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In-Situ Material Characterization
For Pavement Evaluation

by the
Spectral-Analysis-of-Surface-Waves (SASW)
Method

I. INTRODUCTION
A. Background

In situ material characterization is necessary for the structural
evaluation of existing pavement systems. In the past, the accepted
method of evaluating pavements has been through destructive testing,
where strength parameters are determined from field and laboratory
evaluation of pavement layers. More recently, a growing acceptance of
nondestructive testing (NDT) as a means of characterizing pavement
materials has led to the development and widespread use of various NDT
devices and pavement evaluation procedures. NDT offers the advantages
of causing less interference to normal traffic operations and being
less costly than destructive testing procedures.

In the late 1970's, the U, S. Army Engineer Waterways Experiment
Station (WES) developed a methodology for evaluation of light aircraft
pavements based upon multilayered elastic models and limiting
stress/strain criteria (Bush, 1980). Modulus values can be determined
using surface deflections obtained from a number of commercially
available test devices, one of the most popular being the falling
weight deflectometer (FWD). This procedure is currently being used
extensively by the military for airfield pavement evaluation and is
also being widely used by many Universities and engineering firms for
pavement research and evaluation. However, with the layered elastic

evaluation procedure, the pavement structure (layer thicknesses) must




be known and typically moduli can be backcalculated for only two or

three layers. Therefore, it is evident that a fast, economical, and
totally nondestructive method for determining in situ modulus profiles
for pavement structures is needed.

SASW is a nondestructive method for measuring shear wave velocity
and determining in situ elastic moduli of soil and pavement profiles as
well as the thickness of each layer. SASW is based on the generation
and detection of Rayleigh waves at strains below 0.001 percent where
the elastic properties of the materials are independent of strain
amplitude. The theory of elastic waves in layered media is utilized to
reduce and analyze data collected in the field. Practical and
theoretical aspects of SASW have been documented (Nazarian and Stokoe,
1985, 1986a). SASW has been under continuous development at the
University of Texas since 1980 and at the Universities of Kentucky and
Michigan since 1985, A review of the historical development by
Nazarian (1984) revealed that the concepts of SASW are not new,
however, civil engineering applications were limited prior to the
appearance of modern spectral analyzers and theoretically based methods
of determining the shear wave velocity profile from collected data
(Nazarian, 1984). The use of SASW for nondestructive pavement
evaluation is gaining in popularity and a number of case studies have
been documented (Heisey, Stokoe, and Meyer 1982; Nazarian and Stokoe
1983; Nazarian, Stokoe, and Hudson 1983; Nazarian and Stokoe 1984;

Drnevich, et al. 1985; Nazarian and Stokoe 1986; and Hiltunen 1988).




B. Purpose

The purpose of this study is to evaluate the applicability of SASW
for material characterization of pavement systems in situ for the
determination of load capacity and rehabilitation requirements.
C. Scope

The efficiency and practical feasibility of the SASW method were
evaluated through a field testing program designed to include flexible,
rigid, and composite (flexible over rigid) pavement structures. SASW
field testing and data reduction techniques were utilized to obtain
Young'’s modulus profiles for a total of six airfield pavement sites.
For comparison, modulus values were backcalculated using the WES
elastic layer method and FWD surface deflections. SASW moduli were
also compared to laboratory resilient modulus and dynamic modulus
values for the asphaltic concrete (AC) and Portland cement concrete

(PCC) materials, respectively.




II. SPECTRAL-ANALYSIS-OF-SURFACE-WAVES (SASW) METHOD

A. Wave Propagation

For evaluation, most pavement sites can be approximated by a
layered half-space since the depth of concern is usually not more than
20 ft. A pavement system can be modeled by a number of elastic,
isotropic, homogeneous layers. Constant properties are assumed within
each layer. If waves are assumed plane, the solution of wave equations
reduces to a two-dimensional problem.

If an elastic half-space is disturbed by a vertical impact on the
surface, body and surface waves will propagate in the medium. Body
waves propagate radially outward in the medium and are composed of
compression waves (P-waves) and shear waves (S-waves). Particle motion
is parallel to the direction of propagation for P-waves and
perpendicular to the direction of propagation for S-waves. Surface
waves resulting from a vertical excitation are primarily Rayleigh waves
(R-waves) which propagate away from the impact along a cylindrical
wavefront near the surface with particle motion near the surface
forming a retrograde ellipse. The amplitude of the wave decays
exponentially with depth, such that at a depth of one wavelength,
vertical and horizontal particle motion are only about 30 and 10
percent of surface values. It has been shown (Miller and Pursey, 1955)
that approximately 67 percent of the input energy propagates in the
form of R-waves while P- and S-waves carry about 26 and 7 percent of
the energy, respectively. As the waves propagate, the increasing
volume of medium encountered causes wave energy to dissipate or

geometrical damping. While body waves are faster than surface waves,
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they also attenuate much faster due to geometrical damping. Near the
surface, body waves attenuate proportional to l/r2 (where r is the
distance from the source, while R-waves attenuate proportional to 1//r.
Thus, in a relatively short distance from the source, most of the
energy at the surface is R-wave energy. This, in addition to the fact
that most of the energy from an impact goes into R-wave velocity, is
beneficial to the SASW method.

The velocity of propagation of the different waves are related by
Poisson’'s ratio. P-waves propagate faster than S-waves and the ratio
of P- to S-wave velocity increases from 1.4 to infinity as the
Poisson’s ratio increases from 0.0 to 0.5. R-waves are the slowest
with the ratio of R- to S-waves varying from 0.86 to 0.95 for Poisson's
ratios of 0.0 and 0.5, respectively. The velocity of propagation is a
direct indicator of the stiffness of a material and once the shear or
compression wave velocity is known, the Young's modulus and shear

modulus can be determined as:

G = pv,> (11-1)

E = 2G(1 + p) = 2pV _2(1 + p) (I1-2)

or

E= oV, 21+ w0 - 2/ - w)] (11-3)
where,

G = shear modulus,
E = Young's modulus,
p = mass density,

V. = shear wave velocity,




p = Poisson's ratio, and

Vp = compression wave velocity.

R-wave velocity will be constant and independent of frequency in a
homogeneous, elastic half-space. For a case such as a pavement system,
the stiffness of the layers varies with depth and the R-wave velocity
will vary with frequency. Different frequencies will propagate at
different velocities and an average velocity (phase velocity) for the
material to a depth of 1- to 1-1/2 wavelengths will be measured. The
variation of this phase velocity with wavelength (frequency) is called
dispersion.

B. Frequency Domain Analysis

Analyses in the frequency domain are not new, however until
recently, algorithms such as the Fourier transform required a
prohibitive amount of computation time and were not efficient enough
to be applied in the field. Development of microprocessors and the
fast Fourier transform (FFT) have greatly extended tﬁa capability to
measure and analyze dynamic systems in the frequency domain. The FFT
and spectral analyses are now widely used in field and laboratory
testing and are key components of SASW testing.

SASW measurements are made on two channels of data. A number of
different measurements can be made once the signals have been Fourier
transformed (transformed into the frequency domain). These
measurements, spectral analyses, are basically statistical operations
performed on the signals. This involves the correlation of the input

or output with itself or the correlation of the input with the output,

assuming that the object under test is a linear system.




