratio of the longitudinal to
vertical particle displacements for the Rayleigh wave at the boundary surface is a well-
defined function of the Poisson’s ratio. But since the Poisson’s ratio for the beach
sediments was not known, the specific ratio to be used in driving the test source was also
unknown. As aresult, it was decided that initial source testing be done using a 90 degree
phase difference between the two shakers. This was accomplished by setting the port
shaker to —45 degrees and the starboard shaker to +45 degrees, or vice versa. To
distinguish between the two cases the following convention will be used: a 45 degree
phase for the port shaker will be denoted by —45P and a +45 degree phase by +45P.

Since the Bass Shakers suffered the least distortion at 250 Hz, (See section
IV.D.1, Figure 4.6), this frequency was chosen as the initial drive frequency. A 50 V
peak, 20 cycle, 250 Hz, narrow-band filtered tone burst was used to drive the shakers.
Even though this frequency was optimal for the shakers, it became immediately evident
during data collection that this drive frequency was not optimal for energy propagation
along the beach. As a result, it was decided to reduce the drive frequency to 100 Hz. It
has been measures that, for this frequency, the harmonic distortion is less than 1% for a
50 Vrms drive voltage. Figures 5.18 and 5.19 are the Hankel plots for the seismometer
signals at a range of 30 ft using a 50 V peak, 20 cycle, 100 Hz, narrow-band filtered tone
‘burst and a —45P phase configuration. Figure 5.18 depicts the particle motion as
observed at the southern seismometer and Figure 5.19 for the northern seismometer. In
both figures the elliptical particle motion is prograde with respect to the seismic source
and clearly shows the presence of the Rayleigh wave, but the northerly propagating wave

is much more uniform. It can also see from the figures that the amplitude of the northerly
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propagating wave is larger by a factor of two. Appendix H contains the MATLAB
programs used to analyze the data gathered during the beach phase experimentation with

the Mod IV source and to generate the accompanying figures.
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Figures 5.20 and 5.21 are the Hankel plots for the same seismometer orientation
and range, but for a +45P phase setting, which also produced an elliptical particle motion
that was prograde with respect to the field test source. Again we see that the Hankel plot
for the southern seismometer (Figure 5.20) is non-uniform and has a smaller amplitude as
compared to the plot for the northern seismometer (Figure 5.21). Based on these figures,
it would seem that the beach sediments either have a preferential direction of energy

propagation or that the force generated by the motion of test source is different in the two
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Figure 5.20. Hankel Plot of Southern Seismometer Velocity Signals for a 30 ft.

Source-Receiver Separation Distance (+45P)
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The next set of the beach experiments was used to investigate the typical
propagation distances that could be achieved with the discrete mode source. Since the
results of the previous source tests were not available at the time of conducting this phase
of the beach experimentation, the choice for follow-on seismbmeter position was
completely arbitrary.

The two seismometers were initially positioned at distances of 30 and 45 ft and
leapfrogged out to final distances of 90 and 105 ft, as shown in Layout II of Appendix
D8. Using thé same 50 V peak, 20 cycle, 100 Hz tone burst, sufficient Rayleigh wave
signal strength was observed out to a distance of 90 ft, which far exceeded any of our
initial expectations. Propagation distances of this order are just one of the features that

make seismic sonar research so extremely important to mine warfare applications, since

- the maximum propagating distances for the best ground penetrating radar and
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magnetometers is only 25 ft. Figure 5.22 shows an aggregate display of the source

vertical acceleration (lowest trace) and the seismometer vertical velocity versus time at
ranges from 30 ft (9.14 m) to 90 ft (27.43 m). Each seismometer signal trace has been
normalized by the source vertical acceleration for that trace, as measured by the base
mounted accelerometer. The behavior of the velocity amplitude with range should not be
considered indicative of what would be observed for an end-on array of five
seismometers receiving a single signal, as site conditions (e.g. tide, surface moisture, etc.)
were evolving during the course of the data collection. The Rayleigh wave is clearly
visible as the large amplitude wave train in each trace. The extracted group velocity is
approximately 86 m/sec (see straight line in Figure 5.22), which agrees very well with

that observed during ground truthing measurements.
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Figure 5.22. Rayleigh Wave Progression as a Function of Space and Time

Another interesting observation from this phase of the beach experimentation was
that analysis of the particle motion observed at the seismometers showed prograde

elliptical motion with respect to the source for all ranges, seismometer orientations, and
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phase configurations. This result was unexpected, but can be explained. Assuming the
beachfront to be a nearly homogeneous, isotropic, elastic medium, then the Rayleigh
wave speed is independent of frequency (Refer to section II B). For a Rayleigh wave
speed of 86 m/sec, a 100 Hz drive frequency corresponds to a Rayleigh wavelength of
0.86 m. Experimentation shows that the shift from retrograde to prograde elliptical
motion for sediments occurs at approximately 0.1, or 8.6 cm (3.4 in) [Ref. 9]. Since the
seismometers nominally sense the average particle motion and are nearly 25.4 cm (10 in)
in length, most of their bulk resides below this depth. Thus, the observed motion is
consistent with theory. 4

In order to verify this observation, another set of experiments were conducted
using a 50 Hz drive frequency. At 50 Hz, assuming the same Rayleigh wave speed of 86
m/sec, the Rayleigh wavelength is 0.34 m. For this wavelength the corresponding turning
point occurs at a depth of 17.2 cm (6.8 inches). To help eliminate any chance of
misinterpreting the data the seismometers were only buried to a depth of 12.7 cm (5 in).
Figures 5.23 and 5.24 are the Hankel plots of the seismometer velocity signals at 60 feet
for drive frequencies of 100 Hz and 50 Hz, respectively. '

As can be seen from the figures the sense of the particle motion is clearly
different. Analysis of the Hankel Iplots showed that the particle motion as shown in
Figure 5.23 was prograde elliptical and that of Figure 5.24 was retrograde elliptical. This
illustration serves to show that accounting for the vector nature of the Rayleigh wave is
extremely important, not only for discrete-mode propagation, but also for selective

reception.
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2. Selective Excitation

One of the goals of this thesis was to attempt to estimate how much of the input
mechanical energy was being converted into Rayleigh waves. But because of the
unpredictable nature of the source motion, this was not possible. It was assumed with the
source design chosen and the infdrmation obtained on the operating characteristics of the
Bass Shakers that it would be relatively easy to generate elliptical source motion. During
the beach phase experimentation it was discovered that it was nearly impossible just to
create circular motion at the source. Using equal amplitude drive voltages for the shakers
and a —45P phase configuration should have produced retrograde circular motion and a
+45P, prograde circular motion. But, as can be seen from the hodograms of the base
mounted accelerometer for the two cases, Figures 5.25 and 5.26, this was clearly not the

result.

0.05

vertical amplitude [V]

-0.05

-0.1 -0.05 0 0.05 0.1
longitudinal amplitude [V]

Figure 5.25. Hodogram of Accelerometer Signal (100 Hz, -45P)
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Figure 5.26. Hodogram of Accelerometer Signal (100 Hz, +45P)

Analysis of the hodograms from all the data files showed that the motion
produced at the source depended explicitly on voltage, frequency, and phase.
Furthermore, there is also a strong dependence on the elastic properties of the
propagating medium. Examination of the accelerometer hodograms showed that
longitudinal stimulation of the beach sediments was much more effective than vertical
stimulation.

Follow-on experiments are planned in which it will be attempted to produce more
optimum source motion. Even though the source motion was clearly not optimum, this
did not seem to play a major part in stimulating the desired Rayleigh wave, at least at 100
Hz. Figure 5.27 is the Hankel plot of the seismometer velocity signals at 60 ft for a 20 V
peak, 20 cycle, 100 Hz, tone burst with no phase difference between the shakers. Figure
5.28 displays the portion of the time record corresponding to the Rayleigh wave and the

ratio of the longitudinal to vertical amplitude over the same time period.
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Figure 5.27. Hankel Plot of Seismometer Velocity Signals for a 60 ft.
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Figure 5.28. Ratio of Longitudinal and Vertical Rayleigh Wave Components
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The uniformity of the wave is remarkable. Similar calculations were done for the
s.eismometer velocity signals at 60 feet when phase differences of —45P, +45P, -32P, and
+32P were used. In all four cases, similar looking Rayleigh waves were excited and the
ratio of the wave components was nearly identical.

From analysis of the data files gathered during the beach phase experimentation it
was obvious that the Rayleigh wave was the most significant disturbance along the
interface boundary. At distances of 45 ft and smaller it appeared that no matter what
phase conﬁguration'was used, all wave types were present, with the Rayleigh wave and

vertically polarized shear wave the most dominant. But since body waves along the

surface decay like % and Rayleigh waves decay like L | the influence of the body waves

/F b
was negligible at distances over 60 ft.

70



VL CONCLUSIONS AND RECOMMENDATIONS

This final chapter briefly synopsizes the noteworthy observations made during the
conduct of the research described in this thesis and the conclusions that can be drawn
from these observations. It also includes recommendations for follow-on research.

The major goal of this research project was to evaluate the concept of a discrete-
mode interface (Rayleigh or SchoIte) wave source. By selectively exciting the desired
interface waves, it was theorized that significant reverberation suppression could be
achieved, thus increasing the signal-to-noise ratio of a target echo in a seismic sonar
detection system. ' _

Based on the precepts from the theory of elasticity and the known characteristics
of the desired interface waves, two different source concepts were designed and tested.
The first discrete-mode source, i.e., the concept source as shown in Figure 4.1, was used
to qualitatively probe in a laboratory environment the surface wave field created under
various source motions. Experimentation with the concept source showed that a complex
relationship existed between input source parameters, such as, frequency, phase, and
driving voltage, and the propagating characteristics of the medium, and the resulting
surface wave field. The limitations of the concept source and those imposed by the test
tank made development of a field test source a necessity if any real progress was to be
made.

To design a source that could be used under varying field conditions first required
identifying a suitable vibration source and then constructing a matching source-to-ground
coupling mechanism. Figure 4.3 shows the first version of the field test source. Again
the beginning phases of the field experimentation were directed at evaluating the effects
of varying source motions on the surface wave field. Results obtained dufing the various
field tests lead to several modifications of the source-to-ground coupling mechanism until
arriving at what was thought to be the best design (See Figure 5.16). It was with this
final source design that all the beach phase testing was conducted.

Based on the known features of Rayleigh waves, it was believed that by
stimulating the sediments at the source in an elliptical motion, Rayleigh waves could be

selectively excited. To test this theory a series of experiments were conducted in which
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the field test source was driven under several different modes of excitation. During these
experiments it was observed that multiple types of interface waves and body waves were
generated no matter what input source parameters were used. At source-to-receiver
ranges greater than approximately 15 m (45 ft), the Rayleigh wave was clearly the largest
interface disturbance, while the effects of the undesired waves quickly became negligible
and were virtually undetectable at ranges greater than approximately 25 m (75 ft).
Evaluation of the base-mounted accelerometer on the source showed that the field test
source did not produce the elliptical motion expected for the applied input parameters.
Because of this, it is difficult to determine whether the excitation of the undesired waves
was due to the non-optimum nature of the source or that these undesired waves will
always be present in practice. However, it was found that the medium itself acted as a
selective filter for the interface waves after a few tens of meters of propagation.

Based on the experimental results obtained there are two major areas in which
future discrete-mode excitation research efforts should be concentrated. The first area
deals with correcting the deficiencies noted with the Bass Shakers and the source design.
The Bass Shakers were not designed to be operated in the fashion utilized during the
source testing. Thus, higher quality, greater power-handling exciters (e.g. shakers,
actuators) must be incorporated into a new source. New sources must be identified that
can be driven harder, but experience less distortion. Furthermore, complex source
geometries such as the 45-degree orientation of the shakers used in the field test sources
should be avoided. Such configurations simultaneously generate both longitudinal and
vertical seismic motion. Future source designs should utilize simple vertical and
horizontal excitation. This would serve two purposes, the first being that such an
orientation still allows for the generation of elliptical motion at the source, and second
that each component of the motion can be excited individually to study the resulting
effects. Work has already begun in designing and constructing a new source made of
orthogonal, servo-controlled, 20 Ibf, linear actuators.

The second area deals with re-examining the experimental setups in order to
better sample the various seismic wave types. This would serve to increase the
researcher’s knowledge of the different excitation potentials of the possible wave types

and their associated excitation depths. Along these lines more experiments are needed to

72



further explore source control for optimal wave generation as a function of frequency and
excitation depth. To better accomplish this task efforts should be made to computerize
the source control so that the source motion can be monitored on a real-time basis.

Even though the results of this thesis were not as informative as initially desired
the basic concept of discrete-mode excitation is promising. An important
accomplishment of this thesis was to get the research out of the laboratory and onto the

beach where the follow-on efforts can begin.
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APPENDIX A. THEORETICAL PROPERTIES OF RAYLEIGH WAVES IN A
HOMOGENEOUS, ISOTROPIC, ELASTIC HALF-SPACE

This appendix contains the various MATLAB programs that were used to
reproduce the theoretical graphs contained within the reference texts on Rayleigh waves,
some of which appear as figures within the body of the thesis. It also ‘contains other
programs written and their output, which provide further visual aid into the behavior of

Rayleigh waves.
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APPENDIX Al. VARIATIONS IN WAVE SPEED RATIOS AS A FUNCTION OF

o° o°

oe do

o° o0 o° oo

oQ oo

o

oe

POISSON’S RATIO

Filename: wavespeeds.m
Written by: F.E. Gaghan
Date Last Modified: 22 December 1997

Purpose: This program numerically solves the Rayleigh wave equation

in an isotropic elastic half space. The wave equation
solutions are expressed as the ratio of the Rayleigh wave
speed to the shear wave speed as a function of the
Poisson's ratio. The ratio of the three wave types to the
shear wave speed is displayed graphically for Poisson's
ratios in the interval [0,1/2].

Initialize required storage vectors

clear all; ,
speed_ratiosqd_rootl=[]; speed ratiosqd root2=[];
speed_ratiosqgd root3=[];

longsqd_ratiol=[]; longsqd_ratio2=[]; longsqd ratio3=[];
vertsqgd ratiol=[]; vertsqd ratio2={]; vertsqd ratio3=[];
Rayleighsqgd root=[];

For loop used to run through the desired Poisson's ratios
j=1; A
for nu=[0:0.01:0.5];
gammasqd (J)=(1-(2*nu) )/ (2-(2*nu)) ;
inv_gammasqd(j)=1/gammasqd(j):

0P o0

cubic in the wave speed ratio
p=-8;

g=24-(16*gammasqgd(j));
r=(1l6*gammasqd(j))-16;
a=((3*q)-(p"2))/3;
b=((2*(p"3))~(9*p*q) +(27*xr))/27;
f=sqrt (((b"2)/4)+ ((a”3)/27));
g=-(b/2)+f;

h=-(b/2)-£;

oe

Perform necessary manipulations of the coefficients to acquire

o0 o

quantities
if (£>0) & (g<0) ‘
A=(abs(g)"(1/3))*-1;
else
A=g” (1/3);
end; %end-if (£>0) & (g<0)

if (£>0) & (h<0)

B=(abs (h)~(1/3))*-1;
else

B=h"(1/3);
end; $end-if (£f>0) & (h<0)
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values in the correct quadrants when taking cube roots of complex



oe

o°

oe

oe

oo

o

Calculate and store the three roots of the square of the wave
speed ratio
xX1=A+B;

oe

x2=(-(A+B) /2)+ (((A-B)/2) *sqrt (-3));
x3=(-(A+B)/2) - (((A-B)/2) *sqrt (-3));
yl=x1-(p/3);

y2=x2~(p/3);

y3=x3-(p/3); -

speed_ratiosqd_rootl=[speed ratiosgd rootl;yl];
speed_ratiosqd_root2=[speed ratiosqd root2;y2];
speed_ratiosqd_root3=[speed ratiosqgd root3;y3];

Calculate and store the ratio of longitudinal attenuation
coefficient squared to the Rayleigh wave number squared
longsgd ratiol=[longsqd ratiol;1l-(gammasqgd(j)*yl)];
longsqgd_ratio2=[longsqd ratio2;1-(gammasqd(j)*y2)];
longsqgd_ratio3=[longsqd ratio3;1l-(gammasqd(j)*y3)];

o

oe

oo

Calculate and store the ratio of vertical attenuation coefficient
squared to the Rayleigh wave number squared
vertsqd_ratiol=[vertsqgd ratiol;l-yl};
vertsqd_ratio2=[vertsqgd ratio2;1l-y2};
vertsqd_ratio3=(vertsqgd ratio3;1-y3];

oe

J=3+1;
end; $end-for nu

Store the vectors into matrices
speed_ratiosqd_roots=[speed_ratiosqd rootl, speed ratiosgd root2,
speed_ratiosgd root3];

longsqd_ratios=[longsqd ratiol,longsqd_ratio2,longsqd ratio3];
vertsqd_ratios=[vertsqd ratiol,vertsqd ratio2,vertsgd ratio3];

Perform required logical comparisons to keep only the roots that
satisfy the Rayleigh wave criteria
suitable=(longsqd_ratios>=0) & (vertsqd ratios>=0);
for m=1:(j-1)
for n=1:3
if suitable(m,n)
Rayleighsqd_root=[Rayleighsqgd root;speed ratiosgd roots(m,n)];
end; %end-if suitable
end; $end-for n
end; %end-for m

Rayleigh_root=sqgrt (Rayleighsqd root);
nu=[0:0.01:0.5];
shear_ speed=ones (1, length(nu));

Plot the ratio of Rayleigh wave speed to shear wave speed versus
Poisson's ratio

figure(1l); _

plot (nu, shear_speed,nu,Rayleigh root,nu, inv_gammasqd) ;
axis([0,0.5,0,71);

grid on; axis square; :

xlabel ('Poisson’s ratio'); ylabel('wave speed/shear wave speed');
text(.11,1.2, 'Shear'); fext(.11,0.65,'Rayleigh’);

text (0.305,3.2, 'Longitudinal');

77



title('Variation in Wave Speed Ratios as a Function of Poisson’s
Ratio');

Variation in Wave Speed Ratios as a Function of Poisson’s Ratio
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APPENDIX A2. VARIATION IN RAYLEIGH WAVE SPEED AS A FUNCTION

oo

oo

o0 oe

o0

o® o oo

oo

oo

OF POISSON’S RATIO

Filename: rayleighspeed.m
Written by: F.E. Gaghan
Date Last Modified: 02 December 1997

Purpose: This program numerically solves the Rayleigh wave equation

in an isotropic elastic half space. The wave equation
solutions are expressed as the ratio of the Rayleigh wave
speed to the shear wave speed as a function of the
Poisson's ratio. The wave speed ratio is displayed
graphically for Poisson's ratios in the interval [-1,1/2].

