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PREFACE
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ABSTRACT

A method for determining elastic moduli at soil and pavement sites was
proposed and tested. Surface receivers were utilized to evaluate the
Rayleigh wave motion created by a vertical, impulsive source that could
excite a wide range of frequencies with a single impact. Analysis was
facilitated by using a portable spectral analyzer to study the magnitude and
phase of the frequency content of the recorded wave pulse.

Results from field testing at two flexible pavement sites and two soil
sites indicate that the spectral analysis of surface waves provides an
accurate estimation of the velocity (and hence modulus) profile at a site.
Moduli calculated from wave propagation velocities were generally comparable

to moduli calculated by deflection measurements from Dynaflect testing.

KEYWORDS: Pavement evaluation, elastic modulus, nondestructive testing,

seismic waves.
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SUMMARY

A method for determining elastic moduli at soil and pavement sites was
proposed and tested. Criteria considered in developing this method included
the restraint of nondestructive testing, accuracy of moduli for all 1layers
regardless of thicknesses, and quickness and efficiency for rapid, extensive
testing. To meet these criteria, surface receivers were utilized to evaluate
the Rayleigh wave motion created by a vertical, impulsive source that could
excite a wide range of frequencies with a single {mpact. Analysis was
facilitated by using a portable spectral analyzer to study the magnitude and
phase of the frequency content of the recorded wave pulse.

Phase information from the cross spectrum function was used to calculate
Rayleigh wave velocities from which shear wave velocities were calculated.
Elastic moduli (shear moduli and Young's moduli) were then calculated from
the shear wave velocities. Results from field testing at two pavement sites
and two soil sites indicate that the spectral analysis of surface waves
provides an accurate estimation of the velocity (and hence modulus) profile
at a site. Moduli calculated from wave propagation velocities were generally
comparable to moduli calculated by deflection measurements from Dynaflect

testing.
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IMPLEMENTATION STATEMENT

The procedure described in this report should not be implemented at the

present time. The equipment and procedures are not sufficiently refined, and

the data are not adequate to establish standard tests.
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CHAPTER 1. INTRODUCTION

Wave propagation velocities are used to determine material properties
which characterize the response of systems undergoing low-strain, dynamic
loading. Examples of such systems are foundations which support vibrating
machinery and pavements which support repetitive traffic loads. 1In the
dynamic design of foundations, material properties are generally
characterized by the shear wmodulus. For the design of pavement systems,
material properties are characterized by the elastic (Young's) modulus. Both
moduli can be easily calculated if the shear wave velocities of the materials
of concern are known.

In this study, a method was investigated to determine shear wave
velocities from the frequency spectrum of surface waves. Both the source of
surface wave energy and the receivers to detect wave motion are 1located on
the surface. This approach eliminates the need for drilling and coring. As
a result, the time and costs of a site investigation are greatly reduced.
The method 1s quick and nondestructive, thereby making it feasible for the
evaluation of existing pavement systems. In addition, the analysis of the
frequency spectrum of the surface wave(s) provides data for individual layers
in a multilayered systenm.

Bagic theory of wave propagation pertinent to this method 1is briefly
reviewed in Chapter 2. Conventional techniques for site investigation and

pavement evaluation are also discussed. The spectral analysis method 1is



presented and discussed in relation to the theory and in comparison with

other methods. Chapter 3 introduces the reader to the theory and mathematics
of the Fourier transform, which provides the framework for spectral analysis.
Various functions derived from frequency spectrums are defined and their
general uses are described.

Field investigations were conducted at two sites where the profile
included a flexible pavemeant surface, a base course, and subgrade soil
(referred to as pavement sites) and at two sites where the profile included
only soil (referred to as soill sites). The soil sites were investigated to
determine the influence of the relatively stiff layers at the surface of a
pavement system on the propagation of surface waves through the underlying
soil. The soil sites which were selected had previously been investigated by
crosshole seismic testing and thereby provided additional test sites to
verify the applicability and accuracy of the spectral analysis method.

Results from the 80il sites, Walnut Creek and the Crossing, are
presented in Chapters 4 and 5, respectively. Test-related variables which
wvere studied include type of source, number of averages in the wmeasurement,
frequency range of the measurement bandwidth, location of the receivers from
the source, and the appropriate depth factor to correlate the measured
velocity profile with known field conditions.

Results from the pavement sites, IH 35 in Austin, Texas, and FM 971 near
Granger, Texas, are presented in Chapters 6 and 7, respectively. At the
Austin site, comparison measurements were made between the Falling Weight
Deflectometer and a small, hand-held drop hammer. Other' test-related
variables included: orientation of the receivers (for horizontal or vertical
ge of

motion), location of the receivers from the source, and frequency ran

the measurement.




At all four sites, data from crosshole seismic testing either availlable
or were gathered for comparison purposes. Comparisons between the velocity
profiles obtained from crosshole testing and those obtained from spectral
analysis of surface waves indicate that, in general, the spectral analysis
method provides an accurate estimation of the velocity (and, hence, modulus)
profile of a site. However, further 1investigation of some of the
test-related variables is necessary to refine the method and to reinforce the
conclusions of this study. Conclusions and recommendations for future
research are summarized in Chapter 8.

For the benefit of the reader, a detailed discussion of the experimental
procedure and useful data reduction is presented in Appendix A. The computer

programs used for data reduction and analysis are listed in Appendix B.
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CHAPTER 2. MEASUREMENT OF ELASTIC PROPERTIES BY
WAVE PROPAGATION

REVIEW OF WAVE PROPAGATION THEORY

Since the stress—-straln properties of a material govern wave propagation
velocities in that material, dynamic (also called seismic) testing can be
used to determine wave propagation velocities from which moduli of the
material can be calculated. These moduli characterize behavior in the
"elastic” range, where the material is wundergoing very small strains.
Relationships between moduli and wave propagation velocities are presented in
the following sections. A more complete and rigorous discussion on wave
propagation in elastic media can be found in the textbooks by Richart, Hall,

and Woods (1970) and Ewing, Jardetzky, and Press (1957).

WAVE PROPAGATION IN AN ELASTIC HALF-SPACE

Wave motion created by a disturbance within an infinite, 1isotopic,
elastic medium, usually called a "whole space,” can be described by two kinds
of waves: compression waves and shear waves. These waves are called body
vaves because they propagate within the body of the medium. When the elastic
medium forms a half-space with an upper surface of infinite extent, a third

type of wave motion occurs. This third type of wave occurs in a zone near



the surface of the half-space. The surface wave is named after 1its first
investigator, Lord Rayleigh (1885). Each of these three waves displays a
different type of motion and travels at a different velocity.

The compression wave exhibits a “push-pull” motion and, hence, 1is
referred to as a dilatational wave. This dilatational motion occurs 1in the
game direction as the direction of wave propagation. The compression wave
travels with a faster velocity than either the shear wave or the Rayleigh
wave. Since the compression wave appears first in a travel time record of
wave motions, it is commonly called the primary wave, or P-wave. The

velocity of the P-wave, V_, is given by

P’

A+ 26 M
v = = -— 2.1
P \/ 0 \/9 ( )

where

A (Lame's constant) " qw v)v%l =) (2.2)
G {shear modulus) - ir?igafsy (2.3)
M (constrained modulus) = T v% Elv— 5y B (2.4)
p (mass density) - —%—‘, and (2.5)

E, V, and Y , are the Young's wmodulus, Poisson's ratio, and total unit
weight, respectively, of the elastic material. The constant g , the
standard acceleration of gravity, has a value of 32.17 ft/sec

(9.81 w/sec 2).




The shear wave, also called a distortional wave, exhibits shearing
motion which 1is perpendicular to the direction of wave propagation. The
shear wave travels significantly slower than the P-wave and, as a result,
appears later 1in a travel time record. It is commonly called the secondary

wave, or S—wave, because it arrives after the P-wave. The velocity of the

S-wave, VS , 1s given by
G
= . 2.6
Vs > (2.6)

Unlike P-waves, whose velocities can vary with the degree of saturation of a
porous medium, S-waves have essentially the same velocities in a saturated
medium as in an unsaturated medium because the fluid cannot transmit shearing
motion.

The Rayleigh wave, or R-wave, does not propagate into the body of the
elastic medium but travels along the surface of the half-space. The wave
motion causes both horizontal and vertical particle displacements, which
describe a retrograde ellipse at the surface. The amplitude of the wave
decays quickly with depth such that at a depth of one wavelength, the
amplitude of particle motion is only about 30 percent of the original
amplitude at the surface. The velocity of the R-wave, VR , is nearly equal
to the S-wave velocity, particularly for values of Poisson's ratio above
0.40. In addition, R-wave velocity 1is independent of frequency in a
homogeneous half-space. Since an ideal elastic half-space has a unique
R-wave velocity, each frequency has a corresponding wavelength according to

the relationship

= . 2.7
vR f Ly 2.7)



where f 1s the input frequency of excitation that generates a Rayleigh wave

of wavelength L The frequency-independent nature of the R-wave 1is the

R
basis for certain types of dynamic testing.

The propagation of wave energy away from a vertically vibrating,
circular footing resting on the surface of an elastic half-space is shown in
Fig 2.la. This figure illustrates the three types of waves just discussed.
Miller and Pursey (Ref 18) found that, for the vertically oscillating,
circular, energy source shown in Fig 2.la, 67 percent of the input energy
propagates away 1in the form of Rayleigh wave energy while 26 percent is
carried by the shear wave and 7 percent is carried by the compression wave.
Body waves, P- and S—-waves, propagate radially outward along a hemi spherical
wave front, while the Rayleigh wave propagates radially outward along a
cylindrical wave front at the surface.

The propagation velocities of all of these waves relative to the shear
vave velocity are shown as a function of Poisson's ratio in Fig 2.1b. For
the range of Poisson's ratio of most soils and pavement wmaterials
(0.25 £V £ 0.45), Vg 1s generally approximated as 0.95 Vg . The exact
relationships between Vp , Vg, and Vg over the entire range of Poisson's
ratios are listed in Table 2.1.

It should be noted that the velocities V,, Vg, and Vg are the
propagation velocities of the respective wave fronts, and not the particle
velocities of the medium itself due to the wave energy. Figure 2.2

illustrates the particle motion caused by the various waves propagating in sn

elastic half-space.

As wave fronts propagate away from a source, they encounter & greater

volume of the half-space, which causes the wave energy to dissipate with

distance from the source. This phenomenon is referred to as geometrical




Crculor Footing

(a) Distribution of waves from a vertically vibrating

footing on a homogeneous, isotropic, elastic half-
space (Ref 23).

Poisson’s Rotio, »

{b) Relationship between Poisson's ratio and wave velocities
in an elastic half-~-space (Ref 23).

Fig 2.1. Propagation of waves in an elastic half-space.
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TABLE 2.1. RELATIONSERIPS BETWEEN WAVE VELOCITIES
AS A FUNCTION OF POISSON'S RATIO
Poisson's
Ratio Vs/Vp Vr/Vs Vr/Vp
.00 7071 .8740 .6180
.01 .7035 .8760 6163
.02 .6999 .8780 6145
.03 6961 .8798 6124
.04 .6922 .8818 L6104
.05 .6882 ,8837 .6082
.06 .6842 .8856 .6059
.07 .6800 .8875 .6035
.08 6757 .8894 .6010
.09 L6712 .8912 .5982
.10 .6667 .8931 .5954
.1 ,6620 .8949 .5924
.12 6571 8968 .5893
.13 .6521 .8986 .5860
.14 6470 .9004 .5826
.15 6617 .9022 .5789
.16 .6362 .9040 .5751
17 .6305 .9058 .5711
.18 6247 .9075 .5669
.19 .6186 .9093 .5625
.20 6124 .9110 .5579
.21 .6059 .9127 .5530
.22 .5991 .9144 .5478
.23 .5922 .9161 .5425
.2 L5849 .9178 .5368
.25 .5774 .919% .5309
.26 .5695 .9210 5245
.27 .5613 .9227 .5179
.28 .5528 .9243 .5110
.29 .5439 .9259 .5036
.30 .5345 .9274 4957
.31 .5267 .9290 4874
.32 .5145 .9305 4787
.33 .5037 .9320 L4694
.34 L4924 .9335 .4597
.35 4804 .9350 4492
.36 4677 .9365 .4380
.37 L4543 .9379 4261
.38 .4399 .9394 L4132
.39 4247 .9408 .399
.40 ,4082 .9423 .3846
.41 .3906 .9436 .3686
.42 L3714 9449 .3510
43 .3504 9463 .3316
b4 232713 9476 .3101
45 .3015 .9489 .2861
.46 L2722 .9503 .2587
47 .2379 L9515 . 2264
.48 L1961 .9528 .1868
.49 .1400 .9541 -1336
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Fig 2.2. Forms of wave motion in an elastic half-space
(Ref 4).
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damping or geometrical attenuation. The relationships governing geometrical
damping of wave energy as a function of distance from the source (r) are
shown in Fig 2.la. At the surface, the amplitudes of P- and S~waves decrease
as 11r2, whereas the R-wave amplitude decreases only as 1/Vr . As a
result, In a relatively short distance from the source, most of the energy
(at the surface) is R-wave energy.

Besides geometrical damping, material damping causes energy dissipation
since 801l and rock are not perfectly elastic. Material damping can be
expressed in terms of a coefficlent of attenuation, which is related to

R-wave attenuation as follows

Ay 1 8
Iq = -{; exp Ea (r, - rl):] (2.8)

where

Ay = amplitude of the vertical component of the R-wave at a distance
I from the source,

A2 = amplitude of the vertical component of the R-wave at a distance
r, from the source, and

0 = coefficient of attenuation, with dimensions of 1/distance and the

same units as rl and r2 .

Material damping can also be expressed in terms of the logarithmic decrement

4 which 1s related to o as follows

.

VR (2.9)
§ = a- 7 = el .
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Damping is most often expressed in terms of a damping ratio D , which 1is

related to & as follows

D = 6 (2.10)

A/4n2 + 62

Material damping (D or § ) in earth materials is usually assumed to be
independent of frequency. Therefore, the coefficient of attenuation O must
be a function of frequency. McDonal, et al (Ref 17)) and Kudo and Shima
(Ref 14) showed o to be a 1linear function of frequency. Szendrei and
Freeme (Ref 26) detected different values of O corresponding to 1individual

layers in a pavement systen.

Wave Propagation in a Layered System

The previous section dealt with body and surface waves 1in an elastic
half-gpace. However, in the case of a pavement section, these waves
propagate through a layered system, which complicates the problem. When body
waves reach an interface between two layers, some of the body wave energy is
reflected back into the first layer and some 18 transmitted by refraction
into the second layer. The combination of reflected and refracted body waves
from a layered system greatly increases the complexity in analyzing wave
arrivals.

In a horizontally layered system, an initial complication occurs because
the incident shear wave may actually be composed of two components, SV-waves
and SH-waves. The SV-wave propagates in a plane perpendicular to the plane

of the interface, while the SH-wave propagates in a plane parallel to the
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interface. An incident SV-wave creates reflected P- and SV-waves and
refracted P~ and SV-waves. In addition to the shear waves, each incident
P-wave results in a reflected P-wave, a refracted P-wave, a reflected
8V-wave, and a refracted SV-wave. 1In just a horizontal, two-layered system,
three incident body waves have generated ten new waves.

The redistribution of body wave energy is influenced by three variables

(1) the angle of incidence of the incident wave,
(2) the ratio of wave velocities in the two media, and

(3) the ratio of densities in the two media.

Therefore, the redistribution of wave energy becomes quite complicated in a
simple two-layered system. Wave detection becomes even wore difficult in
multi-layered systems.

Special cases of reflected and refracted body waves may also occur.

When a reflected SH~wave in the upper layer reaches the surface, it will be

totally reflected. Multiple total reflections of SH-waves from the layer
interface can generate another type of surface wave, a Love wave. Love waves
are horizontally polarized shear waves confined to a surface layer. Such a
wave cannot occur if the upper layer has a higher velocity than the lower
layer. Love waves travel at a velocity which 1s between the shear wave
velocities of the two layers and is dependent on the wavelength.

In addition, surface waves can be complicated in a layered systea.
First, depending on the frequency of excitation and material properties at a

given site, higher order modes of Rayleigh wave vibration may occur. Second,

waves can exist at the boundaries between layers; they are Stoneley (Ref 25)
waves. These waves are analogous to Rayleigh waves in that they occur at the

interface of two materisls and travel at a velocity approximately equal to
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the S-wave velocity. However, Stoneley wave energy is dissipated without any

appreciable surface displacement.

FIELD TECHNIQUES FOR DETERMINING ELASTIC PROPERTIES

There are many in situ tests used to determine various moduli of

materials. Depending on the application, these tests may involve static or

dynamic loading. Some of the most widely used techniques in soil site
investigations and pavement evaluations are discussed in the following

sections.

Investi&ation of Soil Profiles

Various techniques are used for in situ measurement of wave velocities.
The type of wave that 1s generated and recorded depends on the source of
vibration as well as the location of the receivers. Site conditions may also
govern which technique is most effective.

Steady~state techniques generally use a vertically oscillating mass
placed on the surface to excite the system with primarily Rayleigh waves.
Vertical motion transducers are then moved along the surface wuntil the
distance between successive troughs or peaks of the wave is established.
This distance is the wavelength of the Rayleigh wave, LR.’ and, knowing the
frequency of vibration of the source, the velocity is readily determined from
Eq 2.7. This technique is illustrated in Fig 2.3.

For each excitation frequency, the transducers must be moved to
determine the corresponding wavelength. Depending on the range of

frequencies to be excited, this approach can be quite time consuming.
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Fig 2.3. Steady-state, Rayleigh-wave testing in layered systems.
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Since most of the Rayleigh wave energy travels through a zone within
about one wavelength of the surface, the velocity of the Rayleigh wave is
influenced primarily by material properties to a depth of one wavelength.
When the steady-state technique shown in Fig 2.3 is used at a given site, low
frequencies generate long wavelengths corresponding to deep "sampling” of the
site. Conversely, high frequencies generate short wavelengths corresponding
to shallow sampling. In an ideal, homogeneous, elastic half—épace, the
material properties do not change with depth. Therefore, the Rayleigh wave
velocity is independent of frequency (or wavelength). However, if the
properties vary with depth, the Rayleigh wave will become dispersed, i.e.,
different frequencies will travel at different velocities. As such,
different wavelengths will be sampling different elastic properties.

It is apparent that a given wavelength will sample the average
properties within about one wavelength of the surface. (In addition, lateral
variation in soil properties will be averaged over the distance of the
particular measurement.) It is not clear, however, at what depth the measured
velocity (or modulus) should be assigned. As a first approximation, this
depth could be taken as one-half the wavelength (LR /2), assuming that the
average properties are equally weighted over the full wavelength. Fry
(Ref 7), Ballard (Ref 1), and Ballard and Casagrande (Ref 2) reported field
tests that showed good correlation between measured wave velocities plotted
at a depth of LIK/Z and the soil profile at the test site.

However, the displacement amplitude (and, hence, wave energy) 1is not

equally distributed over the full wavelength, as indicated by the curves

shown in Fig 2.4. For the vertical component of wave motion, the wave energy
is more concentrated toward the surface. As can be seen in Fig 2.4, the

amplitude function W(z) varies slightly with the Poisson's ratio of the
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material. For the range of Poisson's ratios of most earth materials, the
"centroid"” of wave energy distribution is located at a depth approximately
equal to LR /3, suggesting that measured wave velocities may more nearly
correspond to properties at a depth of one-third of the wavelength rather
than one-half of the wavelength.

Using the I.R/3 criterion, the data presented by Fry (Ref 7) for the
Eglin Field test site were reexamined. Figure 2.5 shows a comparison of the
measured Rayleigh-wave velocity profile (using both I.R/2 and L}{/3 as
criteria for depth) with the theoretical variation of Rayleigh-wave velocity
with depth. The theoretical curve for the Eglin Field site was determined by
Richart, Hall, and Woods (Ref 23). They calculated shear wave velocities as
a function of depth based on an empirical relationship incorporating void
ratio (e = 0.70) and effective confining pressure ( 5; ) as a function of
depth. Shear wave velocities were converted to Rayleigh wave velocities
using the relationship of VR = 0.933 VS for v = 1/3, Figure 2.5
indicates that the measured velocities, when plotted at a depth of LI{/3’
correlate better with the theoretical curve than when plotted at a depth of
Lg/2.

Other surface measurement techniques wutilize an impulsive source.
Several types of surface techniques are shown in Fig 2.6. Usually,
velocities of P-waves are determined in these surveys. Travel times and
travel distances to the receiver may be determined for the direct arrival or
for an initial reflection in the upper layer. However, refracted waves are
normally encountered and care must be taken not to identify refracted waves
as direct waves. To overcome this problem, refraction surveys are performed
which take advantage of the faster-travelling refracted waves to develop the

profile and corresponding velocities for a layered system. Such an analysis
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is greatly complicated for a site with many layers or dipping strata.
Refraction surveys are also hindered when a higher-velocity layer overlays a
lower-velocity 1layer, as in the case of a pavement surface overlaying a base
course or subgrade.

An alternative to surface measurement techniques 1s crosshole seismic
testing. This method 1is discussed in detail by Stokoe and Hoar (Ref 24).
The source and receivers are placed in drilled holes so that direct arrivals
of waves can be determined. Both P- and S-wave velocities are measured in
this type of test. Layering and velocities are accurately determined.
Proper spacing of the boreholes eliminates or minimizes problems caused by
refracted waves. A major drawback of the crosshole test 1is the high cost

associated with the drilling of several boreholes.

Downhole seismic testing utilizes an impulsive source at the surface and
requires only one borehole for placement of receivers. This method has been
investigated extensively by Patel (Ref 20). In general, only S-wave
velocities are determined from downhole testing. The necessity for boreholes
prevents use of both the downhole test and the crosshole test in normal

pavement evaluations.

Evaluation of Pavements

Lytton, Moore, and Mahoney (Ref 16), in a state-of-the-art report,
discuss four general methods used to evaluate elastic moduli of pavement
systems: static deflections, steady-state dynamic deflections, impact load
response, and wave propagation methods. Each of these methods is briefly

summarized in the following paragraphs.
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Static deflection met hods include the plate bearing test, curvature
meter, Benkelman beam, travelling deflectometer, and LaCroix deflectograph.
Each of these methods measures pavement deflection under static loading.
Elastic layer theory is then used with the measurements to calculate moduli
indirectly on the basis of the measured deflections. In general, static
methods require some reference to establish a datum for the deflection
measurements.

Steady-state dynamic deflection methods measure deflections caused by
steady-state vibrations. Current equipment includes the Road Rater, the
Dynaflect device, and the WES Vibrator, among others. Moduli are then
calculated on the basis of the measured deflection basin using elastic layer
theory. The major drawback of the steady-state method is that the stiffness
of the entire pavement system is measured. Separation of the properties of
the 1individual 1layers 1s extremely difficult unless measurements are
performed at many different frequencies. This 1integrating effect also
prevents determination of the modulus of the relatively thin surface layer.

Impact load response methods involve monitoring the displacement-time
response, x(t), at the pavement surface due to a transient impulse force,
f(t). If the pavement 18 approximated as a single-degree-of-freedom
mechanical system with a mass, spring, and dashpot, the pavement stiffness is
an overall stiffness of the pavement system. Impact testing, however, does
offer the advantage of exciting a wide range of frequencies with just one
impulse. This type of excitation provides a quick and thorough technique for
extensive field testing.

Wave propagation methods measure the velocities of elastic waves
travelling through the pavement system, rather than the deflections caused by

the vibration source. Elastic waves can be generated by steady-state
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vibrations or transient impulses, and they can propagate through individual
layers or the entire pavement system. Wave propagation methods, although not
widely wused, offer the mogt direct approach to determining elastic moduli of
pavement systems.

Among wave propagation methods, the steady-state technique 1is most
widely used in nondestructive pavement testing. 1In multilayered systems, the
Rayleigh wave propagates at a velocity which reflects the material properties
of the 1layer(s) that the wavelength samples. Short wavelengths within the
surface layer will measure properties in that layer only. Long wavelengths
(relative to the depth of the surface and base courses) will travel
predominantly through the subgrade. Intermediate wavelengths will sample the
bage course or average the properties of all three materials: surface, base,
and subgrade. Each wavelength will then have a corresponding phase velocity,
depending on how much of each layer the wave samples.

The mathematical analysis required to  interpret the phase
velocity~wavelength relationship for several typical pavement sections was
studied by Jones (Ref 13). Jones assumed homogeneous, elastic layers while
treating the subgrade as a semi-infinite medium and showed that at infinitely
long wavelengths, the phase velocity approached the R-wave velocity of the
semi-infinite medium. Similarly, at very short wavelengths, the phase
velocity approached the R-wave velocity of the surface layer. Theoretical
solutions for an intermediate layer required more assumptions.

Although earth materials are neither perfectly homogeneous or elastic,
field ifnvestigations indicate that such assumptions are reasonable. Heukelom
and Foster (Ref 8) reported a profile of velocity versus depth that showed
good correlation with the pavement profile when the effective sampling depth

was taken as one-half of the Rayleigh wavelength. Szendrei and Freeme
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(Ref 26) found a similar correlation by using an effective sampling depth of
approximately one-third of the Rayleigh wavelength. Heukelom (Ref 8)
suggested that the sampling depth may vary from one-half to one-third the
Rayleigh wavelength, depending on the particular properties at a given site.

It should be emphasized that the use of any such depth criterion is primarily

empirical.

APPLICATION OF SPECTRAL ANALYSIS

Based on the preceeding review of results published in the 1literature,
it appears that the steady-state vibration technique is a valid means of
determining wave velocities and moduli of both s80il profiles and pavement
systems. Because 1individual 1layers can be identified by contrasting
velocities, determination of moduli directly from wave propagation velocities
is more desirable than indirect calculation based on déflection measurements
and elastic 1layer theory. However, there are two drawbacks to the
conventional steady-state technique.

First, determination of wavelength requires measurement of the phase
difference between signals at two wmotion transducers. The conventional
approach was to move one transducer relative to the other uatil the signals
were “"in phase,” 1i.e., the distance between transducers was an integral
multiple of the wavelength generated by the particular frequency. This
trial-and-error approach resulted in excessive time to complete the test.
With the advent of more sophisticated equipment, the phase difference between
sinusoidal waveforms could be identified regardless of the spacing between

transducers. Using such a phase computer in conjunction with steady-state
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sources, Rao and Harnage (Ref 21) reported moderate success for vibration
tests on a rigid pavement test section and indicated that investigations
should be extended to actual field sites.

Secondly, the conventional steady-state technique uses a vertically
oscillating mass that excites only one frequency at a time. However, a wide
range of frequencies is required to generate the appropriate wavelengths
needed to sample a site. Again, this approach resulted in excessive time to
complete the test.

If the steady-state technique is modified to use an impulsive source to
propagate a transient wave pulse through the materials to be tested, a wide
range of frequencies can be excited at one time. This approach requires that
the time domain waveform be transformed into 1its frequency spectrum.
Spectral analysis instrumentation 1is required to record, transform, and
analyze signals for their frequency and phase relationships. (An
introduction to the theory and mathematics involved in spectral analysis 1is
presented 1in Chapter 3.) The goal of this study was to implement such
instrumentation to develop a transient technique to determine a profile of
wave velocity {(modulus) versus depth. The main advantage of the transient
technique is that it is significantly quicker and more -efficient than the
conventional steady-state technique.

In this study, various parameters were investigated to determine their
influence on the measurement of an accurate velocity profile. These
parameters included the number of averages (transient events) needed to
obtain a representative measurement, the appropriate frequency bandwidth(s)
to be analyzed, the type of source required to generate Rayleigh wave energy,

the appropriate location of the geophone nearer to the source, and the
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appropriate spacing between geophones. In addition, the empirical depth
criteria (LR /2 and Lg /3) were reexamined.

Data from surface measurements were also compared with data from
crosshole tests. No published data could be found in the literature where
results from the two techniques are compared. Previous comparisons were
based on other types of modulus tests, theoretical velocity profiles
calculated from laboratory soil properties and empirical relationships, or
solely on correlation between known layer boundaries and velocity contrasts
in different materials. The direct comparison of velocities obtained from
both surface measurements and crosshole tests indicates that the spectral
analysis of surface waves is a valuable method for determining shear wave

velocities and elastic moduli.






CHAPTER 3. DIGITAL SIGNAL AND SPECTRAL ANALYSES

TIME DOMAIN MEASUREMENTS

Conventional travel time methods wusually employ a single-channel,

dual-channel, or multi-channel recorder to determine direct arrival or

interval travel times. Often it is difficult to detect sharp arrivals of the

various elastic waves in the waveform. Digital analysis of time domain
measurements introduces two additional techniques to analyze poorly defined

signals: averaging and correlation.

Averaging

Averaging clarifies the signal by reinforcing the desired waveform and
by reducing background noise that obscures the signal. A trigger is required
to synchronize the averaging of measurements. If the system input s
perfectly repeatable and the system in linear, then ideally the response for
each measurement will be identical. In the case of waves propagating through
elastic media, an input source that can be adequately reproduced does
reasonably duplicate the output waveform. Sufficient averaging causes any

slight variances to be "cleaned out™ so the remaining signal approaches its

mean value. Since noise is essentially random , it will average to a mean

29
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value of zero. The benefit of averaging in signal recognition is shown in
Fig 3.1.

There are several types of averaging. Stable averaging weighs each
measurement equally, which 1is the conventional definition of "average.”
Exponential decay averaging weighs newer measurements more heavily than older
ones. Exponential decay averaging is useful for systems with behavior that
is changing with time while the measurements are being taken. Since the
behavior of a pavement system does not change with time (within the time
frame that measurements are made), stable averaging is the better technique.
Stable averaging of time domain measurements is referred to as time record

averaging.

Correlation

Two random variables that display a definite pattern or relationship are
said to be correlated. When a linear least-squares fit is performed, the
deviation of the data from the regression line is measured by the normalized
covariance or correlation coefficient, pxy' Data for which pxy equals unity
are perfectly correlated, while data for which pxy equals zero contain no
{linear) correlation.

Generally, correlation is associated wifh sets of discrete pairs of
data, but 1t 1is also applicable to continuus functions of time. A
collection of data 1s an ensemble of time records instead of discrete points.

The correlation function is actually a type of time average that measures the

similarity of two signals.




PR

31

1 L 1 I | |
Time, seconds 1.0

(a) Single time record with signal buried in noise.