Comparison of two signals is accomplished easily in the frequency
domain. Mathematical operations can be performed more efficiently.
For example, an integration in the time domain is a simple
multiplication in the frequency domain. An important characteristic of
most frequency domain measurements is that triggering does not have to
be synchronized. This makes it possible to obtain enhanced records by
averaging several signals. For repeatable signals, the average of
several records will theoretically be free of random background noise.
The spectral analyses functions of interest in SASW testing are
described below,

Cross power spectrum. Signals from two channels obtained
simultaneously can be compared utilizing the cross power spectrum,
ny(f), defined as:

Cyy(£) = 5,7(£) * S.(£) (11-4)
where,
Sx*(f) = the énmplex conjugate of the linear spectrum of the
input,
Sy(f) = linear spectrum of the output.
The linear spectrum is the Fourier transform of the signal recorded in
the time domain. ny(f) is a complex function and can be represented
with real and imaginary components or with a magnitude and phase. The
magnitude is a measure of the mutual power between the two signals.
The phase is the relative phase between the signals at each frequency

in the measurement bandwidth. Because the phase is relative,

synchronized triggering is not necessary. The cross power spectrum is




the key measurement in SASW testing and is used to determine the travel
times of surface waves at different frequencies.

Auto power spectrum. The auto power spectrum, G, .  is defined as:

Gyy = Sy (f) * 8.7 (£) (11-5)
where,

Sx(f) = linear spectrum,

Sx* = complex conjugate of the linear spectrum
The magnitude of the auto power spectrum is equal to the magnitude of
the linear spectrum squared and is the energy at each frequency in the
measurement bandwidth. Because the linear spectrum is multiplied by
its complex conjugate, the auto power spectrum is a real valued
function and does not contain any phase information, but can be used to
identify dominant frequencies.

Coherence. The coherence function, 12(f). is a real valued

function with a value between zero and one cﬂt;&spnnding to the ratio

of the output power caused by the measured input to the total measured

output defined as:

*
G, (f) * G, (f)
P2 (E) = Teeennen 1iie.. (11-6)
G CE) % ny(f)
where G G and G_ . are previously defined cross and auto power

yx' Cxx’ Yy

spectra averaged in the frequency domain over multiple input records.
The coherence function should be used on averaged signals since it will
always have a value of unity for one signal pair. A coherence value
close to one indicates good correlation between the input and the
output signals. A low coherence may indicate bad correlation, however,

nonlinearity of the system and low frequency resolution can also result




in poor coherence. The coherence function is used in SASW testing to
help identify frequencies providing accurate cross power spectrum phase
values,

C. Overview

SASW is a nondestructive seismic method for determining in situ
elastic moduli of pavement systems. To conduct SASW, two receivers are
attached to the surface and a hammer is used to deliver a transient
impact to the pavement. The impact generates energy over a range of
frequencies. Wavelengths depend on the stiffness of the material and
frequency of the wave. The energy of a surface wave decays rapidly
with depth, therefore, different frequencies sample different depths.

The signal generated by the impact is recorded using a waveform
analyzer and the time-domain record from each receiver is transformed
into the frequency domain. This process is repeated several times and
the results averaged to enhance the quality of the signal by
eliminating the effectg of random background noise.

Spectral analyses are then performed to obtain the cross power and
coherence functions. The coherence value is used to monitor the
quality of data during testing and to identify poor data during
analysis. The cross power spectrum provides the relative phase shift
at each frequency from which the travel time between the two receivers
can be determined.

Because the frequencies that can be generated by a single source
are limited, testing is performed at several spacings. Close spacings

sample material near the surface and the source must generate high



frequencies. Larger spacings sample deeper layers and the source must
generate more energy in the lower frequency ranges.

The first step in data reduction involves converting the field
data into a dispersion curve. The dispersion curve is simply a plot of
the surface wave velocity versus wavelength and can be developed from
phase information of the cross power spectrum. The R-wave velocities
determined in this manner are not actual velocities, but apparent
(phase) velocities since the stiffness of layers near the surface will
affect the measurement of velocities of underlying layers.

Finally, the shear wave velocity profile must be obtained from the
dispersion curve. This process is called inversion and consists of
determining the depth of each layer and the actual shear wave velocity
of each layer from the apparent R-wave velocity versus wavelength
information. Once the shear wave velocities are known, the shear and

Young's modulus can be computed.
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ITI. DATA COLLECTION

A. Test Sites

Test sites for this study were selected based on pavement
structure and the availability of adequate data to verify pavement
conditions at the time of SASW testing. The six airfield pavement
sites listed in Table 1 represent a wide range of pavement types,
thicknesses, and subgrade conditions. These sites were selected in
conjunction with a separate study that was being conducted by WES to
evaluate various NDT devices and, for reference purposes, site numbers
in Table 1 correspond to the previously reported values (Bentsen, Bush,
and Harrison 1988). During that study, a test pit was excavated within
each site at a reference point location for structure verification, in-
place strength measurements, and sampling of materials for laboratory
testing. Field and laboratory test results, extracted from the
previous report, for each of the six sites included in this study are
summarized in Tables 2-6. Table 2 is a summary of test pit data
including layer thicknesses and in-place density, water content, and
strength measurements. In-place strengths are reported in terms of the
California bearing ratio (CBR) for flexible pavement layers and the
modulus of subgrade reaction, k, (from a plate bearing test) for rigid
pavement layers. Base and subgrade material classifications are
presented in Table 3. Laboratory resilient moduli for the AC layers
determined using procedures described in ASTM D 4123-82 (ASTM 1988) are
shown in Table 4 for temperatures of 77- and 104-degrees fahrenheit.
Flexural strengths determined using ASTM C-78-84 (ASTM 1986) and

Young's modulus values from ASTM C-215-85 (ASTM 1988) for the PCC
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TABLE 1. GENERAL SITE DESCRIPTION

Pavement
Thickness

Site Airport/Airfield in. Type Physical Location

3 NAS Pensacola, FL 10.0 PCC North end of taxiway
parallel to runway 1-19

4 NAS Pensacola, FL Sy AC North end of taxiway
parallel to runway 1-19

8 Birmingham ANG/ 7.0 AC Southwest end of ANG

Birmingham 7.0 PCC  aircraft apron

Municipal, AL

10  Birmingham ANG/ 2.0 AC Taxiway E between runway
Birmingham 7.0 PCC 18-36 and holding apron
Municipal, AL
11  Sheppard AFB 21.0 PCC Alert apron at North end
Wichita Falls, TX of airbase
12 Sheppard AFB 7.0 AC Access taxiway North of
Wichita Falls, TX control tower between
taxiway E and school
apron

12




TABLE 2. TEST PIT DATA (THICKNESS, DENSITY, WATER CONTENT, CBR, AND K)

Drive Oven

Nuclear Cylinder Dry

Pavement Density Water Density Water
Thick. Dry Wet Content Dry Wet Content Depth CBR k
Site _in. Type pecf pef % pcf pcf 3 in. % pci
3 10.0 PCC - - R - - =PRSS = S A - -
4.0 Base 115 128 13.0 - --- 9.5 10.0 --- 303
---~ Subgrade 104 123 18.4 - - 15.5 14.0 - ---
4 5.5 AC - --- cue= -aa --e - ———- --- ---
13.5 Base 128 138 11.2 --— --- 8.2 2.3 88 ---
125 135 10.1 -—- - 6.4 12.0 100 -
-=--- Subgrade 108 126 18.3 - - 14.5 19.0 16 -
8 6.5 AC --- —— - - - oo e .- -
- 7.0 PCC R — bk
- ---- Subgrade 115 137 19.3)  ~oe -se 18,6 13.5  --- 27
10 2.0 AC - - —e=a cum - ———- ——-- - ---
7.0 PCC --- - - - - - -——— --- ---
14.0 Base 111 131 13.8 - - 17.9 9.0 - 192
~-=== Subgrade - - ———— --- - -———- ———- --- ---
11 21.0 PCC - - -———— - - -——— ———— --- ---
6.0 Base 134 142 [ I --- - 6.1 21.0 - 82
12 7.0 AC - -—- - - - - - --- ---
20.0 Base 143 147 3.8 - -—- 33 7.0 117 ---
~--=-- Subgrade --- - ~——— 109 127 L3 27.0 13 -
-~ - - 96 - 21.6 41.0 4.3 ---