Initialize required storage vectors

clear all;

speed_ratiosqd_rootl=[]; speed ratiosgd root2=[];
speed_ratiosgd root3=[];

longsqgd ratiol=[]; longsqd _ratio2=[]; longsqgd ratio3=[];
vertsqd_ratiol={]; vertsqd ratio2=[]; vertsqd ratio3=[];
Rayleighsqgd root=[];

For loop used to run through the desired Poisson's ratios
3=1:
for nu={0:0.05:0.5];

gammasqd=(1-(2*nu) )/ (2~ (2*nu));

oo

oe

cubic in the wave speed ratio
p=-8;

g=24-(l6*gammasqd) ;
r=(1l6*gammasqgd)-16;
a=((3*q)-(p"2))/3;

b={((2* (p~3) ) - (9*p*q)+(27*x)) /27;
f=sqrt ( ((b"2)/4)+ ((a”3)/27));
g=-(b/2)+£f;

h=-(b/2)-£;

Perform necessary manipulations of the coefficients to acquire

o°

o oo

quantities
if (£>0) & (g<0)
A=(abs(g) " (1/3))*-1;
else
A=g~(1/3);
end; %end-if (£>0) & (g<0)

if (£>0) & (h<0)

B=(abs (h)"*(1/3))*-1;
else

B=h"(1/3);
end; %end-if (£>0) & (h<0)
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o0

oe

oe

oe

o°

%

Calculate and store the three roots of the square of the wave

speed ratio

x1=A+B;

x2=(-(A+B)/2)+(((A-B)/2) *sqrt (-3))
{ 3)

x3=(-(A+B) /2) - (((A-B)/2) *sqrt (-3))

oo

.
’
.
1

yl=xl-(p/3);
y2=x2-(p/3);
y3=x3-(p/3);

speed_ratiosqd rootl=[speed ratiosqd rootl;yl];
speed_ratiosqd_root2=[speed ratiosqgd_root2;y2];
speed ratiosgd root3=[speed ratiosqgd root3;y3];

oo

Calculate and store the ratio of longitudinal attenuation
coefficient squared to the Rayleigh wave number squared
longsqd_ratiol=[longsqd ratiol;1l-(gammasqgd*yl)];
longsqd_ratio2=[longsqgd ratio2;1-(gammasqgd*y2)];
longsqgd ratio3=[longsqd ratio3;1-(gammasqgd*y3)];

oo

oe

Calculate and store the ratio of vertical attenuation coefficient
squared to the Rayleigh wave number squared

vertsqd ratiol=[vertsqgd ratiol;1l-yl];

vertsqd ratio2=[vertsqgd ratio2;1-y2];

vertsqd_ratio3=[vertsqd ratio3;1-y3];

oL

J=j+1;
end; $end-for nu

Store the vectors into matrices
speed_ratiosgd_roots=[speed ratiosgd rootl,speed ratiosqd root2,
speed ratiosqgd root3];
longsqd_ratios=[longsgd_ratiol,longsqd ratio2,longsgd ratio3];
vertsqd_ratios=[vertsqd_ratiol,vertsqd_ratio2,vertsqd ratio3];

Perform required logical comparisons to keep only the roots that
satisfy the Rayleigh wave criteria
suitable=(longsqd_ratios>=0) & (vertsqgd ratios>=0);
for m=1:(j-1)
for n=1:3
if suitable (m,n)
Rayleighsqd_root=[Rayleighsgd_root;speed ratiosqd_roots(m,n)];
end; %end-if suitable
end; %end-for n
end; %end-for m
Rayleigh_ root=sqrt (Rayleighsqgd root);
nu=[0:0.05:0.5];

Plot the ratio of Rayleigh wave speed to shear wave speed versus
Poisson's ratio

figure(l);

plot (nu,Rayleigh_root);

grid on;

xlabel ('Poisson’s ratio'); ylabel('Rayleigh wave speed/shear wave
speed');

title('Variation in Rayleigh Wave Speed Ratio as a Function of
Poisson’'s Ratio'):
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APPENDIX A3. ELLIPTICAL PARTCILE MOTION INDUCED BY RAYLEIGH

o

a0 oo

oP o® 0P o°

oe

WAVE

Filename: rayleighellipses.m

Written by: F.E. Gaghan

Date Last Modified: 02 December 1997

Purpose: This program is used to graphically display the varying
particle motions induced by propagating Rayleigh waves in an
elastic medium. Specifically it is used to show how the
particle motion begins as retrograde elliptical and
progresses to prograde elliptical with depth.

% Initialize required space and wave parameters

oe oo

clear all;
k=(2*pi*100)/300;
w=k*300;
t=[0:0.1:2]/200;
wt=w*t;

wt_t0=0;

C=0.2;

Set special plot commands
axes('box','on'); hold on; grid on; axis equal;

Outer for loop used to step through five various depths along the
z-axis within the medium
for x3=[0,-0.3,-0.6,-0.9,-1.2]

% Inner loop used to step through the longitudinal ranges in the
% direction of propagation along the x-axis
for x1=(0,0.5,1,1.5,2,2.5];

% Algebraic manipulations required to calculate the longitudinal
% particle displacement '
al=exp(0.8475*k*x3)-0.5773%*exp (0.3933*k*x3);
cl=sin{wt-(k*x1));
ul=C* (al*cl);
xlul=ul+xl;

o

Algebraic manipulations required to calculate the vertical
particle displacement

a3=-0.8475%exp (0.8475*k*x3)+1.4679%9*%exp (0.3933*k*x3) ;
c3=cos (wt-(k*x1));

u3=C* (a3*c3);

x3u3=u3+x3;

oe

oe

Plot elliptical particle motion
figure(1l):
plot (x1ul,x3u3, 'g."');
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oo

Algebraic manipulations required to calculate the wave motion
in the longitudinal direction

x1 t0=[0:0.05:2.57;

last=length(xl t0);

x3_tO=x3*ones (1, last);

cl_tO=sin(wt_tO0-(k.*x1l t0));

ul_t0=C*(al.*cl t0);

x1ul_tO=ul_ tO0+xl tO;

oe

o

Algebraic manipulations required to calculate the wave motion
in the vertical direction

c3_t0=cos(wt_tO—(k.*xl_tO));

u3_t0=C*(a3.*c3_t0);

x3u3_tO0=u3_t0+x3;

plot{xlul t0,x3u3_t0,'b");

oo

% Plot Rayleigh wave motion
quiver(xl_tO0(1:10:1last),x3_t0(1:10:last),ul t0(1l:10:last),..

u3_t0(1:10:1ast),0.125,'k"); ’
end; %end-for x1

end; send-for x3

xlabel ('longitudinal range [m]'); ylabel('vertical depth [m]');
title('Elliptical Particle Motion Induced by Rayleigh Wave');

Elliptical Particle Motion Induced by Rayleigh Wave

2 -4’{‘%&_--““-

o
o
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oe o°

o0 0P o° o0 oo

o° o o©

oe

oP oP

o o

o0

APPENDIX A4. LONGITUDINAL AND VERTICAL PARTICLE
' DISPLACEMENTS

Filename: rayleighdisplacements.m

Written by: F.E. Gaghan

Date Last Modified: 02 December 1997

Purpose: This program is used to graphically display the horizontal
and vertical particle displacements induced by a propagating
Rayleigh wave for a specified value of Poisson's ratio. The
curves displayed are the particle displacement amplitudes
normalized by the vertical particle displacement at the
surface as a function of depth normalized by the Rayleigh
wave number.

Initialize required storage vectors
clear all;

nu=0.25;
gammasqgd=(1-(2*nu))/ (2~ (2*nu));

Calculate the coefficients required to solve the Rayleigh wave
equation which is cubic in the wave speed ratio

p=-8;

g=24-(l6*gammasqd) ;

r=(l6*gammasqgd)-16;

a=((3*q)-(p"2))/3;

b=((2*(p*3))-(9*p*q) +(27*r)) /27;

f=sqrt ({(b"2)/4)+((a"3)/27));

g=-(b/2)+f;

h=-(b/2)-£;

Perform necessary manipulations of the coefficients to acquire values
in the correct quadrants when taking cube roots of complex quantities
if (£>0) & (g<0)
A=(abs(g)"~(1/3))*-1;
else
A=g”~ (1/3):
end; %$end-if (£>0) & (g<0)
if (£>0) & (h<0)
B=(abs(h)"~(1/3))*-1;
else
B=h"(1/3);
end; $end-if (£>0) & (h<0)

Calculate and store the three roots of the wave speed ratio squared
x1=A+B;

x2=(~(A+B)/2)+( ( (A-
x3=(-(A+B) /2) - ( ((A-

B)/2) *sqrt(-3)):
B)/2) *sqrt(-3)):

yl=x1-(p/3);

y2=x2-(p/3);

y3=x3-(p/3);

speed ratiosqd rootl=yl;
speed_ratiosqgd root2=y2;
speed_ratiosgd_root3=y3;

speed ratiosqgd roots=[yl,y2,y3];
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o°

o©

oe

o° oo

oe

oe

oe

ae

oe

Calculate and store the ratio of longitudinal attenuation coefficient

squared to the Rayleigh wave number squared

longsqgd ratiol=1-(gammasqd*yl);

longsqd ratio2=1-(gammasqd*y2);
longsqd_ratio3=1-(gammasqgd*y3);
longsqd_ratios=[longsqd_ratiol, longsqd ratio2,longsqd ratio3];

Calculate and store the ratio of vertical attenuation coefficient
squared to the Rayleigh wave number squared

vertsqgd ratiol=1l-yl;

vertsqd ratio2=1-y2;

vertsqd ratio3=1-y3;
vertsqd_ratios=[vertsqd_ratiol,vertsqd_ratio2,vertsqd ratio3];

Perform required logical comparisons to keep only the root that
satisfies the Rayleigh wave criteria
suitable=(longsqgd ratios>=0) & (vertsqd ratios>=0);
for m=1:3
if suitable(m)
Rayleighsqgd_root=speed_ratiosqd roots(m);
index=m;
end; $end-if suitable
end; %end-for m

Calculate the values of the Rayleigh wave root and the attenuation
ratios

Rayleigh root=sqgrt (Rayleighsqgd root);

Rayleigh long_ratio=sqgrt(longsqd_ratios(index)):;

Rayleigh vert ratio=sqrt (vertsqgd ratios(index));

Calculate the normalized horizontal and vertical particle
displacements

g=Rayleigh long ratio;
s=Rayleigh vert ratio;

long const=(2*qg*s)/((s*2)+1);
vert_const=2/((s"2)+1);
depth=[0:0.01:1.6]; :

surface layer=zeros (1, length(depth));
krz=depth* (2*pi) ;
u3d=(exp(-g*krz)-(vert_const*exp(-s*krz)));
u30=(1l-vert const);

u3_u30=u3/u30; .

ul=exp (-g*krz)-(long const*exp(-s*krz));
ul_u30=ul/(-q*u30);

Plot the normalized horizontal and vertical particle displacements
figure(l);

plot(depth,surface_layer,depth,u3_u30,depth,ul_u30);

xlabel {'depth/Rayleigh wave number'):;

ylabel ('normalized displacement amplitude');

text (0.22,0.05, "longitudinal'); text(0.62,0.5, 'vertical');
title('Longitudinal and Vertical Particle Displacements');

grid on;
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APPENDIX AS. TENSILE AND SHEAR STRESSES

Filename: rayleighstresses.m

Written by: F.E. Gaghan

Date Last Modified: 22 December 1997

Purpose: This program is used to graphically display the horizontal
and vertical particle stresses induced by a propagating
Rayleigh wave for a specified value of Poisson's ratio. The
curves displayed are the particle stress amplitudes
normalized by the horizontal particle stress at the surface
as a function of depth normalized by the Rayleigh wave
number.

Initialize required storage vectors
clear all;

nu=0.25;
gammasqd=(1-(2*nu) )/ (2-(2*nu) ) ;
gammasqgdinv=1/gammasqd;
lame=(2*nu)/(1-(2*nu));

Calculate the coefficients required to solve the Rayleigh wave
equation which is cubic in the wave speed ratio

p=-8;

g=24-(l6*gammasqd) ;

r=(l6*gammasqd)-16;

a=((3*q)=-(p~2))/3;

b=((2* (p"3))-(9*p*q)+(27*r)) /27;

f=sqrt (((b*2)/4)+((a"3)/27));

g=-(b/2)+£;

h=-(b/2)-£;

Perform necessary manipulations of the coefficients to acquire values
in the correct quadrants when taking cube roots of complex quantities
if (£>0) & (g<0)
A=(abs(g)"~(1/3))*-1;
else
A=g” (1/3);
end; %end-if (£>0) & (g<0)
if (£>0) & (h<O)
B=(abs(h)"(1/3))*-1;
else :
B=h"(1/3);
end;%end-if (£>0) & (h<0)

Calculate and store the three roots of the wave speed ratio squared
x1=A+B;
x2=(-(A+B)/2)+(((A-B)/2) *sqrt (-3));
x3=(-(A+B)/2) - (((A-B)/2) *sqrt (-3));
yl=x1-(p/3):

y2=x2-(p/3);

y3=x3-(p/3);

speed ratiosqd rootl=yl;

speed ratiosqd root2=y2;

speed ratiosqgd root3=y3;

speed ratiosqd roots=[yl,y2,y3];
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Calculate and store the ratio of longitudinal attenuation coefficient

squared to the Rayleigh wave number squared

longsqgd ratiol=1-(gammasqd*yl);

longsgd ratio2=1-(gammasqd*y2);

longsgd ratio3=1-(gammasgd*y3):;
longsqd_ratios=[longsqd_ratiol,longsqdﬁratioZ,longsqd_ratioB];

Calculate and store the ratio of vertical attenuation coefficient
squared to the Rayleigh wave number squared

vertsqd ratiol=1l-yl;

vertsqgd ratio2=1-y2;

vertsqd _ratio3=1-y3;

vertsqd ratios=[vertsqd_ratiol,vertsqd_ratio2,vertsqd ratio3];

Perform required logical comparisons to keep only the root that
satisfies the Rayleigh wave criteria
suitable=(longsqd ratios>=0) & (vertsgd ratios>=0);
for m=1:3
if suitable (m)
Rayleighsqgd_root=speed ratiosgd roots(m);
index=m;
end; %$end-if suitable
end; %end-for m

Calculate the values of the Rayleigh wave root and the attenuation
ratios

Rayleigh_ root=sqrt(Rayleighsqd root);

Rayleigh_long ratio=sqgrt(longsqgd ratios(index));

Rayleigh_vert_ratio=sqrt (vertsqd ratios(index));

Calculate the normalized horizontal and vertical particle stresses
g=Rayleigh_long_ratio;

s=Rayleigh vert ratio;

long_const=(2*qg*s)/((s72)+1);
vert_const=2/((s"2)+1);

depth=[0:0.01:1.6];

surface layer=zeros(1l, length{(depth));

krz=depth* (2*pi) ;

sigmaxx=(gammasgdinv*exp (-gq*krz)) -

(lame* (g*2) *exp (-q*krz))-(2*long const*exp(-s*krz));
sigmaxxO=gammasqdinv-(lame* (q*2))-(2*long const);
sigmaxx xx0O=sigmaxx/sigmaxx0;
sigmazz=(-gammasqdinv* (g"2) *exp (-g*krz) )+

(lame*exp (-q*krz) )+ (2*long const*exp(-s*krz));
sigmazz_xx0=sigmazz/sigmaxx0; '
sigmaxz=(-2*g*exp(-q*krz) )+ (2*g*exp(-s*krz));
sigmaxz_xx0=sigmaxz/sigmaxx0;
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Plot the normalized horizontal and vertical particle stresses
figure(1l);
plot(depth,surface_layer,depth,sigmaxx_xxO,depth,sigmazz_xxO,
depth, sigmaxz xx0);

xlabel ('depth/Rayleigh wave number');

ylabel ('normalized stress amplitude');

text (0.06,0.75, 'longitudinal'); text(0.63,0.35, 'shear');
text(0.42,0.16, 'vertical'); .

text (0.06,0.7, "stress'); text(0.63,0.3, 'stress');

text (0.42,0.11, 'stress');

title('Tensile and Shear Stresses');

grid on;
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APPENDIX A6. VARIATION IN RATIO OF LONGITUDINAL TO VERTICAL
| PARTICLE DISPLACEMENT AS A FUNCTION OF POISSON’S RATIO

Filename: rayleighaxesratio.m

Written by: F.E. Gaghan

Date Last Modified: 10 February 1998

Purpose: This program is used to graphically display the ratio of the

‘ longitudinal to vertical particles displacements at the

surface during Rayleigh wave propagation as a function of
the Poisson's ratio. The calculations are for a homogeneous,
isotropic, elastic half-space.