2.0
[+]
Lo ]
ﬁ—
[«
>
e
o
[~
o
vt
v
i
-2.0 T I | | — T | T 1
0 Time, seconds 1.0
(b) 10-Hz signal after 100 averages.
Fig 3.1. Extraction of a periodic signal from noise by averaging.
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The autocorrelation function is the special case where the signal is
correlated with {itself. In integral form, the autocorrelation function is

given by

1i

B

R (1) =
XX

[
e

T
J. x(t)*x(t + T)dt (3.1)
0

where x(t) is a time record of length T. The signal 1is uaultiplied by the
same signal shifted by time T, and the product is integrated to yield a value
of Rxx(T) for that particular shift T. This procedure is continued for all
values of T. (For digitized signals, a finite number of products are summed
for a finite number of values of T .) As expected, the autocorrelation
function is maximum at T = 0, when the two signals are "lined up"” perfectly.
Large values of Rxx(T) will also occur at To # 0 if the signal is periodic,
where To is the period of both the signal and the autocorrelation.
Autocorrelation is used to detect periodicity, particularly in a noisy
background, since random noise correlates only at T = O.

Cross-correlation measures similarity between two different signals.

The cross—correlation function in integral from is given by

T
= | =y + Dae (3.2)
0

lim

ny (X) = T

where x(t) and y(t) are time records of length T. Although x(t) and y(t) may

appear very dissimilar at T = 0, they may be quite alike when one is shifted

S
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with respect to the other. Thus, the cross-correlation function 1is very
useful for determining time delays or travel path delays between two signals.
Figure 3.2 1illustrates the concept of cross-correlation by displaying

similarity between signals for various time shifts.

FREQUENCY DOMAIN MEASUREMENTS

In the past ten to fifteen years, the development of microprocessors and
the Fast Fourier Transform (FFT) algorithm has greatly extended the
capability to measure and analyze dynamic systems in the frequency domain.
Instrumentation now exists that rapidly filters and converts an analog signal
to a digitized signal, transforms the signal from its representation in the
time domain into its frequency components, and analyzes the data in various
formats. Consequently, frequency spectral analysis provides a quick and

feasible approach to evaluating the propagation of elastic waves through

layered systems.

Advantages of Spectral Analysis

The primary reason for utilizing spectral analysis is that information
can be extracted from the data that was not apparent from the time domain
representation of the signal. For example, the components of the signal in
Fig 3.3a are indistinguishable in the time record, but each wave and its
relative contribution to the overall waveform are easily observed in the
frequency spectrum shown in Fig 3.3b. The amplitude and phase of each

frequency component in the waveform can be determined. In addition,

relationships between two signals can be easily identified.
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Fig 3.2. 1Illustration of how a cross-correlation function is generated.
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Second, handling of data 1in the {requency domain permits ease of

operations. For example, integration of a signal 1in the time domain
simplifies to just one division of the corresponding spectrum 1in the
frequency domain. The advantage of spectral analysis is similar to that of
using logarithms to solve a problem involving noninteger exponents.

Last, most of the measurements made 1in the frequency domain do not
require a synchronized signal. As such, a trigger condition for averaging
signals is not necessarily required. Unknown trigger delays that can affect

time domain measurements are not a factor in most spectral analyses.

The Fourier Transform

Fourier analysis is central to the theory and mathematics 1involved in
transforming a signal from a time record to its spectrum. The discussion
that follows provides only a framework in which to introduce the types and
usefulness of various spectral measurements. A more rigorous and complete
presentation of the theory can be found 1in Brigham (Ref 5) or Newland
(Ref 19).

The concept of the Fourier transform is an extension of the Fourier
series representation of a periodic function. If x(t) is a periodic function
of time with period T, then that function can be represented by an 1infinite

trigonometric series (Fourier series) of the form

[ ]

oo
o 21at
x(t) = ay + Z a_ cos % + Z bn.sin T (3.3)

n=1 =1
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where the a an's, and bn's are called Fourier coefficients. In the case
where T * ® {(such as a waveform with no apparent periodicity), x(t) is no
longer periodic and cannot be represented by discrete frequency components.
However, the approach of representing waveforms by frequency components 1is
still valid for practically all engineering problems except that the discrete
Fourier series becomes a continuous Fourier integral and the discrete Fourier
coefficients become a continuous function of frequency called the Fourier

transform. The Fourier transform of x{t) is then defined as

X(f) = f x(t) e 32ty (3.4)

i

and the Fourier integral or inverse Fourier transform is

x(£) = fx(f) 12Tt ¢ (3.5)

i)

where X(f) and x(t) are called a transform pair. By convention, the
integrals are defined from - ® to + @, although "negative"” time or "negative”
frequencies do not have physical meaning. Such a convention simplifies some
of the mathematics and allows for convenient interchange of various forms of
the equations.

Various forms of the Fourier coefficients are used to aid the analysis

of frequency measurements. The definition of X(f) indicates that the Fourier

transform exists in complex form. Using Euler's identity,

ej2‘rrfnt = cos(2mfant) + j.sin(2nfnt) (3.6)
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yields

j2wfnt -j2nfnt
cos (2mfnt) € ; = (3.7)

and

eJZﬂfnt _ e—jZﬂfnt
23

sin(2mfnt) (3.8)

Substituting Eqs 3.7 and 3.B into 3.3, and rearranging, gives the form

a - jb a + ib .
X(t) = a_ +Z n i n j2rfnt  °n - n -j2nfnt (3.9)

In this form, the a, (or cosine) terms become the real part and the bn (or
sine) terms become the imaginary part in the representation of the spectrum.

The amplitudes of these coefficients are half the amplitudes in Eq 3.3 due to

[

the introduction of "negative” frequencies.
Using real and imaginary components, Fourier coefficients can be treated
as rotating phasors in the complex plane. Such a representation is

illustrated in Fig 3.4. Each pair of coefficients (a,, b,) is represented by

a phasor with magnitude A, and phase en where

A = Ja2+p? (3.10)
n n n
and
-1 bn
0 = - tan (3.11)
n a_

Magnitude and phase are often convenient ways to examine spectral data.
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Measurements in the Frequency Domain

Several types of measurements can be made directly with most of the
spectral analyzers that are currently available. The basic measurement is

the linear spectrum, generally of both an "input” signal and an "output”

signal. Other functions are defined using these two spectrums or their

complex conjugates.

Linear Spectrum. The linear spectrum, denoted by Sx(f), is simply the

Fourier transform of the signal. From Eq 3.8,

[= -]

s () = | xe) e (3.12)
-
The linear spectrum provides both magnitude and absolute phase information
for all frequencies within the bandwidth for which the measurement was taken.
Since the absolute phase is measured, a trigger is required to synchronize
the signal for averaging. Linear spectrum averaging is wuseful for
determining predominant frequencies of excitation, identifying fundamental
modes and harmonics of a dynamic system, or extracting a "true” signal out of

background noise.

Auto Spectrum. The autospectral density function, Gxx(f), commonly

called the autospectrum, is defined as the linear spectrum, Sx(f), multiplied

by its own complex conjugate, Sx*(f). That is:

G (f) =S (f) - S *(f) (3.13)
xx X X

The magnitude of the autospectrum is the magnitude squared of the linear

spectrun. This magnitude can be thought of as the power (or energy of a
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transient, impulse signal) at each frequency in the measurement bandwidth.
However, multiplication by the complex conjugate eliminates the imaginary
components of the spectrum, so no phase information is provided by the
autospectrum. The advantage of the autospectrum is that it provides
information similar to that of the linear spectrum but does not require a
trigger to synchronize the averaging of signals. The autospectrum is the

Fourier transform of the autocorrelation function in the time domain.

Cross Spectrum. The cross-spectral density function, ny(f), or cross

spectrum, 1is the Fourier transform of the cross—-correlation function between

two different signals x(t) and y(t). The cross spectrum is defined by

Gy (£) = 5,(6) * ,%()

where Sy(f) is the linear spectrum of the output and Sx*(f) is the complex
conjugate of the linear spectrum of the input. The magnitude of ny(f) is a
measure of the mutual power between the two signals, making the cross
spectrum an excellent means of identifying predominant frequencies that are

present in both the input and output signals. The phase of ny(f) is the

relative phase between the signals at each frequency in the measurement

bandwidth. Since the phase 1s a relative phase, the cross spectrum
measurement can be made without a synchronizing trigger. The cross spectrum
is used primarily to determine the phase relationships between two signals
vhich may be caused by time delays, propagation delays, or varying wave paths

between receivers.
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Transfer Function. The transfer function, H(f), or frequency response

function, characterizes the input-output relationship of a dynamic system.
The frequency response function is the ratio of the spectrum of the system's
response (output) to the spectrum of the system's excitation (input):

S (f)
H(f) = L— (3.15)
X

Due to statistical variance of Sy(f) and Sx(f) for certain systems, a better
measure of H(f) can be obtained by using the autospectrum and cross-spectrum
functions. If both numerator and denominator are multiplied by Sx*(f),

S (f) - Sx*(f) gyx(f)

_ _y _
B =@~ 5%® ~ ¢ (O
X X XX

(3.16)

Thus, the transfer function is similar to the cross spectrum. Both
provide the same information; the magnitude of the transfer function is
normalized by the autospectrum of the input G, (f) relative to the magnitude
of the cross spectrum. Consequently, the transfer function of a given system
should be constant regardless of the input (if the system does not wundergo
nonlinear behavior). Generally, the input is a force measurement derived
from the signal of a load cell mounted on the source of excitation.
Depending on the quality which is measured as output, the transfer function
may provide a measurement of impedance, dynamic stiffness, or one of several
other system properties. The transfer function is frequently used to

identify natural frequencies and damping coefficients of a dynamic system.

Coherence Function. The coherence function,|‘y2 ()|, is a measurement

made in conjunction with the transfer function. Coherence is defined as,
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G__(£) - ny*(f)

y2(f) = XX

(3.17)
Gxx(f) ny(f)

The coherence is a real-valued function which 1s the ratio of the response
(output) power caused by the measured input to the total measured response

power. Therefore,|¥2(f)|- 1, all of the output at the particular frequency
of 1interest, 18 due to the measured 1inputs. Reasons why the coherence

function may be less than unity are:

(1) there are multiple input signals in the system which are not being
measured,

(2) background noise is present in the measurement,

(3) the frequency response function is nonlinear for the systenm,

(4) there are closely spaced vresonant peaks which cannot be detected
with the given frequency resolution inherent in the digitization of
the signal, and

(5) waves in the frequency range of poor coherence are not adequately
excited.

The coherence function is often used in the form of the signal-to-noise ratio

(S/N):

2
s(£) _ |1y (6) |

S/N = = (3.18)
NE 1 o)

In addition, the coherence function can be used to weigh the output

autospectrum ny(f) to reflect the output power caused only by the input.

This weighted spectrum is called the coherent output power and is ’given by

ny(f)' Y2 (f)l- The relative contributions of geveral ‘inputa can be
separated using the coherent output power function. In general, the
coherence function indicates the "quality” of the measurement at each

frequency. A low value of coherence does not necessarily indicate that the
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measurement is invalid for a particular frequency but may suggest that more

averaging is required to improve the signal-to-noise ratio.

Additional Considerations for Digital Signal Analysis

Digital signal processes offer the advantages of quick and efficient
data measurement, analysis, and storage. The capability to average a series
of records enhances data measurement since noise and non-synchronized signals
will approach a mean value of zero. Digitization also permits convenient
manipulation of data for calculations and interpretation. However, the
conversion of an analog signal to a digital signal includes some drawbacks.

First, to ensure that the digitized signal accurately represents the
analog signal, the sampling rate of the “"function” which converts the signal
must be at least twice the frequency of the highest frequency present in the
waveform being sampled. If the sampling rate is too low, higher frequencles
will "alias™, or appear as lower frequencies in the spectrum. This potential
problem 1is demonstrated graphically for the time record shown in Fig 3.5.
Generally, the instrumentation is designed so that the selection of the
bandwidth for the measurement automatically adjusts the necessary filtering
and sampling rate.

Secondly, since computers or microprocessors can handle only a finite
amount of data, the signal must be truncated. Truncation is accomplished
with a function called a window. The simplest type of window is a
rectangular box. When the window “examines” an exact integral number of
cycles of all the frequency components, the resulting spectrum 1is accurate.
If a noninteger number of cycles occurs in the window, some of the magnitude

of a given frequency component may appear at adjacent frequencies. This
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phenomenon 1is known as leakage. Invariably, some leakage is going to occur
for some frequencies in most signals. The type of signal (e.g., sinusoidal,
random, or transient) governs the type of window employed to minimize the
effects of leakage.

Lastly, the inherent inverse relationship between period, or length of
the time signal, and frequency creates problems with resolution, particularly
when the digital signal consists of a fixed number of data points. As the
time length of the signal increases, the bandwidth of the measurement in the
frequency domain narrows. Conversely, wider bandwidths require shorter time
records and provide less frequency resolution. Some instruments include
capabilities to overcome this dilemma. Rather than make a wide baseband
measurement from zero to some high frequency, the measurement is centered
about the high frequency with a narrow band. The band selectable analysis,

or "zoom” measurement, allows high frequency resolution in a high frequency

range.




CHAPTER 4. SOIL TESTING AT WALNUT CREEK SITE

SITE DESCRIPTION

The Walnut Creek site is located about 5 miles (8 km) east of the campus
of The University of Texas at Austin, as shown in Fig 4.1. The land at the
site is part of the Walnut Creek Wastewater Treatment Plant, which is
operated by the City of Austin. The site is located about 600 ft (180 m)
from the public road in front of the treatment plant. As a result, traffic
movement or high tension wires do not contribute to the background noise
level. Power to operate electrical equipment is conveniently available from
a nearby storage building.

The topography at the site 1is relatively flat. The soil profile
consists of a deep clay deposit with a thin seam of gravelly material within
a few feet of the surface. The natural water content of the clay ranges from
16 percent at the surface to 30 percent at a depth of 30 ft (9 m).

Subsurface exploration by Patel (Ref 20) is recorded in the boring log showmn

in Fig 4.2.

EXPERIMENTAL PROCEDURE

Two series of tests were performed on two different occasions at the

Walnut Creek site, hereafter they are referred to as WC-1 and WC-2. Test



g s

B

48

2 ——

UNIVERSITY OF

WALNUT

CREEK
N

Fig 4.1. Location of Walnut Creek test site.
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SUBSURFACE EXPLORATION LOG

Borehole: Bl Nov. 28, 1979
3 Atterberg In
Depth g Soil Description Limits Situ
()| & LL(%) | PL(%) | w(%)
— 0
——\\\Dense fine to coarse gravel
with cobbles
16
Dark clay 20
with occasional gravel
— 10 22
50 24 20
17
Hard, tan and light gray clay 20
— 20
26 16 20
23
Tan clay
25
—30
41 20 30
Fig 4.2. Soil profile at Walnut Creek site (Ref 20).
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Series WC-1 was performed on October 23, 1980, while WC-2 was performed on
March 19, 1981. Both series of tests included similar spectral measurements.
The primary differences between the two series of tests were the types of
sources employed, the resonant frequency of the geophones, and the spatial

configuration of the geophones.

Test Series WC-1

The only source used in this first series of tests was a steel drop
hammer. (The steel drop hammer and subsequent sources are described in
detail in Section 4.3.) The drop hammer was used to impact the soil surface
directly and also to strike a steel plate resting on the soil surface. 1In
addition, the height of drop was set at both 6 1in. (15.2 ¢cm) and 24 1in.
(61.0 cm) for the initial set of measurements.

Two vertical geophone velocity transducers were used to capture the time
domain signal of the generated waves. Each geophone had an undamped natural
frequency of about 8 Hz and had a shunt resistance which provided a damping
of approximately 50 percent of critical damping. The frequency response
curves for the two geophones used for WC-1 were nearly identical wup to
1600 Hz and were approximately linear over the range from 10 to 100 Hz, as
shown in Pig 4.3. The transduction constant was in the range of 1 volt per
in./sec (0.4 volt per cm/sec), although an exact calibration factor was not
obtained since only wave propagation velocities (and not absolute particle
velocities) were determined in this study.

The geophones were coupled to the soil surface by means of a 3-in.
(7.6-cm) 1long steel spike attached to the bottom of the geophone case. For

each measurement, the pair of geophones was located so that the distance

‘_b-
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Fig 4.3. Response curves of the two vertical geophones used for test series WC-1.
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between the geophones was the same as the distance from source to the first
geophone. For example, for the first set of measurements, the first geophone
was placed at a distance 4.0 ft (1.2 m) from the source and the second
geophone was placed at a distance 8.0 ft (2.4 m) from the source, so as to
maintain a spacing of 4.0 ft (1.2 m) between the two geophones. Since the
geophones could be conveniently placed at the desired 1location with the
attached spike, distances and spacings were controlled within a tolerance of
+ 0.02 ft (+ 0.6 cm). The geophones were aligned in a linear array extending
from the source location in a direction parallel with the centerline of the
cased boreholes at the site. Wave propagation was measured in the direction
from borehole Bl toward borehole B5. A complete diagram of the test set-up
is shown in Fig 4.4. Table 4.1 contains a summary of the measurements made

during Test Series WC-1.

Test Series WC-2

Three different sources were utilized in this second series of tests: a
sledge hammer striking an embedded concrete cylinder, the drop hammer
striking an embedded steel wedge, and a small hammer striking a rectangular
wooden plate resting on the surface. In each case, it was difficult to
control the exact nature of the hammer blow, although it was possible to
establish a “"reproducible” hit for each source. Because of the size of the
embedded concrete cylinder, the embedded steel wedge and rectangular wooden
plate were located about one ft (0.3 m) closer to the geophones than the
concrete cylinder in order to maintain all sources and geophones in the same

linear array.
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Fig 4.4. Schematic layout of the Walnut Creek site for test series WC-1l.
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TABLE 4.1. SUMMARY OF MFASUREMENTS AT WALNUT CREEK FOR TEST SERIES WC-1

Record No. Distance from Distance Type of Source Height Number Bandwidth Computer
(Track No,) Source to between of of of Data File
Geophones (ft) Geophones Drop Averages Spectrum Identification
Near Far (ft) (in) (Hz)
35(1) 4.0 8.0 4.0 Hammer on Plate 6 S 200 SHWC1
40(1) 4.0 8.0 4.0 "o " 6 25 200 SHWC2, SHWC6
45(1) 4.0 8.0 4.0 "o " 24 25 200 SHWC3
50(1) 4.0 8.0 4.0 "o " 24 25 1600 SHWC4
55(1) 4.0 8.0 4.0 o " 24 5 1600 -
60(1) 8.0 16.0 8.0 "o " 24 5 1600 -
5(2) 8.0 16.0 8.0 won " 24 5 200 -
10(2) 8.0 16.0 8.0 “.o" " 24 25 200 -
15(2) 8.0 16.0 8.0 Hammer on Soil 24 5 200 SHWC?
20(2) 16.0 32.0 16.0 "o " 24 5 200 SHWC5, SHWC10
25(2) 2,0 4.0 2.0 " oo " 24 5 200 SHWCS
30(2) 2.0 4.0 2.0 *vo" " 2 25 200 -
35(2) 2.0 4.0 2.0 won " 24 5 1600 SHWCY
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Vertical geophones used in Test Series WC-2 had an wundamped natural
frequency of 4.5 Hz and a shunt resistance to provide approximately 50
percent of critical damping. The frequency response curves were nearly
identical up to 800 Hz and were approximately linear over the range from 5 to
100 Hz, as shown in Fig 4.5. Again, an exact calibration factor was not
determined since the calibration curves were nearly identical and particle
velocities were not determined.

For Test Series WC-2, the geophones were placed in augered holes to
minimize background noise and to provide better coupling between the
geophones and the soil. The holes were augered to a depth of 6 to 8 in.
(15.2 to 20.3 cm). The geophones were then embedded at the bottom of the
hole by means of steel spikes and the remainder of the hole was backfilled
with the augered soil.

For each measurement, one geophone was always 1located at a fixed
distance of 2.25 ft (0.68 m) from the center of the concrete cylinder. This
geophone served as a "reference” geophone from which the second geophone was
located. The distance from the source (concrete cylinder) to the far
geophone ranged from 4 ft (1.2 m) to 32 ft (9.8 m). Since the holes were
augered by hand, the exact distances varied slightly from geophone to
geophone. The exact spacing between geophones for each set of measurements
is given in Table 4.2. The geophones were aligned in a linear array
extending from the source in a direction parallel with the centerline of the
boreholes. Wave proéagation was measured in the direction from borehole B4
to slightly beyond borehole Bl. A complete diagram of the test set-up is
shown in Fig 4.6. Table 4.2 contains a summary of the measurements made

during Test Series WC-2.
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Fig 4.6. Schematic layout of the Walnut Creek site for test series VC-2.
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TABLE 4.2. SUMMARY OF MEASUREMENTS AT WALNUT CREEK FOR TEST SERIES WC-2

Record No, Approximate Exact Type of Source Number Bandwidth Computer
{Track No.,) Distance from Distance of of Data File
Source to Far between Averages Spectrum Identification
Geophone Geophones (Hz)
(£t) (ft)
11(1) 4 2.08 Sledge Hammer on Conc. Cylinder S 1600 SHWC11
16(1) 3 2.08 Drop Hammer on Steel Wedge 5 1600 SHWC14
21Q1) 4 2,08 Sledge Hammer on Conc., Cylinder 5 400 SHWC12
26(1) 4 2,08 " "o " " 5 100 SHWC13
31(1) 3 2,08 Drop Hammer on Steel Wedge 3 100 SHWC15
36(1) 3 2.08 Ssall Hammer on Wooden Plate 5 100 SHWC21.
41(1) 8 6.04 Sledge Hammer on Conc. Cylinder 5 400 SHWC22
46(1) a 6.04 " on " " S 100 SHWC16
5141) 7 6.04 Drop Hamner on Steel Wedge 5 100 SHWC23
56(1) 12 9.94 Sledge Hammer on Conc, Cylinder 5 100 SHWC17
61(1) 16 14.10 " "o " " 5 100 SHWC18
62(1) 16 14.10 " roow » " 5 25 SHWC24
68(1) 2 721.92 " o " " 5 100 SHWC19
69(1) 24 21.92 " ®oon " " 5 25 SHWC25
5(2) 32 30.00 » woow " " 5 100 SHWC20
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Recording of Spectral Measurements

Measurements were recorded and stored with a Hewlett-Packard 5423A
Structural Dynamics Analyzer. The dual-channel instrument includes a set of
signal filters, an analog-to-digital converter (ADC), a digital oscilloscope,
and a magnetic cassette tape for storage and recall of permanent records.
The analyzer can directly measure all of the time domain and frequency domain
measurements previously discussed in Chapter 3. In addition, the type of
signal, type and number of averages, bandwidth (or time length of the
record), and trigger conditions can all be specified by the operator. The
analyzer can be easily interfaced with an x-y plotter to provide a hard copy
of the data.

Each set of measurements was made with a pair of geophones since the
HP5423A analyzer 1is a dual-channel device. The measurement was triggered
internally by using the input signal from the first geophone in the pair.
The trigger level was adjusted to start the recording of the measurement in
the first half sine wave of the impulse as it passed by the first geophone.
A pre-trigger delay was used to capture the initial portion of the impulse
that would have otherwise been lost prior to triggering. Both channels vere
programmed with the same pre-trigger delay so as not to introduce an internal
time or phase delay when calculating measurements using both signals. A more
detailed and complete explanation of the set-up procedure is contained in
Appendix A.

Frequency measurements (in contrast to time domain measurements) were
wost often performed during both Test Series WC-1 and WC-2. Stable (equal
weight) averaging was used for all measurements. The analyzer was programmed

to perform a frequency response function, commonly called the transfer
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function. This measurement additionally provided the coherence function, the
cross spectrum, and the autospectrums for both signals. Hereafter,
measurements will be identified by the location of the palr of geophones.
For example, measurement V2-V24 identifies the measurement recorded with the

vertical geophone (V) nearer to the source located at 2 ft (0.6 m) and the

vertical geophone farther from the source located at 24 ft (7.3 m).
DESCRIPTION OF SOURCES

All of the sources used during both series of tests were available from
past or ongoing projects at The University of Texas at Austin. Due to time

and budget constraints, no new sources were developed in this particular

phase of the project.

Drop Hammer

The drop hammer consists of a 2.5~in. (6.4~cn) diameter cylindrical
steel mass with a length of 9 in. (23 cm) and a weight of about 12 1b
(5.4 kg). The cylinder has a longitudinal center hole 8o that it can be
released to fall from any height along the 24-in. (6.4 cm) long rod which
guides the hammer to impact on a steel base which is also 2.5 in. (6.4 cm)
in diameter. The amount of energy delivered by the impact is roughly
proportional to the height of drop.

The drop hammer is most easily used by simply resting the base directly
on the soil surface. To provide a larger striking surface, some type of
plate can be placed between the soil and the base of the hammer. In Test

Series WC-1, a 0.75-in. (1.9-cm) thick steel plate with a 6-in. (15.2-cm)
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diameter was used as a striking surface in conjunction with the drop hammer.

This arrangement is shown in Fig 4.7a.

Drop Hammer on Embedded Steel Wedge

An embedded steel wedge was selected as a typi;al source that could be
quickly and directly coupled with the soil. The wedge consisted of a 1/4-in.
(0.6-cm) thick, steel plate with a 2-in. (5.1-cm) square shape. The plate
was welded to a short section of 1-in. (2.5-cm) diameter pipe, which in turn
was welded to a steel head approximately 2.5 in. (6.4 cm) in diameter. The

head can be struck by any hamer. The drop hammer was chosen for the

following reasons:

(1) the base of the hammer is the same size as the head of the wedge,

(2) the drop hammer hit is vertical, and

(3) the magnitude of the impact can be repeated fairly consistently.

The wedge can be embedded with little difficulty by a sledge hammer.
The wedge was driven such that the broad side of the plate was perpendicular

to the direction of wave propagation. This orientation provided a shearing

motion when the wedge was struck. As such, minimal P-wave energy was

generated. The drop hamser and steel wedge are shown in Fig 4.7b.

Sledg: Hammer on Embedded Concrete Cylinder

An emhedded concrete cylinder already existed at the site from testing
performed by Patel (Ref 20). The top of the cylinder is located slightly
below the ground surface. The cylinder is approximately 16 in. (40 cm) 1in

diameter and 13 in. (33 cm) deep. The location of the embedded cylinder at
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(c) Sledge Hammer on Conc. Cylinder.(d) Small Hammer on Wooden Plate.

Fig 4.7. Illustration of sources used at Walnut Creek.
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the site is shown in Fig 4.6. The cylinder was struck near its center by a

sledge hammer to generate wave energy. The source is shown in Fig 4.7c.

Small Hammer on Wooden Plate

This source was tested briefly to examine the effect of the material of
the striking plate on the magnitudes and frequencies of wave energy. The

plate was a 12 in. x 6 in. x 3/4 in. (30 cm x 15 cm x 2 cm) plywood section

that rested directly on the ground surface. The plate was struck with a
small hammer with a nearly vertical hit. The plate and hammer are shown in

Fig 4.74d.

COMPARISON OF SIGNIFICANT PARAMETERS

Various parameters were investigated to determine their significance 1in
the measurement of Rayleigh wave velocities. The parameters that were
examined include

(1) number of averages to obtain a representative measurement,

(2) range of frequencies to be included in the measurement bandwidth,

(3) type or nature of source, and
(4) spatial distribution of geophones from the source point.

Number of Averages

Measurements were made during Test Series WC-1 to determine the effects
of varying the number of averages to obtain a "representative” spectral
measurement. The HP5423A Analyzer was set up to accept or reject a

particular transient event. Events were accepted only when they were judged
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to be representative of the reproducible impact of the source. A specified
number of these events were included in a stable (equal weight) average.

Naturally, as the number of events of "averages™ Increases, the more
representative the overall average or total measurement will be. However,
for a method to be a quick and efficient testing techanique, a small number of
averages 1s desirable. Ideally, one representative event would be adequate.
As a safeguard against capturing an event which for some reason is not
representative, several averages should be taken.

Since it 18 not clear how many averages are necessary or when averaging
has become excessive and unnecessary, sets of measurements from Test Series
WC-1 were compared. Comparisons were made with measurements consisting of
five averages and with measurements consisting of 25 averages. The
measurements were compared directly by examining the similarities of the
phases of the cross spectrum. In addition, comparisons were made indirectly
by examining the coherence function for the relative quality of each
measurement.

Results of these comparisons for measurement(s) V8-V16 are shown in
Fig 4.8. The dashed lines represent the measurement made with five averages;
the solid lines represent the measurement made with 25 averages. The plot in
Fig 4.8a 1indicates that the phase information provided by the 5-average
measurement nearly matches that provided by the 25-average measurement.

There are no significant differences between the coherence functions

assoclated with the two measurements, as shown in Fig 4.8b, suggesting that
the additional averages do not contribute to a better-quality or more-valid

measurement .

Similar results were obtained for other sets of measurements. The

5-average measurements provided essentially the same phase information and
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coherence values as the 25-average measurements regardless of the spatial
distribution of the geophones, the frequency bandwidth of the measurement, or
the amount of energy delivered by the drop hammer (varied by the height of
drop). These results led to the conclusion that five averages provided a
measurement that was as “accurate” as could be expected for any reasonable
number of averages. Subsequently, measurements taken during Test Series WC-2

were compiled with only five averages.

Measurement Bandwidth

The frequency bandwidth of a measurement is a significant parameter for
two Treasons. First, the range of frequencies (or wavelengths) must be
adequate to sample appropriate depths of the 8o0il profile. Second, the
resolution or “accuracy” of the measurement is controlled by the number of
points used to convert the analog signal to a digital signal. The HP5423A
Analyzer uses a fixed number of points (1024) for all wmeasurements,
regardless of bandwidth, which means that as the range of frequencies is
extended, the resolution becomes poorer (Af between points becomes larger).
Inasmuch as wide bandwidths and fine resolution are in opposition with each
other, some trade-offs must be made.

Comparison measurements for Test Series WC-1 included bandwidths of 200
and 1600 Hz, while comparison measurements for Test Series WC-2 included
bandwidths of 25, 100, 400, and 1600 Hz. With few exceptions, no significant
differences were found between values of phase of the cross spectrum
function, regardless of the resolution associated with the bandwidth.
Figure 4.9a shows a comparison phase plot for bandwidths of 200 and 1600 Hz

for measurements V8-V16 from Test Series WC-1, while Fig 4.9b shows a gimilar
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comparison for measurements V2-V4 from Test Series WC~2. The frequency-phase

data from Fig 4.9b are reduced and plotted as a velocity-wavelength chart in
Fig 4.10. The slight variations in phase translate into a difference in
velocities of at most 8 percent. This difference 1is within the range of
experimental scatter associated with velocity measurements.