71

TABIE 3. SOIL CIASSIFICATION TEST RESULTS
Percent
Passing
_ At Limits Specific 4
Site Layer LL PL PI Gravity Sieve Classification
3 BASE NP NP NP 2.65 80 GRAVELY SILTY SAND (SP-SM)
SUBGRADE NP NP NP 2.64 100 SILTY SAND (SP-SM)
4 BASE 19 13 6 2.67 82 GRAVELY SILTY SAND (SM-SC)
SUBGRADE NP NP NP  2.65 100 SILTY SAND (SP-SM)
8  SUBGRADE 30 14 16 2.72 88 GRAVELY SANDY CIAY (CL)
10  BASE 33 15 18 2.69 =-—SAMPLE CONTAINED ASPHAIT--NO TESTS—-
SUBGRADE 38 15 23  2.78 94 SANDY CIAY (CL)
11  BASE 17 10 7 2.69 64 GRAVELY SILTY SAND (SP-SM)
SUBGRADE 23 11 12 2.69 98 CIAYEY SAND (SC)
12  BASE 15 10 5 2.71 53 SANDY SILTY GRAVEL (GP-GM)
SUBGRADE 35 22 13 2.68 100 SANDY CIAY (CL)

e -



TABLE 4.

LABORATORY RESILIENT MODULUS OF AC SURFACE LAYERS

Sample Average Instantaneous
Thickness Resilient Modulus, psi
Site Lift in. 77 Deg F 104 Deg F
4 1 2.50 1,568,500 619,759
2 2.54 1,348,381 349,607
8 1 2.68 903,572 400,887
2 2.74 596,460 257,620
10 1 2.02 804,228 356,960
12 1 2.17 669,266 648,946
2 1,70 1,230,766 757,317
3 2.84 1,177,419 1,181,251

TABLE 5. LABORATORY TEST RESULTS, PCC LAYERS

Site
No.

Dynamic
Modulus
psi

5,556,000
5,487,000
6,794,000

5,363,000

Flexural
Strength
psi

905

820

745

510

&



TABLE 6. CONDITION SURVEY RESULTS
Site PCT Rating Prevalent Distresses
3 82 Very Good Low-severity patching (large and small)
Low-severity joint and corner spalls
4 97 Excellent None
8 64  Good Low-severity block cracking
10 68 Good Low-severity longitudinal and transverse
cracking
Medium-severity joint reflection cracking
11 68 Good High-severity joint seal damage
Low- and medium-severity small patches
12 76  Very Good Low-severity longitudinal and transverse

cracking
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layers are presented in Table 5. Results of a condition survey
conducted to determine the pavement condition index (PCl) for each site
are summarized in Table 6. The PCI is a numerical indicator based on a
scale of 0 to 100 and is determined by measuring pavement surface
distress that reflects the surface condition of the pavement.

B. SASW Testing Equipment

SASW test equipment used during this investigation included
recording devices for monitoring, recording, and performing spectral
analysis on waveforms, sources for generating waveforms, receivers for
measuring waveforms, and a power supply.

A Hewlett Packard (HP) Model 3562A Dynamic Signal Analyzer
equipped with an HP Model 9153A combined 10 megabyte hard disk and 3-
1/4 in. floppy disk drive was used in this study for collecting and
storing SASW data records. The HP 3562A is a versatile 2-channel
device with a sampling rate of up to 100 kHz per channel. Spectral
analyses functions such-as the FFT, cross power spectrum, auto power
spectrum, and coherence can be performed immediately, thereby allowing
the frequency domain functions to be viewed in the field.

Impact excitation was used throughout this study. The impact
sources were an array of hammers including a 4 oz. ball peen, 8 oz.
ball peen, 40 oz. sledge, and 8 1b, sledge.

Both velocity transducers and accelerometers were used in this
study. All receivers were vertically oriented. Geosource Model PC-3
velocity transducers were used for low frequency measurements (below
1000 Hz). PCB Piezotronics, Inc. Model 308B02 accelerometers (resonant

frequency: 32 kHz; Sensitivity: 1000 mV/g), powered by a PCB Model
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483A 12 channel power supply, were used for high frequency measurements
associated with pavement surface layers. Coupling between the pavement
surface and receivers was accomplished using a No. 2 plastilina
sculpting clay.

The power supply used throughout this study was a Honda Model
EM2200X portable, gasoline generator with a maximum power of 2.2 kva.
An Omega Engineering, Inc., Omegascope infrared temperature gun was
used for determining the surface temperature of asphalt surface layers
at the time of testing.

C. SASW Testing Procedures

SASW tests were conducted at one location within each test site
corresponding to the reference point location referred to previously.
The common receivers midpoint (CRMP) geometry test procedure shown
schematically in Figure 1 was used for all SASW testing with the
centerline located at the reference point. Distances of 0.25-, 0.5-,
1.0-, 2.0-, 4.0-, and 8.0-ft. were marked off on either side of the
imaginary centerline corresponding to spacings of 0.5-, 1.0-, 2.0-,
4.0-, 8,0-, and 16.0-ft. which were typically used. Data were
collected for additional spacings only when deemed necessary based on
visual observations of the data records during testing.

It should be noted in Figure 1 that two tests are indicated for
each spacing with the source on opposite sides of the imaginary
centerline. These are termed forward and reverse profiles and can be
averaged to minimize the effect of any internal phase shift between

receivers.
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The purpose of multiple spacings is to insure that usable data are
obtained over the complete range of frequencies desired. It has been
shown (Nazarian and Stokoe 1983) that the use of these spacings reduces
scatter in the data due to overlap between consecutive spacings. Close
receiver spacings are associated with high frequencies and sample
shallow depths or near surface layers while large receiver spacings are
associated with lower frequencies and sample deeper materials,

The steps followed for data collection at each site were as
follows:

1. Initial HP 3562A Setup for SASW. To prepare the HP 3562A for
SASW testing, the following measurement parameters were specified:
linear resolution, frequency response, a uniform window, and the
request for five averages. By setting the OV REJ to ON, no data were
accepted if either channel over-ranged. Manual preview was turned ON
to help establish appropriate ranges and bandwidths for each spacing.
It was turned off when acceptable data were obtained for a receiver
spacing. The screen display was set to show the phase of the cross
power spectrum (in * 180 degree format or modulo 2x) and the coherence.
Finally, the device was set to trigger off of channel 1 input. While
other parameters including the frequency span, voltage ranges for
channels 1 and 2, the trigger level, and the trigger delay, were
adjusted during testing depending on the particular spacing and source,
this completes the initial setup of the analyzer.

eiver Selection. A combination of accelerometers and

velocity transducers were used for testing the six pavement sites.