Establish desired Poisson's ratio values

clear all;

nu={0.0:0.01:0.5);

for i=1l:length (nu)
gammasqgd=(1-(2*nu(i)))/(2~(2*nu(i)));

Calculate the coefficients required to solve the Rayleigh wave
equation which is cubic in the wave speed ratio

p=-8;

g=24-(1l6*gammasqgd);

r=(l6*gammasqd)-16;

a=((3*q)-(p"2))/3;

b=((2*(p"3))=(9*p*q)+(27*r)) /27;

f=sqrt (((b~2)/4)+((a~3)/27));

g=-(b/2)+£;

h=-(b/2)-f;

oo o°

oo

Perform necessary manipulations of the coefficients to acquire
values in the correct quadrants when taking cube roots of complex
quantities
if (£>0) & (g<0)
A=(abs(g) " (1/3))*-1;
else
A=g~(1/3); ‘
end; %end-if (£f>0) & (g<0)
if (£>0) & (h<0)
B=(abs (h)"(1/3))*-1;
else B
B=h"(1/3);
end; %3end-if (£>0) & (h<0)

oe

o0

oe

Calculate and store the three roots of the wave speed ratio

% squared
x1=A+B;
x2=(-(A+B) /2)+(((A-B)/2) *sqrt (-3));
®3=(-(A+B)/2) - (((A-B)/2)*sqrt (-3));

yl=x1-(p/3);

y2=x2-(p/3);

y3=x3-(p/3);
speed_ratiosqd_rootl=yl;
speed_ratiosqd_root2=y2;
speed_ratiosqgd root3=y3;
speed_ratiosqd roots=[yl,y2,y3];
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Calculate and store the ratio of longitudinal attenuation
coefficient squared to the Rayleigh wave number squared
longsqd ratiol=l-(gammasqd*yl);

longsqd ratio2=1-(gammasqd*y2);

longsqd ratio3=1-(gammasqgd*y3);
longsqd_ratios=[longsqd_ratiol,longsqd_ratioZ,longsqd_ratio3];

oL

oe

Calculate and store the ratio of vertical attenuation coefficient
squared to the Rayleigh wave number squared

vertsgd ratiol=1-yl;

vertsqd_ratio2=1-y2;

vertsqd_ratio3=1-y3;
vertsqd_ratios=[vertsqd ratiol,vertsqd ratio2,vertsqd ratio3];

oe

oo

Perform required logical comparisons to keep only the root that
satisfies the Rayleigh wave criteria
suitable=(longsqd ratios>=0) & (vertsqgd ratios>=0);
for m=1:3
if suitable (m)
Rayleighsgd root=speed ratiosqd_roots(m);
index=m;
end; $end-if suitable
end; %end-for m

oo

oo

Calculate the values of the Raylelgh wave root and the
attenuation ratios

Rayleigh_ root=sqgrt (Rayleighsqd root);

Rayleigh long_ratio=sqrt(longsgd ratios(index));
Rayleigh_vert_ratio=sqgrt(vertsqgd ratios(index));

oo

oe

Calculate the normalized horizontal and vertical particle
displacements and the ratio of horizontal to vertical particle
displacements

g=Rayleigh_long_ratio;

s=Rayleigh vert ratio;

long_const=(2*g*s)/((s"2)+1);

vert_const=2/((s"2)+1);

u30=1l-vert const;

ul0=1-long const;

axesratio(i)=ul0/ (-g*u30);

end; %end-for i

oo

oe

Plot the ratio of horizontal to vertical particle displacements as a
function of the Poisson's ratio

figure(l);

plot (nu, axesratio);

xlabel ('Poisson’s ratio');

ylabel ('longitudinal displacement/vertical displacement');
title('Longitudinal and Vertical Particle Displacements');
axis([nu(l),nu(i), min(axesratio),max(axesratio)]);

grid on;
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APPENDIX A7. VARIATION IN RAYLEIGH WAVES AS A FUNCTION OF
DEPTH

Filename: rayleighwaves3d.m

Written by: F.E. Gaghan

Date Last Modified: 22 December 1997

Purpose: This program produces a 3D graphical representation of
Rayleigh waves in an isotropic elastic half space from which

can be seen the exponential decay with depth into the
medium. :

Initialize required space and wave parameters
clear all;

x1={0:0.2:8];

k= (2*pi*100)/300;
kxl=k*x1;

w=k*300;
t=[0:0.2:8];
wt=w*t;

C=0.25;
[X1]=meshgrid(x1l);

Loop through various depths in the medium to calculate the horizontal
and vertical particle displacements.

i=0;

for x3=[0,-0.125,-0.25,-0.375];

% Calculate the horizontal particle displacement
al=exp(0.8475*k*x3)-(0.5773*exp (0.3933*k*x3));
cl=sin(wt-kxl);
ul=C* (al*cl);
ul=ul+x3;

Calculate the vertical particle displacement
a3=(-0.8475*exp(0.8475*k*x3))+(1.4679%*%exp (0.3933*k*x3));
c3=cos (wt-kx1);

u3=C* (a3*c3);

Conditional statement used to display surface layer

if i==

[LX,LY)=meshgrid(xl,u3);

[LZ]=0*LX;

figure(1l);

surf (LX,LY,LZ);
end; %$end-if i

oo

a0

ﬁlot the waves for each of the four different depths within the

oo oP

medium

[U3,U0l]=meshgrid(ul,u3);

hold on;

mesh (X1,01,U03);

xlabel ('longitudinal axis [m]'); ylabel('transverse axis [m]');

zlabel ('depth axis [m]');

title('Variation of Rayleigh Waves as a Function of Depth (3D)');
view(20,20);

i=i+1;
end; $end-for x3
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APPENDIX B. MANUFACTURER SPECIFICATION SHEETS

The appendix contains the specification sheets from the manufacturer catalogs for

the various equipment components used during the experimental testing phases.
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APPENDIX B1l. MANUFACTURER SPECIFICATIONS FOR ELECTRO-

MAGNETIC SHAKERS (MINI-SHAKERS)

WILCOXON
RESEARCH

R ESEARCH

The Mode! F53 Vibration Generater IS a reaction-
typo shaker ganerating dynamicforees for structural
exsitation in wibration research and testing. The
reaction principle of operaticn, light weight and
cempact configuration allow this genorate: 10 be

$tud mounted in any pasition, dirsctly 1o siructies

without extemat support or critical shatt alignment

Model F5B/Z.11

Electromagnetic Shaker Svstem

SPECIFICATIONS OF MODEL F5B ELECTROMAGNETIC VIBRATION GENERATOR

Usabic Frequency Range
Blockad Foree Quiput’

Maximum Continuous Curreat

Nominal Electrical Imgedance

DC Electrical Rosistance ...,
Resonance Frequcrcv ocxcd

Connoctor ..

SPECIFICATIONS OF MODEL 211 / IMPEDANCE HEAD

Accelerometer Nominal Vatues

Charge Sensitivity ... ..,..
Voltage Sensitivity*
Cavactance®.......

Force Gage Nomina! Values

10+ 10.00C Mz
00 graph

.1 emp ms
1154

5810

el

35 Hr
8NC

35000

4.4 mVig

803 pF

10 - 10,000 Hz
Mcradot 10 - 32
Ri3-J2.6

Charge Sensitivity .. 350 oCily

probierrs, Voliage Sensitivty® 440 mVib
¥ y

The Model FSB Electromagnetic Shaxer is a eylin- ?ﬂi?”?an“ o ';3' W b 2; 000 Hz
drieal permanant magnet shaker. The magnet is in Comaciore . nge. Morodon 10 52
npid contact with the outer case, A moving coil Cabic m“,; 128
vound on an aluminum bohbin surroends the mag- 0 e v
e, This coil and bobbin w suspended from two 738,

Mass Bolow Force Gage
cirsular metal soriegs ensuring pure axial mation. A g ] . . ) -
low canter of gravity ieinimizos rowation excitation by Ma,s“é’;?:wgﬁgfcz"g;hﬁ" e I B
tho shaker, The addex dynamic weight is low since  toerromotes gq'ch o 1 specimont 10 grarms
the susgcended weight does not effect olationai or Effectve Stiﬂn;sé b - e e
awal inertia above its resonance. This provents p “ " .
meormistencics often enccuntered wherever the Epﬁcgfgcé’tﬁé‘,iif“m" to specimeat . 4x10
rotationatimpedance of strutiures is low compared : {accelerometer attached tc spacimont 2% 10" bin
o the axiat mpodancs, Ciameter of Mourting Surface .......... 0.25 inch

f .

Tha tModel FSBis designed for aperaton over a very gg:m'?g,ﬁ:%;?fgm g N osgc C
withe range of audio freguencies. It can be supalied Maxizfun; Serew Dowm orou 15 inb
with a sensing transducer containing an acselerom- Basa Material * ﬂ":n‘r M
elorandatorce gage (Model Z11 !mpedance Head}. We he of F:‘;Bm 1‘50 r{’m”
The shaker drives the tasted strcture through the W ;gh; T 0 g e
impadance head, cignt o grams

Telal Weight ... 170 grams

The Madal Z11 impedance Hoad i a cylindrical
structure containing 2 piezoslectic accelerometer
and a prezoelectriclorce gage. Thotransducerbase
can be used to measure applied forco and strunture
mation. Fram these measurements mochanical iny
pedanze can be obtained,

‘' The high impadance charge sigaals from the pie
zogleciric force gane and sccelerometer should be
conditannd using chargo amprifiers or charpn con-
verars (CC701), and high impedarca voltage am-
plificm (ARSS

“The Mode! Z11 Impedance Mead has a spesmen
contant diameter of 0.25 inches preventing oxces-
. sifiening by impedance head attachment. The
Tverylow mass battya the torce gage {1 gram) makes
it poseible 10 1ake measuromaents on relatively kght
stuctutes, seth as aidcames, modsels ang kght

mRehinesy.

NOTES: * Biocked farce output refers 1o the force output aganst o mass of infinite

mechanical impedance,
© Relers 1o connector at the end of cabie.

* Refers to condition at the ene of the & foos. fov-nolse cable {180 p=,

ACCESSORIES SUPPLIED: Cutput cabios.

ACCESSORIES AVAILABLE: Amplfiars: sgna: conditioners
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WILCOXON

RESEARCH
Model F5B/Z11
RECOMMENDED SYSTEM DIAGRAM
Aggmizramesne »| s Saeal
1 Sigrat Saurce ot 1 FomoGoge | oy Asiysts
AT 1 '
233 £
i
o E4Y
YRR E2 2 P2 Pd
Straelsre
/' !rp’;ﬁgzﬂwm-
R
L0
s
TR e .
TYPICAL BLOCKED FORCE OUTPUT
(Powered by FATD)
10.0
x ‘
3 o1 o '
S
0.01 2
10 . 100 Tk

Frequency, Hz
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APPENDIX B2. MANUFACTURER SPECIFICATIONS FOR TRI-AXIAL
ACCELEROMETER

Dimantons shown in inches sxospt whore aoted,

1
YT
it
0.42 I : EIID
T
354B33
GENERAL PURPOSE
P i Oon il S ideeaY ST LL L o
Vottage Sensitivity (1) mVig 100 10 10
Fi ey Range (£5%) Hz 1 10 2000 1 %0 9 000 1105000
(£10%) . Hz 0.7 to 4 000 0.7 40 5 000 0.7 & 7 000
R F kHz 220 240 215
Ampﬁlmtoﬁango 9 pk 0 500 500
A ion {broadband) gk 0.002 001 0.01
Mechanical Shock Limits +0pk 8000 5 000 10 000
Tcmwamuﬂango *F 85 10 +250 -85 10 4250 0510 4250
Tempacature Coelficiant % F £0.03 £0.008 £0.03
Amplitude Linearity % X xt 21
Transverse Sensitivity % 5 <5 $5
Base Strain Senshivity gt <0,0004 < 0.0003 <0.002 S0,
Excitation Vollage VDC 20003 18 10 30 1840 30 2010 30 2010 30
Constant Currant Suppy mA 2020 2020 21020 21020 2% 20
Output impadance ohm £ 100 £ 100 £ 100 5 100 £ 250
Ouiput Bias Voltatye VvOC 840 14 814 B1o 12 B0 12 85014
Discharge Time C second 205 208 205 208 202
Ground isolation (2) ohm C opional no 2108 x108
‘Eloment ype quertz ouertz quanz uanz osrarmic
| Element Configuration structure Shear sheat shear shees shaar
Connoctor 1ypo 4-gin microtech | 4-pin mi intgral cable | 4-pin microdech | Mi-C-26482
_Sealing type dadh weided/harmet waki’herm weldhecm waldedHermetic
Mounting Thread aize 1082 10-32 5-40 10-32 ey bolt 1/4-28
Housing material Sankm fismniom tlitnium Stankum stainiens siee!
Wi 02} 18 (0.83) 15 (0.53) 23(08) 15.5 {0.555 150 {5.3)
P ALK Z edibiid s ) v p T PREEA R D o R BT ISR
Adghotive Petro Wax OOOA2A 080424 080A24 000A24
Mounting Sto (5) 081608 031805 081AS4 OB1ABS
Mounting Base {6) DB0A12 000A NA
"‘“&1’22‘:;’532:1"'1’ ITET REs SR B SSRE L IR
0B0A27 0B0A2Y NA
Sk SR FR2i R | RRRSITIRRR SR
Y N/A AH KW N
010 NA | [0 059

1.. At modeis have & seasitivity tolerance of 210%.

2. Models 354817 and 336B11 oblain ground isolation when used with supplied 5.
mounting base. Models 356A27 and 354833 aro case isolated.

3 See cablug/accessories saction baginaing on page 78 for a complete
casciption of the supplied and optional acosssonas,
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. nmvmumw«mmmmwm»‘mmwwm
supplied with each accelerometer,
mwaosmmmauwmom moeim«mmmn

i threaded 5-40 10 3-40. Mode! DB1AS2 s a 0-80 thveaded cap screw. Modat
O8TASS I & 4-40 threadext cap acrew. Modals OB1ASE and 081ASS are

10-32 throadedi cap scrows.

8. mmww»\svm
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APPENDIX B3. MANUFACTURER SPECIFICATIONS FOR BASS SHAKERS

A EXTENDED
\SERVICE
\PLan

12.99 |

'Bass Shakers Let You y
Feel All the Bass without i}’: ‘

Breaking the Sound Barrier
The Bass Shaker is a transducer that generates the
sensation of sound by vibration, not by moving air. The result is a big bass effect without
3 high pressure level that could distort sound or dlow your speakers. They are also great
for adding bass to vehicles with poor sound insulation, such as trucks. Mount these Bass
Shakers under your front seats and you will feel the punch of the drums and the kick of the
percussion, as if you were on stage or in tha studio when the music was recorded! Hooks
_up easily to any standard audio amplifier output channel. and can be used with existing
~-subwoolers for an extra kick. Each Bass Shaker requires only 25W RMS of power,
| Model AST1B4, Item No. B-40070-492383 S/H $9-89-77:7 Wt 2

40 He wiSindm
Specifications: AST-1B-4 Bass Shaker
Frame Size: ...................... 4.75” dia. X 2.35” h
Magnet Type: .......cevvennennnn. Ceramic
Power Rating: ................... Nominal 25 W
Force, Nominal: ................. 10 1bf (44.5 N)
Weight: ......ooooviiiiiiiin. 2.5 1bs each

Resonance Frequency (fo): ... 42 Hz
Usable Frequency Range: ...... 20-100 Hz
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Configuring Shakers.

The Aura Bass Shaker™ has a nominal impedance of 4 ohms.
Depending on the amplifier driving them, they can be hooked up
in stereo or bridged/mono configuration, just as regular

. Subwoofers. Please consult the amplifier manual for connection
details.

Connecting Multiple Shakers

Two Shakers can be wired together to increase the delivered
power . This can be accomplished by connecting them in either
series or in parallel. Connecting in series increases the impedance
to 8 ohms (see figure A), whereas, a parallel connection (figure
B) reduces the impedance down to 2 ohms. Consult the amplifier
manual to figure out the delivered power at various impedances.
In either case do not exceed the rated 25 Watts RMS per
Shaker (50Watts RMS, total).

Chl
Ch2

+ |+ |

.
P canm—
Page 3
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APPENDIX B4. MANUFACTURER SPECIFICATIONS FOR UNI-AXIAL
ACCELEROMETER

Dimensions shown in inches sxcect whare noted.
10-32 The Coaxial
Connecior
_ﬁ:__ 50
~ | D
m

. PSR

wtm!{ ‘
Mt

172 %1032 Thd
. Hex Mg Hole

353802 & BOS

GENERAL PURPOSE

BRI L TR

~oliags Sensitity (1) 1 mvig

st oy 502 ey s st )
20 10 20 10
Fraquenty Range (5%) Hz 1167000 | 117000 ] 1107000 1 1667600 |
(#10%} Hz 0.7 16 10 0001 0.7 10 11 000 0.7 1 10 000{ 0.7 10 11 000

Aasonant Frequency kHz 238 238 =38 238
Amplitude Range gpk 250 500 250 500

- Resolution. {broadband) ook 0.005 0.0 "0.005 0.01

"~ Mechanical Shock Limits T 2gpk 10000 10 000 36000 10000
Temperature Range °F 185104250 6510 +250] ~65 10 +350| B8 16 4250
Tempeoraturs Coefficient Sl*F £0.03 £0.03 $0.03 %0.03
Ampiitude Linsarity % |- £1 21 =1 I3
Transverss Sensitwity (2) % [ 13 £ %5
Basa Strain Sensitivity gt | 7200005 | 500005 | $0,0005 | S00005
Excitation Voitage voe 4 18030 | 189030 | 18130 | 131030
Constant Current Excitation mA 21020 21020 21020 21020
Output impedance : ohm S 100 100 < 100 5100
Output Bias Voltage vDC 3w 12 81012 81012 81012
Discharge Time Constant socond 205 205 205 20.5
Sensing Element quanz | ti-shear |  ir-shear tri-shear
Connoctor {3)
Sealing
Mounting Thread
Housing

I ATy BT
R S R

| . High Sensitivity (100 mV/g): (5)
Ground Isolated {>10° ohms)
Adhesive Mount
Low Freq; 210 sec. DYC.{6, 10}

_Wator Resistant Coanection -

; 25 N G 8
Jm« ] Vi L

Base —
Triaxial Mount or :
i R A .t‘fig""""‘fl/ o
Mating Cabls Connactors type
| Recommended Stock Cabie | sares L'M'l ooz]oez{ooz}
. s«m\mwus& ﬁghwm(:m)mmm € Hmhmmmmnmzﬁmmmmmz
< Trankverse sonsitivity on shesr structunsd acoslerometans ie typically S3%. (Msm)mmmwmm
Motels 353813, 353817 and 353847 supphed with 10 It. ridbon catle 7. See saction beg! onp;g-?tlornmpbta
< tgrmiaating in 8 10-32 coaxist piug. Cable is usar repairable. o mmum;wmwmm, : .
4, s.omsw:mpﬁmmmwlmmmmmm 8. NIST traceable calitxaticn cenilicate biact with swch

ditfer stightly. Conmult factory before ordering.) 3
high sensitivity Models (353885, 353868, 353847 and 333868) nat 10, Models 0353843, 0353844,
mwmm.mm.ommmm:m-w. mumonmwrc)
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~ APPENDIX B5. MANUFACTURER SPECIFICATIONS FOR WATERPROOF
TRI-AXTAL ACCELEROMETER

APPLICATION REVISIONS
g NEXT ASSY % USED ON { VAR REV} DESCRIPTION {ECNI DATE | APP'D
1

|

© l———— 1.49(37.8) —-—l

' Y e —

b MODEL 081a56 /N

" MOUNTING BOLT
1/4—28 UNF-2A THREAD
BY .750(19.05) LONG
(SUPPLIED)

1.49(37.8)

MOLDED 059 CABLE
10 FEET(3 METERS)
TERMINATING TO PIGTAIL

A FOR METRIC TRIAXIAL ACCELEROMETER (M329A11)
USE MOUNTING BOLT MODEL MO081A59,
M6 X 1.00—-6g BY .787(20.0) LONG.