Although the range of the bandwidth (and inherently the degree of
resolution) 1is generally not a critical parameter in the cross spectrum
measurement, there are a few cases where special consideration 1is required.
First, 1if the measurement bandwidth is too large, the resolution may not be
fine enough to measure sharp changes in frequency response that occur over a
range of frequencies smaller than A f, the degree of resolution. Such an
occurrence is illustrated in Fig 4.9a, where the measurement with bandwidth
(BW) equal to 1600 Hz exhibits much less sensitivity to slight variations in
phase than the measurement with BW equal to 200 Hz which has a much finer
resolution. Since frequency and wavelength are inversely related, increasing
wavelengths correspond to decreasing frequencies. Resolution {s most
critical at these lower frequencies where Af may approach the same order of
magnitude as the frequencies being measured. This problem is illustrated iIn
Fig 4.11. Measurements with 25-Hz and 100-Hz bandwidths are compared. As
the wavelengths increase, the resolution becomes more critical, and the
scatter in velocities (between measurements) increases.

A second consideration involves high frequencies or short wavelengths.
In a material with significant damping, such as soil, high frequencies will
attenuate very rapidly. Meaningful information may not be provided at high
frequencies, depending on several factors, including the type of source and
the spatial distribution of the geophones (to be discussed in gubsequent

sections). Poor coherence at high frequencies (above about 250 Hz in
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Fig 4.12a) indicates that significant attenuation of the short wavelengths
has occurred and 18 generally accompanied by erratic phase information, as
shown in Fig 4.12b.

Selection of an appropriate measurement bandwidth primarily depends on
which frequencies are required to "sample™ desired depths. Naturally, these
frequencies may vary slightly from site to site depending on the soil
properties, particularly the wave velocities. For a given site, it is
relatively easy to develop a frequency-wavelength profile from the reduced
data which will indicate the appropriate frequency bandwidth necessary to
investigate the site. Such a plot for the Walnut Creek site is shown 1in
Fig 4.13. The plot indicates that wavelengths as short as 4 ft (1.2 m) can
be observed by using a measurement bandwidth of 100 Hz. If data closer to
the surface 1s required, a larger measurement bandwidth must be used to
observe the shorter wavelengths.

Typically, a bandwidth of 100 Hz will provide both an adequate range and
an adequate resolution (Af ~ 0.8 Hz with the HP5423A) for a reasonable depth
below the surface. For velocities at dep:hs below about 25 ft (7.6 m), it
may be advantageous to lower the bandwidth (say to 25 Hz) and increase the
resolution. Conversely, i1f velocities within a foot or two of the surface
are desired, 1t will be necessary to increase the bandwidth severalfold.
Because sampling depth, or wavelength, is also related to the spacing between
geophones, the appropriate bandwidth should be selected in conjunction with

this spacing.
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Sources

There are several characteristics which are important in the evaluation

of a feasible source. Among these are the magnitude of the impact, or how

much energy is delivered to the soil; the coupling of the source to the soil,

or how well the source transfers energy into the soil over the range of
frequencies required to sample the site adequately; and, last, the type(s) of
wave energy which are being generated or are at least the predominant energy

type(s). All of the sources used at Walnut Creek involved a hammer blow

which generated a transient impulse in the soil.

Test Series WC-1. Two sets of measurements were conducted to compare

the effect of the magnitude of the impact on the cross spectrum measurement.
With all other parameters held constant, one set of measurements was made
with the drop hammer released at a height of 6 in. (15.2 cm) above the base
(resting on the steel plate), while another set was made with the drop hammer
released at a height of 24 in. (61 cm). The similarities of the coherence
functions of these measurements are shown in Fig 4.l4a and suggest that the
variation in drop height did not affect the range of frequencies excited by
the hammer-plate source. The relative magnitudes of the cross spectrums
(expressed in voltage sequared) are shown in Fig 4.14b. Both spectrums
exhibit similar excitation up to about 120 Hz. The values of phase for the
two measurements agree very closely, except in the range of about 40 to 80 Hz
where the coherence for both measurements is relatively low. This suggests
that the magnitude of the impact is not a critical factor as long as
sufficient energy is input to "sample” the desired depth of a site.
Comparison measurements were also made using the drop hammer resting on

the steel plate and the drop hammer resting directly on the soil at the
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ground surface. The results from measurements V8-V16 are shown in Fig 4.15.
For each plot, the solid line represents the measurement with the hammer on
the plate. Both source arrangements excite a similar range of frequencies
and with roughly the same magnitude for any selected frequency, as indicated
by the autospectrum of the signal at geophone V8, shown 1In Fig 4.15a. The
phase plots of the cross spectrum, shown in Fig 4.15b, are quite comparable
for both sources. However, the coherence for the hammer-on-soil source is
significantly better over the range of 6 to 20 Hz than the coherence for the
hammer-on-plate source over the same range (Fig 4.15c). This suggests that
the coupling between the hammer, plate, and soil 1s such that low frequencies
are not excited sufficiently. A source that does not transfer energy through
a separate plate (source-plate-soll) seems to be more desirable for

generating low frequencies and long wavelengths.

Test Series WC-2. The transient (time) signals recorded at geophone V2

(the "reference"” geophone) for the sources investigated during Test Series
WC-2 are shown in Fig 4.16a. The impulses generated by the sources are quite
similar in both amplitude and duration. Based on the amplitude and length of
the predominant wave pulse, the sledge-hammer-on-concrete-cylinder source
inputs slightly more energy and excites a slightly lower predominant
frequency, as shown in Fig 4.16b.

The relative energy by which any particular frequency is excited 1s
proportional to the magnitude of the linear spectrum. The linear spectruss
shown in Pig 4.16b, which are the Fourier transforms of the time signals in
Fig 4.16a, provide clearer comparisons between the sources. The distribution
of energy for each source indicates that the

sledge-hammer—on-concrete-cylinder source provides considerably more energy
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at frequencies below about 100 Hz, which is the range of frequencies needed
to 1investigate the Walnut Creek site (Fig 4.13). Over this range, the
drop~hammer-on-steel-wedge source generates about 50 to 75 percent of the
energy that the sledge-hammer-on-concrete-cylinder generates, while the
small-hammer-on-wood-plate generates only 25 to 50 percent of the energy that
the sledge-hammer-on-concrete~cylinder generates.

However, if the frequency response based on the transfer function is
examined, a different conclusion is reached about the effectiveness of wave
propagation by each source. Transfer functions based on measurements V2-V4
are shown 1in Fig 4.17. The magnitude of the transfer function 1is a
dimensionless ratio of the energy of the output signal (V4) to the energy of
the input signal (V2). Since the measurement is in effect "normalized” by
dividing the output by the input, the amount of input energy is not critical
for comparison purposes, as was the case for the linear spectrums compared in
Fig 4.16b.

Any apparent differences in attenuation of wave energy (indicated by an
output/input ratio 1less than one) must be a result of the geometric damping
of the various components of wave energy in the 1impulse produced by the
source, because the distance betweeﬁ the two geophones is the same and the
same material properties are being measured. At the surface of an elastic
half-space, body waves (P- and S-waves) follow a geometrical damping law of
1/t2 and R-vaves follow a geometrical damping law of 1/4/JT. Therefore, body
waves attenuate more rapidly than Rayleigh waves. For the transfer functions
shown in Fig 4.17, a lower output/input ratio indicates more geometrical
damping, which can be interpreted as a greater percentage of body wave energy

in the impulse produced by the particular source.
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The sledge-hammer-on-concrete—-cylinder source exhibits the highest

output/input ratio. The output/input ratio of the small-hammer-on-wood-plate
source 1is about 80 to 90 percent of the ratio of the
sledge-hammer-on-concrete-cylinder source, while the output/input ratio from
the drop-hammer-on-steel-wedge is about 50 to 55 percent of the ratio of the
sledge-hammer-on-concrete-cylinder. These results indicate that the
drop-hammer-on-steel—-wedge source contains more body wave components and 1is
less desirable as a Rayleigh wave source. This is not unexpected, since the
wedge was oriented so as to produce a shearing motion.

Based on the comparison of the sources in terms of their 1linear
spectrums (Fig 4.16b) and their energy transfer characteristics (Fig 4.17),
it can be concluded that the magnitude of energy generated by a particular
source 1s not the most critical characteristic of the source. More important
is the coupling, or energy transfer, of the source to the soil. With respect
to this criterion, a 1large flat mass in contact with the soll (preferably
without an intermediate plate) 1s the most desirable type of source.

Further evidence that the type of wave energy generated is an important
factor 1is showa in Figs 4.18 and 4.19. The phase of the cross spectrum for
each source (measurement V2-V4) shown in Fig 4.18a indicates that there is a
fair amount of scatter in phase between the sources, particularly at larger
frequencies. This translates into substantial scatter in the
velocity-wavelength profile, as shown in Fig 4.19. One possible explanation
of these differences in velocity may be varying percentages of body wave
energy in the signal, which affects the overall velocity of the impulse.

The coherence functions, shown 1in Fig 4.18b, indicate that the

sledge-hammer-on-concrete-cylinder source excites low-frequency (about 6 to



82

180 -

——— §1edge Hammer on Conc, Cylinder r::
e = = e rop Hammer on Steel Wedge 4
e e Small Hammer on Wooden Plate

W |
s

Phase, degrees
1

"'8\"‘"“-. 1
- \
Ry M

-

ﬁ\“~
-~ \s\ e J
~\~ .
S
-180 I T T T T T T T T
0 Frequency, Hz 100
(a) Phase of the cross spectrum.
1.1
_M
3 '\
:
o
s 4
=
]
11
]
0.0 I i 1 i ! i 1 i R |
0 Frequency, Hz 100

{(b) Coherence function.

Fig 4.18. Comparison of cross spectrums and coherence functions
for sources used in test series WC-2.




dhear o

¢ ke = o

s e

P

83

VELGCITY, FPS =10

0 2|0 4|0 Sp SP 1|00
o
(L
% ? 2
a
oy o8 4
o 00 Oa
o ﬁ‘ A
002
;- w A
8a
o
— (L]
w a
0 o 4
-(n
s
—
© o
u a
= o
-
>
a
X
o o
@ ®
Sources
o~ O Sledge Hammer on Conc. Cylinder
t~] O Drop Hammer on Steel Wedge
/A Small Hammer on Wooden Plate
o

-
©

Fig 4.19. Comparison of velocity-wavelength profiles for measurement
V2-V4 for sources used in test series WC-2,



84

20 Hz) wave energy markedly better than the other sources. Again, this 1s

probably due to the excellent coupling of the mass with the soil.

Spatial Distribution of Geophones

The appropriate spacing of the geophones depends on the velocities of
the waterials found at the site and the depth to which the investigation will

be conducted. The wavelengths, frequency bandwidth, and attenuation

properties of the site are all interrelated and affect the necessary spacing
of the geophones. Determination of upper and lower bounds for the spacing
(Ax) between geophones as a function of wavelength is discussed in the
following paragraphs.

Consideration is first given to an upper bound for A x. This bound is
related to the attenuation of the wave energy and can be established by
examining the range of frequencies over which the coherence value (Yz)
remains near unity. Such a range indicates which frequencies have sufficient
energy at the output geophone (far geophone) to be accurately measured as a
response similar to that at the input geophone (near geophone). Since wave
attenuation is a function of distance, variations in Ax will give different
ranges of frequencies over which useful information is recorded.

The level of coherence that defines “"useful information” 1is somevhat
arbitrary. For the purposes of developing a relationship between Ax and f, 8
coherence of Y2 2_0.90 has been selected as indicative of useful informationm.
Relationships of frequency range (upper 1limit) to spacing are shown in
Table 4.3 for Test Series WC-1 and in Table 4.4 for Test Series WC-2. Both
sets of data indicate a marked decrease in the range of useful frequencies as

the spacing increases. In other words, closer spacing is required to sample
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TABLE 4.3. USEFUL FREQUENCY RANGE AS A FUNCTION OF
RECEIVER SPACING FOR TEST SKERIES WC-1.

Distance from

Source to Geophone Range of Frequencies
Geophones (ft) Spacing, with Coherence > 0.9
Near Far Ax (ft) (Hz)

2 4 2 800*

4 8 4 326

8 16 8 207

16 32 16 84

*Based on useful information in phase plot of cross spectrum.

TABLE 4.4, USEFUL FREQUENCY RANGE AS A FUNCTION OF
RECEIVER SPACING FOR TEST SERIES WC-2.

Distance from

Source Geophone Range of Frequencies
Geophones (ft) Spacing, with Coherence > 0.9
Near Far Ax (ft) (Hz2)

2 4 2 625

2 8 6 240

2 12 10 91

2 16 14 87

2 24 22 73

2 32 30 58
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higher frequencies. This 1s particularly true for soils, which rapidly

attenuate high-frequency-wave energy.
The data in Tables 4.3 and 4.4 are plotted in Fig 4.20. 1t appears that
the relationship between A x and £ does not depend on the location of the

geophone nearer the source but only on the spacing between the geophones.
The data can be reasonably approximated by a straight line on a logarithmic

plot and can be described by an equation of the form

f = k (Ax) (4.1)

where k is a constant (the intercept at x =1) and m 1is the slope of the

line. The value of k is approximately 1360 and the slope of the line is

m = tan (-44°) = - 0.966 = - 1.0

Since the values of f plotted in Fig 4.20 represent an upper limit, the range

of frequencies over which useful information is provided (as a function of

spacing) {is

§ < 1360 (4.2)

The constant 1360 has units of fps where f is in cps and Ax is in ft.
This constant represents soil conditions at the Walnut Creek site and will

most likely vary depending on the particular site profile. Note that Eq 4.2
can serve as a guide for selecting an appropriate bandwidth for a2 given

spacing.
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If the quantity V/LR replaces f in Eq 4.2, a relationship between

wavelength and spacing is obtained as follows:

L > Vg'ix (4.3)
R =350

where velocity, V is in fps and wavelength, L,, 1s in ft. For a range of

R’ R’
S-wave (or R-wave) velocities of about 450 fps to 700 fps, which is typical
of soils, Eq 4.3 yields a range of Lp greater than or equal to about
one-third Ax to one-half Ax. Conversely, to insure that the wave energy of a
particular wavelength does not decay excessively, the spacing between
geophones should not exceed two to three times the wavelength to be sampled.
This outcome verifies that excessive cycles of a particular wavelength or
frequency will lead to undesirable attenuation as far as signal pickup is
concerned.

The establishment of an upper bound for spacing between geophones should
be guided by the wavelength(s) to be measured. Based on the foregoing
discussion, it is preferable that Ax not exceed two times the wavelength to
be measured. It 1is also reasonable to assume that the spacing between the
source and the first geophone should follow a similar criterion.

Consideration is now given to the lower bound for Ax. This bound 1is
influenced by the sensitivity of the instrumentation to measure phase
differences between signals. If the wave had travelled one wavelength by the
time it reached the first geophone, then, in theory, the second geophone
could be located as close as possible to the first geophone to measure the
relative phase differences. However, the precision of the instrumentation
tion

and the desired accuracy in the phase difference create a physical limita

that governs the proximity of the geophones to each other. The performance
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specifications of the HP5423A Analyzer 1ist the channel-to-channel phase
match as + 5 degrees. Thus, a cross spectrum phase measurement of 50 degrees
may potentially (though most likely will not) be in error by 10 percent. 1f
the spacing Ax 1is at least one-third of the wavelength, then the phase
measurement will always be at least 120 degrees, and the percent error will
be less than about 4 percent. Note that this does not mean that all
measurements are in error by 4 percent, but that certainly no measurement is
in error by more than 4 percent.

For a given spacing, then, the longest wavelength which can be reliably
measured (with certainty of no more than 4 percent error) is three times Ax.
Longer wavelengths will not have travelled a distance sufficient to change
the phase by at least 120 degrees leading to potential errors greater than 4
percent. This establishes the lower bound for spacing between geophones to
be such that Ax is greater than or equal to LR/3. It should be recognized
that this is a very conservative 1lower bound, since it eliminates from
(confident) consideration any phase measurements less than 120 degrees. In
general, observed phase measurements even as low as 20 degrees for short
spacings (Ax =2 - 6 ft) have provided reasonably representative wave
velocities. This is probably a benefit of using several averages to make the
measurement .

In summation, spacing is directly related to the wavelength(s) to be

measured. Based on the preceding discussion, a particular wavelength LR is

most accurately (or confidently) measured within a range of spacings given by

3
Y-R/ < Ax < ZFR (4.4)

For application in field testing, it 1s more convenient to establish a

particular spacing and then to consider the range of wavelengths over which a

[y
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reliable measurement was wmade for that spacing. This relationship is

obtained by rearranging Eq 4.4 to yleld

< 3Ax (4.5)

pol=

Ax < L

For example, if the spacing in the field was selected as 10 ft (3 m), the
range of wavelengths which could be measured with reasonable confidence and
accuracy would be about 5 to 30 ft (1.5 to 9 wm). In general, if Ax is
increased geometrically—by doubling or tripling the spacing between
geophones-~for each successive measurement, then all wavelengths will be
sampled properly during at least one measurement. More than likely, some
overlap of wavelength measurements will occur, to provide continufity in the
dispersion (velocity versus wavelength) curve.

The range given by Eq 4.5 can be employed to filter out those
wvavelengths (or frequencies) which are not appropriate for a designated
spacings. By filtering out long wavelengths from close spacings and short
wavelengths from far spacings, much of the scatter associated with a set of
measurements is eliminated. Then only those wavelengths which fall within
the appropriate range are used to develop the velocity-wavelength profile.

The benefits of such an approach are illustrated in Figs 4.21-4.24. The
velocity-wavelength profile for Test Series WC-2, without filtering the
inappropriate wavelengths according to Eq 4.5, is shown in Fig 4.21. As a
result, there is excessive scatter for very short waves (less than 10 ft) ss
well as for relatively 1long waves (greater than 50 ft). When the
inappropriate wavelengths are filtered, much of the scatter 1is removed, 88
indicated in Fig 4.22. Similar results are shown for Test Series WC-1. The
velocity profile in Fig 4.23 contains unfiltered wavelengths, while the

improved profile using filtered wavelengths is shown in Fig 4.24.
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In addition to spacing A x, the appropriate location of the first
geophone from the source must be considered. Intuitively, the first geophone
should be located at a distance equal to or greater than the particular
wavelength to be measured. This permits ample time for the wave to propagate
due to the influence of the depth to be sampled. 1In actual field testing, it
is difficult to assess how rigorously this criterion should be followed.
Certainly the first geophone should be spaced some distance away so that any
body wave energy will have had sufficient opportunity to dissipate and, thus,
a wave pulse that is more nearly pure Rayleigh wave energy will be captured.
For that reason, the use of a reference geophone near the source is not
desirable.

This distance also allows more time for the various frequencies
(wavelengths) in the pulse to separate, which should enhance the ability of
the spectral analyzer to transform accurately the wave pulse into 1its
frequency spectrum. Based on the data in Tables 4.3 and 4.4, the location of
the first geophone is important. For measurements where the far geophone was
located at the same distance in both test series, a greater range of useful
frequencies was obtained (based on Y2 > 0.90) when the near geophone was
located away from the source as opposed to being at the reference location
V2. For example, measurement V8-V16 provided data up to 207 Hz while
measurement V2-V16 provided data only up to 87 Hz. It appears that the
“extra” distance from the source to the near geophone provides for a better
overall measurement.

Measurements from Test Series WC-1 and WC-2 can be used to test this
hypothesis. Recall that, for Test Series WC-1, both geophones were spaced at
increasing distances from the source, while, for Test Series WC~2, the near

geophone remained at a distance 2 ft (0.6 m) from the source and only the far



96

geophone was moved. Figures 4.22 and 4.23 are replotted in Fig 4.25 to
compare the velocity profiles obtained by the different spacing arrangements.
The profiles begin to diverge at a wavelength of about 60 ft (18 m),
indicating that longer wavelengths are affected more by the difference in
geophone location. Fu:ther conclusions can be drawn by comparing the

profiles with shear wave velocities from crosshole tests.

SHEAR WAVE VELOCITY PROFILE

One of the main purposes of dynamic testing in the field is to determine

in situ shear moduli based on measured shear wave velocities. The variation
of modulus with depth can be conveniently described by the profile of the
shear wave velocity versus depth. Heretofore in this chapter, only Rayleigh
wave velocities have been discussed or plotted. Rayleigh wave velocities can
be converted to shear wave velocities if the Poisson's ratio of the material
is known or if it can be reasonably assumed.

Before developing and presenting a shear wave velocity profile from
Rayleigh wave velocities, it 1s necessary to determine a Poisson's ratto (or
several, if material properties vary significantly) for the site. Data from
crosshole tests (ratios of VS/VP) can be used to calculate an estimate of

Poisson's ratio.

Crosshole Test Results

The crosshole data preseanted herein were collected and presented by
Patel (Ref 20). The crosshole shear wave velocity profile obtained by Patel

is shown in TFig 4.26. This profile includes measurements made between
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boreholes Bl and B5 as depicted in Figs 4.4 and 4.6. A rather large
variation 1in shear wave velocities exists from borehole to borehole,
particularly at depths from about 15 to 20 ft (4.6 to 6.1 m).

Table 4.5 contains a summary of the S~wave and P-wave velocities
(average values) obtained by Patel. Above 30 ft (9 m) the degree of
saturation is less than 99 percent, 8o that these velocities represent
properties of the 8o0il skeleton. The ratio of VS/VP was calculated, ard,
using Table 2.1, Poisson's ratios were estimated. Finally, ratios of VR/VS
listed in Table 4.5 were approximated on the basis of Poisson's ratios. At
the Walnut Creek site, Poisson's ratios ranged from 0.3l to 0.40. The ratio
of the Rayleigh wave velocity to the shear wave velocity only varies from
about 0.93 to 0.94. For purposes of analysis, the value of Vﬁ/V was assumed

s
to be 0.94 over the entire profile.

Velocity Profile from Cross Spectrum Measurements

Previous discussion of sources showed the sledge-hammer~on-concrete
source provided the best combination of magnitude and coupling to generate
predominantly Rayleigh-wave energy over the range of wavelengths needed to
sample the Walnut Creek site. The velocities plotted in Fig 4.25 as
representative of Test Series WC-2 included only cross spectrum measurements
made with the sledge-hammer-on-concrete source. The velocities are assumed
to be Rayleigh wave velocities. Using the ratio of VR/VS equal to 0.94, the

calculated R-wave velocities can be converted to S-wave velocities by

VS - VR/O.94
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TABLE 4.5. SUMMARY OF CROSSHOLE TEST RESULTS
AT WALNUT CREEK (REF 20) ‘
Depth S~Wave P-Wave

Velocity Velocity Poisson's
(£t) Vg(Eps)* |V, (fps)* Vs /Y Ratio** | Vp/Vg
540 1248 0.433 0.38 0.94
565 1225 0.461 0.36 0.9
680 1670 0.407 0.40 0.9
12 735 1775 0.414 0.40 0.9
15 765 1657 0.462 0.36 0.9
18 745 1417 0.526 0.31 0.93
21 730 1415 0.516 0.32 0.93
24 705 1667 0.423 0.39 0.9
27 665 1610 0.413 0.40 0.94

30 640 4883 (Water Table) - -
|

* S-wave velocities and P-wave velocities from Patel (1981).

*% Poisson's ratios and Vk/vs based on VS/VP using Table 2.1.
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To obtain a profile of velocity versus depth, some criterion must be

selected regarding the "effective sampling depth” of a given wavelength. The
velocity versus magnitude plot shown in Fig 4.25 can, thereby, be translated
into a velocity versus depth profile. Three such profiles (from measurements
for Test Series WC-1), employing LR/Z, LR/3, and LR/4 criteria, are plotted
together in Fig 4.27. Naturally, the profile using the greatest fraction of
wavelength (LR/Z) will provide the deepest region of sampling or testing.

It should be emphasized that the use of a depth criterion based on
wavelength is somewhat empirical. 1In general, a unique criterion is probably
not correct for all wavelengths. A more accurate solution based on rigorous
theory and numerical analysis is beyond the scope of this study. However,

for typical sites and material properties, the use of a depth criterion based

on wavelength appears to be satisfactory for engineering applications.

Comparisons Between Cross Spectrum Measurements and Crosshole Results

A comparison between cross spectrum measurements and crosshole
measurements serves two purposes. First, it provides a basis for determining
which wavelength criterion (shown in Fig 4.27) yields the most representative
sampling depth at this particular site. Second, it permits a judgement on
the overall ability of a surface measurement to define the shear wave
velocity profile accurately.

The range of values of shear wave velocities (Ref 20) obtained at 3-ft
(0.9-m) intervals to a depth of 30 ft (9 m) is graphed as a band in Fig 4.27.
Based on this band, the shear wave velocity profile increases linearly from

the surface to about 12 ft (3.7 m), remains relatively constant from about 12
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to 21 ft (3.7 to 6.4 m), and then decreases slightly from about 21 to 30 ft
(6.4 to 9.1 m).

If the near-surface and deepest cross spectrum measurements are ignored,
the remaining cross spectrum measurements exhibit a similar trend to the
crosshole results. The profile increases linearly with depth up to a certain
point and then remains relatively constant. The exact depths where the
profile changes depends, of course, on the fraction of wavelength equated to
the effective sampling depth. It appears that most of the cross spectrum
measurements are reflecting the shear wave velocity profile, although, 1in
most cases, the velocities are lower than velocities obtained from crosshole
tests. On the average, the velocities from cross spectrum measurements are
10 to 20 percent lower than velocities from crosshole tests.

Which wavelength fraction best fits or approaches the crosshole data is
not evident 1in Fig 4.27. At depths from 0 to 10 ft (0 to 3 m), the LR/4
criterion seems to provide the best agreement with the crosshole profile; at
depths from 10 to 20 ft(3 to 6 m), the LR/3 criterion seems to aéree best; at
depths from 20 to 30 ft (6 to 9 m), the LR/Z criterion seems to agree best.
However, there 18 no apparent theoretical basis for varying the depth of
sampling with wavelength or frequency. Overall, the LR/3 criterion seems to
agree best from 0 to 30 ft (0O to 9 m).

Using the LR/3 criterion, profiles from Test Series WC~-1 and WC-2 are
compared with crosshole results in Fig 4.28. The profiles are similar,
although at depths below about 20 ft (0.6 m) the profile from Test Series
WC-2 more nearly approaches the profile obtained from crosshole tests. This
result again suggests that better data are obtained by spacing the near
geophone at a significant distance from the source (as opposed to using the

reference geophone for all measurements).
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In general, velocities from cross spectrum measurements were lower (by
about 10 to 20 percent) than velocities obtained from crosshole tests. For
engineering purposes, this difference 1is wusually not significant. Some
variation may have been due to different moisture conditions, since the two
sets of measurements were performed at different times. Also, since the
cross spectrum measurements use surface recelvers, velocities determined at
the greater depths will include an average of lower velocity material nearer
the surface as well as deeper, higher velocity material. The overall effect
of this averaging will probably yield a velocity which is somewhat lower than
the velocity obtained at a specific depth using crosshole tests. The amount
of variation caused by averaging will probably differ slightly from site to
site, depending on the soil properties. Nevertheless, the surface (cross
spectrum) measurements seem to provide a falrly accurate profile of the shear

wave velocity.

ATTENUATION MEASUREMENTS

During both series of tests, transfer function measurements were
recorded. The magnitude of the transfer function gives a ratio of output
energy per given input energy at each frequency. The ratio provided a
meagsure of the attenuation properties at the site as a function of frequency.
Both geometric damping and material damping were included 1in the transfer
function, thus supplying data to calculate a coefficient of attenuation,c .

Measurements made during Test Series WC-1 contained excessive scatter.
Transfer functions for these measurements are shown in Fig 4.29a. 1In some
instances, the spectrum from the farther geophone yielded amplitudes greater

than those at the closer geophone (indicated by a transfer function magnitude



106

2.0
Measurement
- —+ V2-V4
o smesue V4_ Ve
g — V8- VI6
§ -==-Vi6- V32
pT
| s
=
.
W
@
I
°
-
0.0
0 Frequency, Hz I00
(a) Test Series WC~1
1.0
Measurement
+—aV2 - V4
' veeran vV2-V8
g —_—\2-VIS
E ----V2- V32 P
3 a——'&—-v-t"‘"x \. *-"\
l§ pﬁ"’"“"*“’*—’* L
| .
@
e
2
0.07
0 Frequency, Hz 100

{b) Test Series WC-2

Fig. 4.29. Comparison of Transfer Function Magnitudes
from Different Geophone Spacing Arrangements.




JUSSCAUVCE!

107

greater than unity). In various other cases, the amplitude decay was not
sufficient to account for geometric damping, let alone material damping.
Perhaps the cause of the extreme scatter was the variation of spacing between
the source and the first geophone. As such, different amounts of attenuation
occurred before the wave even reached the first geophone.

During Test Series WC-2, the first geophone was fixed at a location 2 ft
(0.6 m) from the source and only the far geophone was moved to vary the
spacing between geophones. Transfer functions for these measurements are
shown in Fig 4.29b. As a result, there was considerably less scatter in the
data. Meaningful attenuation calculations were possible, although some
scatter did exist. It should be emphasized that the geophone arrangement for
Test Series WC-2 (reference geophone) provided better data for calculation of
attenuation than the geophone arrangement for Test Series WC-1 (equally
spaced geophones), although the latter arrangement was better for determining
the velocity profile.

The output/input ratios, hereafter referred to as amplitude ratios (AR),
from various transfer functions are summarized in Table 4.6. The transfer
functions represent measurements performed with the sledge—hammer-on-concrete
gsource (to standardize the source) and over a measurement bandwidth of 100 Hz
(to keep the resolution constant). Amplitude ratios are listed as a function
of sgpacing (ranging from 2 to 30 ft) and as a function of frequency (6 to
100 Hz).

To compare graphically the attenuation as a fuanction of frequency, it is
necessary to establish some type of datum at which each frequency has the
same initial magnitude. The reference geophone V2 1is the most convenlent
initial point since it served as the input geophone for each measurement.

However, the amount of input energy of the sledge-hammer-on-concrete source



TABLE 4.6. SUMMARY OF ATTENVATION FROM WALNUT CREEK AS A FUNCTION OF FREQUENCY AND GEOPHONE SPACING

L SPEC| V4, ax = 2,08 ft | VB, ax = 6.04 ft | Vi2, ax = 9,94 ft | V16, ax = 14,10 ft| V24, ax = 21,92 f4 V32, ax = 30,00 f¢
Ampl.