20




Accelerometers were typically used for spacings of 4 ft. and below.
Velocity transducers were generally used for spacings of 4 ft. and
above. The range of frequencies generated for each spacing was used to
determine when to switch receiver types. Accelerometers were generally
used down to frequencies of 500 to 1000 Hz. The standard procedure was
to conduct two series of tests using both types of receivers at the
spacing where a change in receiver types was made,

3. Selection of Sources. The initial selection of a source was
made based on the spacing. Typically, the 4 oz. ball peen was selected
for spacings of 2 ft. or less, the 8 oz. ball peen or 40 oz. sledge for
spacings of 4- to 8-ft., and the 8 1b. sledge for the 16 ft. spacing.
The actual frequencies required for each spacing are dependent on the
stiffness of the materials, thus, the final hammer selection was made
upon visual examination of the first data records.

4, Collection of Data. With a receiver pair in place, the source
was positioned on one side or the other (forward profile) such that the
source to near receiver distance was equal to the spacing. The
receiver nearest the source was always connected to channel 1 on the HP
3562A. Several sharp, crisp blows (no bounce) of the hammer were
normally required to adjust the remaining HP 3562A measurement
parameters. The frequency span was typically set such that more than
three-fourths of the frequency range contained high quality (high
coherence) data. The voltage ranges were set as low as possible
without overloading to obtain the best resolution in the analog to
digital conversion. With the manual preview function, time signals

could be viewed after the first impact to determine if further
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adjustments were necessary. After the frequency span and voltage
ranges were established, the trigger level was set to trigger about
halfway up the first major pulse on channel 1. A pre-trigger delay was
then set for channels 1 and 2 to insure that the initial portion of the

signal was obtained. The pre-trigger delay was set at approximately 10

percent of the total time record. These parameters generally had to be
set for each receiver spacing. ‘
After all the measurement parameters were set, the manual preview |
was turned off and signals from five impacts collected. The phase and N
coherence records were saved on disk. The file naming convention used '
was a three digit numerical value for each pair of records preceded by
a "P" or "C" for phase and coherence. Then, without relocating the
receivers, the same test was performed with the source on the opposite

side of the receivers (reverse profile) with the receiver cables

switched on the HP 3562A. Pertinent testing information was recorded

on specially designed SASW data forms.

Steps 3 through 5 were repeated for each receiver spacing. SASW
field data obtained following these procedures are presented in
Appendices A-F (located immediately following the main text) for Sites

3, 4, 8, 10, 11, and 12 respectively.
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IV. ANALYSIS OF DATA

SASW data reduction was accomplished in two phases. First, the
field data for each site was converted to a dispersion curve. The
second phase then consisted of determining the shear wave velocity
profile by inverting the dispersion curve.
A. Determination of Dispersion Curve

The phase of the cross power spectrum and coherence records
obtained from spectral analyses were both used during the construction
of dispersion curves. While the actual dispersion curve was computed
from the phase information, the coherence record was used to help
identify frequency ranges containing "good" data. Nazarian and Stokoe
(1986) showed that frequencies having a coherence value greater than
0.90 provide useful data. While this criterion was not rigidly
followed, the coherence was used extensively to evaluate the quality of
data. The phase of the cross power spectrum, with "poor" data ranges
removed was used to calculate the dispersion curve.

For a particular frequency, f, a phase difference of 360 degrees
is associated with a travel time between receivers of one period (1/f).

Knowing the phase for a particular frequency (¢), the travel time, t,

can be computed as:

il i (IV-1)

= (IV-2)

where X is the distance between receivers and the corresponding
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wavelength is:

Lg = ----- (IV-3)

Repeating this procedure for all frequencies yields the dispersion
curve for the given receiver spacing and source location. This curve
is then filtered to remove all wavelengths greater than twice the
receiver spacing. These wavelengths are too long for a given receiver
spacing and may not have traveled a sufficient distance to adequately
sample a depth proportional to the wavelength. The procedure is
repeated for all spacings and source locations and the data combined to
construct the total dispersion curve to represent the site.

The computer program SASW, containing data analysis routines
presented by Hiltunen (1988), was used to reduce the field data
collected during this study and construct the dispersion curves. The
computer program SASW requires the existence of a pre-established data
file identifying data records to be included in the dispersion curve
and filtering information for the removal of bad data. Data files
created for each site, containing the following information for all
spacings and source locations, are included in Appendices A-F:

Line 1: Name of data file containing phase information

Line 2: Cutoff frequency (the maximum frequency for which usable

data are available for a particular record, determined by
visual examination of phase and coherence records)

Line 3: Number of poor data ranges to be removed before

constructing dispersion curve (determined by visual
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examination of phase and coherence records)

Lines 4, through 4y (N = number of poor data ranges): Range
containing poor data that are to be removed from phase
information (for each range of poor data, the starting
frequency, ending frequency, and number of phase wraps
occurring prior to the ending frequency must be
specified).

Line 5: Receiver spacing, ft.

The computer program SASW uses the above information and performs the
following steps to construct the dispersion curve for a site:

a. Converts raw phase data from * 180 degree format to a

continuous format and eliminates frequencies containing poor
| quality data,

b. Redigitizes unwrapped phase vs. frequency data,

¢. Generates dispersion curve data from converted phase data,

d. Run dispersion-curve data through wavelength/receiver spacing
filter to remove all wavelengths greater than twice the
spacing,

e. Generates an average dispersion curve,

| f. Compacts the dispersion curve data (reduces files to a more

manageable size by averaging consecutive data points when the

frequencies are within two percent of each other and the

H velocities are within four percent of each other).
Final dispersion curves are shown in Figures 2-7 for sites 3, 4,

8, 10, 11, and 12 respectively. The transition between the high

velocity portion of the dispersion curve, corresponding to the surface
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Figure 3. Experimental dispersion curve for site 4 (5.5" AC/13.5" base/silty
sand)
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Experimental dispersion curve for site 8 (6.5" AC/7" PCC/sandy

clay)
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Figure 5. Experimental dispersion curve for site 10 (2" AC/7" PCC/14"
base/sandy clay)
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layer and the lower velocity portion of the curve, corresponding to the
subgrade is much smoother and more continuous for the flexible
pavements (sites 4 and 12) than for the rigid and composite pavements
(sites 3, 8, 10, and 11). This is due, in part, to the large contrast
in velocity between the PCC layers and the underlying base or subgrade
material. Many of the fluctuations in the rigidrand composite
dispersion curves may be the result of reflected waves, which could be
a combination of reflected surface waves and direct and reflected body
waves.
B. Inversion

Stiff layers near the surface of pavements cause a shift in the
measured velocities of underlying layers. Inversion is the process of
obtaining the true shear wave velocity profile from the phase
velocities associated with the dispersion curve. Inversion of the six
pavement sites included in this study was accomplished using the
computer program INVERT developed by Dr. Soheil Nazarian of the
University of Texas (1984). INVERT is an interactive computer program
developed to compute a theoretical dispersion curve from an assumed
shear wave velocity profile using a modified version of the Thomson
(1950) -Haskell (1953) matrix formulation for layered elastic media, as
developed by Thrower (1965). Some minor modifications have been made
by Dr. Dennis Hiltunen of Penn State University (1988) for
implementation on a personal computer (PC).

For inversion, each site was divided into a number of layers based
on the known pavement structure. In some cases, surface and base

course layers were subdivided into two or three thinner layers. For
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each site, a semi-infinite layer was located at a depth of
approximately one-third of the maximum wavelength found in the
dispersion curve. The subgrade was arbitrarily divided into several
layers of various thicknesses. A mass density was assigned to base
course and subgrade materials based on field density measurements. A
unit weight of 150 pcf was assumed for AC and PCC materials. Poisson's
ratios of 0.35, 0.15, 0.35, and 0.4 were assumed for AC, PCC, base
course, and subgrade materials respectively. An initial estimate of
the shear wave velocity of each layer was made. INVERT was then used
to compute the theoretical dispersion curve for the assumed velocities.
Experimental and theoretical curves were compared and the assumed
velocities changed, using an iterative procedure, until the two curves
matched within a reasonable tolerance.