L— $1.37(¢34.9) :

UNLESS SPECIFIED TOLERANCES DRAWNICMP [9oA | uFe 5.72) /ey P(B CEZOTRONGS. B
ORENSIONS 1 WNCHES umzﬁamf“wfm ::;g o 2\;*}‘:;'1 ENGR [2] ., |7 Au uumﬁm%‘m&im'
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APPENDIX B6. MANUFACTURER SPECIFICATIONS FOR BOWLING BALL
UNI-AXIAL ACCELEROMETER

WILCDXON
RESEARCH

Models 352/352T

(seneral Purpose, Charge Qutput Accelerometers

[y

INDLSTRIA
SPECIFICATIONS
DYNAMIC
FEATURES: ok Sensithvity, 26"C, AOMIL .. covvvvvrvcrvnne e s . 10 PCIG
« RAugged Amaplituda Noalnaarty, 10520 g .. .. e Y%
*  Wide requency range Froquonty Resanese: !
= High resonasce frequency 25% e 3.0 5000 Hz
»  Low base strain sensilivity = 10% 2,010,000 He
*  Lightweight =300 z . 1.0 - 15,000 Hz
+  Mochanical & tharmal iso ation nﬁf;,?;",:ﬁ S;i:)f:'\v o gg_ "-;fz ol
ety 1 (.’ SV - as Lvly, max. G s e o AN
*  Hormelicaty sealed oo Yersporature Resoonse ... ... e $00 graph
e
gy ELECTRICAL )
: ! Copacrtarce, noming:’ 500 oF
1292 ¢ Resstance, 25°C. mie £.00C M0
; . reeraon Groungrg 352 ..ol o S e e CABR groUnded
e 32T . L e oo . Disewtated

ENVIRONMENTAL
Lo, Terrperature Pawge” .. L L e ~ED 20T
' Vibeafion Uimit . ..., ... 780 ¢ peak
Model 352 Skock Lim1 ........... v eee B.00C g peak
Electramagnctic Sorsitivity, cquiv 3 . 4l LG/aauss

ce Basa Sirain Sapsvity 0.00% gisteain

PHYSICAL
Waight: 352 ... 24 grams
321 28 grams
Caso Material Q6L stainiess stent
Maunting “0-37 tapped hole

Cutput Connecla: ... *0-32 coaxat
e e Cabling. Mating Cornocior . e Witcoxon RY 11C-32 coaxiol)
T A SN Stancard Cabie. ... o . . J1L B R Iow noise PYC
* ’ kel 33 p=a
Model 3527

NOTES: ° Axmessured at the eng of i alzntars § 1t cable, 180 pF
¥ Tho cable sugplied vatt the Lo g limed @ 80 "C. To¢ highor tomperatures requist J2 cava,
OPTIONS: Higher tamperaturs cang2. castomar soacil e sensitivity.
ACCESSORIES SUPPLIED:  SFt mounting svd. B11.J1-6 catide assemaly, catbrtion data
ACCESSORIES AVAILABLE; Magretc mouning tases SFS epmentieg studls, SF4 isclatisn mounting base, SC70 ampfifiers, signal
conditencrs :

TYPICAL TEMPERATURE RESPONSE . TYPICAL FREQUENCY RESPONSE

£ - % r
e ' -4
. s . . .
& : g / .

R > S :

s - iy b & e 0w ! t BN R POR
Tempeeatute, *O ~ Frequoncy, My

Fiae 00 e nttrid vonesnck sinet Peotnet diyedasmi ot Wl oven Researel coverves S it e e nd 050 per onbot witheut aetice B & 1002
EATNE Yo

pape ¥7
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APPENDIX C. DISCRETE MODE SOURCE TECHNICAL DRAWINGS

This appendix contains the technical drawings for the various source-to-ground

coupling mechanisms designed during the course of the research.
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APPENDIX C1. CONCEPT SOURCE TECHNICAL DRAWINGS
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APPENDIX C2. FIELD TEST SOURCE - MOD I TECHNICAL DRAWINGS

Front View:
Top Piece: .
_>| 150" |‘_.
BNCMount ~ — PO78" &
14/32" Hole —_—
\_.@3 ar
06 (4 i g ~ Shaker Mountings
iﬂ— 2.50"
Bottom Piece:
‘ s'oon .
7.00" .
'4———6.11" -——-——Fl — Shaker Mountings
b ' —_
1"
0.89 ,4‘ - 0.81"
0.14" | s HKe —/

297"
Torx Machine Screws

Button Head
1/4"-20x 3"
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Side View

Top Piece

—#0.83"

£
:
5]
3
7

0.81"

|<——4.03"
547"

0.14"

Bottom Piece

Shaker Mountings

<
-
<]

s
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Torx Machine Screws ‘

Button Head
1/4" -20x 3"

109



Top View:

, a— 247" —>]
Top Piece: a1 50" ™
. 5 A
0.83" (o)
S
2.58"
Triaxial Acclerometer Mount
10/32" Tap
Bottom Side kN l
547"
0.78"
|
—_—
0
0.69"
—L & Y
Mounting Screws /
___.. 1‘19n ‘—.
Bottom Piece: Torx Machine Screw - Button Head
/ 1/4"-20 x 3"
X F
* Triaxial T
: Accelerometer
1.75" Mount %
* 10/32" Tap @
5.50" 4.03" @ @
% 4'(1)" 4 | % |
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L < 0.72"
< 8.00" o T
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APPENDIX C3. FIELD TEST SOURCE - MOD II TECHNICAL DRAWINGS

Front View:
Top Piece:
——PI 1.50" |<——
BNCMownt ~ — ®O078" ®—
14/32" Hole ——g
D o
0 69" /‘ i : ™~ Shaker Mountings
le—2.50°
Bottom Piece:
8.00" >
7.w"
1.03" - _
i = 3
Torx Machine Screws T
Button Head
1/4"-20 x 3"
Machine Screws
Hex Head
1/4"-20x 3 12"

|< . 9.06" ﬂ ’I
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Side View:

Top Piece:
—»(33" '
) 1]
- I Shaker Mountings
0.81"
o + 4 | os
I4—4.03" ——-DI
547"
Bottom Piece:
5.50"
l‘-—3,4 il ———bl Shaker Mountings
B l‘-—— 2.9 " _.'
, 0.67"
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0.14"
Torx Machine Screws 297"
Button Head
1/4"-20 x 3"
—Y
L1 e—
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Machine Serews
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APPENDIX C4.

FIELD TEST SOURCE - MOD IV TECHNICAL DRAWINGS

Front View:
Top Piece:
BNC Mount
1.03"
I‘1.39" 'I
Bottom Piece:
9.00"
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Side View:
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Top View:

Top Piccc:

Triaxial Acclerometer Mount

Shaker Mountings ﬂ @  \
o

10/32" Tap
Bottom Side

BNC Mounts ﬂ —-!-
Y

Bottom Piece:

|<

[“1.39" ™

|
|
\ "
403" 5 490

|
|
!

9.00"

-I

1o o 00 o ot
' ] I‘I.SO" -| | E
cm By
o T |
1.-2’5"_ '/—_ Ilv/{(t)'l'l-;ts Tap R
) —49— 403" [ )so3
Machine Screws ] l 52— ]
v nxe N |ose [ -1
T 00— ]
O O O O O O}l y

116



APPENDIX D. TEST EQUIPMENT WIRING DIAGRAMS AND
EXPERIMENTAL SETUPS

This appendix contains the test equipment wiring schematics and diagrams of the

experimental setups utilized during source experimentation.
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APPENDIX D1. CONCEPT SOURCE LABORATORY TEST EQUIPMENT AND
SETUP

The following diagrams provide the wiring schematics and tank layout for the
laboratory test equipment used for concept source experimentation. The equipment setup
consisted of two units, a signal generating rack, and a signal receiving rack. The signal
generating rack consisted of two phase-locked function generators, with the master
function generator controlling the left Mini-Shaker and the slave function generator
controlling the right. The output from the function generators was sent through a voltage
amplifier then to the two vibration sources, with the resulting signals displayed on the
oscilloscope. ~ The pre-amp provided power for the source mounted tri-axial

accelerometer with only the longitudinal and vertical components as outputs to the

oscilloscope.
Signal Generating Rack:
HP3314A HP3314A
Master Function Slave Function
O | Generator - X 0 | Generator
] ]
Channels
Ch 02 ol | Techron7520 Left Mini-Shaker
x 1 POW"ir.f. Tri-Axial Accelerometer —
"X 2 Amplifier ___Right Mini-Shaker
2 PCB 482A17
/ Accelerometer
Philips Power Supply
Channels PH3384 Channels | and Pre-Amp
1 2 3 4 Digital olx
X X X X Oscilloscope 02x
L L 1 0 3 X
C |

118



The signal receiving rack consisted of a unit built by ARL:UT, which provided

power to the two tri-axial geophones and output connections for each of the three

components of motion. The three oscilloscopes displayed the received signals from the

two geophones.

Signal Receiving Rack:

Oscilloscope

Channels ’x” Component

1x 2x
T

. ,x' 0 ’x’ o Geo h
Channels | Oscilloscope Chl’y o, Ch2'y o phone
1x 2 x | Y Component x 2 o'l x 2o '| Receiver
¢ l I
c P ] J
N { \
Oscilloscope - Geophone #1
1C: ann;lsx ’z> Component N A ph
i rj  — Geophone #2
< : v

The source and geophones were positioned in the test tank as shown below.

Sand Tank Setup:

Support
Brace

—»'

Sand Filled

/ Redwood Tank

Tank
Walk-way

l-so:.-m ﬂ’d-—&Ocm
b

Signal Receiving
Rack >
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Source

Signal Generating
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APPENDIX D2. FIELD TEST SOURCE - MOD I LABORATORY TEST
EQUIPMENT AND SETUP
The following diagrams provide the wiring schematics and tank layout for the
laboratory test equipment used while conducting source experimentation with the Mod 1
Field Test Source. The equipment setup and tank layout shown below are the same as the
setups described in Appendix D1, except for the addition of two notch filters in between

the function generators and the voltage amplifier in the signal generating rack.

Signal Generating Rack:
HP3314A HP3314A
Function Function
X O | Generator X O | Generator
[ l |
Krohn-Hite 3202R | |
X ©—* 9 |NotchFilters X o-x o
Channels
Ch 02 ol Techron 7520 ‘ Left Bass Shaker
 x 1 Power Tri-Axial Accelerometer —
x 2 Amplifier |_Right Bass Shaker
J ¥ / PCB 482A17
. Accelerometer
x Ext Trigger Philips Power Supply
Channels PH3384 Channels | 20d Pre-Amp
1 2 3 4 Digital olx
X X Xx X Oscilloscope | 02 x
] | [ ! [_ 03x
____J L
C ]
Signal Receiving Rack:
Oscilloscope
1C)1: annze lsx 'x' Component
-
[ ) i [ 1)
Oscilloscope xo X o Geophone
1C)l(xam'l;lsx 'y’ Component Cl)l(l B/ (:)-I C};(z %00 -l Receiver
{ f 1 l
I 1 J
1N { \
T2
Oscilloscope
1C)I{uarmze]sx ' Component L \|/— Geophone #1
i f]' | — Geophone #2
\.
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Sand Tank Setup:

Sand Filled

/ Redwood Tank

Tank
Walk-way
Support
Brace
"- 60 cm -pelag— 80 cm —-b'
] ==
Geophone #2 —/
Ficld Test Source
Geophone #1 Mod [
" Signal Receiving ) Signal Generating
Rack ————— “——Rack

122



APPENDIX D3. FIELD TEST SOURCE - MOD I SOFTBALL FIELD TEST
EQUIPMENT AND SETUP

The following diagrams describe the equipment and experimental layout utilized

for the field experimentation of the Mod I Field Test Source. The equipment setup is

nearly identical to the setup as described in Appendix D2, except that the two Bass

Shakers were now operated independently.

Signal Generating Rack:
HP3314A HP3314A
Function Function
X © | Generator X @ | Generator
LT [ |
u——
[ Krohn-Hite 3202R | |
¥ ©0-X 9@ |Notch Filters ¥ ox o
Channels
Ch 02 o1 | Techron 7520 [ Left Bass Shaker
I x 1 Power Tri-Axial Accelerometer —
x Amplifier {—Right Bass Shaker
> !
J ¥ BCB 482417
i ccelerometer
x Ext Trigger Philips Power Supply
Channels PH3384 Channels | and Pre-Amp
1 2 3 4 Digital olx
X X X X Oscilloscope | 02 x
| | l l 03 x
| e
C ]
Signal Receiving Rack:
Oscilloscope
1 C}: ann;. lsx 'x' Component
{
ot i ()
Oscilloscope xo X 0 Geophone
(et |y Component | 1 é’] R ] Recciver
] 1 | I
L_¢ 7
\ { \J fl
T2
Oscilloscope ,
1C)l:anng,lsx 2 Component —U1/ \}/— Geophone #1
i /i | — Geophone #2
A\
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NPS Softball Field:

Geophone #2 ﬂ\
Geophone #1 ——-\

Field Test Source

100

\Equipmem

Trock

Electrical
Qutlets

—/

\—— Bleachers
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APPENDIX D4. BASS SHAKER FAILURE TEST EQUIPMENT AND SETUP

The test equipment used in investigating the operating limits of the Bass Shakers

is shown below. For the necessary testing, only one side of the signal generating rack, as

described in Appendix D3, was required. The HP35665A Signal Analyzer was used to

monitor the output signal of the case mounted uni-axial accelerometer.

~ Bass Shaker Failure Test Equipment:

]

HP3314A
Function
X O | Generator
LN x Ext Trigger
— Kot Hie | g8 HP35665A
| 3200R cha Rynlamlc Signal
- nalyzer
X i ° 4— Notch Filter X Yz
—
Channels Techron '
Ch ©2 ol |7520/5530
Fx 1 Power G Bass Shaker
X2 Amplifier Uni-Axial Accelerometer
PCB 482A17
x Ext Trigger Accelerometer
£ Philips Power Supply
Channels PH3384 Channels | and Pre-Amp
L 2 3 4 |Dpigitl —olx
x X X X Oscilloscope 02x
i 03 x
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APPENDIX DS. FIELD TEST SOURCE - MOD II SOFTBALL FIELD TEST
EQUIPMENT AND SETUP

The equipment diagram shown below is identical to the setup shown in Appendix
D3, except for the addition of the SD390 Signal Analyzer. Incorporation of the SD390,
allowed for acquisition of eight data channels. The dotted lines in the diagram are used

only for clarity of the test equipment setup.

Field Equipment Diagram:
HP3314A HP3314A
Function Function
X O | Generator X 0 | Generator
I N I
— —
| Krohn-Hite 3202R | |
X 0= 0. | Notch Filters X o—=X 0
Channels Left Bass Shaker
Ch 02 o1 | Techron 5530 Tri-Axial Accelerometer —
[ x 1 Power ——Right Bass Shaker
[ x 2 Amplifier
N PCB 482A17
~ Accelerometer
A/J Power Supply
x Ext Trigger Channels | and Pre-Amp
Philips olx
Channels PH3384 02 x
12 3 4 Digital o03x
x x X X Oscilloscope
I I —t ]l | e, e e e e
— T . !
T T = T g
I 1
, 1 X X X X —iq
SD390 | 1 3 5 7
Signal Analyzer | | | Channels |
Nt SEENL
| Ext Trigger |
Oscilloscope i |
Channels | !
'x' Component
1x 2x |*~omp L ' |
' t | |
| = ,
Geophone |
. % o | X' o Receiver
Channels 'O'scllloscope Chl 'y o Ch2 % o |
1x 2x|Y Component x 'Zo x 'Zo 1
t t l | |
‘ - < A |
C { \
\l \J >| G :
Oscilloscope - hone #1 :
IC)l:ann;lsx 'z’ Component \/ \J/— Geophone |
! t Geophone #2 I
L e __ 1
\
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APPENDIX D6. FIELD TEST SOURCE - MOD III FIELD SETUP

The diagram shown below describes the experimental layout for the final ground

phase testing of the Mod III Field Test Source.