80T

f
LR at V2 AR* NARY NoC ¢ AR NAR | NoC AR NAR | NoC AR NAR | NoC AR NAR{ NoC AR NAR | NoC

10| 62 0.325 | .286 | .880 | 0,034 | .176 |.542 |0.097 | .108 | .332 { 0,160 | .063 | .194 | 0.227 | .,050 | .154 | 0,354 | ,049 |.151 | 0.484
12| 48 0.399 | .346 | .867 | 0,043 | .208 |.521 |0.126 | .,123 | .308 | 0.207 | .077 | .193 | 0.294 | .054 | .135 | 0.457 | .041 | .103 | 0.625

15| 34 0.539 | .381 | .707 | 0.061 | .236 | .438 |0.178 | .153 | .284 | 0,292 |.110| .204 | 0.415 | .072 ]| .134 | 0.645 | .039 | .072 | 0.882

20| 24 0.707 | .416 | .588 [0.087 [ .297 |.420 |0.252) .206 | .291 | 0,414 | .137 | .194 |0.588 | .073 | ,103| 0.913 | .072 | .102 | 1,250
25| 18.4] 0.952].416 | .437 |0.113 | .274 |.288 |0.328 | ,209 | .220 | 0,540 ] .121| .127 |0.767 | .074 | .078 | 1.191 | .100 | .105 | 1.630

30| 14.9| 1.191 |.399 | .335 | 0.140 | .262 | .220 |0.406 | .180 | .151 | 0.667 | .111 | .093 | 0,947 | .095 | .080 | 1.471 | .094 | .079 | 2.013

40| 10.9] 1.838 | .437 | .238 |0.191 |.217 |.118 |0.554 | .119| .065 | 0.912 | .089 | .048 |1.294 | .127 | .069 | 2.011 | .016 |.009 | 2,752
50| 8.6| 2.384 | .454 | .190 | 0,242 |.142 | .060 [0.703 | .108 | .045 | 1.156 |.111 | .047 | 1.640 | .058 | .024 | 2,548 | ,046 | .019 | 3.488

60| 6.6| 2,873 | .468 | .163 | 0.316 |.042 | .015 |0.915 | .179] .062 | 1.506 |.130 | .045 }2.137 | .018 | .006 | 3.321 | .009 | .003 | 4,545

70| 5.7] 3.012 | .539 |.179 |0.365 |.048 |.016 |1.060 | ,174 | .058 ]1.744 |.112 | .037 | 2.474 | .017 | .006 | 3,845 | .009 |.003 | 5.263
80| 5.1| 3.310 |.543 |.164 |0.408 |.088 |.027 |1.185 | .118 | .036 | 1,949 |.052 | .016 | 2.765 | .012 | .004 | 4.297 | .004 | .001*] 5.882

100 | 4.5| 3.684 | .448 |.122 |0.463 |.122 |.033 [1.343 | ,014 | .004 | 2.208 |.033 | .009 |3.134 | .004 |.001 | 4.870 | .0027|.000*|6.667

* AR = Amplitude Ratio T NAR = Normalized Amplitude Ratio 1 NoC = Number of Cycles

PO R
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was not equal for each frequency (see Fig 4.16b). The amplitude of the wave
energy as a function of frequency can be obtained from the spectrum of V2.
The values of amplitude at V2 for selected frequencies are listed in
Table 4.6. For the sake of comparison, all amplitudes are assumed to equal
unity at V2. To "normalize” the amplitude ratios at other distances, each
ratio must be divided by the spectrum amplitude at the particular frequency.
These normalized ratios are listed in Table 4.6, and, in effect, represent
the amplitudes at the output geophones (V4, VB, etc.) that would have been
measured if all frequencies had been given the same input energy.

The assumption that all amplitudes equal 1.0 at V2 1is arbitrary. The
normalized amplitude ratio (NAR) is not an absolute amplitude but serves only
as a relative value to compare attenuation of different frequencies from a
common origin. Ideally, it 1is desirable to measure input amplitudes at
exactly the source point. Practical experimental 1limitations preclude the
gathering of attenuation data in this fashion.

Values of NAR are plotted as a function of distance from the source 1in
Fig 4.30. Also included are several curves representing amplitude
attenuation of Rayleigh waves for ranging from 0 to 0.25 ft-l. Note that
these curves originate from NAR = 1.0 at 2 ft. For clarity, only selected
frequencies from Table 4.6 are shown. Sufficient scatter exists in the data
to make it not possible to fit a specific attenuation curve to a given
frequency. However, a general trend can be observed. As the frequency
increases, the NAR shows more rapid decrease with distance. This trend is
most clearly illustrated at a distance of 24 ft (measurement V2-V24). This
behavior is not unexpected, since higher frequencies will have undergone more

wavelengths (cycles) to reach a given distance.
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The number of cycles or fractions thereof that a given frequency has

undergone in a given distance can be calculated by

Number of Cycles = Ax/LR (4.7)

Calculations using Eq 4.7 are summarized in Table 4.6. Values of NAR are
plotted as a function of number of cycles in Fig 4.31. Although some scatter
still exists, it appears that all frequencies exhibit similar damping of wave
energy when plotted as a function of number of cycles. This suggests that
the material damping is independent of frequency (at least over the range of
frequencies observed in these measurements).

The expression for R-wave attenuation (in a homogeneous, isotopic
half-space) which includes both geometric and material damping was given in

Chapter 2 as follows:

A /N0
AR = XI = 1'—2- exp [—a(r2 - rl)] (4.8)

Rearranging terms to evaluate O , when all other variables are known, yields

fr°
-ln | AR 2
r
1
o= r.-r
2 1

(4.9)

where & has dimensions of 1/distance and the same units as r) and rj5.

Equation 4.9 was used to calculate values of @ as a function of frequency.

Values of ranged from 0.031 ft-1 to 0.435 ft-l, with the larger values
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resulting from measurements V2-V4 and V2-V8 where the waves had undergone
only a small fraction of a cycle. Much of the scatter is reduced 1f values
of are calculated only for waves that have travelled at least one-third of
their wavelength at a given geophone location.

Using this criterion, the range in as a fuonction of frequency 1is
shown 1in Fig 4.32. Average values are indicated by the solid circles.
Figure 4.32 shows that increases with frequency. This graph more clearly
illustrates the trend observed in Fig 4.29. A linear regression analysis
performed with the average values plotted in Fig 4.31 indicates the 0« is
very nearly a linear function of frequency. A correlation coefficient of
0.97 was obtained for a line with a slope of 0.00173. Due to slight scatter
in the data, a small intercept value was also obtained, although,
theoretically, as f approaches zero (Ll&approaches infinity), ne attenuation
should occur and a should equal zero.

The relationship oo = 0.00173 f was used to calculate values for @ that
did not exhibit the general scatter in the wmeasured values of a . 1In
addition, values of the logarithmic decrement 8 and damping ratio D were
calculated using the equations presented in Chapter 2. Each of these
quantities is listed in Table 4.7.

The values of damping ratio (expressed as a percentage) do not vary
significantly with frequency. This confirms the conclusion that was drawn
from Fig 4.30, namely, that material damping is independent of frequency over
the range from O to 100 Hz. Damping values ranging from about 11 to 17
percent are somewhat higher than those typically measured in the laboratory.
There are at least two possible explanations for this discrepancy. First, it
is possible that significant body wave energy was still present in the wave

pulse at the reference geophone (V2). This energy would have dissipated due



114

0.5

Range
0.3 - -
T
Average
®
0.2 |- T N
i d

-
0.1} ® % , _

{ﬂII | L -

o
£

i
M

Coefficient of Attenuation (), fe1

0.0

0 20 40 60 80 100

Frequency, Hz

Fig 4.32. Variation of coefficient of attenuation with frequency
at Walnut Creek site.




TABLE 4.7, RELATIONSHIP BETWEEN FREQUENCY AND DAMPING
AT WALNUT CREEK SITE.
Coefficient| Logarithmic| Damping
Frequency | Wavelength of Decrement Ratio
Attenuation
f(Hz) L, (ft) a(ft™1y ) D(%)
10 62 0,017 1.07 16.8
12 48 0.021 1.00 15.7
15 34 0.026 0.88 13.9
20 24 0.035 0.83 13.1
25 18.4 0.043 0.80 12.6
30 14.9 0.052 0.77 12.2
40 10.9 0.069 0.75 11.9
50 8.6 0.087 0.74 11.7
60 6.6 0.104 0.69 10.9
70 5.7 6.121 0.69 10.9
80 5.1 0.138 0.71 11.2
100 4.5 0.173 0.78 12.3

115
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to geometric damping at a greater rate than the surface wave energy by the
time the wave pulse reached the far geophone. As a result, the far geophone
would have interpreted some of the geometric damping of the body wave as
material damping of the Rayleigh wave, thus yielding an erroneously high
value for a . The other possible explanation 1is that the higher damping
values are true properties of the in situ material. Factors such as
non-homogeneities or reflection and refraction of wave energy due to layering
may cause “backscattering™ which yields a field damping that is somewhat
higher than that measured in the laboratory sample.

It appears that attenuation, or damping, can be measured in the field
with the use of the transfer function. Based on results at the Walnut Creek
site, better attenuation data can be obtained by using a fixed reference
geophone than by using an equally spaced arrangement of geophones. However,
before such data can be used with confidence, the problems cited above should

be resolved.

SUMMARY

Results and conclusions based on tests performed at Walnut Creek can be
categorized in terms of measurement set-up, type of source, interpretation of
velocity profile, and determination of damping.

In general, measurements made with five averages (transient events) will
provide reliable data. Additional averages in the measurement are not
warranted because they do not significantly improve the data.  Frequency
resolution 1is not a problem if the frequency bandwidth is commensurate with
the geophone spacing. Close spacings near the source way use a higher

frequency range (100 Hz to perhaps 800 Hz) while wide spacings farther froms
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the source should use a lower frequency range (25 to 100 Hz). Selection of a
lower (narrower) frequency bandwidth will provide better resolution of long
wavelengths needed to sample greater depths.

A source should be used which generates predominantly Rayleigh wave
energy and minimizes body wave energy in the wave pulse. A vertical blow
from a hammer which is in direct contact with the soill a good source. The
magnitude of the input energy does not seem to be a critical factor as long
as adequate energy is provided to excite low frequencies. The coupling of
the source with the soil, which influences the transfer of emergy, is an
important factor. In this regard, the use of a plate between the hammer and
soil should be avoided.

The velocity profile obtained from surface measurements will probably
have some scatter. Better measurements can be obtained when the geophones
are appropriately located from the source. Based on results at Walnut Creek,
a spacing arrangement in which the first geophone is located at increasing
distance from the source is more favorable than an arrangement in which the
first pgeophone 1is fixed at a reference location close to the source. In
addition, much of the scatter in the velocity profile can be reduced by
filtering out data for wavelengths which are inappropriate for the spacing of
the geophones. Wavelengths which are too short for a given spacing may
attenuate excessively, whereas wavelengths which are too long for a given
spacing may not have travelled a sufficient distance to sample adequately the
depth proportional to the wavelength. Using the criteria discussed in this
chapter, an appropriate range of LR'for a given spacing Ax was found to be

1

> Ax < L

Ri 3.Ax (4.10)
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Equation 4.10 was used to filter inappropriate wavelengths which resulted in
a refined velocity profile.

The velocity profile obtained from cross spectrum measurements was
compared with velocities from crosshole tests by applying depth criteria of
LR/4, LR/B, and LR/Z. The comparison of profiles did not clearly indicate
which depth criterion is most appropriate for surface measurements. Overall,
the velocities plotted at a depth of LR/3 appeared to correlate well with the
crosshole velocities. On the average, the cross spectrum velocities were 10
to 20 percent lower than the crosshole velocities. However, this difference
is considered tolerable for practical engineering applications.

Attenuation properties at the site were evaluated by means of transfer
functions. The coefficient of attenuation o was found to be approximately a
linear function of frequency and was estimated by o = 0.00173 f. Values of
logarithmic decrement and damping ratio were also calculated. Damping ranged
from about 11 to 17 percent. These values are somewhat higher than those
typically measured in the lab, possibly due to backscattering of wave energy
caused by reflection from layer boundaries ‘or anamolies at the site, or
because there is excessive body energy at the near geophone which is located

relatively close to the source.
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CHAPTER 5. SOIL TESTING AT THE CROSSING SITE

SITE DESCRIPTION

The second soil site at which R-wave dispersion testing was performed
was the Crossing site. The Crossing site is located about 4 miles (6.4 km)
southeast of the campus of The University of Texas at Austin, as shown in
Fig 5.1. The site 1is part of an open tract of land currently undergoing
development. The actual test area is located about 1000 ft (300 m) from the
city street (East Riverside Drive). Because the site is open and away from
traffic, ambient noise at the site is minimal.

The site lies in the flood plain of the Colorado River, and, as a
result, the topography of the site is relatively flat. The soil profile
consists of a medium dark clay deposit underlain by sand. The clay extends
to a depth of approximately 30 ft (9 m). During dry periods, the soil within

a few feet of the surface becomes highly desiccated and undergoes extensive

shrinkage cracking.
Because the site is not located near any structures, power to operate

electrical equipment had to be supplied by a portable power generator.
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EXPERIMENTAL PROCEDURE

Testing at the Crossing site was conducted on May 28, 1981. The soil at
the surface was soft (but not muddy) from heavy rainfall that had occurred
during the previous week. The source used to generate wave energy was the
drop hammer previously described in Section 4.3.1 and 1illustrated in
Fig 4.7a. The drop hammer was used in direct contact with the soil surface.

Two vertical geophones were used to capture the time domain signal of
the propagated wave. The geophones used at the Crossing were the same as
those used at Walnut Creek for Test Series WC-l. Each geophone had an
undamped natural frequency of about 8 Hz and had a shunt resistance which
provided a damping of approximately 50 percent of critical damping. The
transduction constant was 1in the range of 1 volt per in./sec (0.4 volt
per cm/sec). The frequency response curves for the two geophones are shown
in Fig 4.3.

The geophones were placed in augured holes to minimize background noise
generated by the wind striking the geophones and to improve the geophone-soil
contact. The holes were augured to a depth of 4 to 6 in. (10.2 to 15.2 cm).
Each geophone was then embedded at the bottom of the hole by means of a steel
spike on the end of the geophone and the remainder of the hole was backfilled
with augured soil.

The locations of the geophones for the various measurements are shown in
Fig 5.2. One set of measurements was performed with the near geophone
located at increasing distance from the source and then spacing the far
geophone at that same distance (source to near geophone) from the near
geophone. In other words, the first geophone was located exactly midway

between the source and the far geophone. (This arrangement is similar to
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that for test series WC-1.) Another set of measurements was performed with a
reference geophone at 2 ft (0.6 m) from the source and with only the far
geophone increasing in distance from the source. (This arrangement 1is
similar to that for Test Series WC-2.) The location of the far geophone was
selected so that the spacing between geophones was the same as that for
measurements having the equally spaced arrangement.

A summary of the measurements performed at the Crossing is presented 1in
Table 5.1. Hereafter, these measurements will be identi{fied by the location
of the pair of geophones. For example, measurement V16-V32 identifies the
measurement recorded with the near vertical geophone (V) located at 16 ft
(4.9 m) from the source and the far vertical geophona 1located at 32 ft

(9.8 m) from the source.
SHEAR WAVE VELOCITY PROFILE

The shear wave velocity profile can be obtained from Rayleigh wave
velocities 1f Poisson's ratio is known or agssumed. If available, data from
crosshole tests (both P~ and S-wave velocities) can be used to calculate an
estimate of Poisson's ratio. One of the reasons for selecting this site is
that crosshole tests had been previously performed there by Hoar (Ref 11).
The shear wave velocities at the site increase from about 500 fps (150 mps)
at the surface to nearly 1000 fps (300 mps) at a depth of 30 ft (9 m).
Values of S-wave and P-wave velocities (obtained by Hoar) at 3-ft (0.9-m)
intervals are listed in Table 5.2.

The ratio of VS/VP was calculated at each depth, and by using Table 2.1,
the corresponding value of Poisson's ratio was determined. Then ratios of

VR/VS were determined using Poisson's ratios. Table 5.2 contains each of




TABLE 5.1.

SUMMARY OF MEASUREMENTS AT THE CROSSING SITE

Record No. Distance from Distance Source Number Bandwidth Computer
{Track No.) Source to between of of Data File
Geophones (ft) Geophones Averages Spectrum Identification
Near Far (£0) (Hz)

9171) 2.0 4.0 2.0 Drop Hammer on Soil 5 1600 SHCRO1
14(1) 2.0 4.0 2.0 " womwoon 5 200 SHCRO2
19(1) 2.0 6.0 4.0 i weon o ow 5 200 SHCRO3
24(1) 2.0 10.0 8.0 " owoom 5 200 SHCROG
29(1) 2.0 18.0 16.0 " wowom 5 100 SHCROS
36(1) 2.0 26.0 24,0 " nowo® 5 100 SHCRO6
41(1) 2,0 3.0 32.0 " wowoom 5 100 SHCRO7
42(1) 2.0 3.0 32,0 " wowoon 5 25 -
48(1) 4.0 8.0 4.0 " nonow 5 200 SHCROS
53(1) 8.0 16,0 8.0 " nwooron 5 100 SHCRO9
58(1) 16.0 32.0 16.0 " womwow 5 100 SHCR10
59(1) 16.0 32.0 16.0 " "tonoow 5 25 SHCR11

%1




TABLE 5.2. SUMMARY OF CROSSHOLE TEST RESULTS AT
THE CROSSING SITE (FROM HOAR, 1981)
Depth S-Wave P-Wave
Velocity Velocity Poisson's
(ft) Vs(fps)* VP(fps)* vslvP Ratio** vk/vs**
509 1568 0.325 0.44 0.95
577 1611 0.358 0.43 0.95
636 1985 0.320 0.44 0.95
12 650 2008 0.324 0.44 0.95
15 689 2064 0.334 0.44 0.95
18 699 2146 0.326 0.44 0.95
21 666 2218 0.300 0.45 0.95
25 738 2149 0.343 0.43 0.95
30 978 5000 (Water Table) - -

%* S~wave velocities and P-wave velocities from Hoar (1981).

+% Poisson's ratios and V’R/VS based on VS/VP uging Table 2,1,
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these ratios for each depth. At the Crossing site, Poisson's ratios range

from 0.43 to 0.45. Over this range, the value of VR/VS is approximately
0.95. Hence, a value of 0.95 was assumed for the entire profile to convert

Rayleigh wave velocities to shear wave velocities.

Velocity Profiles From Crose Spectrum Measurements

As a first approximation, a depth criterion of L;/3 was used to
represent the effective depth at which the R-wave sampled and, hence, the
depth at which the R-wave velocity should be plotted. The relationship
VS = VR/0.95 was then used to obtain shear wave velocities. Two profiles
were developed using this approach: one using measurements made with the
reference geophone arrangement and one using measurements made with the
equally spaced geophone arrangement.

The S-wave velocity profile obtained using measurements made with the
reference geophone 1is shown in Fig 5.3. A large amount of scatter exists
over the entire profile, with values of velocity at a given depth varying by
as much as three-fold, depending on which measurement is examined.
Figure 5.4 shows the same profile after the data has been filtered using the
criterion given by Eq 4.5(Ax < Lp < 3Ax) . For the longest spacing
(measurement V2-V34), Eq 4.5 excludes wavelengths above 96 ft (29 m) and
depths below 32 ft (9.8 m). Comparison of Figs 5.3 and 5.4 indicates that
filtering the data eliminates much of the scatter in the profile. However,
significant scatter still exists from about 6 to 9 ft (1.8 to 2.7 m) and
below about 22 ft (6.7 m).

The S~-wave velocity profile obtained wusing measurements with equally

spaced geophones is shown in Fig 5.5. Significant scatter in velocity exists
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to a depth of about 15 ft (4.6 m). Figure 5.6 shows the same profile after
the data has been filtered wusing the criterion given by Eq 4.5. For the
longest spacing (measurement V16-V32), Eq 4.5 excludes wavelengths above
48 ft (14.6 m) and depths below 16 ft (4.9 m). For purposes of comparison
with the reference geophone arrangement (Fig 4.5), wavelengths up to 96 ft
(29 m) have been included in Fig 5.6.

Figures 5.4 and 5.6 can be used to compare the S—-wave velocity profile
obtained from a reference geophone arrangement and the velocity profile
obtained from an equally spaced geophone arrangement. In general, velocities
obtained using a reference geophone are lower than those obtained using
equally spaced geophones. The difference in velocities becomes greater with
increasing depth. A comparison of the two profiles with crosshole test
results is presented in Section 5.3.2.

Further conclusions can be drawn regarding the location of the pair of
geophones (and the spacing between the geophones). First, consider
measurements with equal spacing 4 x between geophones but with different
locations of the near and far geophones relative to the source. Figure 5.7
shows measurement V2-V18 compared with measurement V16-V32, both having the
same spacing, A x = 16 ft. Data are plotted using a depth criterion of LR/3
for Ax < Lo < 3Ax. The measurement made with the reference geophone
(V2-V18) yielded significantly lower velocities than the measurement with
equally spaced geophones (V16-V32). Similar results were obtained for
spacings of A x =8 ft (V2-V6 vs V4-V8). The differences in velocities
decreased as the spacing decreased since the two geophone arrangements
approached approximately the same measurement.

Second, consider measurements with different spacings but with the

locations of the far geophones approximately the same. Figure 5.8 shovs
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measurement V2-V34 compared with measurement V16-V32. For each measurement
the distance from the source to the far geophone is nearly equal. Again, the
measurement with the reference geophone (V2-V34) yielded lower velocities
than the measurement with equally spaced geophones (V16-V32).

Since different velocity profiles can be obtained from different
geophone arrangements despite identical spacing A x between geophones and
despite a similar location of the far geophone, it can be concluded that the
location of the geophone nearer the source is a significant parameter. One
approach to determine which geophone arrangement provides the better velocity
profile 1is to compare velocities from cross spectrum measurements with

velocities from crosshole tests. Also, a rational approach incorporating

fundamentals of wave propagation can be considered. Both of these approaches

are presented in the next section.

Comparison Between Cross Spectrum Measurements and Crosshole Results

The velocity profiles shown in Figs 5.4 and 5.6 are replotted in Fig 5.9
along with the velocity profile from crosshole test results obtained by Hoar
(Ref 11). The velocities from the cross spectrum measurements have been
adjusted to shear wave velocities and are plotted using a depth criterion of
LR/3. Based on the comparison of velocity profiles in Fig 5.9, it appears
that measurements made using the equally spaced geophone arrangement
correlate significantly better with the crosshole results than do the
measurements made using the reference geophone arrangement. This conclusion
is particularly evident at greater depths, where velocities from measurements
made using the reference geophone arrangement are as much as 35 percent lower

than velocities from crosshole tests.
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A rational approach involving concepts of wave propagation also supports
the use of an equally spaced geophone arrangement. The geophone nearer to
the source should be located at sufficient distance to allow proper sampling
of material to a depth of approximately one wavelength. This distance also
permits wavelengths of different frequencies to separate and enhances the
capability of the spectral analyzer to measure an accurate cross spectrum.
The use of a reference pgeophone close to the source does not provide
sufficient distance to allow proper sampling to a depth of one wavelength.
As a result, material properties near the surface are overweighted. For most
soil sites, where the velocity (or modulus) increases with depth, the
velocities obtained by using the reference geophone arrangement will be too
low (since the 1lower-velocity material near the surface was overweighted).
In general, then, the velocity profile obtained with the reference geophone
arrangement will be lower than the actual profile (as determined by crosshole
tests). This conclusion is shown quite clearly in Fig 5.9 for the tests
performed at the Crossing.

The depth criterion of LR/3, when appllied to measuremeats made using the
equally spaced geophone arrangement, provides good correlation with the
crosshole results. In general, the cross spectrum velocities do not vary by
more than 10 percent from the crosshole velocities. Variations near the
surface may be due to seasonal differences in moisture content of the soil.
The cross spectrum measurements were performed a few days after a period of
heavy rainfall, and the lower velocities probably reflect the “softer”
properties of the surficial soil.

A depth criterion of LR/Z was also used to correlate the velocity
profile with the crosshole results. This criterion provided a reasonably

good correlation down to about 20 ft (6.1 m), as shown in Fig 5.10. Below
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this depth, the velocity profile from cross spectrum measurements diverges
markedly from the crosshole results. Inasmuch as crosshole test data exists
only to 30 ft (9 m), it is difficult to assess how well either criterion
(LR/Z or LR/B) correlates the cross spectrum velocities with crosshole

velocities for depths greater than 30 ft (9 m).

ATTENUATION

Transfer function measurements were used to gather data on the
attenuation properties at the site. The output/input ratio of wave magnitude
(or energy) was obtained as a function of frequency over the range from 10 to
100 Hz. Transfer functions for measurements made using equally spaced
geophones are shown in Fig 5.1la, and the corresponding coherence functions
are shown in Fig 5.11b. The data exhibits several anomalies such as
output/input ratios greater than unity. In some instances, transfer function
magnitudes for a large spacing between geophones (e.g., V8-V16) are greater
than magnitudes for a shorter spacing (e.g, V4-V8). This behavior 1is
inconsistent with R-wave attenuation, since measurements with increased
spacing should exhibit decreasing magnitudes. The erratic coherence,
particularly above 45 Hz, also suggests that the transfer functions for
measurements made using equally spaced geophones would not yield reliable
attenuation data.

In contrast, transfer functions for measurements made using a reference
geophone are shown in Fig 5.12a, and the corresponding coherence functions
are shown in Fig 5.12b. The magnitudes of the transfer functions generally
decrease with increased spacing between geophones, which is consistent vith

attenuation behavior. The coherence 1is also significantly better for
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measurements made using the reference geophone. Although the equally spaced
geophone arrangement provides better data for the velocity profile, the
reference geophone arrangement appears to provide better data for attenuation
calculations.

The output/input ratios, or amplitudes ratios (AR), are 1listed as a
function of frequency and geophone location in Table 5.3. The input
magnitude generated by the drop hammer varied as a function of frequency, as
shown 1in Fig 5.13. Table 5.3 also contains values of the amplitude of the
linear spectrum at V2 (the reference geophone) which were used to “normalize”
the output at each frequency relative to the input magnitude. 1In addition, a
frequency-wavelength plot (shown in Fig 5.14) based on measurements made
using reference geophones was used to determine the values of Ly listed in
Table 5.3.

Values of &, the coefficient of attenuation, were calculated using
Eq 4.9 for each value of AR given in Table 5.3. Values of ranged from
0.062 £t 1 to 0.622 fc'l, but only a few outlying points were above
0.300 ft . Data for which the waves have traveled at least one-third of a
wavelength were used to calculate average values of O as a function of
frequency. (Only these data were used, 8o that scatter resulting from
insufficient travel distance could be reduced.) The range in a and average
values of @ as a function of frequency are plotted in Fig 5.15. It appears
that o increases approximately linearly with frequency. A linear regression
analysis yielded a straight line with a slope of 0.00195 and a correlation
coefficient of 0.98. A small intercept was also determined due to scatter in
the low-frequency range (10 to 25 Hz). Ideally, no intercept should exist,
since a wave of "infinite™ length (zero frequency) would not undergo any

attenuation.



TABLE 5.3. SUMMARY OF ATTENUATION FROM THE CROSSING AS A FUNCTION OF FREQUENCY AND GFOPFONE SPACING

L SPEC| V4, ax = 2,0 ft V6, ax = 4.0 ft |V10, ax = 8.0 ft | V18, ax = 16.0 ft {V26, ax = 24.0 ft |V3I4, ax = 32.0 ft
Ampl,

£ LR at V2

AR NAR1 NoCt AR | NAR NoC AR | NRAR NoC AR | NAR NoC AR | NAR NoC AR | NAR NoC

10 | 64 2,693 |.542|.2013 | 0,031 | .361].1341 |0.063 | ,244|.0906 | 0.125 | .082].0304 | 0.250 | .037|.0137 | 0.375 | .023 |.0084 | 0.500
12 |42 3.374 |.494|.1464 | 0,048 | .261|.0774 | 0.095 | .190(.0563 | 0.190 | .097|.0287 | 0.381 | .046 |.0136 | 0.571 | .029 |.0087 | 0.762

14 | 34 3.836 |.409|.1066 | 0.059 | .233|.0607 |0.118 | .150(.0391 | 0.235 | .086 |.0224 | 0.471 | .038|.0099 | 0.706 | .025 |.0066 | 0.941

16 | 30 4,226 |.401].0949 | 0.067 |.244],0577 |0.133 |.149].0353 | 0.267 | .065[.0154 | 0.533 | .047|.0111 | 0.800 | .022 |.0053 | 1.067
20 | 24 $.051 |.424].0839 |0.083 |.235|.0465 |0.167 |.151].0299 | 0.333 | .078|.0154 | 0.667 | .041|.0081 | 1.000 | .015 |.0030 | 1.333

25 |18 6.212 |.446|.0718 | 0.111 |.294|.0473 [0.222 | .176 |.0283 | 0.444 | .095|.0153 | 0.889 | .033|.0053 | 1.333 | .013|.0021 | 1.778

30 |14 7.873 (.482].0612 | 0.143 |.265|.0337 |0.286 |.220|.0279 | 0.571 | .095|.0124 | 1.143 |.022|.0028 | 1.714 | .008 [.0010 | 2,286
40| 9.5 10.535 |.495|.0470 | 0.211 |.259|.0246 |0.421 |.200(.0190 | 0.842 | .078 |.0074 | 1.684 |.070/.0066 | 2.526 | .021 |.0020 | 3.368

50 | 7.1 [15.209 |.563 |.0370 |0,282 |.158|.0104 10.563 |,189|.0124 | 1,127 | .170|.0112 | 2.254 |.021(.0014 | 3,380 |.015 |.0010 | 4.507

60 | 5.1 2,290 |.490|.0220 |0.392 |.164{.0074 |0,784 |.117|.,0053 |1.569 | .069 |.0031 | 3.137 |.042|.0019 | 4.706 |.010 |.0004 | 6,275
80 | 3.3 p7.266 |.304 |.0111 |[0.606 |.167|.0061 |1.212 |.201 |.0074 |2.6424 | ,070|.0026 | 4.848 |.016 |.0006 | 7,273 |.005 |.0002-| 9.697

100 | 2.6 p3.330 |.204 [.0087 |0.769 |.342].0147 |1.538 |.042|.0018 |3.077 | .025 |.0011 | 6.154 |.005|.0002 | 9.231 |.000*|.0000*12.308

* AR = Amplitude Ratio 1 NMAR = Normalized Amplitude Ratio INOC = Number of Cycles

(441
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Using the relationship @ = 0,00195 f, values of @ were calculated that
did not exhibit the scatter associated with the measured values. 1In
addition, values of the logaritlmic decrement ¢ and damping ratio D were
calculated using Eqs 2.9 and 2.10, respectively. Calculated values of &, 6,
and D are listed in Table 5.4. The damping ratio is expressed in percentage
and ranges from about 8 to 20 percent. The higher values associated with the
lower frequencies may have resulted from insufficient input energy at those
frequencies and/or from the fact that the longer wavelengths had not traveled
enough to obtain a representative reading, even for the farthest location of
geophones (measurement V2-V34).
| The apparent large variation in damping as a function of frequency is
probably not due to actual differences in soil properties but, rather, is a
result of poorer data at the lower frequencies. To compare graphically the
attenuation of R-wave amplitude as a function of frequency, it 18 necessary
to establish a datum at which each frequency has the same initial magnitude.
The reference geophone V2 1is the most convenieqt initial point since it
served as the input geophone for each measurement. For the‘ sake of
comparison, the amplitudes at each frequency are assumed to equal unity at
V2, although the linear spectrum at V2 (Fig 5.13) indicates that the input
amplitude varied as a function of frequency. To "normalize” the amplitude
ratios at other distances, then, each ratio must be divided by the input
gspectrum amplitude at each parﬁicular frequency. These normalized amplitude
ratios (NAR) are 1listed 1in Table 5.3, and, 1in effect, represent the
amplitudes at the output geophones (V4, V6, V10, etc.) that would have been
measured i1f all frequencies had been given the same input energy.
In addition, a provision must be made to account for the fact that

higher frequencies will have undergone more wavelengths in a given distance
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TABLE 5.4. RELATIONSHIP BETWEEN FREQUENCY AND DAMPING
AT THE CROSSING SITE

Coefficient| Logarithmic | Damping

Frequency Wavelength of Decrement Ratio
Attenuation

£(Hz) L, (ft) a(ft-1) S D(%)

10 64 0.020 1.25 19.5

12 42 0.023 0.98 15.4

14 34 0.027 0.93 14.6

16 30 0.031 0.94 14.8

20 24 0.039 0.94 14.8

25 18 0.049 0.88 13.9

30 14 0.059 0.82 12.9

40 9.5 0.078 0.74 11.7

50 7.1 0.098 0.69 10.9

_ 60 5.1 0.117 0.60 .5
; 80 3.3 0.156 0.51 1
‘ 100 2.6 0.195 0.51 .1
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than lower frequencies. Frequencies can be compared on an equal basis by
using the number of cycles the wavelength has undergone as opposed to the
actual travel distance. The number of cycles can easily be . calculated from
Eq 4.7 1f the wavelength for a given frequency is known. Table 5.3 contalns
values for the number of cycles for each frequency at each geophone location.
These values are plotted versus NAR for selected frequencies in Fig 5.16.
The trend in the data indicates that all frequencies (from 10 to 100 Hz)
exhibit the same damping behavior.