INVERT searches for points on the theoretical dispersion curve
based on a user specified range of frequencies and velocities and
number of increments to-be used in the range. The dispersion curve can
be more accurately defined using a large number of increments (finer
mesh), however, the computational time increases significantly as the
number of increments increases. For this study, the inversions were
performed on a PC (AT, 12.5 MHz) and a choice of 21 increments was
considered about optimum. Also, instead of choosing a wide range of
frequencies and velocities, the dispersion curve was divided into three
or four sections and the matching procedure performed on each of the

narrow ranges individually.

The final velocity profiles providing a reasonable match between
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theoretical and experimental curves were assumed to be the true shear

wave velocity with depth. A comparison of the measured and theoretical
dispersion curves for sites 3, 4, 8, 10, 11, and 12 are shown in
Figures 8-13 respectively. The Young's modulus was then computed for
each layer using equation II-2.

The final velocity profiles and computed layer moduli are
summarized in Tables 7-12 for the six sites. During inversion of the
rigid pavements (sites 3 and 11), it was observed that the theoretical
dispersion curve was not very sensitive to the velocity of the base
course layers and the reported moduli may be in error. This was due to
the large contrast in velocity between the PCC layer and the underlying
base course and the fact that the base course layer was relatively

thin.
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Figure 8. Comparison of measured and theoretical dispersion curves (after
inversion) for site 3 (10" PCC/4" base/silty sand)
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Figure 9. Qulparison of measured and theoretical dispersion curves (after
Inversion) for site 4 (5.5" AC/13.5" base/silty sand)
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Figure 10. Comparison of measured and theoretical dispersion curves (after
inversion) for site 8 (6.5" AC/7" PCC/sandy clay)
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TABLE 7. YOUNG'S MODULUS PROFILE FOR SITE 3 AFTER INVERSION

Shear
Wave Mass Young's
Material Thickness Velocity Poisson’s Density Modulus
Layer Type ft fps Ratio slugs psi

) 1 PCC 0.42 9,517 0.15 4.7 6,799,286
2 PCC 0.42 9,517 0.15 4.7 6,799,286
3 Base 0.33 804 0.35 4.0 48,481
4 Subgrade 2.00 357 0.40 3.8 9,417
5 Subgrade 2.00 474 0.40 3.8 16,601
6 Subgrade 3.00 800 0.40 3.8 47,289
7 Subgrade 1.00 1,050 0.40 3.8 81,463

TABLE 8. YOUNG'S MODULUS PROFILE FOR SITE 4 AFTER INVERSION

Shear
Wave Mass Young's
Material Thickness Velocity Poisson’'s Density Modulus
Lavyer Type ft fps Ratio slugs psi
1 AC 0.23 4,250 0.35 4.6 1,557,891
2 AC 0.23 3,250 0.35 4.6 911,016
3 Base 0.56 1,026 0.35 4.2 82,898
“ Base 0.56 941 0.35 4.2 69,732
5 Subgrade 2.00 429 0.40 3.9 13,956
6 Subgrade 1.00 645 0.40 3.9 31,549

7  Subgrade 1.00 1,037 0.40 3.9 81,549




TABLE 9.

Laver
1

2

YOUNG'S MODULUS PROFILE FOR SITE 8 AFTER INVERSION
Shear
Wave Mass Young's
Material Thickness Velocity Poisson’'s Density Modulus
Type ft fps Ratio slugs psi
AC 0.27 3,960 0.35 4.7 1,381,941
AC 0.27 3,960 0.35 4.7 1,381,941
PCC 0.58 6,840 0.15 4.7 3,512,169
Subgrade 1.00 428 0.40 4.2 14,960
Subgrade 2.00 720 0.40 4.2 42,336
Subgrade 2.00 1,000 0.40 4.2 81,667
Subgrade 2.00 1,100 0.40 4.2 98,817
Subgrade 1.00 1,200 0.40 4.2 117,600

TABLE 10. YOUNG'S MODULUS PROFILE FOR SITE 10 AFTER INVERSION
Shear

Wave Mass Young's

Material Thickness Velocity Poisson’s Density Modulus

Type ft fps Ratio slugs psi
AC 0.17 3,600 0.35 4.7 1,142,100
PCC 0.58 9,300 0.15 4.7 6,492,756
Base 0.59 988 0.35 4.1 75,041
Base 0.59 988 0.35 4.1 75,041
Subgrade 1.50 424 0.40 4.2 14,682
Subgrade 2.00 697 0.40 4,2 39,674
Subgrade 2.00 955 0.40 4.2 74,482
Subgrade 2.00 1,082 0.40 4.2 95,609
Subgrade 1.00 1,200 0.40 4.2 117,600
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TABLE 11. YOUNG'S MODULUS PROFILE FOR SITE 11 AFTER INVERSION

Shear
Wave Mass Young's
Material Thickness Velocity Poisson's Density Modulus
Layer Type ft fps Ratio slugs psi
1 PCC 0.88 8,727 0.15 4.7 5,717,329
2 PCC 0.88 8,622 0.15 4.7 5,580,579
3 Base 0.50 810 0.35 4.4 54,128
4 Subgrade 2.00 404 0.40 3.9 12,377
| 5 Subgrade 3.00 364 0.40 3.9 10,048
|
J 6 Subgrade 2.00 408 0.40 3.9 12,624

TABLE 12. YOUNG'S MODULUS PROFILE FOR SITE 12 AFTER INVERSION

7 Subgrade 1.00 900 0.40 S 61,425

Shear
Wave Mass Young's
| Material Thickness Velocity Poisson's Density Modulus
L Layer Type ft fps Ratio slugs psi
§ 1. AS 0.20 4,367 0.35 4.6 1,644,847
2 AC 0.20 2,939 0.35 4.6 745,003
3 AC 0.20 2,221 0.35 4.6 425,458
4 Base 0.84 747 0.35 4.6 48,128
5 BAse 0.84 651 0.35 4.6 36,553
6 Subgrade 3.00 559 0.40 3.9 23,696
7 Subgrade 3.00 501 0.40 3.9 19,034
8 Subgrade 1.00 650 0.40 3.9 32,040
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V. ELASTIC LAYER METHODOLOGY

A. Procedure

A study conducted at WES (Bush 1980) has shown that the deflection
basin produced by applying a load to the surface of a pavement with an
NDT device can be used to derive the Young's modulus of pavement
layers. A computer optimization routine was developed to determine a
set of modulus values that provide the best fit between a measured
deflection basin and a computed deflection basin when given an initial
estimate of the elastic modulus values and a limiting range of moduli.

Initially, a set of modulus values is assumed and the theoretical
deflection is computed at offsets corresponding to the measured
deflections. Subsequently, each modulus is varied individually, and a
new set of deflections is computed for each variation. A simplified
description of the iterative process for adjusting the modulus values
and matching the deflection basins is shown in Figure 14. This
illustration is for one deflection and one layer. For multiple
deflections and layers, the solution is obtained by developing a set of
equations that define the slope and intercept for each deflection and
each unknown layer modulus as follows:

Log (Deflectinnj) -ﬁji + Sji(Log Ei)
where

A = intercept,

S = slope,
j=1, 2, ... ND [ND = number of deflections], and
i=1,2, ... NL [NL = number of layers with unknown moduli ]
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Figure 14. Simplified description of how deflection basins are matched
in WESDEF (one deflection and one layer)
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B. WESDEF

The modulus backcalculation computer program WESDEF was developed
(Van Cauwelaert, Alexander, White, and Barker 1988) by incorporating
the elastic layer program WESLEA (Van Cauwelaert, Lequeux, Delaunnois
1986a and Van Cauwelaert, Lequeux, Delaunnois 1986b) as a subroutine
for the optimization routine.