Field Test Source - Mod III Experimental Layout
Campus Road

Grassy Area

78

Y 7~ -~ Geophone #2
Tree O i fo <«g——— Geophone #1

D\ -@—— Field Test Source
35

Sidewalkl_l_:[ | | HIHE E]:I

Spanagel Hall
Baker Lab Window
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APPENDIX D7. GROUND TRUTHING TEST EQUIPMENT AND SETUP

Ground Truthing Equipment Diagram:

Bowling Ball w/
Potted Uni-Axial
Accelerometer

x Ext Trigger )
Philips Channel | Kistler 5010
Channels PH3384 o1x | Accelerometer
L 4 Digital Power Supply
x x X X Oscilloscope and Pre-Amp
l .
|
SD390
Signal Analyzer Va
X X X X /] Geophone
3 5 7 l Receiver
Channels
x 1 2 4 6 8 %' o J %' o
ExtTrigger X X X X Chl 'y o cn2 v S A
| ] ! x 'Zo x 'Zo
l 1
L C Y
Geophone #1 ‘\I —/ /F 4/
Geophone #2
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APPENDIX D8. FIELD TEST SOURCE -MOD IV BEACH SETUP

Beach Equipment Diagram:
HP3314A HP3314A
Function Function
X o | Generator X 0 | Generator
T ap | J
l‘ Krohn-Hite |
3202R
2% ° INotchFiters| X °7% ©
Channels | Techron Channels | Techron
Ch 02 o0l 5530 Ch 0201 5530
Lx 1 Power . Lx 1 Power
Amplifier X2 Amplifier
Left Bass Shaker
Tri-Axial Accelerometer N—
_. Right Bass Shaker
PCB 482A17
Accelerometer
Power Supply
x Ext Trigger ’ Channels | and Pre-Amp
Phillps ol x
Channels PH3384 02x
1 2 3 |4 Digital 03x
X x X _Ix _J| Oscilloscope
|
Z
N
™ 7
X X X X N / Geophone
1 3 5 7 Receiver
Channels
2 4 6 8 s J o
X X' o X' o
Ext Trigger ~ + * X Ch1 "OJ Ch2 'y o —/
L x 29 x 'Zo
SD390 NN L -
Signal Analyzer I/ fl/ < |< Y,
Geophone #1 — ‘\l 4 ,F N
Geophone #2 |
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APPENDIX E. CONCEPT SOURCE EXPERIMENTAL RESULTS

This appendix contains the qualitative results for the effects of frequency and
phase on the axial surface wave field for the concept source. The effects were
characterized by the amplitude of the longitudinal and vertical signals of the geophone

farthest from the source compared to those of the geophone closest to the source, as

observed on the oscilloscopes.

Frequency: 100 Hz

Case 1
Radial: No Noticeable Difference
Vertical: Visible Reduction

Case 3
Radial: Visible Reduction

Vertical: No Noticeable Difference

Case 5 .
Radial: Visible Reduction
Vertical: Visible Reduction

Frequency: 150 Hz

Case 1
Radial: Visible Reduction
Vertical: No Noticeable Difference

Case 3
Radial: Visible Reduction
Vertical: Visible Reduction

Case 5
Radial: No Noticeable Difference
Vertical: No Noticeable Difference
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Case 2 A
Radial: No Notieeable Difference
Vertical: Visible Reduction

Case 4
Radial: Visible Reduction
Vertical: No Noticeable Difference

Case 6
Radial: No Noticeable Difference
Vertical: Visible Reduction

Case 2
Radial: Visible Reduction
Vertical: Visible Reduction
Case 4
Radial: Visible Reduction
Vertical: No Noticeable Difference
Case 6
Radial: Visible Increase

Vertical: No Noticeable Difference



Frequency: 200 Hz

Case 1
Radial: Visible Increase
Vertical: No Noticeable Difference
Case 3
Radial: No Noticeable Difference
Vertical: No Noticeable Difference
Case 5
Radial: No Noticeable Difference

Vertical: No Noticeable Difference

Frequency: 250 Hz

Case 1
Radial: Visible Reduction
Vertical: No Noticeable Difference
Case 3
Radial: Visible Reduction
Vertical: No Noticeable Difference
Case 5
Radial: No Noticeable Difference

Vertical: No Noticeable Difference

Frequency: 300 Hz

Case 1
Radial: Visible Reduction
Vertical: Visible Reduction
Case 3
Radial: Visible Reduction
Vertical: No Noticeable Difference
Case 5
Radial: No Noticeable Difference

Vertical: Visible Reduction

Case 2
Radial:
Vertical:

Case 4
Radial:
Vertical:

Case 6
Radial:
Vertical:

Case 2
Radial;
Vertical:

Case 4
Radial:
Vertical:

Case 6
Radial;
Vertical:

Case 2
Radial:
Vertical:

Case 4
Radial:
Vertical:

Case 6

Radial:
Vertical:
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Visible Reduction
No Noticeable Difference

Visible Reduction
No Noticeable Difference

Visible Reduction
No Noticeable Difference

Visible Reduction
Visible Reduction

Visible Reduction
Visible Reduction

Visible Reduction
No Noticeable Difference

Visible Reduction
No Noticeable Difference

Visible Reduction
Visible Reduction

No Noticeable Difference
Visible Reduction



Frequency: 500 Hz

Case 1
Radial: No Noticeable Difference
Vertical: Visible Reduction

Case 3
Radial: Visible Reduction
Vertical: Visible Reduction

Case 5
Radial: No Noticeable Difference

Vertical: Visible Reduction
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Case 2
Radial: Visible Reduction
Vertical: Visible Reduction

Case 4
Radial: No Noticeable Difference
Vertical: Visible Reduction

Case 6
Radial: No Noticeable Difference
Vertical: Visible Reduction
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APPENDIX F. AMBIENT BACKGROUND NOISE ANALYSIS

This appendix contains the MATLAB program and output figures used to conduct

the spectral analysis of the ambient background noise at the beach test site.

oe

Filename: noise2geos.m

Written by: F.E. Gaghan

Date Last Modified: 27 January 1998

Purpose: This program is used to calculate the frequency spectrum and
power spectral density of the background noise from one of
two geophone signals for the various test sites. The user
has the option to perform the analysis for a single data
file or to perform an incoherent average for a number of
data files.

o0 o0 o0 OO of o o

oe

% Initialize user interface
average=input ('Do you want to average the noise plots
(yorn): ", 's');
directory=input ('Input the noise file directory: ','s');

file directory=[directory];

if average=='y'
num_average=3;
else
num_average=l;
end; %end-if average

[

Assign noise signal component to appropriate data channel
geophone=input ('Do you want the data from geophone 1 or 2: ');
if geophone==1

rcvr_horiz column=4;

rcvr_vert_ column=6;
else '

rcvr_horiz_column=5;

rcvr_vert column=7;
end; %end-if geophone
sampling rate=5120;

% Loop structure used for signal averaging
for iteration=l:num average
disp(' ");
if iteration==1
file=input ('Input the noise filename: ','s');
else
file=input ('Input the next noise filename: ','s');
end; %end-if iteration )
filename=[file];
eval(['load ' file directory,'\',filename]);

horiz_noise=xrc390(:,rcvr_horiz column)-
mean(xrc390(:,rcvr_horiz_column));

vert_noise=xrc390(:,rcvr_vert column)-
mean (xrc390 (:, rcvr_vert column));
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% Calculate frequency response
fft_length=length(horiz noise);

freqgs_Hz=sampling rate*(0: (fft_length/2)-1)/fft length;
fft_horiz noise= abs(fft (horiz noise, fft _length))/fft length;
fft horlz _noise=fft _horiz n01se/max(fft horiz noise);
fft_vert noise= abs(fft(vert noise, fft length))/fft _length;
fft _vert_noise=fft vert n01se/max(fft vert noise);

o

Calculate power spectral density

psd horiz_noise=psd(horiz _noise, fft length, sampling rate)
*(2/sampling rate);

dBpsd horiz_noise=10*1ogl0(psd_horiz_noise);

horiz:density_amp=10.A(dBpsd_horiz*noise/IO);

psd_vert_noise=psd(vert noise, fft _length,sampling rate)
(2/sampllng rate);

dBpsd vert_noise=10*1logl0(psd_vert noise);

vert den51ty amp=10." (dBpsd_vert noise/10);

o

Perform incoherent average of frequency spectrum and power

spectral density

if iteration==
horiz_spectrum=zeros(size(fft_horiz noise));
horiz spectrum=horiz spectrum+(fft horiz noise.”2);
vert_spectrum=zeros(size(fft_vert n01se))
vert spectrum=vert spectrum+(fft vert noise.”2);
horiz_density=zeros(size(horiz den51ty amp) ) ;
horlz_dens1ty—hor1z*den31ty+hor1z_den51ty_amp,
vert_density=zeros(size(vert_density_amp));
vert_density=vert_density+vert_density amp;

else
horiz_spectrum=horiz_spectrum+(fft_horiz noise."2);
vert_spectrum=vert_spectrum+(fft_vert noise.”2);
horiz_density=horiz_density+horiz_density_amp;
vert_density=vert_density+vert_density_amp;

end; %end-if iteration

end; % end-for iteration

oe

Identify maximum frequency of interest
freq marker=0;
for i=l:1length(freqs Hz)
if fregs_ Hz(i)<=500, freq marker=freq marker+l; end
end; %end for i

Normalize frequency spectrum

avg_horiz_spectrum=sqrt (horiz_spectrum);
avg_horiz_spectrum=avg_horiz_spectrum/max (avg _horiz spectrum);
avg_vert_ spectrum=sqgrt (vert_spectrum);
avg_vert_spectrum=avg_vert_ spectrum/max(avg_vert spectrum);

if iteration==
avg_horiz_density=horiz_density;
avg_vert_density=vert density;
else
avg_horiz density=horiz density/3;
avg_vert_density=vert_density/3;
end; %end-if iteration
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dBavg_horiz_density=10*log10(avg_horiz_density);
dBavg_vertﬁdensity=10*loglO(avg_vert_density);

Plot normalized longitudinal frequency spectrum and power spectral
density

figure(1);

subplot (211);
plot(freqs_Hz(Z:freq_marker),avgﬁhoriz_spectrum(Z:freq_marker));
title('Average Longitudinal Background Noise');

xlabel ('Frequency [Hz]'); ylabel('Relative Magnitude');

subplot (212);
plot(freqs_Hz(Z:freq_marker),dBavg_horiz_density(Z:freqﬁmarker));
xlabel ('Frequency [Hz]'); ylabel('Spectral Density [dB]');

Plot normalized vertical frequency spectrum and power spectral
density '

figure(2);

subplot (211);

plot (freqs_Hz(2:freq marker),avg_vert_spectrum(2:freq marker));
title('Average Vertical Background Noisé');

xlabel ('Frequency [Hz]'); ylabel ('Relative Magnitude');

subplot (212);
plot(freqs_Hz(Z:freq_marker),dBavg_vert_density(Z:freq_marker));
xlabel ('Frequency [Hz]'); ylabel('Spectral Density [dB]');
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APPENDIX G. GROUND TRUTHING

This appendix contains the various MATLAB programs written to analyze the

ground truthing data collected.

od® o° oo

oo

e oo

oo

o0

oo

o°

Filename: truthingdisplay.m
Written by: F.E. Gaghan
Date Last Modified: 14 February 1998

Purpose: This program is used to graphically display the evolution of
the wave packet generated by the dropping the bowling ball

in both the longitudinal and vertical directions as a

function of time and range. The Rayleigh wave speed can be

estimated from the graph.

Establish user interface to control data input
directory=input ('Input the data file directory: ','s"');
file_directory=[directory];

freq span=input ('Input the frequency span in kHz: ');
sampling_rate=freq span*1000%2.56;

sample_delay=input ('Input the number of delay samples: ');
sample_delay=abs (sample delay);

Assign input channels to correct data columns
trigger col=1;

geol long col=4; geol vert col=6;

geo2_long col=5; geo2_vert col 7;

While loop used to control data file input sequence
iteration=1;
continue='y"';
while continue=='y'
% Input and load data file
disp(' '");
if iteration==
file=input ('Input the data filename: ','s'):;
else
file=input ('Input the next data filename: ','s');
end; % end-if iteration
filename=[file];
eval(['load ' file directory,'\',filename]);

range_ft=input ('Input the range in ft to the flrst geophone:

range_m=range_ft/3.2808;

oe

Select desired geophone
geophone=input ('Input the geophone number for that range:
1-#1, 2-42 ');
if geophone==
geo_long_col=gecl long_ col;
geo_vert col=geol vert col;
else )
geo_long_col=geo2 long col;
geo_vert _col=geo2_ vert_ col;
end; %end-if geophone
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Adjust geophone timeseries in accordance with trigger signal

trigger_timeseries=xrc390(:,trigger_col);
[trigger_value,trigger pt]=
min(trigger_timeseries(l:sample_delay+500));
start_pt=trigger pt-2;
record_length=length (trigger timeseries);

time_scale=[0: (1/sampling_rate): ((record length-
start_pt)/sampling rate)]';

geo_long_timeseries=xrc390((start_pt:record length),
geo_long _col};

geo_vert_ timeseries=xrc390((start_pt:record length),
geo_vert _col);

Filter and scale geophone signals
b=ones (1,10)/10; a=1;
geo_long_filtered=filtfilt(b,a,geo_long timeseries)*200;

. geo_vert_filtered=filtfilt(b,a,geo_vert timeseries)*200;

trigger_timeseries=trigger timeseries*20;

Plot the timeseries of the filtered geophone signals linearly
scaled by the range to the geophone
adjust_yaxis=range m;
range=sprintf ('%2.2f',range m);
if iteration==
hold on;
figure(1l);
plot (time_scale, trigger_timeseries(start_pt:record length),
time_scale,geo_long filtered+adjust_yaxis);
text (0.7,geo_long_filtered(record length)+adjust yaxis+0.45,
[range,' m']);
xlabel ('time [sec]'); ylabel('range [m]');
hold on;
figure(2);
plot (time_scale,trigger_ timeseries(start_pt: record length),
time_scale,geo_vert filtered+adjust _yaxis);
text (0.7,geo_vert_ filtered(record length)+adjust _yaxis+0.45,
[range,' m']);
xXlabel ('time [sec]'); ylabel('range [m]');
else
hold on;
figure(1l);
plot (time_scale,geo_long_filtered+adjust yaxis);
text (0.7,geo_long_filtered(record length)+adjust yaxis+0.45,
[range, ' m']);
hold on;
figure(2);
plot (time_scale,geo_vert filtered+adjust yaxis);
text (0.7,geo_vert_filtered(record length)+adjust yaxis+0.45,
[range,' m']);
end; %end-if iteration
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Check for additional data file inputs
iteration=iteration+l;

disp(' ");
continue=input ('Do you want to input another data file?
(y or m) ','s");

end; %end-while continue

Rayleigh Wawve Progression as a Function of Time and Distance
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Filename: gabormain2.m

Written by: F.E. Gaghan

Date Last Modified: 10 February 1998

Purpose: This program is used to calculate the time versus frequency
components from one of two geophone signals generated by a
dropped bowling ball in order to analyze thée wave speed
characteristics of a propagating medium. The user has the
ability to chose from three different processing methods.
The results are displayed in the form of a gabor matrix
(contour plot).

Declare global variables
global slowness velocity fregqs_Hz freq marker

Establish user interface to control data input
directory=input ('Input the data file directory: ','s');
file_directory=[directory];

Assign input channels to correct data columns
trigger col=l;

geol_long_col=4; geol vert col=6;
geo2_long_col=5; geo2 vert_col=7;

Enable user to incoherently average the gabor matrices

disp(' ");
average=input ('Do you want to average the gabor matrices?
(y orn): ','s");

if average=='y'
num_average=3;
else
num average=1l;
end; %end-if average

Select geophone signal to process
disp(' ');
geophone=input ('Select geophone number: 1-#1, 2-%#2 ');
if geophone==1
geo_long_col=geol_long col;
geo_vert col=geol_vert col;
else
geo_long_col=geo2 long col;
geo_vert_col=geo2_ vert col;
end; %end-if geophone

For loop used to control data file input sequence
for iteration=1:num_average
disp(' ');
if iteration==
file=input ('Input the data filename: ','s');
else
file=input ('Input the next data filename: ','s');
end; %end-if iteration
filename=[file];
eval (['load ' file directory,'\', filename]);

150



if iteration==

range_ft=input (['Input the range to geophone ‘',

numZ2str (geophone), ' in ft: ']);
range_m=range ft/3.2808;
freq span=input ('Input the frequency span in kHz: ');
sampling rate=freqg span*1000*2.56;
sample delay=input ('Input the number of delay samples: ');
sample_delay=abs (sample delay);

end; % end-if iteration

%

oo

oe

Adjust geophone timeseries in accordance with trigger signal

trigger timeseries=xrc390(:,trigger col);

[trigger_value, trigger ptl=
min(trigger_timeseries(lzsample_delay+500));

start_pt=trigger pt-2;

record_length=length(trigger_ timeseries);

time_scale=[0: (1/sampling rate):((record length-
start_pt)/sampling rate)]';

long_timeseries=xrc390((start_pt:record_length),geo_long_col);

vert_timeseries=xrc390((start_pt:record_length),geo vert col);

Filter geophone signals

b=ones (1,10)/10; a=1;
long_filtered=filtfilt(b,a,long timeseries);
vert_filtered=filtfilt(b,a,vert_timeseries);

Plot longitudinal and vertical timeseries of geophone signals

figure(l);

subplot (211); .

plot (time_scale,long timeseries)

title(['Longitudinal Time Series of Geophone Signal for File: '
file]l);

xlabel ("time [sec]'); ylabel('amplitude [V]');

subplot (212);

plot(time_scale,vert_timeseries);

title(['Vertical Time Series of Geophone Signal for File: !
filel);

xlabel ('time [sec]'); ylabel('amplitude [V]'); .