This conclusion was also drawn from the data at the Walnut Creek site
which are shown 1in Fig 4.31. As was the case at Walnut Creek, it is
difficult to determine whether the high values for D are excessive because of
body wave energy present in the wave pulse at V2 or if the values are
realistic estimates of field damping caused by backscattering that is 1indeed
higher than damping measured in the laboratory. The former difficulty could
possibly be avoided by using a reference geophone at 8 to 10 ft, thus
allowing the body wave energy to dissipate prior to reaching the first

geophone.
SUMMARY

Results and conclusions based on tests performed at The Crossing are
quite similar to those found from soil testing at Walnut Creek.

Velocity profiles obtained from cross spectrum (surface) wmeasurements
tend to exhibit some scatter. Much of this scatter can be reduced by
filtering out data for wavelengths which are inappropriate for the spacing of
geophones. Using criteria developed from the Walnut Creek site, data from

the Crossing site was filtered to produce a refined velocity profile.
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The velocities obtained from cross spectrum measurements using an
equally spaced geophone arrangement were, on the average, higher than those
obtained from measurements made using a reference geophone arrangement. The
difference in velocities increased with increasing wavelength, suggesting
that the reference geophone was located too close to the source to sample
long wavelengths adequately. The velocity profile from measurements using
equally spaced geophones correlated well with crosshole results when the
profile was plotted using a depth criterion of LR/3. In general, cross
spectrum velocities did not vary by wmore than 10 percent from crosshole
velocities.

Attenuation properties at the site were evaluated by means of transfer
functions. For attenuation calculations, better data were obtained using the
reference geophone arrangement than were obtained using the equally spaced
geophone arrangement. The coefficient of attenuation was found to be
approximately a 1linear function of frequency and was estimated Dby
a = 0.00195 f. Values of logarithmic decrement and damping ratio were also
calculated, with values of damping ranging from about 8 to 20 percent. These
values are somewhat higher than those typically measured in laboratory tests,
perhaps due to excessive body wave energy present at the near geophone (but
not present at the far geophone). This problem could possibly be overcome by
locating the reference (near) geophone at a distance of 8 to 18 ft from the

source.

ot ""



CHAPTER 6. PAVEMENT EVALUATION AT AUSTIN SITE

SITE DESCRIPTION

The Austin site is located about 2 miles (3.2 km) northeast of the
campus of The University of Texas at Austin, as shown in Fig 6.1. The
selected site is a flexible pavement section of IH 35 at Sta 670+00, which is
located near Capital Plaza Shopping Center. All testing was conducted in the
extreme right-hand lane on the northbound portion of the highway.

The longitudinal section profile is shown in Fig 6.2. The profile 1is
based on borings which were made in conjunction with crosshole testing. The
asphalt layer consists of a hot mix asphaltic concrete (HMAC) surface
approximately 2.5 1in. (6.4 cm) thick and an asphalt-stabilized base
approximately 4 in. (10.2 cm) thick. The unit weights and Poisson's ratios
of these materials were assumed to be 145 pcf and 0.35, respectively. The
flexible base of crushed limestone was compacted in three layers, each
approximately 5 1in. (12.7 cm) thick, with a unit weight of 140 pcf and a
Poisson's ratio of 0.40. The base course grades into a subbase of dense sand
with a layer thickness of about one foot (0.3 m). The natural subgrade is a
black stiff clay grading iIinto a tan s8ilty clay. The unit weight and
Poisson's ratio of the subgrade were assumed to be 115 pcf and 0.40,

respectively. Borings were terminated at a depth of 12.5 to 13 ft (3.8 to
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CAPITAL PLAZA HWY 290 EAST

THE UNIVERSITY

OF TE XAy

Fig 6.1. Location of Austin (IH 35) Pavement site.
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. Assumed Assumed
Description of Material Poisson's Unit
Ratio Weight
(pcf)
Asphalt layer: 2%-in. HMAC & 0.35 145
\ 4 - in, ASTB Ve
Flexible (crushed limestone) 0.40 140
bage placed in (3) 5-in. 1lifts
B Subbage: dense sand with some
| gravel, 0.40 135
3 .| approx. thickness = 12 - 15 in|
Black, stiff clay 0.40 115
8
Tan, silty clay 0.40 115
10 - - Water table —%——
';;
13
Weathered caliche limestone at approx. 12.5 - 13 ft

' Fig 6.2. Llongitudinal-section profile for Austin (IH 35) site.
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4.0 m), the depth at which rock was encountered. The water table was located
at a depth of about 10 ft (3 m).

Due to the heavy traffic at the site, a small amount of undesirable
background noise was present during testing. In addition, power to operate
electrical equipment had to be provided by a portable generator, which also

contributed some background noise at the site.

EXPERIMENTAL PROCEDURE

Initially, only surface measurements were performed at the Austin site.
These tests were conducted on May 19-20, 1980. No borings were made at this
time, 80 as to keep within the .restraint of nondestructive testing.
Subsequently, crosshole tests (and borings) were performed on September 15,
1980, to verify the section profile as well as check the accuracy of the
velocities obtained from surface measurements. The equipment and general

procedure are discussed in the following sections.

Equipment

Two different sources were used to propagate waves through the pavement
system. Each source generated an impulsive 1load on the surface of the
pavement. Therefore, all signals were transient events. Truncation for
digital analysis of the signals 1in the frequency domain was accomplished
using a rectangular window.

The primary source was a Falling Weight Deflectometer (FWD), similar to
the Phoenix Falling Weight Deflectometer manufactured in Denmark (Ref 3).

This device was mounted on a two-wheel trailer that could be towed on the
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highway by a passenger vehicle. The hammer was a falling mass which weighed
150 kg (331 1b) and could be dropped from various heights. Cross spectrum
measurements were triggered internally by using the signal from the receiver
closest to the source.

The second source was the drop hammer previously described in Chapter 4.
The drop hammer was a falling mass which weighed about 12 1b (5.4 kg) and
could be dropped from various heights. Measurements were triggered with a
resistance-capacitance (RC) trigger which i{s discussed in detail by Hoar and
Stokoe (Ref 12). The RC trigger permits accurate determination of the direct
arrival time of the wave from the source to the receiver.

Velocity transducers, commonly called geophones, were used to detect
wave propagation through the pavement system. Both vertical and horizontal
geophones were employed to allow sensitivity for several different types of
waves and directions of motion. The geophones were mounted on steel blocks
with a largest dimension of 2.75 in. (7.0 cm). The blocks were epoxied to
the asphalt surface to ensure adequate coupling. Geophones us;d at this site
had natural frequencies of 8 and 14 Hz with an approximately linear response
over the range of 20 to 1600 Hz. Since only wave propagation velocities were
calculated, no calibration factor was determined to relate voltage to
absolute particle velocity.

The primary 4instrument wused to record the signals was the
Hewlett-Packard Model 5420A Digital Signal Analyzer. The instrument includes
a set of signal filters, an analog-to-digital comverter (ADC), a dual-channel
digital oscilloscope, and a magnetic cassette tape for storage and recall of
permanent records. The analyzer can directly measure all of the time domain
and frequency domain measurements previously discussed. In addition, the

type of signal, type and number of averages, bandwidth (or time length), and
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trigger conditions can all be specified by the operator. The analyzer can be
easily interfaced with an x-y plotter to provide a hard copy of the data.

An auxiliary instrument, the Nicolet Instrument Corporation Model 2090C
Digital Storage Oscilloscope, was used, for convenience, to make additional
time records. This oscilloscope is also dual-channel, but it cannot perform
frequency analysis of signals. Records are stored on magnetic disks, and the
oscilloscope can be interfaced with an x—-y plotter to produce a hard copy of

the data.

Measurement Setup and Analysis

The general cohfiguration of the source, geophones, and recording
equipment used in these tests is shown in Fig 6.3. The geophones were placed
in a linear array to minimize anisotropic effects that might influence wave
propagation. The line of geophones extended parallel to the direction of the
roadway. Vertical geophones (subsequently identified by the symbol V) were
located approximately 1, 2, 5, and 10 ft (0.3, 0.6 7.5, and 3.0.m) from the
source. Horizontal geophones (subsequently identified by the symbol H) were
located at the same positions and were aligned radially from the source so as
to detect wave motion occurring 1in the direction of wave propagation.
Hereafter, measurements are identified by the type of geophone which was used
(V or H) and the location of the geophone(s) from the source (1, 2, 5, or
10 ft). For example, measurement V2-V5 used vertical geophones which were
located at 2 ft (0.6 m) and 5 ft (1.5 m) from the source.

Measurements were made using only two geophones for any one impulse,
since the recording {instruments were dual-channel devices. Emphasis was

placed on obtaining data for the FWD source, with supplemental data provided
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Fig 6.3. Schematic diagram of experimental setup.
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by the drop hammer source. Both time domain and frequency domain
measurements were recorded, although the thrust of the data acquisition was
toward spectral analysig. . Table 6.1 contains a 1listing of the various
pairings of geophones, the exact distances between the geophones, the source,
and the bandwidth for each measurement. Time domain measurements included
time record averaging, autocorrelation, and cross-correlation. Frequency
domain measurements included the 1linear spectrum, autospectrum, cross
spectrum, transfer function, and coherence function.

The analysis of the cross spectrum data followed the general procedure
outlined in Appendix A. Various parameters were studied to determine their
influence on the cross spectrum measurements. Records with one average and
five averages were used to compare the advantages of averaging. Comparative
measurenents were made for responses of both vertical and horizontal

' geophones. The effectiveness of each source was also investigated. Results

of these comparisons are presented in the following section.

RESULTS FROM SURFACE MEASUREMENTS

Comparisons for both time and frequency domain measurements indicate
that there are no significant differences between one-average records and
five-average records. This is probably a result of the high reproducibility
of the impulse. However, one-average records occasionally exhibited apparent
anomal ies. To avoid anomalies, all analyses were performed |using

five-average records.




TABLE 6.1. SUMMARY OF MEASUREMENTS AT THE AUSTIN (IH 35) SITE

Record Mo, Channel Distance Source Number Bandwidth Computer
Input between of of Data Pile
1 2 Geophones Averages Spectrum Ident{fication
(ft) (Hz)
22 vs vio 5.02 Falling Welght Deflectometer 1 400 SHCP3
29 A4 v2 1.00 " " " 5 200 SHCP1
51 & 55 74 vs 3.08 " " " 1&5 100 SHCP2
101 & 106 v v 3J.o8 " " " 1&5 1600 SHCP2
59 & 64 n2 HS 3.08 " " " 1&5 100 SHCPS
69 & 74 H2 Hio 8.10 " " i 1&5 100 SHCPE
19 & 84 v2 vio 8,10 b " " 1&5 100 SHCP4
91 & 96 v2 V1o 8.10 ' " " 1&5 1600 -

114 H2 HS 3.08 Drop Hammer 5 1600 SHCPS
119 v2 s j.os ” " 5 1600 SHCP?

65T
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Comparison of Horizontal and Vertical Geophones

In general, the coherence functions were similar for measurements with
the same geophone 1locations, regardless of whether the geophones were
oriented horizontally or vertically. The range of frequencies measured by
the cross spectrum was also similar regardless of geophone orientation.
Based on the magnitudes of the cross spectrums for measurements with the drop
hammer as the source, the levels of excitation energy in the horizontal and
vertical directions are of the same order of magnitude. In contrast, for
measurements with the FWD as the source, the magnitudes of the cross
spectrums for measurements using vertical geophones were approximately 100
times greater than the magnitudes for measurements using horizontal
geophones. This result is not unexpected, since the FWD is designed to input
a large force in the vertical direction to create a deflection basin.

Although the range of frequency response was similar for Dboth
orientations of geophones, the velocities obtained from measurements using
horizontal geophones were significantly higher than those obtained from
measurements using vertical geophones. This trend was true for measurements
made with both the FWD and the drop hammer. Since the horizontal geophones
are much more sensitive to P-wave motion than the vertical geophones, it is
quite likely that spectrums for measurements using horizontal geophones
contain some higher-velocity P-wave energy which leads to an overall higher
velocity for the (apparent) R-wave.

Such a hypothgsis can be checked, at least in part, by comparing time
records of wave pulses obtained from horizontal and vertical geophones.
Figure 6.4a shows time records obtained with the Nicolet oscilloscope for

horizontal geophones H2 and H10 (FWD source). For the interval travel time
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between the initfal arrival of the wave pulse at H2 and the {initial arrival
of the wave pulse at H1O0, the calculated wave velocity 1is 3180 fps
(970 m/sec). For the same wave pulses, the interval travel time based on
trough-to-trough (of the first half-sine wave) yields a velocity of 1705 fps
(570 m/sec). This latter velocity is within the range of S-wave (or R-wave)
velocities for asphalt whereas the former velocity is within the range of
P-wave velocities for asphalt. Since the P-wave travels much faster than the
S-wave, the influence of the P-wave is greatest at the initial arrival of the
pulse, and, based on the calculated velocities, the 1influence 1s greatly
diminished by the first trough in the pulse.

In contrast, Fig 6.4b shows time records for vertical geophones V2 and
V10 (FWD source). For the interval travel time between the initial arrival
of the wave pulse at V2 and V10, the calculated wave velocity 1s 1305 fps
(400 m/sec). For the same wave pulses, the interval travel time based on
trough-to-trough (of the first half-sine wave) ylelds a velocity of 1655 fps
(505 m/sec). Both of these velocities are within the range of S-wave
velocities for asphalt, suggesting that the vertical geophones do not measure
any significant influence of the P-wave.

It is difficult to assess solely on the basis of time records how much
the P-wave influences measurements made with horizontal geophones. Time
records of surface measurements, in general, are difficult to interpret,
particularly for layer systems with markedly different properties. This
difficulty is evidenced by the substantial difference 1in S-wave velocities
based on different interval travel times even for measurements with vertical
geophones (Fig 6.4b). Because different wavelengths travel at different
velocities, the time record of the wave pulse may change substantially from

one geophone location to the next. Indeed, this 1s the reason why the
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spectral analyzer is used to 1solate the propagation of individual
frequencies within the measurement bandwidth.

The phase plots of the cross spectrums for measurements V2-V10 and
H2-H10 are shown in Fig 6.5. In general, the phase for a particular
frequency is less for measurement H2-H1O0 than the phase at the same frequency
for measurement V2-V10. A lesser phase translates into a lesser travel time
and, hence, a greater velocity for the wavelength at the particular
frequency. For example, at 30 Hz, the phase for measurement H2-H10 is 111.01
degrees, which yields a velocity of 788 fps (240 m/sec), while the phase for
measurement V2-V10 1is 149.44 degrees, which yields a velocity of 586 fps
(179 w/sec) for a difference in velocities of 34 percent.

The most important and conclusive comparison involves the velocity
profile obtained with measurements using vertical geophones versus the
profile obtained with measurements using horizontal geophones. Figure 6.6
compares the velocity profiles (using LR/3 as the "effectgve” depth) for
measurements V2-V5 and H2-H5 using the drop hammer source. In each layer,
the velocities from H2-H5 are distinctly greater than velocities from V2-V5.
The velocity profile from V2-V5 correlates extremely well with shear wave
velocities from crosshole tests verifying that measurements with vertical
geophones are more reliable than those with horizontal geophones. As a
result, nearly all of the analysis for the Austin site (and subsequent
testing at other sites) included only measurements made with vertical

geophones.
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vertical and horizontal geophones usine the FWD.
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Analysis of the Falling Weight Deflectometer

The complete time history of the falling weight is shown in Fig 6.7a.
The signal was recorded from a geophone attached to the base of the FWD. The
signal was triggered (t = 0) with the initial downward hit of the weight. A
pre-trigger delay was used to capture the “negative time" part of the signal.
(The use of a pre-trigger delay to capture the signal is discussed in
Appendix A). The small upward displacement at approximately t = —-0.25 sec is
due to the slight rebound of the base plate when the weight 1is released to
undergo free fall. Multiple impacts occur for about eight or nine rebounds
of the weight. These additional impacts do not interfere with the 1initial
pavement response, because all data is collected from each impulse before the
next impulse occurs. The time interval for a wave travelling from 2 to 10 ft
(0.6 to 3.0 m) is on the order of 10 milliseconds, whereas the interval time
between the first and second impacts of the weight 1is approximately
450 milliseconds.

The Fourier transform of the time signal, the linear spectrum, is shown
in Fig 6.7b. The major frequency component excited by the falling weight is
approximately 21 Hz. This corresponds quite closely to the pulse created by
the first trough of the signal 1in the time domain. This pulse width is
approximately 25 milliseconds, yielding a predominant period
T = 50 milliseconds, or a predominant frequency of 20 Hz. The level of
excitation greatly decreases with increasing frequencies.

The response of the pavement using the FWD for measurement V2-V5 1is

shown in Fig 6.8. Both the transfer function and the cross spectrum indicate

that most of the response centers about the predominant frequency of
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excitation of the source itself (21 Hz). Similar responses were obtained for
other combinations of receivers.

The velocity profile for measurements with the FWD was determined from
phase 1information of the cross spectrum obtained from plots such as the one
in Fig 6.5a. A typical set of calculations is shown in Table 6.2. Depths
given 1in the table were calculated using the one-third wavelength criterion.
The resulting profile is shown in Fig 6.9.

There is some scatter in the velocities for measurement V1-V2., This
scatter may be due to the fact that the geophones are located too close to
the source to sample properly the wavelengths which travel primarily in the
base and subgrade. As a result, the phase difference is small between the
two geophones, and the measurement is more sensitive to the experimental
limitations of the spectral analyzer (see Chapter 4). Also, the longer
wavelengths will not have travelled far enough to be influenced adequately by
the material properties at a depth which the wave(s) supposed}y sampled. The
velocities will then be overweighted by the wmaterial properties near the
surface, particularly by the higher-velocity asphalt surface layer.

Based on Fig 6.9, R-wave velocities 1in the base and subgrade were
estimated to be 800 fps (270 m/sec) and 580 fps (175 m/sec), respectively.
In the zone where the base course grades into the sandy subbase, the velocity
contrast is not as distinct, but it appears that a reasonable estimate of the
R-wave velocity in the subbase 1is about 700 fps (215 m/sec). Velocities
could not be determined (with the FWD as the source) for the upper 15 in.
(38 cm) of the profile. For typical velocities of pavement materials, the
FWD cannot excite frequencies high enough to generate the short wavelengths

needed to sample the upper layers.
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TABLE 6.2.

CALCULATIONS FROM THE PHASE OF THE CROSS SPECTRUM FOR
DETERMINING THE VELOCITY VERSUS DEPTH PROFILE

DISTANCE BFTWEEN GFOPHNNES = 8,184  FFgY

FREQUENCY PHASE | TRAVEL |VELOCITY | wAVELENGTH | DEPTH

TIME L/3

tHY) (REGRFES)| (MSECY | (FPS) (FT) (F Ty
12,000 18,35 a,268 [ 1997,9 158,992 52,997
14,000 16,87 3,288 | 2465,9 176,871 58,600
16,0800 17.17 2,981 | 2718,7 169,910 S6,6u0
18,000 20,908 3,855 | 2102,3 116,793 39,911
20,000 34,11 a,76% | 1vee,7 85,0834 28,345
22,000 Se.11 6,327 | 1282,9 58,222 19. 407
24,000 81,28 9,807 861,5 35,800 117945
26,000 109,38 [11,677 694,0 26,693 a 898
28,000 130,89 | 12,985 624,14 22,299 7,43@
38,000 149,04 | 13,837 585,7 19,523 6,508
32,0800 164,78 (18,304 566,6 17,70% S,Qaz
34,000 175,84 (18,366 564,1 16,592 5,531
36,000 179,80 13,873 $84,1 16,226 s,aaﬁ
38,200 187,92 | 13,737 590,08 15,525 5,175
4o, o0 198,78 | 13,804 $87,1 14,677 4,892
as,000 228,95 14,133 573 4 12,743 4,228
58000 248,71 13,817 sao s 11,731 s'a70
Sua,eme | 275.06 |14,195 | 79,9 10,572 11524
59,759 293,72 | 11,658 593’5 9,933 3,311
cs onp 300,91 | 12,A59 30,2 9,696 3,232
69,500 yee.i8 |11,998 675,5 9,719 37540
75,0890 310,71 | 11,58 704,2 0,390 3,130
79,800 323,33 | 11,369 12,8 9,023 3 o8
83,200 343,29 | 11,489 785.4 8,499 2! a3y
90,0a2 | 361,33 | 11,152 726,7 8.078 2; 601
95,008 374,04 | 10,963 739,2 7,781 z,sea
102, 000 388,62 | 10,708 750.7 7.587 2.502
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Fig 6.9. Velocity profile obtained from measurements using
the FWD source.



172

Previously, it was shown that the 1level of excitation of the FWD
decreased with 1increasing frequency (Figs 6.7 and 6.8). This trend is
illustrated even wmore clearly by comparison of the autospectrum over
different bandwidths shown 1in Fig 6.10. Nearly all of the energy of
excitation is contained within 100 Hz and essentially no frequencies are
excited above 250 Hz. Figure 6.11 shows the cross spectrum and coherence for
measurement ¥2-V5 over a 1600-Hz bandwidth. Above 250 Hz, the phase of the
cross spectrum  becomes erratic. Similarly, the coherence displays
irregularities above 250 Hz. These plots indicate that the FwWD does not
sufficiently excite the necessary frequencies to test the entire pavement

system.

Analysis of the Drop Hammer

Measurements with the drop hammer source were made using one pair of
horizontal geophones, H2-H5, and one pair of vertical geophones, V2-V5.
Figure 6.12 shows the autospectrum of the signal at geophogne V2. The
magnitude 1indicates that all of the frequencies up to about 1600 Hz are
sufficiently excited to determine a valid pavement response for all layers of
the system. The phase of cross spectrum and the coherence function for
measurement V2-V5 are shown in Fig 6.13. Although the cross spectrum looks
fine up to 1600 Hz, the coherence function drops off sharply at about 1300 to
1400 Hz, suggesting that data above 1300 Hz should be used with caution.

The velocity versus depth profile is shown in Fig 6.14. This profile is

based on the phase information from measurement V2-V5 (Fig 6.13a) and is

plotted using Lp/3 as the depth criterion.
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The layering in the velocity profile (based on velocity contrasts)
correlates well with the actual profile when the cross spectrum velocities
are plotted at a depth of LR/3. The subbase can be readily identified as a
separate layer. The subgrade shows an increase in velocity with depth which
probably is due to the influence of the underlying, higher-velocity rock.
Based on the profile in Fig 6.14, R-wave velocities were estimated as 1400,
860, 690, and 560 fps (425, 260, 210, and 170 m/sec) for the surface layer,

base, subbase, and subgrade, respectively.

Comparison of the FWD and the Drop Hammer

The usefulness of an impact hammer for measuring wave velocities depends
on how well the hammer excites the frequencies required to analyze the
pavement system. Figure 6.15 contains the Fourier transforms, or 1linear
spectrums, of the wave pulse generated by the FWD and the drop hammer
sources. The dashed lines in part (a) are the limits of the plot in part
(b). The FWD focuses its excitation energy about 20 to 25 Hz, whiie the drop
hammer does a significantly better Jjob of exciting frequencies over the
entire 1600-Hz bandwidth. Similar trends were shown in the autospectrums for
both vertical and horizontal receivers at various distances from the source.

Figure 6.16 compares the magnitude of the cross spectrums for
measurement V2-V5 for the FWD and the drop hammer. Based on areas under the
plots in Fig 6.16, the total energy in the <cross spectrum of the FWD 1is
roughly 35 times the energy in the cross spectrum of the drop hammer.
However, this is not a c¢ritical factor, since total energy 1is only an
indirect index of the stress level induced by the impact. More important 1s

the relative distribution of the energy. As expected from previous
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examination of the autospectrum, the energy of excitation is distributed
better by the drop hammer. Over 98 percent of the energy in the FWD spectrum
is contained within the first 100 Hz of the band, whereas only 11 percent of
the energy in the drop hammer spectrum is contained in the first 100 Hz of
the band.

Another comparison involves the phase of the cross spectrunm.
Figure 6.17a indicates that the FWD does not provide discernible information
above 250 Hz, while Fig 6.17b shows that the drop hammer provides unambiguous
data over the entire 1600-Hz bandwidth. As noted previously, the FWD cannot
adequately sample the surface layer. Although the FWD 4s a good impulse
source for deflection measurements due to its high stress levels, the drop
hammer is better suited for determination of wave velocities in the surface
layers.

The R-wave velocities obtained from the FWD and the drop hammer sources
are 1listed in Table 6.3. Despite the large difference in the input energy,
the velocities obtained from measurements using the two sources are virtually
the same. This suggests that a large, heavy source 18 not necessary for
determining wave velocities or moduli. In addition, over the range of
stresses Induced by the drop hammer up to those induced by the FWD, the
moduli of the materials are not stress {or strain) sensitive. Average values
of the R-wave velocities were determined from which S-wave velocities were
calculated. The shear wave velocities in Table 6.3 are based on cross
spectrum (surface) measurements and can be compared directly with the shear

wave velocities from crosshole tests presented in the next section.
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TABLE 6.3. SUMMARY OF R-WAVE VELOCITIES DETERMINED FROM
CRO5S SPECTRUM MEASUREMENTS AT AUSTIN (IH 35) SITE

Material |Approximate Unit Poisson's R-Wave Velocity (fps) S-Wave
Thzi:niss w?;ﬁ:; Ratio FWD Drop Average V?;::;tv
‘ ‘ Hammer
Asphalt 6.5 145 0.35 - 1400 1400 1500
Base 15 140 0.40 880 860 870 925
Subbase 12 to 15 135 0.40 700 690 695 740
Subgrade 120 115 0.40 580 560 570 605

T L ad
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RESULTS FROM CROSSHOLE TESTING

Crosshole testing was conducted at the Austin site approximately four
months after the surface measurements were made. During the interim period,
the right lane of northbound IH 35 remained closed to traffic. Thus, both
sets of measurements were performed on the section as constructed. The
following paragraphs briefly describe aspects of crosshole testing particular
to the Austin site. A more general discussion of the crosshole seismic

method is presented by Stokoe and Hoar (Ref 12).

Description of Test Procedure

A diagram of the crosshole test setup 1s shown in Fig 6.18. The
boreholes were advanced in stages so that both the source(s) and geophones
could be situated at the bottom of the holes for selected depths, as shown in
Fig 6.18. Two holes, approximately 8 ft (2.4 m) apart, were drilled to a
depth of about 12.5 to 13 ft (3.8 to 4.0 m). One of these holes served as
the source hole for measurements made in the subbase and subgrade. The other
hole served as the receiver (geophone) hole. An additional hole, 1located
4 ft (1.2 m) from the receiver hole, was drilled to a depth of approximately
"1.5 ft (0.5 m) and served as a source hole for measurements 1in the asphalt
and base course. This additional source hole was used to avoid refracted
waves from the higher-velocity surface layer.

Two sources were used to generate body waves (P- and S-waves) in the
various layers. Within 1.5 ft (0.5 m) of the surface, the drop hammer was
used. The drop hammer was placed so that its base plate rested on the bottom

of the hole. Measurements were triggered with an RC trigger. Below 1.5 ft
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(0.5 m), a split-spoon sampler attached to the end of the drill rod was used
as the source. For a given measurement, the source hole was advanced
slightly less than the receiver hole. Then, the split-spoon sampler was
driven 1into the soil about 6 in. (15 cm) so that the source and geophones
were at essentially the same depth. Measurements were triggered by the
signal from a geophone fixed to the spoon at the point where the wave energy
from the hammer pulse was generated in the soil.

A package of three geophones was enclosed in a single case which was
attached to the bottom of a rod used to 1lower the geophones into the
borehole. The geophone case rested on the bottom of the borehole and was
coupled to the so0il by means of a short, steel spike. One geophone was
oriented in the vertical direction and was used to determine the arrival of
the S-wave. Another geophone was oriented in the horizontal (longitudinal)
direction and was used to determine the arrival of the P-wave. The third
geophone, oriented in the horizontal (transverse) direction, was not used in
the testing. The depths at which the geophones were located are listed in
Table 6.4.

The time records of the wave pulses were recorded with the Nicolet
digital oscilloscope and were stored on magnetic floppy disks. One record of
the S—wave arrival and one record of the P-wave arrival were obtained at each

measurement depth.

Analysis of Crosshole Data

Velocities for both P-waves and S-waves were calculated from direct
arrival times. For measurements using the drop hammer, t=0 was defined by

the time at which the hammer impacted the base of the source. For
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TABLE 6.4. SUMMARY OF CROSSHOLE TEST RESULTS AT AUSTIN (Il 35) SITE

Material Depth S-Wave P-Wave Poisson's
_ Velocity Velocity VS/Vf Ratio
(ft) (fps) (fps)
Asphalt 0.33 1610 5230 0.308 0.45
1.17 801 1980 0.405 0.40
Base 1.46 826 1810 0.456 0.37
1.46 843 1970 0.428 0.39
Subbase- 2.21 753 1160 0.649 0.14
Dense 2.96 733 1130 0.649 0.14
Sand
3.79 483 1130 0.427 ©0.39
Subgrade-
Stiff 4.92 523 1370 0.381 0.41
Clay
7.04 577 1480 0.390 0.41
Silty 9.33 679 1740 0.390 0.41
Clay
11.29 - 5000 (Water Table at 10 ft)
Rock 13.04 3110 7730 0.402 0.40
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measurements using the split-spoon sampler, t=0 was defined by the time at
which the wave pulse excited the trigger geophone. Direct arrival times were
then based on the elapsed time between the initial excitation of the trigger
geophone and the initial arrival point of the wave at the geophone in the
receiver borehole.