WESDEF incorporates a layer of infinite thickness having a modulus
of elasticity of 1,000,000 psi and Poisson’'s ratio of 0.5 below the
subgrade layer. This stiff layer is at a depth of 20 ft. unless soil
profiles indicate the need for some other representation (i.e., shallow
rock).

WESDEF is capable of handling both multiple loads and variable
interface conditions. For a given layer (n) and underlying layer
(n+l), the interface value can range from 1 for complete adhesion
between the layers to 1,000 for almost frictionless slip between the
layers. Frictionless slip is usually assumed at the bottom of a PCC
layer and full adhesion is generally assumed for most other pavement
materials.

Normally three iterations of the program produce a set of modulus
values that yield a deflection basin that is within an average of 3
percent of each of the measured deflections. Limiting iteration
criteria require that the absolute sum of the percent differences
between computed and measured deflections or the predicted change in
modulus values be less than 10 percent.

C. Limitations of Elastic Layer Deflection Based Procedure

Limitations of the elastic layer approach include the assumptions
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of elastic, homogenous layers extending horizontally to infinity. For
the case of badly cracked pavements, the validity of these basic
assumptions becomes questionable. Other major assumptions are that the
NDT loading frequency is such that the dynamic load can be replaced by
an equal static load and that measured dynamic deflections are equal to
theoretical static deflections. Also, the number of layers for which
moduli can be calculated is limited to four layers and must be
restricted to two or three layers in most cases to minimize non-
uniqueness of the solution. Thus, for a typical pavement structure
having a surface, base, and subgrade, the subgrade modulus must be
assumed constant over the entire depth to the rigid boundary (usually
located at 20 ft.). Layer thicknesses must be known for the procedure
to yield accurate results. Therefore, if good construction records are
not available, coring is required to obtain the necessary structural
information. If bedrock is present within 20 ft. of the surface, an
accurate determinating of the depth is necessary.
D. Backcalculation of Moduli for Test Sites

The computer program WESDEF was utilized with surface deflections
measured with a Dynatest FWD to backcalculate layer moduli for each of
the pavements included in this study. The FWD surface deflection data
in Table 13, extracted from the previous report discussed earlier
(Bentsen, Bush, and Harrison), were collected within each test site on
the reference point location.

The Dynatest Model 8003 FWD is a trailer-mounted, impulse load

device that can produce a load between 1,500 and 24,000 1b. The
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TABIE 13. FWD REFERENCE POINT TEST DATA

Mean
Deflection, mils Pavement

Date Force For offset from center of load, in. Temperature

Site Tested 1bs 0 12 24 36 48 60 72 Deg Fahrenheit
3 08=-08-87 25344 8.6 7.9 7.3 6.2 5.4 4.3 35 102.7
4 08-08-87 24534 38.9 22.2 11.6 7.0 4.8 3.6 2.8 105.3
8 08-12-87 25265 21.0 10.6 8.1 5.4 3.3 22 o 112.0
10 08-12-87 25360 11.7 10.3 8.6 6.7 5.0 3:5 27 96.6
11 08-17-87 25805 5 1 2.9 2.8 Sed 2.6 2.2 So i 102.1
12 08-18-88 24518 49.6 29.4 14.9 8.2 DD 4.2 3.8 105.3




single-pulse transient load is generated by a weight dropping on rubber
pads which transmit the force to the pavement through an 11.8-in.-
diameter dense rubber plate cushioned with a thin rubber pad.
Deflections are determined using seven geophones that are typically
placed 1-ft. apart from the center of the load, but the outer six can
be varied from 12 to 95 in. away from the plate. The falling weight
system is controlled by a Hewlett-Packard Inter Personal Computer (IPC)
and can produce up to eight loadings selected from any combination of
four adjustable drop heights in a 1-2 minute period. Load and
deflection data are recorded on paper for each loading and can be
automatically saved to a magnetic disk.

The modulus values predicted by WESDEF for sites 3 4, 8; 10, 11,
and 12 are shown on the computer outputs in Figures 15-20. For each
site, an attempt was made to compute modulus wvalues for all layers and
this was successfully done for sites 4, 8, and 12. WESDEF was unable
to predict realistic values for the base course layers beneath the
rigid pavements (sites 3 and 11) and a composite modulus was obtained
for the combined base and subgrade layers. WESDEF was unable to
predict realistic modulus values for all four layers at site 10 and a
modulus value of 230,000 psi was assigned for the thin AC surface layer

based on the mean pavement temperature at the time of testing and

Figure 21.
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Sk ke ke ke ok sk kA Ak k k¥ AWESDEF QUTPUT SUMMAR Y ks ks sk s b s ek e ook

NUMBER OF ITERATIONS PERFORMED:

2

DEFLECTIONS COMPUTED FOR FINAL MODULUS VALUES
3ok sk ok sk o v ke sk ok e s ek s sk e sk sk ok e sk sk ok s ke e s ok e e ke ke ok o e ok

SENSOR MEASURED

COMPUTED

OFFSET DEFLECTION DEFLECTION

POSITION IN. MILS MILS DIFFERENCE & DIFF,.
Fokdkkhh ok dkdkkok  dokkddokdkkkd  dkkkhk bk kvl ook ok ok
1 3.0 8.6 8.7 -0.1 -0.9
2 12.0 7.9 8.1 -0.2 -2.1
3 24.0 7.3 12 0.1 2.0
4 36.0 6.2 6.2 0.0 0.4
5 48.0 5.4 5.2 0.2 3.4
6 60.0 4.3 4.3 0.0 -0.9
7 72.0 3.5 3.6 -0.1 -1.6
ABSOLUTE SUM: 0.7 11.3
ARITHMETIC SUM: 0.3
AVERAGE: 0.1 1.6
FINAL MODULUS VALUES
ek ok ok 3k o o sk ok ok ok ek ok ok
LAYER MODULUS POISSON'S THICK. INTERFACE
NO. MATERIAL TYPE PSI RATIO IN. VALUE
FRAIE  AARIAR IR I T A FATARFERAE Ahhhrhhhd Ahhhddhkd khkddkd Fdhkhhddkk
1 PCC 8242664, 0.15 10.00 1000.
2 SUBGRADE 19264, 0.40 230.00 i o
3 RIGID BOUNDARY 1000000, 0.50 1.00 I
4 RIGID BOUNDARY 1000000, 0.50 1.00 ! i
5 RIGID BOUNDARY 1000000, 0.50 SEMI-INF

ABSOLUTE SUM OF % DIFF. NOT WITHIN TOLERANCE

CHANGE IN MODULUS VALUES WITHIN TOLERANCE

Figure 15.

base/silty sand)
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Fkd ok d kg k kb k kk k k kh A X XYESDEF QUTPUT SUMMAR Y %5 sk e sk sk sk s b s s s ok e sk b ok

NUMBER OF ITERATIONS PERFORMED: 3

DEFLECTIONS COMPUTED FOR FINAL MODULUS VALUES
ek ek ok sk ke s ok Ak ek sk s bk ek Aok bk sk e ke e e ek ek ok