’

Plot hodogram of geophone signals
figure (2);

plot (long_filtered,vert filtered);
xlabel ('longitudinal amplitude [V]');
ylabel ('vertical amplitude [V]"');
axis equal;

Display geophone signals in a hankel plot
xyz_axis=zeros(length(time_scale),l);
y_axis=linspace(min(long_filtered),max(long_filtered),
length (time_scale));
z_axis=linspace(min(vert_filtered),max(vertﬁfiltered),
length(time_scale));
figure(3);
plot3(time_scale,long_filtered,vert_filtered,...
time_scale,xyz_axis,xyz axis,'k',...
xyz_axls,y axis,xyz_axis,'k',...
Xyz_axis,xyz_axis,z axis,'k');

151



oo

oo

xlabel

'time [sec]');

(
ylabel ('longitudinal amplitude [V]');
zlabel ('vertical amplitude [V]');
view(1l5,30);

Enable the user the ability to display selected portions of the
time record

disp ("'

')

isolate=input ('Do you want to isolate the Rayleigh wave?
(y orn): ','s");

if isolate=='y'
continue='y';

while continue~='q’
timel=input ('Input the start time of the hodogram: '};
pointl=floor(timel*sampling_rate);
time2=input ('Input the stop time of the hodogram: ');
point2=floor (time2*sampling rate);

[e]

o

°

Plot hodogram of user selected portions of timeseries

figure(4);

plot (long filtered(pointl:point2),
vert_filtered(pointl:point2),...
long filtered(pointl),vert filtered(pointl),'o’
long filtered(point2),vert filtered(point2),'x');

xlabel ('longitudinal amplitude [V]');

ylabel ('vertical amplitude ([V]');

axis equal;

Display hankel plot of user selected portions of timeseries
X_axis=ones (point2-pointl+l,1)*time scale (pointl);
y_axis=linspace (min(long filtered(pointl:point2)),
max (long_filtered(pointl:point2)),point2-pointl+1);
z_axis=linspace (min(vert_filtered(pointl:point2)),
max (vert_filtered(pointl:point2)),point2-pointl+1); -
figure(5);
plot3(time_scale(pointl:point2),
long filtered(pointl:point2),
vert filtered(pointl:point2),...
time_scale(pointl),long filtered(pointl),
vert filtered(pointl),'o',...
time_scale(pointZ),long_filtered(pointZ),
vert filtered(point2),'x"',..
time_scale(pointl:point2),xyz axis(pointl:point2),
xXyz_axis(pointl:point2),'k’,...
x_axis,y_axis,xyz_axis(pointl:point2),'k"',...
x_axis,xyz_axis(pointl:pointZ),z_axis,'k');
xlabel ('time [sec]');
ylabel ('longitudinal amplitude [V]');
zlabel ('vertical amplitude [V]');
axis([time_scale(pointl),time_scale(pointZ),
min(long_filtered),max(long filtered),
min(vert_filtered),max(vert_filtered)]);

view(1l5,30);
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Graphically display ratio of longitudinal to vertical

signal amplitudes

ellipse=input ('Do you want to calculate ratio of elliptical
axes (yor n): ','s");

if ellipse=='y'
long_hilbert=abs (hilbert (long filtered(pointl: p01nt2)))
vert hilbert= abs(hllbert(vert_flltered(p01ntl point2)));
amp_ratio=long hilbert./vert hilbert;

o0

oe

figure (6);
subplot (211);
plot (time_scale(pointl-512:point2+512),
long filtered(pointl-512:point2+512), ..
time_scale(pointl-512:point2+512),
vert filtered(pointl-512:point2+512),'--");
xlabel ('time [sec]'); ylabel ('amplitude [V]');
legend('longitudinal’, 'vertical');
subplot (212);
plot (time_scale(pointl:point2),amp ratio);
xlabel ("time [sec]'); ylabel (' longltudlnal/vertlcal )y ;
end; %end-if ellipse

continue=input {'Press any key to continue isolation or "g" to
quit: ','s');
end; %$end-while
end; %end-if isolate

Select data processing method
if iteration==
disp(' '"); .
processing method=input ('Select processing method: l-slowness;
2-velocity; 3-S transform ');
end; %end-if iteration

if processing_method= :

gabor matrlx—gaborslowness(flle long _ flltered sampling rate,
range m);

elseif processing method==2
gabor_matrix=gaborvelocity(file,long_filtered, sampling rate,
range m);

else
S_matrix=stransform(file,long_filtered,sampling_rate,range~m);

end; %end-if processing method

Incoherently average the gabor matrices for three data files

amplitude matrix=10."(gabor matrix/10)

end;

if iteration==
amplitude average=zeros(size(gabor matrix));
amplitude_average=amplitude_average+amplitude_matrix;
else
amplitude_average=amplitude_average+amplitude matrix;
end; %end-if iteration
$end-for iteration
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Plot incoherently averaged gabor matrix
if average=='y'
amplitude average=amplitude average/3;
gabor_average=10*logl0 (amplitude_average);
dbmax=max (max (gabor_ average));
contour_levels=[dbmax:-1:dbmax-6];
figure (7);
contour (fregs_Hz (2:freq marker), slowness,
gabor matrix(2:freq_marker,:)',contour levels);
title('Average Propagation Speed as a Function of Frequency');
xlabel ('frequency [Hz]'); ylabel('slowness [sec/m]');
end; %end-if average

Enable user to plot a fitted group velocity curve to gabor matrix
disp(' '");
group=input ('Do you want a group veolcity curve for the gabor plot

(y orn): ','s");
if group=='y'
gaborgroup

end; %end-if group

Enable user to cross correlate the geophone signals

disp(' "):

correlate=input ('Do you want to correlate the geophone signals?
(y or n) ','s'");

if correlate=='y'
longl_timeseries=xr0390((start_pt:record_length),geol_long_col);
long2_timeseries=xrc390((start_pt:record_length),geo2 long col);
vertl_timeseries=xrc390((start_pt:record_length),geol_vert_col);
vert2_timeseries=xrc390((start_pt:record_length),geoZ_vert_col);

b=ones (1,10)/10; a=1;
longl_filtered=filtfilt(b,a,longl_timeseries);
long2_filtered=filtfilt(b,a,longZ_timeseries);
longl2_corr=xcorr(longl_filtered,long2 filtered, 'coeff');
longl2_hilbert=abs(hilbert(longl2_ corr));
Vertl_filtered=filtfilt(b,a,vertl_timeseries);
vert2 filtered=filtfilt(b,a,vert2_timeseries);

) vert12_corr=xcorr(vertl_filtered,vert2~filtered,'coeff');
vert12_hilbert=abs(hilbert(vert12_corr));

% Plot the cross correlation of the longitudinal geophone signals
figure(8);
plot(longl2 hilbert);
title('Longitudinal Cross Correlation');
axis([length(longl_filtered),length(lonng_hilbert),
0,max(longl2_ hilbert)]);

oo

Plot the cross correlation of the vertical geophone signals
figure(9);
plot(vertl2 hilbert);
title('Vertical Cross Correlation');
axis([length(vertlmfiltered),length(vertlZ_hilbert),

0,max (vertl2 hilbert)]});

" end; %end-if correlate
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Filename: gaborslowness.m

Written by: F.E. Gaghan

Date Last Modified: 10 February 1998

Purpose: This program is a subroutine used to calculate the time
versus frequency components of a geophone signal using the
element location within the timeseries record to determine
the time of arrival which is converted to slowness (inverse
speed) . The subroutine returns the gabor matrix to
gabormain.

function gabor_matrix=gaborslowness(datafile,timeseries,
sampling freq, separation)

.Declare global variables

global slowness fregs Hz ffeq_marker

Initialize control variables and storage vectors
fft_length=1024;

last_index=length (timeseries); ‘
fft_index=last_index- (fft length-1);

fft_overlap=fft length/16;

gabor matrix=[];

slowness=[];

i=1;

Conduct time versus frequency decomposition of geophone signal
for index=1:fft_overlap:fft_ index-1

block midpoint=index+ (fft length/Z) -1;

arrival_time=block midpoint/sampling fregq;

slow=arrival _time/separation;

slowness=[slowness, slow];

fft_block=[timeseries(index:index+fft _length-1)1;
[psd_fft_block, freqs_Hz]=psd(fft_block, fft_length, sampling freq);
dB fft block 10*1logl0(psd_fft block),
gabor_matrlx—[gabor_matrlx dB fft_block];
i=i+1;
end; %end for index

Determine element addresses for major frequency components
freq_marker=0;
for i=l:length(fregs Hz)
if fregs_Hz(i)<=100, freq_marker=freq_marker+l; end
end; %end for i

Plot the contours of the gabor matrix
dBmax=max (max (gabor matrix));
contour levels=[dBmax:-1:dBmax-6];

figure(7);
contour (freqgs_Hz (2:freq marker), slowness,
gabor_matrix(2:freq_marker,:)',contour_levels);

title(['Propagation Speed as a Function of Frequency for File: ',
datafilel);
xlabel ('frequency [Hz]'); ylabel('slowness [sec/m]"');

return; %end-function
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Filename: gaborvelocity.m

Written by: F.E. Gaghan

Date Last Modified: 10 February 1998

Purpose: This program is a subroutine used to calculate the time
versus frequency components of a geophone signal using wave
speed to identify the associated element location within the
timeseries. The subroutine returns the gabor matrix to
gabormain.

function gabor matrix=gaborvelocity(datafile,timeseries,
sampling freq, separation)

Declare global variables
global velocity freqs_Hz freq marker

Initialize control variables and storage vectors

fft_length=1024;

max_velocity=200;

min velocity=50;

velocity increment=4.5;

number increments=
floor((max_velocity-min_velocity)/velocity increment);

gabor matrix=[];

Conduct time versus frequency decomposition of geophone signal

for index=0:number increments
velocity(index+l)=max_velocity—(index*velocity_increment);
block_midpoint=floor((separation/velocity(index+l))*sampling_freq);

if block_midpoint < (fft_length/2)
padding=(fft_length/2)-block midpoint;
zero padding=zeros(padding,1);
block_end=block midpoint+ (fft_length/2)-
fft block [zero_padding;timeseries(1: block_end)];
else
block_start=block_midpoint-(fft_length/2)+1
block end=block midpoint+(fft_length/2);
if block end > length(timeseries)
paddlng—block end-length(timeseries);
zero_padding=zeros (padding, 1) ;
fft _block=
[tlmeserles(block_start:length(timeseries));zero_padding];
else
fft_block=timeseries(block_start:block_end);
end; %end-if block_end
end; %end-if block midpoint

[psd_fft_block, freqs_Hz]=psd(fft block, fft _length, sampling freq);
dB_fft block 10*1logl0(psd fft block),
gabor_matrlx—[gabor‘matrlx dB_fft block];

end; %end-for index

Determine element addresses for major frequency components
freq marker=0;
for i=1l:length(freqs Hz)
if fregs_Hz(i)<=100, freq marker=freq marker+1l; end
end; %$end-for i
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Plot the contours of the gabor matrix

dBmax=max(max(gabor_matrix));

contour levels=[dBmax:-1:dBmax-6];

figure(7);

contour(freqs_Hz(Z:freq_marker),
Velocity,gabor_matrix(2:freq*marker,:)',contour*levels);

title(['Propagation Speed as a Function of Frequency for file: '
datafile]);

xlabel ('frequency [Hz]'); ylabel ('velocity [m/sec]');

’

return; %end-function

Filename: gaborgroup.m

Written by: F.E. Gaghan

Date Last Modified: 09 February 1998

Purpose: This program is a subroutine used to fit a group velocity
curve to the gabor matrix plot created by gabormain.

function gaborgroup

Declare global variables
global freqg speed type fit

Establish minimum user interface

disp(' "); ,

disp('Pick off the group speed points from the gabor plot with
the mouse');

disp('Press return when done');

[freq, speed] =ginput;

Determine desired curve-fitting routine

type_fit=input ('Pick the type of fit: l-linear 2-spline ');
fit_steps=100;

lower freg=freq(l);

upper_ freq=freq(length(freq)});
freq_step=(upper_freq-lower_freq)/fit_steps;
frequencies=lower_freq:freq_step:upper_freq;
fit_steps=length(freq step);

Calculate fitted curve values

if type fit== .
speeds=interpl (freq, speed, frequencies);

else
speeds=spline (freq, speed, frequencies);

end; %end-if type fit :

Plot fitted curve
hold on;

plot (frequencies, speeds, '--k');

return; %end-function
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APPENDIX H. DISCRETE-MODE ANALYSIS

This appendix contains the MATLAB programs written to analyze the data
collected during the beach phase experimentation with the MOD IV source.

Filename: filtereddisplay.m

Written by: F.E. Gaghan

Date Last Modified: 09 February 1998

Purpose: This program is used to graphically display the evolution of
the wave packet generated by the field test source in both
the longitudinal and vertical directions as a function of
time and range. The Rayleigh wave speed can be estimated
from the graph. It also displays the associated hodograms of
each Rayleigh wave.

oQ o°

o0 oo

oo oo

o° oo

oo

oe

Establish user interface to control data input
directory=input ('Input the data file directory: ','s');

file directory=[directoryl;

drive_freg=input ('Input the shaker drive frequency in Hz ')
freq_span input ('Input the frequency span in kHz: ');
sampling rate=freq span*1000*2.56;

sample delay=input ('Input the number of delay samples: ');

record_length=8192;
time_scale=[ (sample_delay/sampling_rate):(1l/sampling rate):
" ((record_length+sample_delay-1)/sampling rate)]';

% Assign input channels to correct data columns
accel long col=1l; accel_vert col=2;
geol_long col=5; geol_vert col=7;
geo2_long_col=6; geo2 vert_col=8;

oe

Create band pass filter centered at the drive frequency
pass_freq=drive_freq/(sampling rate/2);
[b_highpass,a_highpass}=butter(2,pass_freq, 'high');

[b lowpass,a lowpass]—butter(Z,pass _freq):;
fft_length=1024;

% While loop used to control data file input sequence
iteration=1;
continue='y"';
while continue=='y"'
% Input and load data file
disp(' ');
if iteration==
.file=input ('Input the data filename: ','s"');
else
file=input ('Input the next data filename: ','s');
end; % end-if iteration
filename=[file];
eval (['load ' file directory, '\',filename]);

range_ ft=input ('Input the range in ft to the first geophone: ');
range_m=range ft/3.2808;
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Select desired geophone
geophone=input ('Input the geophone number for that range:
1-%#1, 2-#2 ');
if geophone==
geo_long_col=geol_long col;
geo_vert_col=geol vert col;
else
geo_long col=geo2 long col;
geo_vert col=geo2 vert col;
end; %$end-if geophone

Filter accelerometer signals
accel _long_timeseries=xrc390(:,accel _long col);
accel_vert_timeseries=xrc390(:,accel_vert_col);
accel_long_filtered=filtfilt(b_highpass,a_highpass,
accel long timeseries);
accel_vert_filtered=filtfilt(b_highpass,a_highpass,
accel vert_timeseries);
accel_long_filtered=filtfilt(b_lowpass,a_ lowpass,
accel long filtered);
accel_vert_filtered=filtfilt(b_lowpass,a_lowpass,
accel_vert_ filtered);

[power, freqs_Hz]=
psd(accel_long_filtered, record_length,sampling rate);

Determine element address for drive frequency
freq marker=0;
for i=l:length(fregs Hz)

if fregs Hz(i)==drive freq, freq marker=i; end;
end; %end for i

Normalize filtered accelerometer signals by magnitude of
accelercometer fft at the drive fre: 2ncy
accelmlong_fft=abs(fft(accel_long_x;ltered)/fft_length);
accel_vert_ fft=abs(fft(accel_vert_ filtered)/fft_length);
accel_long filtered=

accel long_filtered/accel long_ fft(freq marker);
accel_vert_ filtered=

accel_vert_filtered/accel_vert fft(freq marker);

Filter the geophone signals ,
geo_long_timeseries=xrc390(:,geo_long col);
geo_vert_timeseries=xrc390(:,geo_vert col);
geo_long filtered=

filtfilt (b_highpass,a_highpass,geo_long timeseries);
geo_vert filtered=

filtfilt (b_highpass,a_highpass,geo_vert timeseries);
geo_long filtered=

filtfilt (b_lowpass,a_lowpass,geo_long filtered);
geo_vert filtereds=

filtfilt (b_lowpass,a_lowpass,geo_vert filtered);
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Normalize the filtered geophone signals by magnitude of
accelerometer fft at the drive frequency
geo_long filtered=

1.75* (geo_long_filtered/accel long fft(freq marker));
geo_vert filtered=

1. 75*(geo vert filtered/accel _vert fft(freq marker) ) ;.
geo_long filtered=

1.75* (geo_long_filtered/max (geo_long flltered))
geo_vert filtered=

1. 75*(geo vert flltered/max(geo vert filtered));

Plot the timeseries of the filtered geophone signals linearly
scaled by the range to the geophone
adjust_yaxis=range m;
range= spr1ntf(’°2 2f',range m);
if iteration=
hold on;
figure(l);
plot(time_scale,accel_long_filtered,time_scale,
geo_long_filtered+adjust_yaxis);
text (0.7,geo_long filtered(record length)+adjust_ yaxis+0.45,
[range, ' m']);
xlabel('time [sec]'); ylabel('range [m}"');
hold on;
figure(2);
plot (time_scale,accel_vert filtered,time scale,
geo_vert_ filtered+adjust yaxis);
text (0.7,geo_vert_filtered(record_length)+adjust yaxis+0.45,
[range,' m']);
xlabel ('time [sec]'); ylabel('range [m]"'):;
else
hold on;
figure(l):;
plot (time_scale,geo_long filtered+adjust_yaxis);
text (0.7,geo_long_filtered(record length)+adjust_yaxis+0.45,
[range,' m']);
hold on;
figure(2);
plot (time_scale,geo_vert_filtered+adjust_yaxis);
text (0.7,geo_vert_filtered(record length)+adjust yaxis+0.45,
[range, ' m'])
end; %$end-if 1teratlon

Plot hodograms of filtered signals
offset=513;
if iteration==
timel a= '
input ('Input the start time of accelerometer hodogram: ');
pointl a=floor(timel a*sampling rate)+offset;
time2_a=
input ('Input the stop time of accelerometer hodogram: '):;
poiht2_a=floor(time2_a*sampling_rate)+offset;

timel g=input('Input the start time of geophone hodogram: ');

pointl_g=floor (timel g*sampling rate)+offset;
time2_ g=input ('Input the stop time of geophone hodogram: ');
point2 g=floor(time2 g*sampling rate)+offset;
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hold on;

figure (3);

plot(accel~long_filtered(pointl_a:point2_a),
accel_vert filtered(pointl a:point2 a),...
geo_long_filtered(pointl g:point2 _qg),
geo_vert filtered(pointl g:point2 _g)+adjust yax1s)

xlabel('longitudinal displacement');

ylabel ('vertical displacement');

axis equal;

else

timel_g=input ('Input the start time of geophone hodogram: ');

pointl_g=floor (timel_g*sampling rate)+offset;

time2_g=input ('Input the stop time of geophone hodogram: ');

point2_g=floor(time2_g*sampling_rate)+offset;

hold on; '

figure (3);

plot (geo_long flltered(p01ntl _g:point2_g),
geo_vert_filtered(pointl g:point2 g)+adjust yax1s)

xlabel ('longitudinal displacement');

ylabel ('vertical displacement');

axis equal;

end; %end-if iteration

oo

Check for additional data file inputs

iteration=iteration+l;

disp(' ');

continue=input ('Do you want to input another data file?
(y orn) ','s');

end; %end-while continue

Rayleigh Wave Progression as a Function of Time and Distance Hodograms
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Filename: sourcecorr.m

Written by: F.E. Gaghan

Date Last Modified: 10 February 1998

Purpose: This program is used to calculate the cross correlation
between the input drive signal to the bass shakers and the
received accelerometer and geophone signals. From the output
of the cross correlation estimates for P-wave and R-wave
speeds are labeled.