A typical record for S-wave analysis is shown in Fig 6.19. The upper,
irregular trace represents the response of the trigger geophone. The initial
excitation is described by the sharp, downward break and this point defines
t=0. The 1lower, smoother trace represents the motion recorded by the
vertical geophone in the receiver borehole. The arrival of the S-wave 1{is
defined by the first, large, downward break in the wave pulse. For the
measurement shown in Fig 6.19, the distance between the source and receiver
was 7.96 ft (2.43 m), and the direct arrival time was determined as 10.86
milliseconds, yielding an S-wave velocity of 733 fps (224 m/s).

The results of the crosshole tests (both P- and S-wave velocities) are
summarized in Table 6.4. Using calculated ratios of VSIVP and Table 2.1,
estimates were obtained for Poisson's ratios of the various materials in the
pavement system. For the base course and the subgrade, Poisson's ratios
determined from this approach agreed quite closely with those assumed for the
respective materials (see Fig 6.2). For the dense sand (subbase), the
Poisson's ratio was found to be 0.14, which is considerably lower than the
assumed value (0.40). However, the value of 0.14 is not unlikely for a dense
sand undergoing low shearing strains. In either case, the difference 1n
shear wave velocities (converted from the R-wave velocity as a function of
Poisson's ratio) is less than 5 percent, and the difference in moduli is only
about 10 percent. For consistency, a value of 0.40 was used for all

calculations involving the subbase.
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Poisson's ratio determined for the asphalt (using VR/VS) is 0.45, which
is somewhat higher than the range typically assumed for asphalt
(0.25 £V £0.35). One possible reason for this difference is the difficulty
in measuring an accurate value for the P-wave velocity. Since the P-wave
velocity is relatively high in the asphalt and the distance between the
source and the geophone is only a few feet, the travel time of the wave pulse
is quite short. Therefore, any errors introduced by triggering which lead to
an inaccurate definition of t=0 may significantly effect determination of the
travel time; In view of this possibility, and an apparent P-wave velocity of
3180 fps (970 m/s) from the measurement shown in Fig 6.4a, it appears that
the P-wave velocity of 5230 fps (1594 m/s) obtained from crosshole testing is
not correct. Using Vp = 3180 fps (970 m/8) in the asphalt, the ratio of
VS/VP is 0.506, which 1in turn yields a Poisson's ratio of 0.33 from
Table 2.1. It seems, then, that the assumed value of Poisson's ratio (0.35)
is valid, and this value is used for all calculations involving the asphalt
layer.

The crosshole S-wave velocities listed in Table 6.4 are plotted and
compared with the velocity profile obtained from cross spectrum measurements
in Fig 6.20. The R-wave velocities from cross spectrum measurements were
converted to S-wave velocities using the appropriate relationship of VR/ Vg
(as a function of Poisson's ratio) 1listed in Table 2.1. Figure 6.20
indicates that the cross spectrum velocities agree quite well with the
crosshole velocities.

A further comparison that includes S—wave velocities from both methods
is presented in Table 6.5. Average values of VS from cross spectrum
measurements (from Table 6.3) and average values of VS from crosshole tests

(determined from Table 6.4) are compared for each material at the site. The
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TABLE 6.5. COMPARISON BETWEEN S-WAVE VELOCITIES FROM CROSS
SPECTRUM MEASUREMENTS VERSUS CROSSHOLE TESTS

Material S-Wave Velocity (fps) Percent
Cross Spectrum] Crosshole Difference
Measurements Tests

Asphalt 1500 1610 6.8

Base 925 823 12.4

Subbase 740 743 0.4

Subgrade 605 565 7.1

TABLE 6.6. COMPARISON BETWEEN ELASTIC MODULI CALCULATED FROM
WAVE VELOCITIES VERSUS DEFLECTION MEASUREMENTS (ELSYM5)

Material Shear Young's Modulus, E (psi)
M?d§§§s Wave Deflection
P Propagation Method *
Asphalt 70,000 190,000 250,000
Base 26,000 72,000 108,000
Subbase 16,000 45,000 40,000
Subgrade 9,000 25,000 17,000

*Moduli were backcalculated from fitted deflection basin
using elastic theory (ELSYMS).
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difference in velocities ranges from as little as 0.4 percent to no more than
12.4 percent, with an average difference of about 7 percent. These
differences are certainly acceptable for engineering applications, suggesting
that the surface technique using cross spectrum measurements is a reliable

way to obtain the shear wave velocity profile.

DETERMINATION OF MODULI

Based on the shear wave velocities listed in Table 6.3, a shear modulus
was calculated for each layer using Eq 2.6. Young's modulus was then
calculated from Eq 2.3 using the Poisson's ratios given 4in Table 6.3. The
moduli based on wave propagation (cross spectrum velocities) are listed in
Table 6.6, The Young's modulus for each layer fall in the range of moduli
typical of the respective materials.

Young's moduli were also determined from deflection ‘' wmeasurements
provided by the Dynaflect device operated by the Texas State Department of
Highways and Public Transportation (SDHPT). Moduli are backcalculated wusing
a computer program (ELSYMS) which incorporates elastic layer theory. The
modulil are obtained by a trial-and-error solution which converges when the
calculated deflection basin matches (within a given tolerance) the deflection
basin measured under the Dynaflect loading.

The analysis at the Austin site (provided by SDHPT) incorporated four
layers: asphalt surface, flexible base, sand subbase, and subgrade, vwith
layer thicknesses of 6.5, 15, 15, and 120 inches, respectively. A rigid base
was assumed on the basis of the rockline at approximately 13 ft. The modulil
datermined by the deflection method using ELSYM5 are listed in Table 6.6.

These moduli differ by 11 to 33 percent from those calculated from wave
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propagation velocities. This agreement is reasonably good, considering the
markedly different approaches for determining Young's moduli.

Another way to compare the two methods is8 to use ELSYM5 to calculate
deflections using the moduli determined by wave propagation and then compare
those deflections with the measured (Dynaflect) deflections. The calculated
deflection basin (for geophone locations of 0, 1, 2, 3, and 4 ft from the
source point) was 0.53, 0.40, 0.26, 0.18, and 0.13 mils, respectively. These
deflections were slightly less than the measured deflections, which were
0.53, 0.44, 0.32, 0.22, and 0.18 mils, respectively. The calculated
deflections differ from the measured deflections by no more than 30 percent
in the worst case. The calculated deflections appear to be lower than the
measured deflections as a result of the stiffer modulus (relative to the one
backcalculated by ELSYM5) associated with the subgrade.

The relatively good agreement between the moduli (or deflections)
determined by the two methods indicates that the wave propagation method
(using cross spectrum measurements) is a valid method for determining Young's
moduli of the various layers in the pavement system. It should be noted that
the wave propagation method does not require knowledge or assumptions about
the 1layer thicknesses (which the ELSYM5 program requires), but in fact can

provide a good approximation of layer thicknesses as a part of the analysis.

SUMMARY

Based on test results at the Austin pavement site, conclusions were
obtained regarding geophones, sources, and the overall validity of the wave
propagation (cross spectrum measurements) method to evaluate the moduli of 2a

pavement system.
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Comparisons between measurements using vertical and horizontal geophones
indicate that vertical geophones are more desirable for determining
Rayleigh-wave velocities. Horizontal geophones are much more sensitive to
P-wave motion, and the result is velocities which are somewhat higher than
those obtained from vertical geophones. Comparisons with crosshole test
results indicate that measurements using vertical geophones agree closely
with S~wave velocities measured with the crosshole method.

It also appears that some scatter may occur in the velocity profile 1if
the location of the geophones from the source {g not commensurate with the
wavelengths being sampled. For pavement systems, which have higher-velocity
layers at the surface, measurements using geophones spaced too closely to the
source may yield velocities in the subgrade which are too high because the
apparent long wavelengths have been overweighted by material properties of
the surface layers. In general, by increasing the spacing of the geophones
from the source, this problem can be eliminated or minimized.

Comparison wmeasurements were also made using the Falling VWeight
Deflectometer and a drop hammer source. Over the range of frequencies (or
wavelengths) excited by both sources, the velocity profiles agreed quite
closely. Since the 1input energy of the two sources 1s significantly
different, the close agreement suggests that the velocities (and moduli) are
not stress-sensitive, at least up to and including the stresses generated by
the FWD. However, the FWD could not excite frequencies high enough to sample
the asphalt surface. The sharper, quicker impact of the drop hammer did
generate the high frequencies needed to sample the asphalt. Based on these
results, it appears that the significant criterion for a source is the range

of frequencies which it can excite, and not the stress level induced by the

impact.
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Velocities obtained by cross spectrum measurements compare closely with
crosshole velocities. The differences were not greater than 12.4 percent and
averaged about 7 percent, which is quite acceptable for engineering purposes.
These results indicate that the surface (cross spectrum) measurements provide
a reasonably accurate shear wave velocity profile without drilling or coring.
The good correlation in the subbase and subgrade indicates that the stiffer,
upper layers in a flexible pavement system do not adversely effect the
surface measurements.

A comparison of Young's moduli obtained from wave propagation velocities
with the moduli from deflection measurements using ELSYM5 indicates that the
wave propagation method (using spectral analysis) is a valid way to determine
moduli. The differences in moduli ranged up to about 35 percent, which is
quite good considering the markedly different approaches of the two methods.
It 1is difficult to say which wmethod is more accurate, although the wave
propagation method seems more desirable, since it determines the moduli for
each layer directly whereas the deflection method must find moduli by

trial-and-error which yield deflections that match deflections measured from

a composite influence of all the layers in the pavemeat system. In addition,
it is not clear how well the elastic layer theory incorporated into ELSYMS

applies to low-strain, dynamic (transient) loading.




CHAPTER 7. PAVEMENT EVALUATION AT GRANGER SITE

SITE DESCRIPTION

The Granger site is located about 5 miles (8 km) east of Granger, Texas,
on Farm to Market Road 971. The test section is located approximately 80 to
100 ft (24 to 30 m) east of the eastern abutment of a newly constructed
bridge (Structure S19750). The location of the site is shown in Fig 7.1.

The pavement section consists of a two-course surface treatment. The
flexible base course consists of 11 in. (28 cm) of crushed limestone placed
in two 1ifts with thicknesses of approximately 7 in. (18 ecm) and 4 in.
(10 cm). The subgrade is a compacted fill used to construct the embankments
on either si{de of the bridge. The upper 6 in. (15 cm) of the subgrade 1is
lime stabilized.

The embankment was constructed with approximately 18 to 20 ft (5.5 to
6.0 m) of compacted clay fill. The upper half of the fill was stiff tan clay
(Taylor marl), while the lower half was stiff black clay (gumbo clay). The
underlying natural soil is also gumbo clay. Construction of the embankment
occurred in the spring of 1977. The f11ll was placed at a water conteant of
approximately 27 percent and a dry unit weight of about 97 pcf.

The pavement and soil profile is shown in Fig 7.2. The unit weights and
Poisson's ratios shown are estimated values typical of the construction

materials which are used at the Granger site.
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Assumed Assumed
Depth Description of Material Poisson's Unit
(ft) Ratio Welght
(pef)
0.383 E.o\Two-course surface treatment 0.30 145
: \Flexible base ( total of 111in,) 0.35 140
6-in. lime-stabilized subgrade 0.40 125
Compacted fill: stiff, tan clay 0.45 125
(Taylor marl)
10 c d £111 iff d
ompacte : st , tan an
black clay (mixed) 0.45 125
12
Compacted fill: stiff, black 0.45 125
clay (Gumbo clay)
19
Natural soil: firm, black clay
(Gumbo clay)
Fig 7.2. Longitudinal-section profile at Granger (FM 971) site.
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EXPERIMENTAL PROCEDURE

The procedure used at the Granger site was similar to the procedure used
at the IH 35 site and followed the general procedure discussed in Appendix A.
The drop hammer was the only source of input energy used at the Cranger site.
Based on the results from the testing conducted at IH 35, which showed that
horizontal geophones are too sensitive to undesirable P-wave energy, only
vertical geophones were utilized. The geophones were mounted on steel blocks
which were then epoxied to the pavement surface to permit adequate coupling.

Measurements were made with the geophones located along the centerline
of the road and along the right (exterior) wheelpath of the eastbound lane.
Table 7.1 contains a listing of the measurements including the distance from
the source to the geophones and the bandwidth used for each measurement.
Measurements along the centerline included a series of geophone spacings with
the near geophone located 1 ft (0.3 m) from the source and a series of
geophone spacings with the near geophone located midway between the  source
and the far geophone. Hereafter, measurements will be referred to by the

location of the geophones from the source.

In addition, deflection readings were obtained from the Dynaflect device
which was made available by the Texas State Department of Highways and Public
Transportation (SDHPT). Measurements were performed at four locations along
both the centerline and the right wheelpath. Data were collected at
distances of 53, 78, 103, and 128 ft (16, 24, 31, and 39 m) from the bridge

abutment. Results of these tests are presented herein.




TABLE 7.1. SUMMARY OF MEASUREMENTS AT THE GRANGER (FM 971) SITE
Record Ko, Distance from Distance Location Nusber Bandwidth Computer
(Track No.} Sourca to between of of of Data File
Geophones (ft) Geophones Geophoneas Averasges Spectrum Identification
Near ¥ar (ft) (Hz)

5¢1) 0.5 1.0 0.5 Centerline of Roed 1 3200 SHGR1
14(1) 1.0 2.0 1.0 " . o» 5 1600 SHGR6
19(1) 1.0 2,0 1,0 » wom 5 100 -
26(1) 1.0 2.0 1.0 " *won 5 400 -
25(1) 1.0 2.0 1.0 " "o 5 3200 -
(1) 1.0 5.0 4.0 w v o 3 800 -
3s(1) 1.0 5.0 4.0 v noow 5 400 SHGR7
43(1) 1.0 9.0 8.0 " *oom 5 400 SHGRS
44(1) 1.0 9.0 8.0 " wo. S 50 -
30(1) 1.0 16.0 13.0 " "oon 5 200 SHGRY
55(1) 8.0 16.0 8.0 " .o 5 200 SHGRG
60(1) 4.0 8.0 4.0 " won 5 400 SHGR3
67(1) 2.0 4.0 2.0 " won S 400 SHGR2
76(1) 5.0 9.0 4.0 " wow S 400 SHGRS
3(2) 5.0 9.0 4.0 Right Ext, Wheel Path 5 400 SHCR12
10(2) 1.0 3.0 4.0 - " » b * 5 800 SHOR11
15(2) 1.0 2.0 1.0 " " " " 5 1600 SHGR10
20(2) 7.0 13,0 8.0 " " b " 5 400 SHGR13
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DETERMINATION OF VELOCITY PROFILE

For comparative purposes, cross spectrum measurements were divided into
three groups: measurements along the centerline of the road with the near
geophone located midway between the source and far geophone, measurements
along the centerline of the road with the near geophone fixed at a distance
1 ft (0.3 m) from the source, and measurements along the right wheelpath.
Velocity profiles obtained from these three sets of measurements are shown in
Figs 7.3, 7.4, and 7.5, respectively. These profiles include data over the
entire frequency range for which interpretable phase information existed,
regardless of the level of coherence for the measurements.

The velocity profiles shown in Figs 7.3 and 7.5 indicate that the R-wave
velocity in the subgrade ranges from approximately 400 to 450 fps (120 to
140 m/sec) for measurements along the centerline of the road as well as along
the wheelpath. However, the velocity profile shown in Fig 7.4 indicates that
the R-wave velocity in the subgrade is somewhat higher, ranging from 450 to
700 fps (140 to 215 m/sec). This large difference is not a result of varying
soil properties since the profile shown 1in Fig 7.3 represents the same
centerline location. The difference is most 1likely related to the location
of the pair of geophones, particularly the geophone nearer to the source. 1In
the case where the near geophone is fixed close to the source (Fig 7.5),
there is not a sufficient distance for the long wavelengths which sample the
subgrade (LR greater than about 6 ft, (2 m)) to disperse, f.e., separate and
travel at a velocity commensurate with the material that the full wavelength
would sample. As a result, the low-frequency waves are influenced
disproportfonately by the material near the surface. For pavement systems,

the materials near the surface have higher velocities (more stiffness) than
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the subgrade. Consequently, the apparent subgrade velocity will be higher
than it should be when the near geophone is located an adequate distance from
the source. This phenomenon 1s observed in Fig 7.4. The problem is
minimized by 1locating the near geophone at an increasing distance from the
source to sample increasing wavelengths (depths), such as shown in Fig 7.3.

All of the velocity profiles show considerable scatter within 2 ft
(0.6 m) of the surface. The upper part of the profile contains several
relatively thin 1layers having significantly different properties. For
example, the 1layer boundary between the surface and the base course can be
observed by the line of velocities plotted at about 0.1 to 0.15 ft (3.0 to
4.6 cm). This 1layer boundary is clearly shown in Fig 7.3 and is partially
developed in Fig 7.5. However, the layer boundary between the base course
and the subgrade can only be estimated. Because the section of
lime~-stabilized subgrade probably has a stiffness between that of the
underlying nonstabilized subgrade and the overlying base course, the
transition between layers is difficult to define.

The scatter in the upper part of the velocity profile is probably due to
the presence of layering which causes some wavelengths to be reflected or
refracted at layer boundaries. Reflected and refracted waves may influence
the phase of the cross spectrum and, in turn, may complicate the
interpretation of velocities which are based on direct travel distance
between the geophones on the surface.

In general, the phase plots obtained at the Granger site were quite
difficult to interpret. A typical example of the difficulty is shown in
Fig 7.6a for measurement V4-V8. Over the range of frequencies from about 100

to 200 Hz, various “glitches” occur in the phase plot which are not normally

expected in a more continuous relationship such as that shown over the range
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from 10 to 100 Hz. In particular, there appears to be a 360-degree phase
shift at about 134 Hz, similar to the shifts occurring at about 53 and
207 Hz. (These shifts are usually a plotting phenomenon; see the discussion
in Appendix A.) However, if the apparent shift at 134 Hz is interpreted as a
360-degree shift, the velocities obtained for frequencies above 134 Hz are
much too low for the base material which those frequencies (or wavelengths)
supposedly sampled. In this case, the sharp break in continuity is due to
actual behavior (rather than just a plotting phenomenon) of waves having
frequencies in the neighborhood of 134 Hz.

The coherence function for measurement V4-V8, shown in Fig 7.6b,
exhibits a sharp spike of poor coherence at 134 Hz which corresponds exactly
to the sharp break in phase shown in Fig 7.6a. In addition, there is another
wider spike of poor coherence at approximately 182 Hz. Analysis of the
reduced data indicates that both of these frequencies correspond to sharp
demarcations in velocities.

Further examination of phase plots and coherence functions from other
measurements revealed that similar spikes or depressions of poor coherence
occurred over frequency ranges where the phase was atypical and/or difficult
to interpret. The sharpness of the splke or depression, as well as the level
of coherence, varied somewhat from measurement to measurement. However,
regardless of the 1location of the geophones, each measurement showed poor
coherence at the same frequency or range of frequencies (within the
measurement bandwidth). In each case, the frequencies corresponded to sharp
demarcations in velocities. These frequencies and the approximate depths
associated with the velocity contrasts are summarized in Table 7.2. In turn,
it was found that these depths correlate quite closely with layer boundaries

in the profile. This suggests that reflection and refraction of certain




TABLE 7.2. RELATIONSHIP BETIWEEN FREQUENCIES WITH LOW COHERENCE AND DEPTH OF LAYER BOUNDARIES

Measurement Frequency Approximate Layer Boundary
Depth**
(Hz) (ft)

vik-vi 1750-2100 0.14-0.18 surface course / base course

vk-v1 550 0.4 18t 1ift / 27"d 1i1ft of base

V2-V4 183 1.0 base / stabilized subgrade

V4-v8 182 1.0 " " "

V4-v8 134 1.5 stabiliged subgrade / subgrade

V8-V16 105-135 1.55 " " "

V1-V16 105-115 1.5 " " "
V1-V2 (WP) * 1225+ 0.14 surface tourse / base course
V5-v9 (WP) 185-240 1.0 base / stabilized subgrade
V7-V15 (WP) 105-110 1.55 stabilized subgrade / subgrade

* Measurements in wheel path denoted by (WP),.

** Depths based on LR/3 criterion; L, i{s wavelength for particular frequency.

607
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waves due to layering does influence the phase of the cross spectrum as well
as the coherence function.

Although measurements with poor coherence are not desirable, it may be
advantageous, when possible, to use the spikes or depressions of poor
coherence to identify layering. Such a possibility is shown in Fig 7.7. The
phase of the cross spectrum for measurement V4%-V1l, shown in Fig 7.7a,
exhibits a broad peak from about 1700 to 2300 Hz. The presence of the peak
indicates that the phase is decreasing although the frequency is increasing.
As the phase decreases, the time for the wave to travel between the geophones
decreases, and the velocity increases significantly. The sharp change in
velocity suggests the influence of a layer boundary. Figure 7.7b shows the
coherence function for the measurement, and, as could be expected, there is a
marked drop in the level of coherence over the frequency range of the peak in
Fig 7.7a. The detection of layers using frequencies may also be enhanced by
examining the magnitude of the cross spectrum plotted on a logarithmic scale
as in Fig 7.7c. Small but distinct dips in magnitude can be observed at
1900 Hz (corresponding to the coherence function) as well as at 550 Hz. This
latter point 1s barely distinguishable in the phase plot (Fig 7.7a) and is
not well-defined in the coherence function (Fig 7.7b) in view of the fact
that several similar short spikes of poor coherence also exist up to about
1000 Hz. The sensitivity of the logarithmic scale to small dips in magnitude
shows the dip at 550 Hz, which corresponds to a depth of about 0.4 ft, or
about 5 in. (12 cm). This depth appears to correspond to the boundary
between the first and second lifts of the base course. Since the material
properties (and, hence, the velocities) are essentially the same in both

1lifts, no distinction is observed in the phase plot.
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Although the major layer boundaries can be approximated, there is still
the problem of assigning a velocity to the base course, where excessive
scatter exists in the data (Figs 7.3-7.5). For s8oil sites, such scatter
could be identified and filtered out using the criterion developed in
Chapter 4. For pavement sites, a general equation (such as Eq 4.5) cannot be
readily applied because the various materials have significantly different
properties. However, the same approach can be applied; data for frequencies
with poor coherence are rejected and thereby filtered out of the velocity
profile, The definition of "poor"” coherence is somewhat arbitrary. Analysis
of the various measurements indicates that data for which yz < 0.90 should
be filtered out.

Using this criterion, the velocity profiles were filtered and replotted.
Figure 7.8 shows the profile to a depth of 7 ft (2.1 m) for measurements
along the wheelpath. Figure 7.9 shows the profile to a depth of 14 ft
(4.3 m) for measurements along the centerline. Both profiles still show some
scatter, which is probably remnant of the reflection and refraction problems

previously discussed. The transition zone is still present at the depth of

the stabilized subgrade.

Rayleigh wave velocities can be determined for the subgrade and the base
using Fig 7.8, and R-wave velocities can be determined for the subgrade, the
base, and the surface layer using Fig 7.9. A "mean value" for the velocity
in each layer was selected by graphically fitting a straight line through the
data which are least influenced by the layer boundaries. In the subgrade, a
velocity of 420 fps (128 m/sec) was obtained from measurements along the
wheelpath and a velocity of 440 fps (134 m/sec) was obtained from
measurements along the centerline, yielding an average value of 430 fps

(131 m/sec). In the base course, a velocity of 680 fps (207 m/sec) was
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obtained from wmeasurements along the wheelpath and a velocity of 660 fps
(201 m/sec) was obtained from measurements along the centerline, yielding an
average value of 670 fps (204 m/sec). The velocity in the surface layer was
determined from centerline measurements only and was estimated to be 980 fps
(299 m/sec).

The subgrade velocity obtained from cross spectrum measurements can be
compared with crosshole velocities obtained by Long (1980) immediately after
the construction of the embankment. Long obtained shear wave velocities in
the £fill material ranging from about 515 to 530 fps (157 to 162 m/sec). From
cross spectrum measurements, the R-wave velocity of 430 fps (131 m/sec)
converts to an S-wave velocity of 453 fps (138 m/sec) for a clay with
Poisson's ratio of about 0.45. Thus, the S—wave velocity from cross spectrum
measurements is about 15 percent lower than the S-wave velocities from
crosshole tests. Since the cross spectrum measurements were made after a
period of wet weather, the lower velocities may reflect a greater moisture
content than when the crosshole tests were performed (several years earlier).

The velocity profile in Fig 7.9 shows a small but marked decrease 1in
velocity at about 10 ft (3 m). This depth corresponds with the depth at
which the compacted fill material changes from Taylor marl to gumbo clay.
This close correlation between the velocity profile and soil profile suggests
that the LR/3 criterion for depth is appropriate for the Granger site.
Again, the 1lower velocity below 10 ft (3 m) may be a result of the heavy
rainfall and subsequent increase in elevation of the water table due to
impoundment of Granger Lake. Borings were not performed to obtain samples or
determine water contents at the time the cross spectrum measurements were

made.
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DETERMINATION OF MODULI

Using the values for R-wave velocities determined from cross spectrum
measurements and estimated values for wunit weights and Poisson’s ratios,
values for S-wave velocities, shear moduli, and Young's moduli were
calculated for th; surface layer, base, and subgrade. These values are
listed in Table 7.3. Young's moduli for the surface layer, base, and
subgrade were determined to be 91,000 psi, 42,000 psi, and 16,000 psi,
respectively. These values fall within the range typical of the respective
materials. In addition, a Young's modulus for the stabilized subgrade was
calculated to be 23,000 psi based on an estimated R-wave velocity.

Moduli were backcalculated (by SDHPT) from Dynaflect data using ELSYMS
as described in Chapter 6. Four layers were assumed, including a surface
course, flexible base, and lime-stabilized subgrade having layer thicknesses
of 1 in., 11 in., and 6 in., respectively, and a subgrade of infinite extent.
The moduli from deflection measurements are 1listed in Table 7.3. . These
moduli are considerably lower (by as much as 1/2 to 1/3) than those
calculated from wave propagation velocities.

Deflections were also calculated (by ELSYM5) using the moduli determined
from wave velocities. The calculated deflections were 1.39, 1.20, 0.67,
0.47, and 0.35 mils for locations of 0, 1, 2, 3, and 4 ft from the source.
In comparison, the measured deflections (based on an average for 7 readings)
were 2.27, 1.59, 0.95, 0.61, and 0.44 mils, respectively. The calculated
deflections are approximately 20 to 40 percent 1lower than the measured
deflections, which would be expected since the moduli from wave propagation

velocities were higher than the moduli found by using ELSYM5.




TABLE 7.3. SUMMARY OF WAVE VELOCITIES AND ELASTIC MODULI
DETERMINED AT GRANGER (FM 971) SITE

Material Unit Poisgson's R-Wave S-Wave Shear Young's Modulus, E (psi)
Weight Ratio Velocity Velocity Modulus
(pef) (£ps) (£ps) (psi) Wave Deflection

Propagation Method*

Surface 145 0.30 980 1060 35,000 91,000 50,000
Basge 140 0.35 670 720 15,700 42,000 13,000
Stabilized 125 0.40 520 550 8,100 23,000 12,500
Subgrade

Subgrade 125 0.45 430 450 5,500 16,000 12,000

*Moduli were backcalculated from fitted deflection basin using elastic layer theory (ELSYM5).

LT1T
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The agreement between the wave propagation method and the deflection
method 1s not particularly good. The differences in moduli (or deflections)
suggest that the methods are not equivalent or Interchangeable. It is

difficult to assess which method is more "accurate.” Perhaps the assumptions
of elastic layer theory used in ELSYM5 are not reasonable for older,
deteriorating, or cracked pavements such as the sections at the Granger site.

In contrast, the wave propagation method did provide fairly good correlation

with the profile layering and crosshole velocities at the site.

SUMMARY

Analyses of the cross spectrum measurements made at the Granger pavement
site were generally more difficult to interpret than measurements made at the
Austin pavement site. In particular, there was significant scatter in the
velocity profile in the surface layer and base course. Examination of the
coherence function, along with erratic patterns in the phase of the cross
spectrum, 1indicated that marked depressions or spikes of low coherence
occurred at frequencies whose wavelengths corresponded to depths of layer
boundaries. Jdentification of these frequencies and layer boundaries
permitted better interpretation of the cross spectrum phase plots.

Much of the scatter was reduced by filtering out data for frequencies
which displayed a value of coherence less than 0.90. Also, data were not
used for which the wavelengths were too long to sample effectively an
appropriate depth of material (when the geophones were located too close to
the source). The filtered velocity profile correlated well with the site
profile. The S-wave velocity for the subgrade was about 15 percent lower

than that obtained from crosshole tests performed during the construction of
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the embankment, possibly because the cross spectrum measurements reflected a
greater moisture content following a period of wet weather.

Young's moduli obtained from the wave propagation velocities were
considerably greater (up to 2 or 3 times) than those backcalculated from
deflection measurements using ELSYM5. Conversely, deflections using moduli
from the wave propagation method were 20 to 40 percent less than the measured
(Dynaflect) deflections. Inasmuch as the cross spectrum measurements
provided a velocity profile which correlated closely with the site profile
and crosshole velocities, the differences in moduli between the two methods
suggest that the elastic layer theory used in ELSYM5 may not apply well to

thin, surface layered pavement.







CHAPTER 8. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

SUMMARY

A method to determine elastic moduli at soil and pavement sites was
proposed and tested. Criteria which guided the development of this method
included the restraint of non-destructive testing, accuracy of moduli for all
layers regardless of thicknesses, and quickness and efficiency for rapid,
extensive testing. To meet these criteria, surface receivers were utilized
to evaluate the Rayleigh-wave motion created by a vertical impulsive source
that could excite a wide range of frequencies with a single impact. Analysis
was facilitated by using a portable spectral analyzer to study the magnitude
and phase of the frequency content of the recorded wave pulse.