SENSOR MEASURED COMPUTED
OFFSET DEFLECTION DEFLECTION

POSITION 1IN. MILS MILS DIFFERENCE % DIFF.
dobdkdokdkk  kkdkkdh dkdkdkdkkk ARk Akdddhkhkk kkkhkkkkkk  kdkkkkkk
1 3.0 38.9 39.6 -0.7 -1.8
2 12.0 22.2 21.8 0.4 1.8
3 24.0 11.6 & (5 -0.1 -0.8
4 36.0 7.0 1.3 -0.3 -4.8
5 48.0 4.8 5.0 -0.2 -4.1
6 60.0 3.6 3.6 0.0 1.0
7 72.0 2.8 2.6 0.2 7.0
ABSOLUTE SUM: 2.0 21.4
ARITHMETIC SUM: -1.8
AVERAGE: 0.3 . % |

FINAL MODULUS VALUES
ook sk sk ek sk de e ek e e ek

LAYER - MODULUS POISSON'S THICK. INTERFACE
NO. MATERIAL TYPE PSI RATIO IN. VALUE
FhhkAE FhkAkAhdkhkhkdhhkddkdhkdhhhhkddk dhkdhdhhkdh dhkdhdhhdd dhkdkdd dhkkdkhkdiik
1 AC 206491. 0.35 2 el ,

2 BASE OR SUBBASE 35844, 0.35 13.50 1.

3 SUBGRADE 20491. 0.40 221.00 ; B
4 RIGID BOUNDARY 1000000. 0.50 1.00 | BF

> RIGID BOUNDARY 1000000. 0.50 SEMI - INF

REACHED MAX NO OF ITERATIONS
ABSOLUTE SUM OF & DIFF. NOT WITHIN TOLERANCE
CHANGE IN MODULUS VALUES WITHIN TOLERANCE

Figure 16. WESDEF output summary for site 4 (5.5" AC/13.5"
base/silty sand)
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ek s sk e Rk kA kXX WESDEF OUTPUT SUMMARY*

NUMBER OF ITERATIONS PERFORMED: 3

ek s ek ke ke ok ke kR ko dok ok

DEFLECTIONS COMPUTED FOR FINAL MODULUS VALUES

v v o o o vl e ok e e sl ok o o e ok ok o o e ok ok ok ok e sk ok e ok o ok o ok ok ke e e ke

SENSOR MEASURED COMPUTED
OFFSET DEFLECTION DEFLECTION

POSITION 1IN. MILS MILS DIFFERENCE
dedk ke dede ke dddkdkdkd ddkdkdk ko kb ddhh kAt d dhhrhhdhkkh
1 3.0 21.0 21.8 -0.8
2 12.0 10.6 10.7 -0.1
3 24 .0 8.1 7.5 0.6
4 36.0 5.4 5.0 0.4
5 48.0 3.3 3.4 -0.1
6 60.0 T 2.3 -0.1
7 72.0 1.5 1.7 -0.2

ABSOLUTE SUM: 2.3
ARITHMETIC SUM:
AVERAGE: 0.3

FINAL MODULUS VALUES
sk sk s sk e ok ok ke s ek ok o ek

LAYER MODULUS POISSON'S
NO. MATERIAL TYPE PSI RATIO
i s b B QT T S S SO
1 AC 114603, 0.35
2 PCC 942662. 0.15
3 SUBGRADE 34479. 0.40
4 RIGID BOUNDARY 1000000. 0.50
5 RIGID BOUNDARY 1000000. 0.50

REACHED MAX NO OF ITERATIONS
ABSOLUTE SUM OF & DIFF. NOT WITHIN TOLERANCE
CHANGE IN MODULUS VALUES NOT WITHIN TOLERANCE

Figure 17. WESDEF output summary for site 8
PCC/sandy clay)

Se

e e e o ok ok

$ DIFF.
sk s e ok ok |

-

~J
PFPUMHEOWMND

1
=t
o
b O W

THICK. INTERFACE
IN. VALUE
Fohkdkdk  dedkkkk ok kk
6.50
7.00 1000.
226.50 | 5
1.00 | IS

SEMI - INF
(6.5" AC/7"




Fdobkkkkdkdkkkd ke bk k sk k* A XA UESDEF OUTPUT SUMMARYH®*%%kkhk %k sk ko h ks ko k ko

NUMBER OF ITERATIONS PERFORMED: 3

DEFLECTIONS COMPUTED FOR FINAL MODULUS VALUES
ek e e ke s e ok ok sk ks Aok A sk sk o o sk ok ek

SENSOR MEASURED COMPUTED
OFFSET DEFLECTION DEFLECTION

POSITION 1IN. MILS MILS DIFFERENCE % DIFF.
Fekddokool ek kbbb kb ko sk sk sk sk ok
1 3.0 11,7 12.8 -1.1 -9.2

2 12.0 10.3 10.3 0.0 -0.1

3 24.0 8.6 8.4 0.2 2.7

4 36.0 6.7 6.5 0.2 2.9

5 48.0 5.0 4.9 0.1 1.9

6 60.0 3.5 3.6 -0.1 =2.9

7 72.0 L 25 0.0 -1.5
ABSOLUTE SUM: 1.8 21.2

ARITHMETIC SUM: -6.1

AVERAGE: 0.3 3.0

} FINAL MODULUS VALUES
e v e ke vk vk vk v e s sk ke vk v o e o e ok

LAYER - MODULUS POISSON'S THICK. INTERFACE
NO. MATERIAL TYPE PSI RATIO IN. VALUE
FRAER Ak kd ok d kA kkdkddkkhkd  ddkdkkdkbd dekkdkododobk  dokdkdkdk  dedokdokkkokok
1 AC 230000, 0.35 2.00 ; o
2 PCC 6928886. 0.15 7.00 1000,

3 BASE OR SUBBASE 17183, 0.35 14.00 i3
4 SUBGRADE 27372, 0.40 217.00 1.

5 RIGID BOUNDARY 1000000. 0.50  SEMI-INF

REACHED MAX NO OF ITERATIONS
ABSOLUTE SUM OF % DIFF. NOT WITHIN TOLERANCE
CHANGE IN MODULUS VALUES NOT WITHIN TOLERANCE

Figure 18. WESDEF output summary for site 10 (2" AC/7"
PCC/1l4" base/sandy clay)
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ok dk kR kAR ARk kA A XA AXWESDEF OUTPUT  SUMMAR Y 3t sk sk ks sk sk ek ok sk sk ok ok sk sk ke ke s sk ok ok o

NUMBER OF ITERATIONS PERFORMED: 1

DEFLECTIONS COMPUTED FOR FINAL MODULUS VALUES
o e sk ek s ok e sk ok sk s b et sk ke s sk ok ke sk sk e sk e sk e ke sk e ok

SENSOR MEASURED COMPUTED
OFFSET DEFLECTION DEFLECTION

POSITION 1IN. MILS MILS DIFFERENCE % DIFF.
i i B e X £ £ ]
3 3.0 3.1 3.2 -0.1 -3.8

2 12.0 &y 3.0 -0.1 -4.6

3 24.0 2.8 2.9 -0.1 -3.8

4 36.0 I | 2.8 -0.1 -2.4

5 48.0 2.6 2.6 0.0 -0.3

6 60.0 2.2 2.4 -0.2 -11.0

7 72.0 2ol < -0.1 -3.4
ABSOLUTE SUM: 0.7 29.3

ARITHMETIC SUM: -29.3

AVERAGE: 0.1 4,2

FINAL MODULUS VALUES
Fdkkkdk gk ok ko kkkok ok ke ko

LAYER MODULUS POISSON'S THICK. INTERFACE
NO. MATERIAL TYPE PSI RATIO IN. VALUE
FEAHE  dRhdddd kb dok ko ke ko ko k  hkh kb hhkk Ak kAkk Ak *hkkkk
1 PCC 12498614 . 0.135 21.00 1000.