Establish user interface to control data input
directory=input ('Input the data file directory: ','s');
file directory=[directory];

file=input ('Input the data filename: ','s');
filename=[file];

eval(['load ' file directory,'\',filename]l);

drive_freg=input ('Input the shaker drive frequency in Hz: ');
rangel_ ft=input{['Input the range to the geophone #1 in ft: ']);
rangel m=rangel ft/3.2808;

range2_ft=input (['Input the range to the geophone #2 in ft: 'J]);
range2 m=range2 ft/3.2808;

freq span=input ('Input the frequency span in kHz: ');
sampling rate=freq span*1000%*2.56;
sample_delay=input ('Input the number of delay samples: ');

record_length=8192;
time_scale=[(sample_delay/sampling rate):(1/sampling rate):
((record_length+sample delay-1)/sampling rate)]';

Assign input channels to correct data columns
accel_long_col=1l; accel vert_ col=2;
geol_long_col=5; geol vert col=7;
geo?Z_long_col=6; geo2 vert col=8;

Assign storage locations to data file columns

accel_long_timeseries=xrc390(:,accel_long col);
accel vert_timeseries=xrc390(:,accel_vert col);
geol_long_timeseries=xrc390(:,geol_long col);

geol vert timeseries=xrc390(:,geol_vert_col);.
geoZ_long_timeseries=xrc390(:,geo2 long col);
geoZ_vert_timeseries=xrc390(:,geoZ_vert_col);

Generate the reference input drive signal

N=sampling rate/drive freq; ‘

n=[0:20*N];

drive_signal=sin(2*pi*n/N);

front_padding=zeros (abs(sample delay),1l);
padding=record_length—(length(front_padding)+length(drive_signal));
rear padding=zeros (padding,1);
reference_signal=[front_padding;drive_signal';rear padding];

Create band pass filter centered at the drive frequency
pass_freg=drive freq/(sampling rate/2);
(b_highpass,a_highpass]=butter(2,pass_freq, 'high');
[b_lowpass,a_lowpass]=butter(2,pass_freq);
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Filter the accelerometer and geophone signals
reference filtered=

filtfilt(b_highpass,a_highpass,reference_signal);
accel long filtered=

filtfilt(b_highpass,a_highpass,accel_long_timeseries);

accel vert filtereds=

filtfilt (b_highpass,a_highpass,accel vert timeseries);

geol long filtered=
filtfilt (b_highpass,a_highpass,geol long timeseries);
geol_vert filtered=

filtfilt(b_highpass,a_highpass,geol_vert_timeseries);

geo2_lorg_filtered=
filtfilt(b_highpass,a_highpass,geo2_long_timeseries);

geo2_vert filtered=
filtfilt(b_highpass,a_highpass,geo2 vert _timeseries);

reference_filtered=filtfilt (b_lowpass,a_ lowpass,reference _signal);

accel long filtered=
filtfilt(b_lowpass, a_lowpass,accel_long filtered);
accel_vert filtered=
filtfilt(b_lowpass,a_lowpass,accel vert _filtered);

geol long filtered=filtfilt (b lowpass a lowpass geol_long filtered)
geol_vert_filtered=filtfilt (b lowpass,a_ lowpass, geol vert filtered)
geo?2 long filtered=filtfilt (b_lowpass,a_lowpass, geo2 _long filtered);
geo2_vert_ filtered=filtfilt(b_lowpass,a_lowpass,geo2 vert filtered)

.
4

.
’

.
’

Calculate the cross correlation between the reference signal and the

accelerometer signals
[accel_long corr,accel long lagsl=

xcorr (reference_signal,accel_long filtered, 'coeff');
accel_long_corr=abs(hilbert(accel_longﬁcorr));
accel_long lags=accel_long lags. /sampling rate;
[accel_vert corr,accel _vert lagsl=

xcorr (reference 51gnal accel vert filtered, 'coeff');
accel_vert corr= abs(hllbert(accel vert _corr));
accel_vert_lags accel_vert lags. /sampllng_rate,

Plot the cross correlation as a function of time
figure(1l);

subplot (211) ;
plot(accel_long_lags,accel_long corr);

title('Cross Correlation of Reference and Longitudinal Accelerometer

Signals');
xlabel('lags [sec]');
subplot (212);
plot(accel_vert lags,accel _vert corr);

title ('’ Cross Correlation of Reference and Vertical Accelerometer

Signals'y);
xlabel ('lags [sec]'):

Establish the boundary criteria for the various wave speeds at

geophone #1
plower_ lag=rangel m/1000; pupper_lag=rangel m/500;

pwavewlower=record_length+floor(plower_lag*sampling_rate);
pwave_upper=record_length+floor (pupper_ lag*sampling rate);

rlower_lag=rangel m/100; rupper_lag=rangel m/50;

rwave_lower=record~length+floor(rlower_lag*sampling_rate);
rwave_upper=record_length+floor (rupper lag*sampling rate);
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Calculate the cross correlation between the reference signal and the
longitudinal signal for geophone #1
[geol_long corr,geol long lags]=
xcorr(reference_signal,gedlhlong_filtered,'coeff');
geol_long_corr=abs(hilbert (geol long corr));
[rmax_long val,rmax_long loc]=
max (geol_long_corr(rwave_ lower:rwave_upper));
[long_val, long_loc]=max(gecl_long corr(pwave lower:pwave upper));
dont plot='n";
if long_val > geol long_corr{record length)
pmax_long loc=long loc;
else
dont_plot='y";
~end; %end-if long val

oe

Calculate the cross correlation between the reference signal and the
vertical signal for geophone #1
[geol_vert corr,geol vert lags]=
xcorr(reference_signal,geol_vert_filtered,'coeff');
geol vert corr=abs(hilbert (geol_vert corr));
[rmax_vert val,rmax_vert loc]=
max (geol_vert_corr(rwave_ lower:rwave upper));
[vert_val,vert_loc]l=max(geol vert_corr(pwave lower:pwave upper));
if vert_val > geol vert_corr(record length)
- pmax_vert loc=vert loc;
else
dont_plot='y"';
end; %end-if vert val

oo

e

% Plot the longitudinal cross correlatlon as a function of slowness
(inverse speed)
slowness_long=geol long lags/(sampling rate*rangel m);
slowness_vert=geol vert_lags/(sampling_ rate*rangel m);
if dont_plot=='y'
. figure(2);
subplot (211);
plot(slowness long,geol_long_corr, ..
slowness_long(rwave_lower+rmax long_loc),
geol_lOng_corr(rwave_lower+rmax_long_loc),'o');
text(slowness_long(l)+0.0025,rmax_long_val-O.ZS,
['rwave velocity = ',

num2str (1/slowness_long(rwave_lower+rmax _long loc)),' m/sec']l);
text (slowness_long(1)+0.0025,rmax_long val-0.35,
['rwave corr = ',

num2str (geol_long_corr(rwave_lower+rmax long loc))]);
title('Cross Correlation of Reference and Geophone #1 Longitudinal
Signals');
xlabel ('slowness [sec/m]"'):
subplot (212);
plot(slowness_vert,geol vert corr,..
slowness_vert (rwave lower+rmax _vert loc),
geol_vert corr(rwave_ lower+rmax _vert loc),'o");
text(slowness _vert(1)+0. 0025 rmax vert val 0.25,
['rwave velocity = ',
num2str (1/slowness _vert (rwave lower+rmax _vert loc)),' m/sec'])
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text (slowness_vert (1)+0.0025,rmax_vert val-0.35,
['rwave corr = ',
numZStr(geol_vert_corr(rwave_lower+rmax_vert_loc))]);
title('Cross Correlation of Reference and Geophone #1 Vertical
Signals');
xlabel ('slowness [sec/m]');
else
figure(2);
subplot (211) ;
plot (slowness_long,geol long corr,.
- slowness_long (pwave_lower+pmax long loc),
geol_long_corr (pwave_lower+pmax long loc),'o',...
slowness_long(rwave_lower+rmax_long loc),
geol_long corr(rwave_lower+rmax long loc), 'o');
text (slowness_long(1)+0.0025,rmax_long val-0.05,
['pwave velocity = ',
num2str(1/slowness_long(pwave lower+pmax_long loc)),' m/sec']);
text (slowness_long(1)+0.0025, rmax_long val-0.15,
[{'pwave corr = ',
numZStr(geol_long_corr(pwave_lower+pmax_long_loc))]);
text(slowness_long(l)+0.0025,rmax_long_val—0.25,
['rwave velocity = ',
num2str(1/slowness_long(rwave_lower+rmax_long~loc)),' m/sec']);
text(slowness_long(l)+0.0025,rmax_long_val—0.35,
['rwave corr = ',
num2str(geol_long~corr(rwave_lower+rmax_long_loc))]);
title('Cross Correlation of Reference and Geophone #1 Longitudinal
Signals');
xlabel ('slowness [sec/m]"');
subplot (212);
plot (slowness_vert,geol vert corr,..
slowness_vert (pwave_lower+pmax_vert loc),
geol: vert_corr(pwave lower+pmax vert loc),'o',...
slowness_vert(rwave_lower+rmax_vert~loc),
geol_vert_corr(rwave_lower+rmax_vert loc),'o');
text (slowness_vert (1)+0.0025, rmax_vert val-0.05,
['pwave velocity = ',
num25tr(1/slowness_vert(pwave_lower+pmax_vert~loc)),' m/sec'l);
text (slowness_vert (1)+0.0025, rmax_vert val-0.15,
['pwave corr = ',
num25tr(geol_vert_corr(pwave_lower+pmax_long_lOc))]);
text (slowness_vert (1)+0.0025,rmax_vert val-0.25,
['rwave velocity = ',
num2str(1/slowness_vert(rwave_lower+rmax_vert~loc)),’ m/sec']);
text (slowness_vert (1)+0.0025, rmax_vert_val-0.35,
{'rwave corr = ',
numZstr(geol vert corr(rwave_ lower+rmax long loc))]);
title('Cross Correlation of Reference and Geophone #1 Vertical
Signals');
xlabel ('slowness [sec/m]');
end; %end-if dont_plot

Establish the boundary criteria for the various wave speeds at
geophone #2

plower lag=range2 m/1000; pupper_lag=range2 m/500;
pwave_lower=record_length+floor (plower lag*sampling rate);

0P o°
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pwave_upper=record_length+floor (pupper_ lag*sampling rate);
rlower lag=range2 m/100; rupper_lag=range2 m/50;

rwave_lower=record‘length+floor(rlower_lag*sampling_rate);
rwave upper=record_length+floor (rupper lag*sampling rate);

Calculate the cross correlation between the reference signal and the
longitudinal signal for geophone #2
[geo2_long_corr,geo2 long lags]=
xcorr(reference_signal,geo2_long filtered, 'coeff');
geo2_long_corr=abs (hilbert (gec2 long corr));
[rmax_long val,rmax_long loc]=
max(geoZ_long_corr(rwave_lower:rwave_upper));
[long_val,long_loc]=max(geo2_long_corr(pwaveﬁlower:pwave_upper));
dont plot='n"';
if long_val > geo2_long_corr(record_length)
pmax long_loc=long loc;
else '
dont_plot='y';
end; %end-if long val

Calculate the cross correlation between the reference signal and the
vertical signal for geophone #2
[geo2_vert corr,geo2 vert lags]=

xcorr (reference _signal,geo2_vert filtered, 'coeff');
geo2_vert corr= abs(hllbert(geOZ vert _corr));
[rmax“vert_val rmax_vert loc]=

max (geo2_vert_corr(rwave_lower:rwave upper));
[vert_val,vert_loc]=max(geo2_vert_corr(pwave lower:pwave upper));
if vert val > geo2_vert_corr(record length)

pmax_vert loc=vert loc;
else

pmax_vert. loc=rmax vert loc;
end; %end-if vert val

Plot the longitudinal cross correlation as a function of slowness
(inverse speed)
slowness_long=geo2_long_lags/(sampling_rate*range2 m);
slowness_vert=ge02‘vert_lags/(sampling_rate*rangez_m);
if dont_plot=='y'
figure(3);
subplot (211);
plot (slowness_long,geo2_long corr,...
slowness_long(rwave_lower+rmax long loc),
geo2_long_corr(rwave_lower+rmax long loc),'o');
text(slownessﬂlong(1)+0.0025,rmax_long_val—0.25,
['rwave velocity = ',
num2str (1/slowness_long(rwave_ lower+rmax long loc)),' m/sec']);
text(slowness_long(l)+0.0025,rmax_long_val—0.35,
['rwave corr = ',
num2str(geo2 long corr (rwave_lower+rmax _long loc))]);
title('Cross Correlation of Reference and Geophone #2 Longltudlnal
Signals');
xlabel ('slowness [sec/m]");
subplot (212);
plot(slowness_vert,geoZ_vert_corr,...
slowness_vert (rwave_lower+rmax_vert loc),
geo2_vert_corr(rwave_lower+rmax_vert loc),'o');
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text (slowness_vert (1)+0.0025, rmax_vert val-0.25,
['rwave velocity = ',
numZStr(l/slowness_vert(rwavehlower+rmax~vert_loc)),' m/sec']);
text(slowness_vert(1)+0.0025,rmax_vert_va1—0.35,
['rwave corr = ', )
numZStr(geOZ_vert_corr(rwave”lower+rmax_long_loc))]);
title('Cross Correlation of Reference and Geophone #2 Vertical
Signals');
xlabel ('slowness [sec/m]');

else

figure(3);
- subplot (211);
plot (slowness_long,geo2 long_corr,...
slowness_long (pwave_lower+pmax_ long loc),
geo2_long_corr (pwave_lower+pmax_long loc),'o’,...
slowness_long(rwave_lower+rmax_long loc),
geoZ_long_corr(rwave_lower+rmax_long_loc),'o');
text(slowness_long(l)+0.0025,rmax_long_val—0.05,
[ 'pwave Velocity =7,
numZStr(l/slowness_long(pwave_lower+pmax_long_loc)),' m/sec']);
text (slowness_long(1)+0.0025, rmax_long val-0.15,
['pwave corr = ',
num2str (gec2 long corr (pwave lower+pmax long_loc))1);
text(slowness_long(1)+0 0025, rmax_long_val-0.25,
['rwave velocity = ',
num2str(l/slowness long(rwave lower+rmax_long loc)),' m/sec']);
text (slowness long(1)+0 0025, rmax_long val-0.35,
['rwave corr = ',
num28tr(geo2_long_corr(rwave_lower+rmax_long_loc))]);
title('Cross Correlation of Reference and Geophone #2 Longitudinal
Signals');
xlabel ('slowness [sec/m]');
subplot (212) ;
plot (slowness_vert,geo2 vert corr,..
slowness_vert(pwave_lower+pmax_vert_loc),
geo2_vert_corr(pwave_lower+pmax_vert loc),'o’,..
slowness_vert(rwave_lower+rmax_vert_loc),
geo2_vert corr(rwave_ lower+rmax_vert loc),'o');
text (slowness_vert (1)+0.0025,rmax _vert val-0.05,
['pwave velocity = ',
num2str (1/slowness_vert (pwave_lower+pmax vert loc)),' m/sec']);
text (slowness_vert(1)+0.0025,rmax vert val-0.15,
['pwave corr = ',
numzstr (geo2_vert_corr(pwave_lower+pmax_long loc))1);
text(slowness_vert(1)+0.0025,rmax_vert_val—0.25,
['rwave velocity = ',-
num2str(l/slowness _vert (rwave lower+rmax vert _loc)),' m/sec']l);
text (slowness _vert (1)+0.0025, rmax _vert val-0.35,
['rwave corr = ',
num2str (geo2_vert_corr (rwave_lower+rmax_long loc))]);
title('Cross Correlation of Reference and Geophone #2 Vertical
Signals');
xlabel ('slowness [sec/m]');

end; %end-if dont plot
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Filename: sourcesignals.m

Written by: F.E. Gaghan

Date Last Modified: 10 February 1998

Purpose: This program allows the user to display the timeseries of
the filtered and unfiltered received accelerometer and
geophone signals. The user can also display the hodograms

and hankel plots of each of the signals. It also enables the

user to isolate selected portions of the geophone signals
for ease of display.