Phase information from the cross spectrum function was used to calculate
Rayleigh wave velocities which were converted to shear wave velocities.
Elastic moduli (shear Yoduli and Young's moduli) were then calculated from
the shear wave velocities. Results from field testing at two pavement sites
and two soil sites indicate that the spectral analysis of surface waves
provides an accurate estimation of the velocity (and, hence, modulus) profile
of a site. The following sections present general conclusions regarding
test-related variables, as well as specific conclusions and recommendations

particular to testing at soil sites and pavement sites.
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GENERAL CONCLUSIONS REGARDING TEST-RELATED VARIABLES

Several transient events, or impacts, should be averaged together to
obtain a representative cross spectrum measurement. The number of averages
may vary somewhat with the reproducibility of the source, but, typically five
averages will provide a representative measurement. Additional averages do
not seem to improve the measurement sufficiently to warrant the extra testing
time.

Several sources were investigated. Results show that the stress (or
strain) level 1s not necessarily the critical parameter for selecting an
appropriate impact hammer. Selection should be based on the range of
frequencies that can be sufficiently excited to sample the site profile
adequately. Energy of excitation should not be focused on a few frequencies
but should be distributed over all frequencies in the bandwidth. On this
basis, a light hammer producing a sharp impulse is much more suited than a
large weight which produces a relatively "cushioned" impulse, particularly
for testing pavement sites.

Signals recorded with velocity transducers, or geophones, appear to
provide valid cross spectrum measurements up to frequencies of at least
3 KHz. Based on tests performed on pavements, vertical geophones provide a
more accurate R-wave velocity profile than horizontal geophones. Velocities
obtained from measurements using horizontal geophones were generally too
high, probably due to the greater sensitivity of horizontal geophones to the
higher velocity P-waves.

The spacing of the geophones from the source also 1is {important. In
general, an “equally spaced” arrangement, where both the near geophone and

the far geophone are located at increasing distances from the source, is more
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desirable than a "reference” arrangement, where the near geophone is fixed at
a location close to the source and only the far geophone 1is located at
increasing distances from the source. The former arrangement provides a more
accurate velocity profile, particularly at greater depths {(greater
wavelengths). The equally spaced arrangement appears to be better than the
reference arrangement because the near geophone is located at a sufficient
distance from the source, which allows the different frequencies to disperse
(by travelling at different velocities) as well as permitting the longer
vavelengths to travel through a depth of material which the wave(s)
supposedly sampled.

Velocities for given frequencies were agsigned to depths from wavelength
criteria corresponding to an “"effective sampling depth” of material
properties. Based on comparisons with S-wave velocity profiles from
crosshole testing, a depth criterion of LR/3 provided a velocity profile
which correlated best with the crosshole profile. Velocities from cross
spectrum (surface) measurements did not differ from crosshole velocities by
more than 20 percent in the extreme and were typically within less than 10
percent. Inasmuch as crosshole data did not exist for depths greater than
30 ft (9 m), it is not certain if the LR/3 criterion is applicable for 1long
wavelengths.

The surface technique is restricted to using an average velocity and the
determination of a velocity profile based on wavelength criteria is somewhat
empirical. The problem of averaging is particularly evident at layer
boundaries. Although the empirical approach provides reasonably good
correlation with the site profile and crosshole data, it is desirable to
incorporate a more rigorous and “accurate” approach for determining the

velocity profile from surface measurements. Such an approach {involves
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Rayleigh-wave inversion and extensive numerical techniques to "back out"” the
velocity (or modulus) profile and to eliminate or minimize the problems
associated with averaging. This approach could be used to refine the
analysis of measurements from surface testing.

In addition to the cross spectrum function, other functions may be
helpful in the analysis of data. The coherence function is most definitely
needed to assess the range of frequencies over which quality data were
obtained for a given measurement. The linear spectrums or autospectrums can
indicate which frequencies are adequately excited to measure a good response.
Lastly, the transfer function may be used to calculate attenuation properties

at a site.

CONCLUSIONS AND RECOMMENDATIONS FOR SOIL INVESTIGATION

For typical soil sites, frequencies up to about 100 to 200 Hz should be
excited. TFor depths greater than about 25 to 30 ft (7.6 to 9.1 m), the
measurement bandwidth should be reduced to at least 25 Hz to obtain adequate
resolution of 1low frequencies. Geophones with low resonant frequencies, or
perhaps accelerometers, should be used to obtain a "flat™ transducer response
over the ranée from 0 to 10 Hz.

The source should be adequately coupled with the soil to ensure transfer
of wave energy over the necessary range of frequencies. The source should
also be large enough to excite low-frequency waves sufficiently enough to
sample depths well below the surface. For depths to about 30 ft (9 m), the
drop hammer appears to be adequate. For greater depths, a larger source 1is

desirable to provide sufficient energy at low frequencies. This additional
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wave energy would also permit greater spacing of the geophones from the
source, which is necessary to sample the longer wavelengths accurately.

Testing should include a series of various geophone spacings so that all
wavelengths are accurately sampled during at least one measurement. For
spacings close to the source, short wavelengths will be accurately sampled
but long wavelengths will not have travelled a sufficient distance to measure
properties to an adequate depth. Conversely, for spacings farther from’ the
source, long wavelengths will be accurately sampled but short wavelengths may
have attenuated too much for a valid frequency response to be obtained.
Based on the coherence function, criteria can be established for a given site
whereby inappropriate wavelengths (or frequencies) can be filtered from the
velocity profile. Filtering reduces much of the scatter in the data, and
using a series of measurements, will result in some overlap in the profile.
This overlap of several measurements provides a more-representative profile
than a single measurement would permit.

Attenuation and damping data were calculated from transfer function
measurements. The coefficient of attenuation a for Rayleigh waves could be
approximated as a linear function of frequency. Values of damping ratio were
calculated from a and ranged from about 8 to 20 percent, depending on the
particular site. These values are somewhat higher than those typically
measured with laboratory samples. Possible reasons for the higher in situ
values may be that the field measurement may have erroneously interpreted
geometrical damping of body wave energy as material damping and/or the field
measurement accurately reports backscattering of wave energy caused by
material anomalies, voids, reflections, or refractions. The former problem

could be resolved by locating the near geophone at 8 to 10 ft (2.4 to 3.0 m)

from the source, thereby allowing adequate distance for the geometric damping




226

of body waves. Results from this investigation certainly show potential
application of spectral analysis 1in the determination of attenuation and

damping.
CONCLUSIONS AND RECOMMENDATIONS FOR PAVEMENT EVALUATION

For pavement sites consisting of a flexible (AC) surface, frequencies up
to 2 to 5 kHz should be excited. This upper bound will vary depending on the
thickness and stiffness of the surface layer. Higher frequencies are
necessary for thinner, stiffer pavements. Based on tests at two pavement
sites, it appears that geophones provide good response up to at least 3 kHz.
For higher frequencies, it may be necessary to use accelerometers.

Cross spectrum measurements should be made for a series of various
geophone spacings from the source so that all wavelengths can be accurately
sampled. Spacings close to the source are better for measuring higher
frequencies, which sample the surface layer and base course. Spacings
farther from the source are better for measuring low frequencies, which
sample the subgrade. By using a series of spacings, some overlap of
measurements will occur, which will  minimize the possibility of
misinterpreting reflections or refractions of waves at layer boundaries. The
coherence function should also be used in conjunction with the cross spectrum
to 1identify poor data. Spikes or depressions of 1low coherence may be
associated with layer boundaries, and their identification may be helpful in
analyzing the phase of the cross spectrum.

Comparisons between moduli calculated from wave propagation velocities
and moduli backcalculaed (by ELSYM5) from measured Dynaflect deflection

basins indicate that the wave propagation method is a valid method to




227

determine Young's modulus for each layer in a pavement system. Agreement
between the two methods was quite good at the Austin site, where the pavement
was newly constructed, but was not as good at the Granger site, where the
pavement was severél years old and showed signs of deterioration. The poorer
comparison at the Granger site may result from assumptions in the elastic
layer program that are not reasonable for thin layered pavement. In general,
it 1is not clear how applicable the elastic layer theory incorporated into
ELSYM5 is for low-strain (less than 0.001 percent) dynamic loading.

Shear wave velocities in the subgrade obtained from surface measurements
correlated well with those obtained from crosshole testing, suggesting that
the spectral analysis (surface) method is not hindered by the relatively
stiff asphalt 1layer at the surface. However, both of the pavement systenms
investigated in this research consisted of flexible surface layers, with
stiffnesses about 5 to 10 times those for the subgrade. For rigid (PC)
pavements, the stiffness of the surface layer is considerably greater and may
complicate the analysis of subgrade velocities and moduli. Further research
is necessary to determine if the surface method is applicable for rigid

pavements.
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APPENDIX A

DISCUSSION OF EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

This appendix outlines the steps dinvolved 1in the acquisition and
analysis of frequency data to obtain a Vs-versus-depth profile. It is
assumed that the reader 18 familiar with the basic operation of the

Hewlett-Packard 5423A Analyzer.

FIELD PROCEDURE FOR DATA ACQUISITION

Frequency data can be acquired directly in the field with the
Hewlett~Packard 5423A Structural Dynamics Analyzer, shown in Fig A.l. The HP
5423A Analyzer consists of three portable units having a net weight of 115 1b
(52.2 kg). The three units stack together vertically duriné operation and
are intercounected by means of appropriate cables. Complete performance

specifications as well as operator instructions are contained in the three

volumes of the Hewlett-Packard 5423A Users' Guide.

Analyzer Set-up

The analyzer amust be “programmed™ for a particular measurement state.
The format (and typical set-up) of the measurement state is shown in Fig A.2.

The measurement state is displayed in three sections which include:
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Fig A.l. Hewlett-Packard 5423A Structural Dynamics Analyzer
(from Hewlett-Packard Company, 1979).
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MEASUREMENT STATE
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MEASUREMENT TRANSFER FUNCTION

AVERAGE 1 S » STABLE

SIGNAL IMPACT

TRIGGER INTERNAL ,» CHNL 1

CENT FREQ s B.B Hz AF 360, 625 wHZ

BANDWIDTH « 188, 22@ Hz

TIME LENGTH 2. 56808 S AT s 2. 58088 =S

CHAN # RANGE AC/DC DELAY CAL CEL/V)
L2 25V DC -20. PB38 S 1. 29888
.2 25y DC -20. P332 =S 1. 29223
Fig A.2. Format and typical setup of a measurement state.
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(1) the type of measurement and how it will be obtained,
(2) the frequency bandwidth or time length information specified, and

(3) the selected parameters for the analog-to-digital conversion of the
input signals.

To obtain data for determining wave propagation velocities, the
measurement should be specified in accord with the following guidelines.

The transfer function should be specified as the desired measurement
although the cross-spectrum measurement would provide the necessary
information. When the transfer function 1s specified, the analyzer also
provides the coherence function, the cross-spectrum, and the autospectrums of
each input signal. The additional measurements may aid in the subsequent
analysis of the data. As a general rule, five "averages"” should be used to
construct the measurement. Stable averaging should be used in order to give
each event in the ensemble equal weight. The signal type should be specified

as “"Impact,” which allows for the acceptance or rejection of a particular

transient event. In this way, poor {impulses can be eliminated from the
overall average.

The trigger type may vary depending on the available equipment. The
most convenient method is simply to trigger internally off the signal going
into the first channel. The trigger level can be adjusted to fix a starting
point (t=0) in the first half sine wave of the impulse as it passes by the
first geophone. A pre-trigger delay must be used to capture the initial
portion of the impulse that would otherwise be lost prior to triggering.
Since only the relative phase between the signals of the two geophones 18

required, an external trigger is not necessary.
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The selection of the measurement bandwidth or time 1length depends on
several considerations, including the spacing between geophones, the desired
resolution in the frequency spectrum, the attenuation properties of the site,
and the range of wavelengths needed to Investigate the site to a desired
depth. The interdependence of these variables 1is discussed 1in detail in
Chapter 4. For most soill sites, a bandwidth of 100 to 200 Hz should
adequately cover the range of frequencies needed to "sample” within a foot or
two of the surface. For pavement systems, frequencies from 1.6 to 3.2 Hz may
be required to sample the thin, high-velocity layer at the surface. In each
case the "center frequency” should be specified as zero, so that the
measurement is made in the "baseband” mode, i.e., the bandwidth ranges from O
to, say, 100 Hz. Note also that the selection of a bandwidth or a time
length automatically establishes the other. Since frequency and period are
inversely related, both bandwidth and time 1length cannot be specified
independently. Additionally, because the HP 5423A uses a fixed number of
points to digitize the signal, selection of a bandwidth §r time length
automatically establishes Af and At, the resolution or precision of the
measurement in the frequency domain and the time domain, respectively.

The parameters pertaining to the analog-to-digital converter (ADC) can
differ between input channels 1 and 2. However, in general, only the range
should differ. The specification of the range for each channel is related to
the voltage output of each geophone. The value for range should be as small
as possible to increase the sensitivity of the ADC. When the voltage output
from the geophone(s) exceeds the specified range, a caution message will
appear: "ADC OVERFLOW, IMPACT AGAIN.” Subsequent signals can be utilized by
increasing the range to an appropriate value (not exceeding + 10 volts). For

both channels, DC coupling should be specified. For measurement of wave
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propagation velocities, a calibration factor need not be specified as long as
the frequency response curves for each geophone are nearly identical.

Lastly, when triggering internally with the signal from the near
geophone, a trigger delay must be gspecified. The same trigger delay should
be specified for each channel so as not to introduce an internal time or
phase delay for measurements incorporating both signals. The exact value of
the delay will vary somewhat with the velocity of the material at the site as
well as the distance beteen the source and the near geophone. In general, a
delay of 5 to 50 milliseconds should prove adequate. Note that the delay is

negative, since the pre-trigger (before t=0) portion of the signal is to be

captured.

Measurement Acquisition

Prior to the measurement of the transfer function, the input time
signals should be checked. This can be done before each impact event is
accepted (or rejected) for the measurement ensemble. However, in the case of
narrov bandwidth measurements (say, 100 to 200 Hz), the time signal may be
compressed and/or have poor resolution as shown in Fig A.3a. 1In such cases,
it 1is beneficial to perform initially a “time record average” with a
relatively wide bandwidth (say, 1600 Hz) to verify that the geophones are
connected properly to the ADC. This preliminary measurement can be used to
check that the trigger delay is appropriate, that the entire transient event
is being captured, and that both geophones are connected with the same
polarity (i.e., a "downward” impact produces an initial downward impulse in

the time signal of both geophones). The benefit of using a wide bandwidth

measurement to check the input signal(s) is shown in Fig A.3b.
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(a) Narrow-bandwidth (BW = 200 Hz) measurement
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{(b) Wide-bandwidth (BW = 1600 Hz) measurement

Fig A.3. Comparison of time records obtained from measurements
with narrow and wide bandwidths.
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Once the input time signals have been checked, the transfer function can
be measured. After the measurement 1s completed, the coherence function
should be examined to confirm that a “"good” measurement was obtained over the
desired bandwidth. Such a check may indicate that the bandwidth should be
lengthened or shortened to optimize the range or resolution of frequency
information. The range of frequencies providing useful information (good
coherence) will vary somewhat with the distance between the geophones. In
general, wider spacings between geophones will lead to attenuation of high
frequencies. Each new measurement should be checked and adjusted
accordingly.

In addition, the phase of the cross—spectrum should be examined to
confirm that meaningful information has been gathered. Finally, it may be
useful to compare the autospectrums from each geophone to determine which
frequencies have been excited sufficiently enough to provide good transfer
function data. 1In particular, the autospectrum from the geophone farthest
from the source may indicate the upper limit of frequencies which can be

excited at that particular distance.

Permanent Data Storage

When a satisfactory measurement has been obtained and checked, each
available function should be recorded on magnetic tape. The available
functions should include the transfer function, the coherence function, the
cross-spectrum, and both autospectrums. Although the two autospectrums could
be used to reconstruct the other three functions, it is most convenient to

save all five functions directly while in the field.
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Additionally, it may be desirable to save the “measurement state”
associated with the measurement. In general, this probably will not be
necessary if the wmeasurement state follows the specifications given in
Fig A.2. Usually only the bandwidth will vary (and possibly the range), then
only the particular bandwidth for the measurement needs to be recorded. The
only pertinent information that needs to be recorded is the location of the
geophones for each measurement in order to calculate the distance between the
geophones. For convenience, the tape record number should be listed for each
function as it is saved. A typical field 1log containing the necessary

information is shown in Fig A.4.

IN-HOUSE DATA ANALYSIS

The reduction and analysis of the data can be divided into three major

processes:

(1) preparation of frequency and phase arrays to be used as input data
for computer programs,

(2) execution of computer programs to reduce data and provide output
tables and plots, and

(3) analyses of the tables and plots to determine the shear wave
velocity profile.

Each of these processes is discussed in the following paragraphs. Complete
listings of the computer programs and an explanation of their use are

contained in Appendix B.
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DATE: _3_/_/‘!_1_8_!_ LocatIoN: _ Wabet Grek
TAPE IDENTIFICATION: _ WC(- & TAPE TRACK NO,: /
SETUP DATA TYPE DESCRIPTION OF | DESCRIPTION OF
STATE RECORD OF CHANNEL #1 CHANNEL #2
NUMBER NUMBER | FUNCTION INPUT INPUT
/ / ™ REC [N Geo @ 2 " souwce 1% 80 wae
2 2 [TM REC (V. Geo @ 2 howl somee, T- 128 s
3 3 | TRAS |V @ 2 | V. Go @ 4
Bu- Joso| 4 COHER
5 AUTO |
f AACTO 2
17 CROS5S
4 8 | TRANS |V G @ R V. G o 8
Bad = 160 9 COHER
/o | Aol
/1 AT 2
/% CROSS
5 13 TRANS V. Gee @ 2' | V. Geo @ /b,
BW = /60 14 COHER
Fig A.4. Example of typical field log.




Preparation of Data Arrays

The computer programs are designed to convert phase data to velocity and
wavelength information for selected frequencies. Currently, the input arrays
are dimensioned to handle 50 pairs of frequency and phase data (f,0).

The selected frequencies can range over the entire bandwidth for which
the measurement was obtained. However, in general, the selected frequencies
should not be evenly distributed over the bandwidth 1if a well-distributed
velocity profile is desired. More concentration should be given to the lower
frequencies (about 5 to 40 Hz) than to the higher frequencies (about 80 Hz or
greater) since a few Hz increase between selected frequencies may represent a
large percentage increase in the low frequency range. This effect 1s best
illugstrated by considering a simple profile which has a constant velocity of
500 fps to a depth well beyond the region of interest. Then, frequencies of
10 and 20 Hz yield wavelengths of 50 and 25 ft, respectively, while
frequencies of 100 and 110 Hz yield wavelengths of 5 and 4.5 ft,
respectively. In both cases, the difference between the selected frequencies
is 10 Hz. However, in the low frequency range this difference represents a
difference 1in wavelength of 25 ft. 1In the higher frequency range, the same
10-Hz difference represents a difference in wavelength of only 0.5 ft. To
obtain an even distribution of wavelengths so that the velocity profile is
vell distribﬁted, the difference between selected frequencies should be quite
small (only 1 or 2 Hz) at low frequencies and should gradually increase to a
relatively large difference (perhaps 10 to 100 Hz) at higher frequencies.

. The determination of the phase of the cross~spectrum is facilitated by
using the x-cursor with the display. The x-cursor is located by specifying a

selected frequency, at which time the y-value (phase) at the intersection of
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the cursor and plot 1is also displayed. It is not necessary to scale off
values from a hard copy.

The coherence function should be used in conjunction with selecting
frequency and phase. If the cross—-spectrum and coherence are displayed in an
“"over and under” fashion as shown in Fig A.5, zones can be readily identified
where the phase data may be suspect. If possible, zones of frequencies which
exhibit poor coherence should be avoided when selecting phase information.
For example, in Fig A.5, frequencies below about 12 Hz and above about 85 Hz
exhibit poor coherence, and phase data in these regions should be wused with
caution. Occasionally such zones are unavoidable. When data of poorer
quality must be used, such data should be closely examined throughout the
analysis process.

By design, the HP 5423A displays phase information between the limits of
+180 degrees to -180 degrees, as shown in Fig A.6a. When phase values pass
between the second and third quadrants of a circle, the value and sign are
adjusted accordingly to maintain all phase data between these limits. For
example, a phase value of -190 degrees would actually be displayed as 170
degrees. The computer programs are constructed to accept the phase data
exactly as it appears in the display. However, when the data is reduced by

the computer, it must be "unravelled” as if it were displayed as shown in
Fig A.6b.

Special attention must be given to regions where the phase fluctuates
about 180 degrees (or -180 degrees). The plots in Fig A.6 illustrate such a
region from about 75 to 95 Hz. In Fig A.6a, there appear to be two complete

(360 degrees) phase shifts within only a few Hz. However, this is a result

of the graphic limitations of the display. Figure A.6b indicates that the
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(b) True ("Unraveled") phase plot.

Fig A.6. Comparison of "Displayed" and "Unraveled" phase plots.
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apparent shifts result from slight variations in the phase and are not actual

phenomena.

Utilization of Computer Programs

The computer programs used to reduce data and plot results do not
contain complicated algoritims. The purpose of the programs is to perform a
large number of repetitive calculations which would require significantly
more time to perform by hand. The plot routines also feature the flexibility
to compare the influence of various parameters on the velocity profile.
Details of how each program functions and what data each requires are given
in Appendix B. For the most part, only the role of each program as it
relates to the analysis process is discussed in this section.

The first step is to reduce all of the available records (measurements)
using program PHAS. PHAS uses the phase information from the cross-spectrum
to calculate a travel time for each frequency that is given. The phase
difference, O , between the signals of the input and output geophones
represents the time lag or travel time, At, for an R-wave (of frequency f and
velocity VR) to propagate over the distance between the two geophones. The
phase difference is 360 degrees for a travel time equal to the period of
wave, T. With T/360 as a proportionality factor, the relationship for travel

time is

At = 3-:—0- ) (A.1)

Because the frequency is the inverse of the period, travel time can be

written as
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0
360°

(A.2)

1
At = r

The distance Ax between the geophones is a known parameter, and, therefore,

the velocity 1s readily calculated by

Ax (A‘ 3)

Now both frequency and velocity are known and the wavelength of the R-wave

can be calculated by
L = R (A.4)

PHAS also calculates approximate depths for each calculated velocity using
both LR/2 and LR/3 as criteria for depth.

A plot of frequency versus wavelength can be obtained by using program
FWPL. This plot serves as a guide for determining which frequencies should
be used to develop the velocity profile. Since depth 1s related to
wavelength, the plot can be used to approximate the depth to which meaningful
data is available.

Program VDPL yields a velocity versus depth plot using nearly the same
input as program PHAS. The depth 1s determined by specifying a fraction of
the wavelength such as LR/Z or LR/3. The appropriate criterion can be first
estimated by examining the output from PBAS. If distinct layering is present
at the site, then program VDPL should graph relatively distinct contrasts in
velocity for each layer. The appropriate depth criterion can be established
when the layer boundaries indicated by the plot occur at the same depths as

those at the site.
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In addition to VDPL, layering wmay also be depicted in a plot of

frequency versus velocity provided by program FVPL. Lines which separate
contrasting velocity layers and which pass through the origin will have a

slope of 1/LR. From the slope, wavelengths (and subsequently, depths) can be

calculated for each layer boundary.

Analysis of Results

Analysis of the results must coincide with the use of the programs and
plot routines 1in order to determine the velocity profile. The selection of
an appropriate depth factor for the plot programs relies on an analysis of
the calculated velocities and corresponding layering.

In addition, any apparent anomalies in the velocity profile should be
checked. The frequency and phase which yielded an unusually low or high
velocity should be traced back to the cross—-spectrum from which they came.
The corresponding coherence function should be re-examined to verify the
quality of the measurement at that particular frequency. The phase plot
should also be rechecked to make sure regions which exhibit apparent phase
shifts (the effect of the 180-degree 1limit) have been interpreted correctly.

Finally, the velocity profile may be refined by eliminating some of the
scatter associated with wavelengths not suitable for the spacing between
geophones for a particular measurement. A workable criterion was developed

in Chapter 4 and was given (Eq 4.5) as

Ax < L < 3hx (4.5)
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Wavelengths (or frequencies) which do not fall within the constraints of

Eq 4.5 can be screened out by checking the output from PHAS. Inappropriate

data can be excluded from the final data arrays prior to using VDPL for the

final velocity profile.
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APPENDIX B

COMPUTER PROGRAMS AND PLOT ROUTINES

This appendix includes a listing of each computer program and plot
routine used in the reduction and analysis of cross-spectrum data. In
addition, a brief description of the capabilities, limitations, and input
requirements precedes each program. Sample input and output are included for

the reader's benefit.
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B.1. PROGRAM PHAS

Program PHAS 1is the foundation program for the reduction of
frequency-phase data. A major portion of PHAS also serves as a first state
in each of the plot routines. The input data file for program PHAS can be
readily modified to use with any of the plot programs.

Principal variables in PHAS are defined in the variable 1list of the
program listing. Input variables include: NREC, DATFIL, RECN, TRKN, X1, X2,
BW, SOURCE, and the primary data arrays FR (frequency) and PH (phase). All
data can be input with free-field format with the exception of the
alphanumeric titles DATFIL and SOURCE. Input of a negative number for a
value of frequency terminates the input of (f,0) pairs and concludes the
input of data for that particular record. A sample input data file is shwn
in Fig B.1.

Details on how to select values of frequency and phase are given 1in
Appendix A. The input phase (PH) 1s that value which was obtained directly
from the frequency-phase display. The computer program calculates the "true"
phase or “"unravelled” phase by tracking the switch from -180 degrees to +180
degrees by means of the integer variable NP. The value of NP is initialized
as zero and 1is increased by 1 each time the 180-degree switch occurs. The
limits on the switch are quite liberal; if the present value of PH is greater
than 45 degrees and the previous value of PH was less than -90 degrees, the
program assumes that the -180 degrees to +180 degrees switch has occurred.
These 1limits provide minimal restraint if © 1is changing rapidly as a
function of frequency. However, input data should be checked to make sure

that erroneous switches cannot be interpreted from a particular sequence of

phase values.
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PROGRAM PHAS(INPUT,O0UTPUT, TAPEIRINPYUT)

THIS PROGRAM USES PHASE INFORMATION FROM
THE CROSS POWER SPECTRUM TO DEVELOP &
vELOCITY V8 DEPTH PROFILE

¢
c
c
c
c
Ctt.n.tittttttt't-i*'ttttttttttttttttiﬁ'Q.Q'ttilittﬁtttttttttttﬁ't*'it
c VARIABLE LISY
Citaitti'tttitiﬂttﬁtttt'tttti..t't't.'tittQttt.ittttﬁt***tt't**i’ttttt
t 8w AANDWIDTH (RANGE OF FREQUENCIES) DF MEASUREMENY
c CNVRT VALUE USED TO CONVERY ReWAVE VELOCITY TO SewavE VELOCITY
c DATFIL TITLE FOR IDEMTIFICATION OF SINGLE DAYA FILF
[ DELF FREQUENCY RESOLUTION OF MEASUREMENY
¢ OELY 1IME RESOLUTION OF MEASUREMENY
t DELX DISTANCE BETWEEN GEOPHONES
t oLz DEPTH CALCULATED USING WAVELENGTH DIVIDED Ry 2
¢ DLy DEPTH CALCULATED USING WAVELENGTW DIVIDED BY 3
c FR( ) FREQUENCY INPUT ARRAY
€ FRACT  NUMBER 8Y wMICH wAVELENGTH I8 NIVIDED TN OBYAIN NDEPTH
c NP PARAMETER USED TO UNRAVEL FREQUENCYPHASE PLOTY
¢ NREC NIMBER OF RECORDS YO BE READ FOR A GIVEN RUN NF PROGRAM
¢ PH{ ) PHASE INPUT ARRAY
c PHADJ ADJUSTED PHASE VALUE AFTER NRAVELING
¢ RECN RECORD NUMBER (FROM HPS4234 TAPE) TO IDENTIFY DATA
¢ SOURCE TYITLE FOR SOURCE USED TO MAKE MEASUREMENY
¢ TITLE TITLE FOR FIGURE OF RESULTANT PLDY
€ TMLEN  TIME LENGYH NF MEASUREMENY
€ TRKN TRACK NUMRER (FROM HPSQ23A TAPE) YO0 IOENTIFY DATA
c CALCULATED TRAVEL TIME OF wWAVE
c TN CALCULATED TRAVEL TIME IN MILLISECONDS
o vEL CALCULATED VELDCITY
¢ Wit CALCULATED WAVELENGTYHS WL ) I8 USED IN PLOTY PROGRANMS
c 4] NISTANCE FROM SOURCE TO FIRSY (NEAR) GEOPHONE
c T4 DISTANCE FROM SDURCE YO SECOND (FAR) GEOPMONE
[T R Y P R L I e P R R R R s Y s P e 22121223223 222 24
INTEGER DATFIL(S),SOURCE(1@),RECN, TAKN
OIMENSION FR(S0),PH(52)
READ (1, ) NREC
Do 116 IREC=] ,uREC
PRINT 103
189 FORMAT (xis,3X)
READ 101,(DATFILIN),NS},5)
READ €y, ) RECN, TRKN
READ (1, ) Xt,X2,8%
READ 1P2, (SOURCE(N),N=1,10)
1a1 FORMAT (Xs430344)
102 FORMAT (X, a%,942)
DELYaX2mXY
DELFRBW/256,2
TMLENST 8/0FELF
pELvatnLEnetane, 0/1B824,7
PRINT 183, (DATFILIN) N8, %), RECN, TRXN
103 FORMAT(X,1AM0ATA FILES,X,43,8A8,3X, 1 7HTAPE RECORD ND,1 ,
i 12,11, 11, 1H))
PRINY (@8Q,x1,X2
TRE FORMAT (X, 21HGEQOPHONES LOCAYED AT ,F6,.2,8N FY AND ,F6,.2,34 FY)
PRINT 1PS,DELYX
105 FORMAT (X,28HDISTANCE BETWEEN GEOPMONES) ,F6,2,3H FY)
PRINY 126, (SOURCE(M) N1, I#)
106 FORMAY (X,7WS0URCE:,X,4A3,922)
PRINY 107,84,0ELF
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1@7 FORMAT (¥, {AHBANDWIDTHE,FA,2,3H HZ,8%,11HRESOLUTIONS ,FB8,8,3K HI)

PRINT 108, TMLEN,DELY
188 FORMAT (X, 11HTIMELFNGYH1,F7,2,8H SEC,TX, {1HRESOLUTIONG,F8,.4,

1 SH MSEC)

10=g
109 READ (1, ) FR(IO0),PH(I0)

IF(FR(10),LT,8,B) GO TO 110

10510+

GO TO 109

PRINT 111
111 FORMATY (772X, 9HFREDUENCY, 8%, SHPHASE, 3%, 16HTRAVEL VELOCITY,

1 zx.1aHHAvELENGTH.exoSH05P7H)

PRINTY 112
112 FORMAT (20X, 4HTINME, 26X, 3ML/2,5%, 3HL/3)

PRINT 113
113 FORMAT (aX,aH(M2),5X, 16H(DEGREES) (MSEC),3X,SH(FPS),

1 7X,aH(FT),6X,8R(FT)»4X, 8H(FT))

PRINT

NP

Do 115 10=1,10F

zr(PH(10).Gv.as.u.Ano.Pu(xo-1).LT.-oo.q) NPENP+1

RNPENP

PHANJR (RNP=(PH(IN) /360,0))236@,0

TraPHADt /360 ,0/FRI10)

TTMETT=1209,2

VEL=DELX/TT

wLisvEL/FR(I0)

DL2aWL1/2,0

DL3I=AL1/3,?