Establish user interface to control data lnput

directory=input ('Input the data file directory: ', 's');
file_directory=[directory];
file=input ('Input the data filename: ','s');

filename=[file]; .
eval (['load ' file directory,'\',filename]);

drive_freg=input ('Input the shaker drive frequency in Hz: ');
range_ft=input (['Input the range to the geophone #1 in ft: ']);
range_m=range_ft/3.2808;

freq span=input ('Input the frequency span in kHz: ');
sampling rate=freqg span*1000*2.56;
sample_delay=input ('Input the number of delay samples: ');

record_length=8192;

. time_scale=[(sample_delay/sampling_rate):(1/sampling rate):

((record_length+sample_delay—l)/samplingwrate)]';

Assign input channels to correct data columns
accel_long_col=1l; accel_vert_col=2;

geol_long col=5; geol vert col 7;
geo2_long_col=6; geo2_vert col 8;

Assign storage locations to data file columns
accel_long_timeseries=xrc390(:,accel_long col);
accel_vert timeseries=xrc390(: ,accel_vert col);
geol long _timeseries=xrc390(:,geol long col);
geol_vert_timeseries=xrc390(:,geol_vert col);
geo2_long timeseries=xrc390(:,geo2 long col);
geo2 vert _timeseries=xrc390(:,geo2_vert _col);

Plot unfiltered timeseries of accelerometer signals

figure(l);

subplot (211);

plot(time_scale,accel long timeseries);

axis([time_scale(l),time_scale(record_length),
min(accel_long_timeseries)-0.2,max(accel long timeseries)+0.2]);

title(['Longitudinal Time Series of Accelerometer Signal for File:
filel]);

xlabel('time [sec]'); ylabel('amplitude [V]');

subplot (212);

plot (time_scale,accel_vert timeseries);

axis([time_scale(l),time_scale(record_length),
min(accel_long_timeseries)-0.2,max(accel_long timeseries)+0.2]);

title(['Vertical Time Series of Accelerometer Signal for File: °
filel):

xlabel ('time [sec]'); ylabel ('amplitude [V]');
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s Create band pass filter centered at the drive frequency
pass_freqg=drive_freq/(sampling rate/2);
[b_highpass,a_highpass]=butter(2,pass_freq,'high’);
[b_lowpass,a_lowpass]=butter(2,pass freq);

% Filter the accelerometer and geophone signals

accel_long_filtered= ‘

filtfilt (b_highpass,a_highpass,accel long timeseries);
accel vert filtered=

filtfilt(b_highpass,a_highpass,accel_vert_timeseries);
geol long filtered=

filtfilt (b_highpass,a_highpass, geol_long timeseries);
geol vert filtered=

filtfilt (b_highpass,a_highpass, geol vert timeseries);
geo2_long filtered=

filtfilt (b_highpass,a_highpass,geo2 long timeseries);
geo2_vert filtered=

filtfilt (b highpass,a_highpass,geo2_vert timeseries);
accel long filtered=

filtfilt(b_lowpass,a_lowpass,accel long filtered);
accel vert filtereds=

filtfilt (b_lowpass,a_lowpass,accel_vert filtered);
geol long filtered=

filtfilt(b_lowpass,a_lowpass,geol_long filtered);
geol vert filtered=

filtfilt (b_lowpass,a_lowpass,geol vert filtered);
geo2_long filtered=

filtfilt(b_lowpass,a_lonass,geoZ_long_filtered);
geo2_vert_ filtered=

filtfilt(b_lowpass,a_lowpass,geo2_vert filtered);

oo

Plot the filtered and unfiltered timeseries signals for geophone #1

figure(2);

subplot (211);

plot (time scale,geol long timeseries);

title(['Longitudinal Time Series of Geophone #1 Signal for File: ',
filel); :

xlabel ('time [sec]'); ylabel ('amplitude [V]');

subplot (212) ;

plot(time_scale,geol long filtered);

title(['Vertical Time Series of Geophone #1 Signal for File: ',
file]);

xlabel ('time [sec]'); ylabel('amplitude [V]');

oo

Plot the filtered and unfiltered timeseries signals for geophone #2

figure(3);

subplot (211);

plot (time scale,geo2 long timeseries);

title(['Longitudinal Time Series of Geophone #2 Signal for File: ',
filel):;

xlabel ('time {sec]'); ylabel ('amplitude [V]'):

subplot (212);

plot (time_scale,geo2_long filtered);

title(['Vertical Time Series of Geophone #2 Signal for File: ',
filel):

xlabel ('time [sec]'); ylabel('amplitude [V]');
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Plot the hodogram of the filtered and unfiltered timeseries signals
of the accelerometer

figure (4);

subplot (211);

plot(accel _long timeseries, accel _vert timeseries);
Xlabel ('longitudinal amplitude [V]'

ylabel ('vertical amplitude [V]'

axis equal;

subplot (212) ;

plot (accel _long filtered, accel _vert filtered);
xlabel ('longitudinal amplltude v1');

ylabel ('vertical amplitude [V]');

axis equal;

Plot the hodogram of the filtered and unfiltered timeseries signals
for geophone #1

figure (5);

subplot (211);
plot(geol_long_timeseries,geol_vert*timeseries);
xlabel ('longitudinal amplitude [V]');

ylabel ('vertical amplitude [V]');

axis equal;

subplot (212);

plot(geol long filtered,geol vert filtered);
xlabel (' lgngitadinal amplituae [VT');

ylabel ('vertical amplitude [V]'),

axis equal;

Plot the hodogram of the filtered and unfiltered timeseries signals
for geophone #2

figure (6);

subplot (211);
plot(geoZ_long_timeseries,geoZ_vert_timeseries);
xlabel('longitudinal amplitude [V]');

ylabel ('vertical amplitude [V]');

axis equal;

subplot (212);

plot (geo2_long_filtered,geo2 vert filtered);
xlabel ('longitudinal amplitude [V]');

ylabel ('vertical amplitude [V]');

axis equal;

Display hankel plot for geophone #1
Xyz_axis= zeros (length(time scale),1); .
y_maxl=max (abs(min(geol_long_timeseries)), max (geol long_timeseries));
y_axisl=linspace(-y maxl,y maxl, length(tlme_scale))
z_maxl—max(abs(mln(geoi vert_timeseries)),max(geol vert timeseries));
z_axisl=linspace(-z _maxl, z maxl,length(time _scale));
y maxlf—max(abs(mln(geol long filtered)),max (geol _long filtered));
y_axislf=linspace(-y maxlf,y maxlf,length(time _scale));
z maxlf—max(abs(mln(geol vert filtered)), max (geol_vert filtered));
z_axislf=linspace (- z_maxlf z_maxlf, length(time_scale));
flgure(7),
subplot (211);
plot3(time_scale,geol_long timeseries, geol vert timeseries,...
time_scale,xyz_axis,xyz axis, 'k',
. Xyz_axis,y_axisl,xyz axis,'k’',

172



Xyz_axis,xyz_axis,z axisl, 'k');
xlabel ('time [sec]');
ylabel ('longitudinal amplitude [V]');
zlabel ('vertical amplitude [V]');
view(15,30);
subplot (212);
plot3(time_scale,geol long_ filtered,geol vert filtered,...
time_scale,xyz_axis,xyz_axis,'k',...
xyz_axis,y_axislf,xyz axis,'k',...
xXyz_axis,xyz_axis,z axislf,'k');
axis([time_scale(512),time_scale(length(time_scale)),
min(geol_long_filtered),max(geol_long_filtered),
min(geol_vert_filtered),max(geol_vert filtered)]);
xlabel ('time [sec]'):
ylabel ('longitudinal amplitude [V]');
zlabel ('vertical amplitude [V]');
view (15, 30);

Display hankel plot for geophone #2

y_max2z=max (abs (min(geo2_long_timeseries)),max(geo2 long timeseries));

y_axis2=linspace(-y_max2,y max2,length(time_scale));

z_max2=max(abs(min(geoZ_vert_timeseries)),max(geoZ_vert_timeseries));

z_axi32=linspace(-z_max2,z_max2,length(time_scale));

y_max2f=max (abs (min(geo2_long_filtered)),max(geo2_ long filtered));

y_axis2f=linspace(-y max2f,y max2f,length(time scale));

z_max2f=max(abs(min(geoZ_vert_filtered)),max(geoZ_vert_filtered));

z_axis2f=linspace(-z_max2f,z_max2f, length(time_scale));

figure(8);

subplot (211);

plot3(time_scale,geo2_long timeseries,geo2 vert timeseries, ...
time_scale,xyz_axis,xyz_axis,'k',...
Xyz_axis,y axis2,xyz_axis,'k',...
xyz_axis,xyz axis,z axis2,'k');

xlabel ('time [sec]'):;

ylabel ('longitudinal amplitude [V]');

zlabel ('vertical amplitude [V]');

view(15,30);

subplot (212);

plot3(time_scale,geo2_long_ filtered,geo2 vert filtered,...
time_scale,xyz_axis,xyz_axis,'k',... -
Xyz_axis,y_axis2f,xyz axis,'k',...
xyz_axis,xyz_axis,z_axis2f,'k');

axis([time_scale(512),time_scale(length(time_scale)),

min(geoz_long_filtered),max(geoZ_long_filtered),
min(geo2_vert_filtered),max(geo2 vert filtered)]);

xlabel ('time [sec]'):

ylabel ('longitudinal amplitude [V]');

zlabel ('vertical amplitude [V]');

view (15, 30);
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Enable the user the ability to display selected portions of the time
record
disp(' ');
isolate=input ('Do you want to isolate the Rayleigh wave?
(y orn): '",'s"); '
if isolate=='y'
continue="'y';

while continue~='q'

disp(' ");
timel 1=
input ('Input the start time of the hodogram for figure(7): ');
pointl 1=floor (timel_l*sampling rate);
time2 1=
input ('Input the stop time of the hodogram for figure(7): ');

point2_l=floor (time2_l*sampling rate);

x_axisl=ones(point2_1—point1_1+1,1)*time_scale(pointl_l);
y maxl timeseries=
max(abs(min(geol_long_timeseries(pointl_l:pointZ_l))),
max (geol_long_timeseries(pointl l:point2 1)));
z_maxl_timeseries=
max (abs (min(geol_vert_timeseries(pointl_l:point2 1))),
max(geol“vert_timeseries(pointl_l:point2_l)));
y_axisl timeseries=
linspace(—y_maxl_timeseries,y_maxl_timeseries,
point2_ l-pointl 1+1);
z_axisl timeseries=
linspace(-z_maxl_timeseries,z_maxl_timeseries,
point2_ l-pointl 1+1);

y maxl filtered=
max(abs(min(geol_long_filtered(pointl_l:point2_1))),
max (geol_long_filtered(pointl l:point2 1)));
z_maxl filtered=
max (abs (min(geol_vert_filtered(pointl l:point2_1))),
max (geol_vert_filtered(pointl_l:point2_1)));
y_axisl filtered= .
llnspace( y maxl filtered, y maxl filtered,point2 l-pointl_1+1);
z_axisl_filtered=
linspace (-z_maxl_filtered, z maxl_filtered,point2 l-pointl 1+1);

Plot hodogram of user selected portions of geophone #1
figure(5);
plot (gecl_long_ flltered(p01nt1 l:point2_1),
geol_vert filtered(pointl_1:point2 1));
xlabel ('longitudinal amplitude [V]');
ylabel ('vertical amplitude [V]');
axis equal;

o°
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% Display hankel plot of user selected portions of geophone #1
figure(9);
subplot (211)
plot3(time_scale(pointl 1:point2 1),
geol _long_timeseries(pointl_l:point2_ 1),
geol_vert_timeseries(pointl l:point2 1),...
time_scale(pointl_1l),geol_long_ timeseries(pointl 1),
geol_vert_timeseries(pointl_l),'o',...
time scale(point2_1),geol_long timeseries (point2 1),
geol_vert_timeseries(point2_1),'x',...
time scale(pointl l:point2 1),
xyz_axis(pointl_l:point2_1),
xXyz_axis(pointl 1l:point2 1),'k',...
x_axisl,y axisl timeseries,
xyz_axis(pointl_l:point2_1),'k’, ...
x_axisl,xyz_axis(pointl_l:point2 1),
z_axisl _timeseries,'k'); :
xlabel ('time [sec]'):
ylabel ('longitudinal amplitude [V]');
zlabel ('vertical amplitude [V]');
axis([time_scale(pointl_l),time_scale(pointZ_l),
min(geol_long_timeseries),max(geol_long_timeseries),
min(geol_vert_timeseries),max(geol vert timeseries)]);
view(15,30); '
subplot (212) ;
plot3(time_scale(pointl l:point2 1),
geol_long filtered(pointl 1:point2 1),
geol_vert filtered(pointl l:point2 1),...
time_scale(pointl_1),geol_long filtered(pointl 1),
geol vert filtered(pointl 1),'o’,...
time_scale(point2_1),geol long filtered(point2_ 1),
geol_vert filtered(point2 1),'x',...
time_scale(pointl_l:point2_1),
xyz_axis(pointl l:point2 1),
xyz_axis(pointl_ l:point2 1),'k',...
x_axisl,y_axisl filtered,
xyz_axis(pointl_l:point2_l),'k',...
x_axisl,xyz_axis(pointl l:point2 1),
z_axisl filtered, 'k');
xlabel ('time [sec]');
ylabel ('longitudinal amplitude (V]');
zlabel ('vertical amplitude [V]');
axis([time_scale(pointl_1),time_scale(point2 1),
min(geol_long_filtered),max(geol_long filtered),
min(geol_vert_filtered),max(geol_vert_filtered)]);

view(15,30);

disp(' ');
timel 2=
input {'Input the start time of the hodogram for figure(8): ');
pointl_2=floor(timel 2*sampling_rate);
time2 2=
input ('Input the stop time of the hodogram for figure(8): ');

point2_2=floor (time2 2*sampling rate);
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_axis2=ones (point?2 2—p01nt1 2+1,1) *time _scale(pointl 2);
“max2 _timeseries=

max(abs(m1n(geo2 _long tlmeserles(p01ntl 2:point2 2))),
max (geo2_long _timeseries(pointl_2: point2 2)));

_max2 timeseries=

max(abs(m1n(geo2 vert_timeseries(pointl 2:point2 ~2))),
max (geo2_vert tlmeserles(p01nt1 2 point2_2)));

axis2 timeseries=

linspace (- y_max2_timeseries,y max2 timeseries,
point2_ 2-pointl 2+1);

axis2 timeseries=
linspace(-z_max2_timeseries,z max2 timeseries,

point2 2-pointl 2+1);

max2 flltered—
max(abs(mln(geOZ _long flltered(p01nt1 2: point2 2))),
max(geoZ_long_flltered(p01nt1_2 p01nt2_2)))
_max2_ filtered=
max(abs(mln(geOZ vert flltered(p01nt1 2: point2 2))),
nax (geo2_vert flltered(p01nt1 2 p01nt2 2)Y));
axis2 filtered=
llnspace( y_max2_filtered,y maxl filtered,
point2 2-pointl 2+1);
ax;sz_flltered—
linspace(—z_max2_filtered,z_maxl_filtered,
point2_ 2-pointl 2+1);

Plot hodogram of user selected portlons of geophone #2

figure (6);

plot(geoZ_long“filtered(point1_2:point2_2),
geo2_vert_filtered(pointl 2:point2 2));

xlabel ('longitudinal amplitude [V]')

ylabel ('vertical amplitude [V]');

-axis equal;

Display hankel plot of user selected portions of geophone #2

figure(10);

subplot (211)

plot3(time_scale(pointl_2:point2 2),
geo2_long_timeseries (pointl_2:point2 2),
geo2_vert_timeseries(pointl_2:point2 2),...
time_scale(pointl_2),geo2 long _timeseries(pointl 2),
geo2_vert tlmeserles(p01nt1 2),'0",
time scale(p01nt2 2),geo02 long tlmeserles(p01nt2 2),
geo2_vert tlmeserles(p01nt2 2), "%, ...
time_scale(pointl 2: p01nt2_2),
xyz_axis(pointl 2:point2 2),
xyz_axis(pointl 2:point2 2),'k',...
x_axis2,y axis2 timeseries,
xyzwaxis(point1~2:point2_2),‘k',
x_axis2,xyz_axis(point1_2:point2_2),
z_axis2_timeseries, 'k');

xlabel('time [sec]');

ylabel ('longitudinal amplitude [V]');

zlabel ('vertical amplitude [V]');

axis([time _scale(pointl 2),time scale(p01nt2 2),

min(geo2 long timeseries),max(geo?2 _long timeseries),
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min(geo2 vert_timeseries),max(geo2_vert_timeseries)]);
view(15,30):;
subplot (212);
plot3(time_scale(pointl_Z:pointZ_Z),
geo2_long_filtered(pointl 2:point2 2),
geo2_vert_filtered(pointl 2:point2 2),...
time_scale(pointl_Z),geo2_long~filtered(pointl_Z),
geo2_vert_ filtered(pointl 2),'o",.
time_scale(point2_2),geo2_long_ filtered(point2 2),
geo2_vert_filtered(point2_2),'x',...
time_scale(pointl_2:point2 2),
xyz_axis(pointl 2:point2_ 2),
xyz_axis(point1_2:point2_2),'k',...
X_axis2,y axis2 filtered,
xyz_axis(pointl 2:point2 2),'k',...
x_axisZ,xyz_axis(point1_2:point2’2),
z_axis2_filtered, 'k");
xlabel ('time [sec]'):
ylabel ('longitudinal amplitude [V]');
zlabel ('vertical amplitude [V]');
axis([time_scale(pointl_2),time_scale(point2 2),
min(geo2_long_filtered),max(geo2 long filtered),
min(geo2_vert_filtered),max(geo2 vert filtered)]):;
view(15,30);

Graphically display ratio of longitudinal to vertical signal
amplitudes

disp(' ");

ellipse=
input ('Do you want to calculate ratio of elliptical axes
(yorn): ', 's");

if ellipse=="y'
geol_long hilbert=
abs (hilbert (geol_long_filtered(pointl_l:point2 1)));
geol vert hilbert= :
abs(hilbert(geol_vert_filtered(point1~l:point2_l)));
geol_amp_ ratio=geol_long_hilbert./geol_ vert hilbert;
figure(11);
subplot (211);
plot (time_scale(pointl_1-256:point2_1+256),
geol_long_filtered(pointl_1-256:point2 1+256),...
time_scale(pointl_1-256:point2 1+256),
geol_vert_filtered(pointl_1-256:point2 1+256),'--");
xlabel ("time [sec]'); ylabel('amplitude [V]"');
legend('longitudinal', 'vertical');
subplot (212) ;
plot (time_scale(pointl_l:point2_1),geol_amp ratio);
xlabel ('time [sec]'); ylabel('longitdunal/vertical');
axis([time_scale(pointl_1),time_scale(point2 1),0,1]);

177



amplitude [V]

geo2 long hilbert=
abs(hilbert(geo2~long_filtered(point1_2:point2_2)));
geo2_vert hilbert=
abs (hilbert (geo2_vert_filtered(pointl_2:point2 2)));
geoZ_amp_ratio=geo2_long_hilbert./geo2_ vert hilbert;
figure(12);
subplot (211);
plot (time_scale(pointl_2-256:point2 2+256),
geo2_long_filtered(pointl 2-256:point2 2+256),...
time_scale(pointl_2—256:point2*2+256),
geo2_vert_filtered(pointl_2-256:point2 2+256),'--");
xlabel ('time [sec]'); ylabel('amplitude [V]');
legend('longitudinal', 'vertical');
subplot (212);
plot (time_scale(pointl_2:point2 2),geo2_ amp ratio);
xlabel ('time [sec]'); ylabel('longitudinal/vertical');
axis([time_scale(point1_2),time_scale(point2_2),O,l]);
end; %end-if ellipse

disp(' ");

continue=
input ('Press any key to continue isolation or "q" to quit: ',
'Sl);

end; %end-while
end; %end-if isolate
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