PRINT 118, FRC10),PHACI, TTH,VEL,WL1,0DL2,DL3
116 FORMAT (zx.Fa.3,3X.P7.2:F0.3.r°.l.ax.FT.san.ztzl.Fe.S))
115 CONTINUE
116 CONTINUE

END




1 NREC
F1G., 8,3, SAMPLE PLnT Fnk PRNGRAM vDPL
7,1500 — DLIM, VLIM *
1.4,3 CNVRT, FRACT *
SAMPLE DATFIL
@4 RECN, TREN

5n‘ﬂo3zﬂﬂ-—__.___x1 xz Bw
TPEAL MAMMER — soipce’

2“,-58,36
25,=73, 17
30,090, 18
ﬂﬁ,O!EZ.BS
5@,-1SG.¢1
6S,164,87
lﬂﬂ,éa.QI
1353.35.12
17TR,w129,69
?150115931
235,115,72
250,125,6%
33“'.22.25
39d,«1%4,96
450.58,19
5““0‘134037
h03, 448,26
A%A,e162,%1
qbgoﬂq.1‘
110d,¢2,54
1307 ,«166,39
1400, 47,03
’Sﬂﬂ'-¢7'20
164,118,048
1800,=174,97
19a%8,83,22

—— FR( ), PH( )

ZFGG.DIGQ‘SU
.1"0

Fig B.

1. Sample input data file.

TITLE (for plot)*

Counter used to terminate input
for particular data file.

* Only used for plot programs.
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The reduced data and calculations are output in a table which includes
frequency, "true” phase, and the travel time, velocity, and wavelength of the
wave associated with each particular frequency. Values of depth based on
LR/Z and Lk/3 are also listed. Each new record yields a summary table, such
as Table B.1l., beginning on a new page. There is no limit to the number of

records (NREC) which can be reduced in a single run of PHAS.




DATA FILES SAMPLE TAPE RECORD No_1  #(¥)
GEOPHONES LOCATED AY S.¥0@ FT AND 183,080 FT
DISTANCE BETWEEN GEOPHONESE 5,03 FY
SNURCES IDEAl HAMMER
BANOWIDTHE 3204,80 M2 RESOLUTIONS 12,5@20 WZ
TIMELENGTH] .88 8t RESOLUTIONS «¥THY MSEC
FREQUENCY PHASE TRAVEL | VELOCITY | WAVELENGTH DEPTH
TIME L/2 L/3
(HZ) (DEGREES)Y| (MBEC)Y {(FPS) (FTy (FT) tF1)
29,00¥ 58,06 8,964 620, ¢ 31,847 15,541 [10,334
25, ,u0¢ 73.77 8,197 614,08 24 ,40p 12,280 8,133
39,080 99,18 8,350 598,8 19,960 9,984 | 8,053
46,0400 122,483 R,0874 590,4 14,750 7.375 | 4,917
S4,829 152,01 8,334 604, d 11,99¢ 6,8U2 | 4,480
45,480 195,13 8,339 599,46 9,225 G,812 3,475
179,000 295,29 8,197 614,09 6,120 3,858 | 2.,¢32
135,390 395,12 8,132 618,¢ 4,55¢ 2,278 1e310
178,000 289 64 8,2p2 625,08 3,876 1,838 | {,22%
215,088 644,69 T.843 44,0 2,977 1,488 R LF]
235,899 694,28 74143 T88,2 24970 1,489 AL
25n,020 594,35 YL 757.1 3,729 1,514 | 1,910
333, 00¢ 742,25 6,248 809,33 2.,42% 1,213 1"
394,029 874,96 6,232 822,3 2,057 1,029 TS
454,009 999,9¢ 6,172 814,1 1,82n + 980 Jhdu
549,820 | 1214,37 6,247 804,48 1,482 L 741 o494
oY 00 | {295,.74 5,999 833,5 1,389 695 WU63
829 ¢80 1632,31 5,564 898,7 1,123 962 3714
964,408 | 171289 6,958 | 1%1@,0 1,952 526 « 351
11P0,¥0e | 1892 ,54 4,552 | 1998,4 990 0499 333
1350 ,089 1966,.39 4,202 1199,2 918 .58 385
1400 980 | 2112,.97 6,192 | 1192,6 <852 <426 o284
15a4,0808 | 225720 4,180 | 1196,2 797 «399 266
1649 208 | 2491 ,92 4,179 1199,9 7489 «375 o252
1804, ,000 | 269497 4,159 1202,2 NTT) «3348 223
1944 aae 2829,.78 a,137 1208,6 o034 +318 . 212
2¢09 008 | 2989 54 4,152 | t12@4,2 882 «301 <281
Table B.1l. Sample output from program PHAS.
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B.2 PROGRAM FWPL

Program FWPL uses the reduced frequency and phase data to plot frequency
versus wavelength. There is no limit to the number of records which can be
stacked together for a single plot. However, each record is plotted with the
same symbol. The data input is nearly identical to the one used for PHAS.
Three new variables (TITLE, FLIM, and WLIM) are required and are {input
immediately after NREC, prior to reading the first record. The alphanumeric
variable TITLE is an overall title which serves as a caption for the plot.
Variables FLIM and WLIM are used to establish the limits of the plot.

Values of frequency are scaled to a 5-inch horizontal axis while values
of wavelength are scaled to a 7-inch vertical axis. In order to avoid the
irregular bounds set up by the plot commands, a sorting routine 1is wused to
establish rational bounds and to screem out data outside these bounds. Both
variables, wavelength and frequency, have lower bounds of zero. The maximum
value of frequency is not fixed and must be input as variable FLIM.
Similarly, the maximum value of wavelength must be input as WLIM. The
scale(s) for the plot are then determined as 1 inch = FLIM/5 and
1 inch = WLIM/7. Appropriate selection of FLIM and WLIM will yield a plot
which can be conveniently used with an engineer®s scale. A sample plot for

program FWPL is shown in Fig B.2.




[a NaNaXeXe

PROGRAM FWPL (INPUT,OUTPUT,TAPEISINPUT,PLOTR)

THIS PROGRAM {JSES PMASE INFORMATION FROM
THE CROSS POWER SPECYRUM TO DEVELNP A
FREQUENCY VS WAVELENGTH PLODY

AR AR AR R R RN AR NN RN R R AR AR AN RN AR NN RN NN R RR R R AR R AN N RN RO A RN RARO AR AAR

(o ¥ o)

INITIALIZES PRNGRAM Y0 REDUCE AND PLOY NREC NUMRER OF
RECOROS STACKED TOGETHER

(I P I R R R R L PR RSS2SR SRS 2220 RR SRR 222222 R0 R R0 2]

INTEGER TITLECA),DATFIL(S),SOURCE(1A),RECN, TRKN
DIMENSION FR(S0),PH(SA) ,WL(5R),PFR(SA) ,PWL(52)
READ (1, ) NREC

READ 102, (TITLE(N),NE1,8R)

FORMAY (8a1m)

READ (1, ) FLIM,wiLIM

CALL PLOTS (2,.72,0,9,SHPLOTR)

CALL PLOT (1,.8,2,0,e3)

DD 1290 IREC={sNREC

CRARR AR A CA RN AN RN RN R SR NN R RN R AR R AR SRR AR N R RN RN A RN N R AR RN AN AR AR SRR ARNORY

c

READS DATA FOR C!URRENY RECORD

(2T ISR R AZ ALY AR SR A2 SR 2R 222222222 2 X2l X

191
192

103

194
195
196
107

TCL

109

110
Conen
c
Craan

READ 181, (DATFIL(N),NE1,5)

READ (1, ) RECN,TRKN

READ (1, ) Xx1,x2,Bw

READ 102, (SOURCE(N),N=1,10)

FORMAY (XsA300A8)

FORMAT (X,A%,948)

DELX=X2=X1

DELF=aW/256.0

TMLEN={ ,8/DELF

DELTsTH ENspan,a/1024,0

PRINT 103, (DATFILIN),N®1,5),RECN, TRKN .
FORMAT(X,1AMDATA FILES,X,A3,0448,3%,17HTAPE RECORD NO,t ,
1 12,1H¢,I1,1K))

PRINT {04,x1,x2 )

FORMAT (X022{NGEOPHONES LOCATED AT ,Fp,2,8H FT AND ,F6,2,3H FT)
PRINT 1@8S,DELX v

FORMAT (X,28HOISTANCE BETWEEN GEOPHONESS ,P6,2,3H FT)

PRINY 106, (SOURCE(N), ,N21,12)

FORMAT (X,7HSOURCFE:I,X,A3,94A8)

pprT 1“7;B~.DEL' .

FORMAT (X,1@HBANNWIDTHS,FA,2,3H HZ,8X,11HRESOLUTION ,F8,4,3H HZ)
PRINT 198, TMLEN,DELTY

FORMAT (X, 11HTIMEILENGTHS,F7,2,8H4 SFEC,7X,114RESOLUTIONS,FS,a,

1 SH MSEC)

PRINT

1081

READ (1, ) FR({TID),PH(I0D)

IF(FR(I0)LT,A, @) GO TO 118

102t0ey

G0 T0 189

10F8I0=]
(X2 XTSI RS2 SXZR2 222X R R 222 A2 2 2222222 2 X2 2 23

CALCULATES FREBUENCY, VELNCITY, AND WAVELENGTH INFORMATION

't;t't'-Q'ttt't'Q.t"tttttttt't'..'tt't't.t'.t"'tttt'tti'ttttt'i
NP3y

00 11t I0=§,I0F

IF(PHCIO) 6T ,05,9,AND ,PH(I0=1),LT,=06,0) NPaNP+|

ANPaNP

PHADJIS (RNP=(PH(ID) /360,3))%36A,0
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111

TT=PHAD]I/362,0/FR(I0)
VELSDELX/TT
WLCI0)svEL/FR{IO)
CONTINUE

RN AR NN R R R AN R AR R R R R RN R IR AR R RN R R AR AR RN R R RN ER AR RN RN AR RN RO RE

¢
4

SORYS FREQUENCY AND WAVELENGTH ARRAYS TO PREPARE FOR
DESIRED PLOT FROM CURRENT RECORD

(S 23 T R T R X222 22222 2 R 22222222220 322 2222123220222 22 28]

112

113
118

115
116

17
118

PRINT 112

PRINY

FORMAT (3X,17NDATA FOR PLOTTING)
00 113 I0wi,l0F
TF{ML (IOl LT NLIM) 6D TO 114
CONTINyE

108230

D0 115 10s1,10F
1IFCPRUIOIGTFLIM) GO TO 16
CONTINYE

10=10F,y

I9t=]0e}

10P=1

DG 118 IG=l0B- 0L
PFRCIONP)ISFR(ID)

Pul(I0OP)SNL(IN)

PRINT 117°I0P+PFRCIOP),PHLLIOP)
FORMAT (2X,14,2(5%,F19,.2))
I0PsI0P+

CONTINUE

RN AN RN R RN RN R R R R IR R RN R R R R TR R RN AR NI N A AR AR R AN RE AR NAN RN R RN

c

SETS UP PARAMETERS AND EXECUTES PLOT FOR CURRENT RECORD

(I A I AL s P A R I P T s 1222222222322 2233222222222 42222 2]

119

NPTSRIOPs

KCYCLExY

PFRINPTS*L )R, 0

FINCRF IN/S,2

PERINPTS +2)8F INC

puL {npPYSe1 )WL IN

RInCua¥L IN/7,0

Pul (NPTS.2)aNINE

1e{tREC,GT,1) Go TO 119

cabl SYMaOl (= 5,41,3,,12,TITLE,2,0,80) .

CALL AXIS (0,0,7,0, 13HFREQUENCY, HZ,13,5.8,8,%,8,¢,FINC)
CALL AXIY 0,30 0, 1AHWAVELENGTH, FY,18,7,8,90,0, K 1M, WINC)
CALL LINE (PFR,PWL,NPTS,KCYCLE,=1,3)

[ T Y T I T T R T T T Ry s e P 2 R Y T2 I 2 T T T T

t

RESETS FOR NEW RECORD

[ T2 I Y Y T Y R R TR R Y Y 2 L R A I I AR R s 22 222 2 L2

129

PRINT
CONTINUE

AN A R AN AR R AN T AR AR R AN R AR R RA N AN IR R AN AR R IR RN AR AR RN SRR RN AR R RARN

¢

CLOSES PLOT AND TERMINATES PROGRAM

AR NN AN N R R RN R AN AR RN AN AR AR R R AR RN NN RN R RN A N AR NN AR E R AN AN AN NN O

CALL PLOT (B,.5,¥,0,909)
END




FREQUENCY, HZ =10'

. 00 40. 00 80. 00 120.00 160.00  200.00
A ] 1 ] 1 _
o
+ + + + + + + + + +
+ +
++
+
+
o +
© +
m.-
+
a
e | +
o
=1
+
o
“‘°3 Frequency Wavelength
wnl+
LY 1 Z'.Be 31.“0
T 25%.00 24,48
— 38,0¢ 19,96
(&) a0,089 14,75
$a,0¢ 12,08
uz_j S 65,90 9,22
e 100,49 6,19
w S+ 135,v9 4,56
N 17e,08 3.65
> 215,00 2,98
a 235,89 2,98
= 250,82 3,03
338,49 2,43
S 396,00 2,26
., as9,08 1,80
. 540,99 1,48
~N 698,90 1,39
san,ae 1,12
969,00 1,2%
11P8,89¢ 1,20
1308,00 92
8 {264,480 +85
. 1580,49 Y]
oO- 16008,08¢ .75
™ 187909 87
- 192d,00 Y
2809,00 Y
o
o
wn
™

Fig B.2.

Sample plot for program FWPL.
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B.3 PROGRAM VDPL

Program VDPL uses the reduced frequency and phase data to plot velocity
versus depth. There 1s no restriction on the number of records which can be
incorporated into a single plot. However, each record 1is designated by a
different symbol (for comparison purposes) and it is not practical to use
more than six records on a single plot because this is the maximum number of

easily recognizable symbols. The program designates symbols as follows:

First Record
Second Record
Third Record
Fourth Record

Fifth Record

S x 4 o O O

Sixth Record

Variables which must be input into VDPL include DLIM, VLIM, CNVRT, and
FRACT. These variables must be input prior to reading in the first record.
The variables DLIM and VLIM are used to set the maximum limits of the plot
for depth and velocity, respectively. Values for DLIM are selected on the
basis of which depth criterion is being used. Velocities are scaled to a
5-inch horizontal axis and depths are scaled to a 7-inch vertical axis.
Appropriate selection of VLIM and DLIM will yield a plot which can be
conveniently used with an engineer®s scale. For instance, convenient values
of VLIM might be 750, 1000, or 1500 fps, depending on the material properties
at a particular site. A sample plot for program VDPL is shown in Fig B.3.

Variables CNVRT and FRACT are found only in program VDPL. Since program

PHAS calculates the Raleigh wavé velocity, the calculated velocity must be
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PROGRAM VDPLIINPUT,OITPLIT, TAPELSINPYT,PLOTR)

THIS PROGRAM ySES PHASE INFORMATION FROM
THE CRNSS POWER SPECTRUM TO DEVELOP 4
vELOCITY VS DEPTH PLOT
DEPTH DETERMINED AS FRACTION OF wWAVELENGTH

RARRA AR AR AN AR AR R RN AR N AN AAR NS AR R N RSN AR R AN T AN AN RN R AN RN AANA AR N
INITIALIZES PROGRAM TO REDUCE AND PLOT NREC NUmBER OF
RECORDS STACKED TNGETHER
Cttit.iiitttit'itttitt.ttiittttttititi.tttttiin.qitttitttittittttitttt

INTEGER TITLE(A),DATFIL(S),SOURCE(1M),RECN, TRKN

DIMENSION FR(50),PH(SR),VEL(SD),WL(SA),PVEL(S@A),PWF(5Q)

READ (1, ) NREC

READ 10@,(TITLE(N),NB1,8)

100 FORMAT (84a10)

READ (1, ) pLIM,vLIM

READ (1, ) CNVRT,FRACTY

CaALL PLOTY (0,A,R,2,5HPLOTR)

CALL PLOT (1,8,2,9,=3)

ILETT=)

DO 120 IRECE1,MREC
Cit.ttti.tttttttt't.tttttttttittt.'ttttt.'ttttQt.ttt..ttttit..!.tttttt
C READS DATA FOR CURRENT RECORD
CﬁﬁtﬁﬁtﬁtttﬁiﬁittﬁttﬁﬁQC"'Qt'tttt't'ttttttttt-tttttt'tti..tt".tttit'

READ 141,(DATFIL(N),NB1,S)

READ (1, ) RECN,TRKN

READ (1, ) x1,%X2,Rw

READ 1@, (SOURCE(N),N831,18)

101 FORMAT (XsA3raaa)
102 FORMAT (X,A3,9a8)

DELXZX2eX1

DELFsBN/256,7

TMLENE] ,B/0ELF

DELTaTu ENwi@Ra, n/t1020,.0

PRINT 103,(DATFIL(N),NB1,5),RECN,TRKN _

103 FORMAT (X, 10HDATA FILES,X,A3,4844,3X,17HTAPE RECORD NO,) ,

1 I2, e, T, 1)y

PRINT 1B4,x1,X2 .

103 FORMAT (X 21HGEOPHONES LOCATED AT ,F6,2,8H FT AND ,Fb6,2,3H FT)

PRINT {AS,DELX

105 FORMAT (X,28HDIgTANCE BETWEEN GEOPHONEST ,F6,2,3H FT)
PRINT 106, (SOURCE(N),NB],18)

{1Re FORMAY (X,THSQURCEL,X»A3,9A8)
PRINT lﬂ’:ﬂﬂnDELF

107 FORMAT (X, 1¢HAANDWIDTHSE,FAa,2,3H HZ,8X,1 1HRESOLUTIONS,FA,48,3K HZ)
PRINTY 108, TMLEN,NELY

108 FORMAT (X,11HTIMELENGTHS,F7,2,8H SEC,7X,11HRESOLUTIONS,F8,4,

1 SH MSEC)

PRINT

10=y

199 ReaD (1, ) FR(1Q),PH(IN)

IP(FR(10) LT . 2,A) 6O TO {10

Ioaloey

G0 10 1g9

119 10Fsl0e}
Ctttt‘t!tttt‘tt.tttt..t.it!.'iitt.tQt.ttttat'!it.ti.t.Qttttttt..ttt.ﬁi
¢ CALCULLATES FREGUENCY, VELOCITY, AND WAVELENGTH INFORMATINN
CiQt.tt't.ti.tt.tt'.n..tttt't."".ttit'tt'.tt.'.tt'ttt'ttitt.tttt.ttt
NPaQ
00 11t lumi,loF

OO0
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111

TFCPHILID) GT 45 A, AND PH(T0a1),LT,o90R,0) NPuNP
RNPaNP

PHADIS (RNP=(PHIN) /348,8))¢163,0
TYRPHADJS /368, ,2/FR(10)

VELCIOYRDELX/TTY

WL 10 xVEL{IDY/FR(TID)

CONTINUE

Iy L Y R e R e L R Ry e P T S Y Ty Y]

C
C

SORTS VELOCITY AND WAVELENGTH ARRAY T0 PREPARE FOR OESIRED
PLOY FROM CURRENT RECORD

S 2 e i T R T e S R e R s e e 2222l

112

113
114

115
116

117

118

WL IMSFRACT*OL IM

PRINT 112

PRINTY

FORMAY (3%,17HDATA FOR PLOTTING)
D0 113 10%1,10QF

TFCWLCI0) (LT ALIM,ANDLYELCIOI LT, VLIK) GO 10 (18
CONTINUE

198=10

po 115 108108+ 10F
TFCVEL(10),.6T, v IN) 6O TO 116
CanTIwUE

1om10F+y

10En]Dw

10Pat

DD 1318 10sIDR,I0E
pVEL{TOPIsVEL {10} /CNVRY

Puf (10P mwL (I0) /FRACT

pRINT 117,10P,PVELCIOP),PRF(IDP)
FORMATY ¢2X%,18,2(85X,F18,2))
[0PsI0oPet

CONTINUE
10PTRINPwy

Rt R R AR R R R AR AR R R AR RN AN R AR R RO AR AR AN R AR AR PR NN IR RN R AR R AR R N

C

SETS UP PARAMETERS AND EXECUTES PLOY FOR CURRENY RECORD

[ 2 a2 T e I e 2 X Y e e e e I T T E et T

119

NPTS210PTY

XCYCLE sy

PVvEL(NPTS+1)In0,

VINCavLIM,/S,2

PVEL(NPTS+2)I3vINC

PuF (NPrg+1)xDLIM

DINCa=DLIM/7,.0

PRF (NPTS*2)3DINC

IFCIREC.GT.1) GO T 119

CALL SYMBOL (o ,Se=1,2,,12,TITLE,.2,2,R8) L. .
CALL AXTS (9,8,7,7,13KVELOCTITY, FPS,13,5,8,8,.4,8,8,VINC)
CALL AXIS (R,0,0,8.9MDEPTH, FT,9,7.8,08,3,DLIM,DINCY
CALL LINE (PVEL,PWF,NPTS KCYCLE,«1,ILETY)

[ e T R e 2 e e e e e e T e L R T E e I P 2 R s e 2] 1)

c

RESETS FOR NEW RECORD

AR N R AR RN AR RN R RN N AR AR C R AR R AR NI R I AR AAN O R RS TN I ARAN AR RARANANEIRANANR

ILETTSILETT
PRINY

120 CONTINUE
A Y T e T T e P P A T e T e T 2 L AL L

CLOSES PLOT AND TERMINATES PROGRAM

[ Al I L Y P P 2 s st a2 T2

CALL PLOT (B8,5,4,0,999)
END




VELOCITY, FPS =10’
30.00 60,00  90.00  120.00

150.00

. 00
S

-]

2.00

FT
3, 00

L

DEPTH,
4. 00

-y

S.00

6. 00

7.00

Fig B.3.

Sample plot for program VDPL.

Velocity

63e, 32
621,87
e31,54
631,16
442,089
647,37
657,89
673,08
736,85
796,93
842,39
844,55
852,72
8a2,%4
8Y7.37
986,09
143,10
11%6,26
1252,63
12%5,4¢0
12%9,13
1262,15%
1265,52
1272,18
1267,%8
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converted to a shear wave velocity. The conversion factor CNVRT is a

function of Poisson's ratio and is given by
CNVRT = Vg /Vg

The value of CNVRT will always be less than 1.0. Additionally, the depth =z
which 1s assoclated with a particular velocity is defined by a fraction of

the wavelength where
z = L_/FRACT
R

The value of FRACT is always greater than or equal to 1.0. When FRACT = 1.0,

the program provides a velocity versus wavelength plot.
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B.4 PROGRAM FVPL

Program FVPL uses the reduced frequency and phase data to plot frequency
versus velocity. The velocity that is plotted is the calculated Rayleigh
wave velocity. There is no limit to the number of records which can be used
for a single plot. However, it 1s not practical to use more than six
records, since each record is designated by a different symbol as in program
VDPL. Values for FLIM and VLIM must be input to establish plot limits.
Frequencies are scaled to a 7-inch vertical axis while velocities are scaled

to a 5-inch horizontal axis. A sample plot for program FVPL is shown in

Fig B.4.
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OO0 aan

c
c

199

PROGRAM FVYPLIINPUT,OUTPUY, TAPEISINPUT,PLOTR)

THIS PROGRAM ySEs PHASE INFORMATION FROM
THE CROSS POWER SPECTRUM TO DEVELOP A
FrEGuUENCY v8 VELGCITY PLOT

AR R R R A RN AR RN AN AR NN AN AR AR N AR RARE AR RN AR NI AT AN AR AN AR R AR A RA RN RN IR

INTTIALIZES PROGRAM TO REDUCE AND PLOT NREC NUMBER OF
RECORDS STACKED TOGETHER

AR AR R AR AR RN N AR R AR AN AR I AR RN RA AR AN AR NI RAR AR AR SR RAR AR N AN NANREARNR O R RN

INTEGER TITLECRY,DATFIL(S),SOURCE(18),RECN, TRKN
DIMENSION FR(S5Q),PH(SA),VEL(SA), WL (S@),PVEL(SA),PFR(SH)
READ (1, ) ~NREC

READ 120, (TITLE(N),MN81,8)

FORMAT (8a1d)

READ (1, ) FLIM,VLIM

CALL PLOTS (D,PA,0.8,SHPLOYR)

CALL PLOT (1.9,2,5,»3)

ILETT=D

DO 122 IRECE=1,NREC

4 T2 2222 E T T L L P T L R S L P R a2t

c

141
102

READS DATA FOR CURRENT RECORD

Cr et Rt AN AN R R R AN N AR RN AR N RN R AR AN R RN R AR R RN AR AR IR R AN AR RN RN R RN N

READ 141, (OATFIL(NY, NRE,S)
READ (1, ) RECN,TRKN

READ (1, ) X1,x2,Bw

READ 102, (SOURCE(N], N31,108)
FORMAT (Xed3esas)y

FORMAT (X,43,9A8)

DELXSX2uX 1

DELFEBW/256,8

TMLENS] B/0ELF
DELTaTuLENS1OAR, 0w/ 10824,0
PRINT 103, (DATFIL (NI, NBY ,5),RECN,TRKN

1¥3 FORMAT (X, 10MDATA FILES, X, A3,844,3X,1THTAPE RECORD NO,t

183

1PS

1 12,180, 11,1H4))

PRINT 1Pd, x1,x2

FORMAT (Xe21HGEQPHONES LOCATED AT ,Fe,2,AH FT AND ,F6.2,3H FT)
PaINT 185, DELX

FORMAT (X,2AHDISTYANCE RETWEEN GEOPHONES)Y ,F6,2,3H FT)

PRINT 106, (SOURCEIN) ,N®4,18)

106 FORMAT (X,7THSDURCEY,X,A%,0948)

197

PRINY 1a7,Ru,DELF .
FORMAT (X, 1AWRANDWIOTHI FB 2, 3N MZ, 8%, 1 {HRESOLUTIONS ,F8,8,3H M2)

PRINT 108, THLEN,DELTY

108 FORMAT (X, 1INTIMELENGTHE, FT7,2,aK SEC,Tx,11HRESOLUTION:,FB,3,

1 SH M3EC)
PRINTY
0=y

199 Aaga0 (1, ) FR(I0),PH(ID)

TFLFRETIO) (AT A, 8) GO 1D )10
102104y
G0 T0 109

113 [0Fa10ay
ctttﬁﬁttﬁtkﬁt't'tﬁlttii’tt'tQQ'ﬁ'tt't't't'ittt'*t'ﬁﬁw'*w*ﬁ*ﬁ'it*"*t'!

CALCULATES FREQUENCY, VELOCITY, AND WAVELENGTH INFORMATION

c
R N N AN A AR AR N R AR NN RN RN O N AR TR AR AN AN N AN N AR AR AR RN AARSN DI R S

NPu@

oo 111 Iosi,ioF
IFIPHCTIO) OT 85,3, AND ,PH{I0l) LT ,»908, 8) NPENP+l

AINPENP




PHADJS (RNPa (PH(10)/36R,0))*3460,0
TTaPRADJI/344,8/FR(10)
VELC(IO0)SDELX/TY
wL(10)avEL(10)/FR(IN)
111 CONTINUE
(T I I R I R R R P X R R PR X X R R X AR X222 222222 22 2] 40

c SORTS VELODCITY AND FREQUENCY ARRAY YO PREPARE FONR DESIRED
c PLOY FROM CURRENT RECORD
Ctt....ttt.tttt.t.tt..tt..ttt.ttt...'tttt.tt.t.tttttt't.tt.t.t.t.tti'.
PRINT 112
pRINY

112 FORMAT (3X,17HDATA FOR PLOTTING)
00 113 lusy,loOF
IF(VEL (1N ,LT,vLIM) GO TO 1148
113 CONTINuUg
114 108=2]10
00 115 10=:I10BrInF )
IF(FR(I0) GT FLIN,OR,VEL(I0),GY,VLIN) GO TO 116
115 CONTINUE
IoslofFa+l
116 10Es10~1
I0oPs}
DN 118 10s108,10€
PVEL(TI0P)BVEL(10)
PFR(IOP)SFR(IO)
PRINT 117,10P,PVEL(I0OP),PFR(]I0P)
117 FORMAT (2X,14,2(SX,F14,2))
10Ps10P+1
118 CONTINUE
10PTaIOP=1
C.t.t'.t.t.'t..t.'.t..tt...ttt.'tt‘....t.t..t.t..'.t.'..'tt.tt.t..t.t.
¢ SETS UP PARAMETERS AND EXECUTES PLOY FOR CURRENT RECORD
Cttt.'.'.tﬁ't""'tttt"t.'.tit"'..ttttt'ttiQ'.'ti'ttt""'ti"t.'.'.
NPTSsIOPT
KCYCLE=}
PYEL(NPTS+1)sdt &
VINCaVLIM/S,.2
PVEL(NPTS+2)BVING
PFR(NPYSO!)-Q,O
FINCESFLIMN/T 0
PFRINPTS42)BFINC
tF¢InEC.6T.2) Gp TO 119
CALL SYMBOL (0oSr=1,5,,312,TITLE,0,7,84)
CALL Ax1S (0,02,90,0,13HVELOCLITY, rPs.-::.s R, P.9,8,0,VING)
CALL AXIS (u.a.a. » 1SHFREQUENCY, HY,13,7,8,90,0,0,8,FINC)
119 CALL LINE (PVEL ,PFR,NPTS,KCYCLE,~1,ILETT)
Ctt.t.t.t'..'.'.t.ttt'tt.tt"'t.t..tt.t.t.ttttt.tit't.'ttt.'tttt'tit'.

c RESEYS FOR NEw RECORD

A L Y e I L Y T T Y P IR e L e T R e e e e Y )
ILETTRILETT+
PRINTY

129 covrIwnye
RN AN R R AR R R N RN R AN R AR AR AN AN AR AR AN RN R R AN ANAR NN AR R RN R AN RN AR R RN RO
[ CLOSES PLOT AND TERMINATES PROGRAM
Cttt'.t'.t..'.itt..t.'t'tttt'.t"..".'..t..'."tt't'.it.tti.tttit."t
g:%L PLOT (A,5,0,0,999)
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Fig B.4.
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