2 SUBGRADE 15837. 0.40 219.00 : 8
3 RIGID BOUNDARY 1000000. 0.50 1.00 &

4 RIGID BOUNDARY 1000000. 0.50 1.00 | =

5 RIGID BOUNDARY 1000000. 0.50  SEMI-INF

ABSOLUTE SUM OF & DIFF. NOT WITHIN TOLERANCE
CHANGE IN MODULUS VALUES WITHIN TOLERANCE

Figure 19. WESDEF output summary for site 11 (21" PCC/6"
base/clayey sand)
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Fddk ARk dk ko k k d Ak kA kXX WESDEF OUTPUT  SUMMAR Y 5 s sk s sk sk vk ook e s e e ok o ook

NUMBER OF ITERATIONS PERFORMED: 3

DEFLECTIONS COMPUTED FOR FINAL MODULUS VALUES
B S S e e S R R R 2 2t

SENSOR MEASURED COMPUTED
OFFSET DEFLECTION DEFLECTION

POSITION 1IN, MILS MILS DIFFERENCE & DIFF,
bR i T I T e R AR R L]
1 3.0 49.6 51.4 -1.8 -3.6
2 12.0 29.4 28.0 1.4 4.9
3 24.0 14.9 14.6 0.3 2.2
4 36.0 8.2 8.9 -0.7 -8.0
5 48.0 .5 6.0 -0.5 -8.9
6 60.0 4.2 4.3 -0.1 -2.4
7 72.0 3.8 < 0.6 15.9
ABSOLUTE SUM: 2.4 45.8
ARITHMETIC SUM: 0.0
AVERAGE: 0.8 6.5

FINAL MODULUS VALUES
ek dedkedk ok ko ok ok ok kok ok

LAYER . MODULUS POISSON'S THICK. INTERFACE
NO. MATERIAL TYPE PSI RATIO IN. VALUE
i e T s e
1 AC 126030. 0.35 7.00 I 3
2 BASE OR SUBBASE 20839,  0.35 20.00 1,

3 SUBGRADE 16872. 0.40 213.00 1.

4 RIGID BOUNDARY 1000000. 0.50 1.00 1

5 RIGID BOUNDARY 1000000. 0.50  SEMI-INF

REACHED MAX NO OF ITERATIONS
ABSOLUTE SUM OF % DIFF. NOT WITHIN TOLERANCE
CHANGE IN MODULUS VALUES WITHIN TOLERANCE

i ——————— e ——— ] [T

Figure 20. WESDEF output summary for site 12 (7" AC/20"
base/sandy clay)
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Figure 21. Prediction of AC modulus for bituminous layers




VI. SUMMARY AND DISCUSSION

A. Summary

Applicability of SASW to pavement testing has been demonstrated
through field testing and material characterization of six airfield
pavement sites. SASW is a relatively new procedure based on the
generation and detection of surface waves. Using the theory of elastic
waves in layered media, data are reduced and analyzed (computer
programs SASW and INVERT) to determine a continuous Young’s modulus
profile with depth for a pavement structure as well as the thickness of
each layer. SASW testing is performed at strains below 0.001 percent
and the elastic properties of the materials tested can be assumed
independent of strain amplitude. The average time required for field
data collection was 51 minutes per test. Reduction and analysis of
SASW data required 1 to 1-1/2 days per site using a PC (AT). Analysis
time could be reduced significantly by performing the inversions on a
mainframe computer or .a faster PC (386 machine). It should also be
noted that the layering for inversion was based on actual pavement
thicknesses and no attempt was being made to determine layer
thicknesses. If the thicknesses would not have been available,
computational time requirements would have made it necessary to use a
faster computer to obtain results similar to those presented. The
shear wave velocity profiles presented herein could be further refined
by subdividing the layers and continuing the inversion process.

Fluctuations in the SASW field data records due to reflected waves
presented some difficulty in the interpretation of data for the

construction of dispersion curves for the sites with PCC layers. The
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effects of these fluctuations could be seen in the dispersion curve,
making it difficult to perform the inversion process which requires
visual matching of the experimental and theoretical data. The effect
of reflected waves on SASW testing has been addressed by Sheu, Stokoe,
and Roesset (1988). Another problem encountered with rigid pavements
was the relative insensitivity of the inversion process to the velocity
of a thin base course layer beneath a PCC layer,

For comparison with SASW, the WES elastic layer NDT methodology
has also been presented. The WES procedure utilizes surface deflection
measurements from a loading device, such as the FWD, and elastic layer
theory to determine a set of modulus values that provides the best fit
between the measured and computed deflections. Data analyses are
accomplished using an optimization routine (WESDEF) that performs the
iterative basin matching process. With this procedure, modulus values
could not be computed for thin base course layers located directly
beneath PCC layers.

SASW and WESDEF Young'’s modulus profiles for sites 3, 4, 8, 10,
11, and 12 are presented graphically in Figures 22-27 and in tabular
form in Table 14. Laboratory derived moduli for the AC and PCC layers
are included in Table 14.

B. Comparison of Moduli for Different Material Types

Soil (subgrade, base, and subbase). Hardin and Drnevich (1972)

have suggested that the main factors affecting moduli measured in the

laboratory are state of stress, void ratio, and strain amplitude. For

in situ tests using SASW, strain amplitude will have essentially no

58




YOUNG'S MODULUS, KSI

10 100 1000
0 "
m ]
,T, —_— — = —1 —
o 4
|
ot —?EJ
— 4 i
& |
¢ A A
= |
] 6 |
=]
I
8 [
i TITh o 4 s SASW
| A q4p-eo WESDEF]
10

Figure 22. SASW and WESDEF Young's modulus profiles for site 3 (10" Poc/4"
base/silty sand)
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Figure 23. SASW and WESDEF Young's modulus profiles for site 4 (5.5" AC/13.5"

base/silty sand)
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Figure 24. SASW and WESDEF Young's modulus profiles for site 8 (6.5" AC/7"
PCC/sandy clay)
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Figure 25. SASW and WESDEF Young's modulus profiles for site 10 (2" ac/7

PCC/14" base/sandy clay)
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Figure 26. SASW and WESDEF Young's modulus profiles for site 11 (21" PCc/6"
base/clayey sand)
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Figure 27. SASW and WESDEF Young's modulus profiles for site 12 (7" AC/20"
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(Continued)

TABLE 14. SUMMARY OF FIEID AND IABORATORY MODULUS VAIUES
Laboratory

Resilient Resilient Dynamic

Layer Modulus Modulus Young's

Material Thickness Young's Modulus, psi 77 Deg F 104 Deg F Modulus
Site Type in. SASW WESDEF psi psi psi

PCC 5.00 6,799,000 8,242,664 = i 5,556,000

PCC 5.00 6,799,000 8,242,664 Mo - 5,556,000
Base, Gravelly Silty Sand 4.00 48,481 19,264 == e o
Subgrade, Silty Sand 24.00 9,417 19,264 - — --
Subgrade, Silty Sand 24.00 16,601 19,264 - -~ -
Subgrade, Silty Sand 36.00 47,289 19,264 -~ - —
Subgrade, Silty Sand - 81,463 19,264 - -- -
AC 2.75 1,557,891 206,491 1,568,500 619,759 -
AC 2.75 911,016 206,491 1,348,381 349,607 —
Base, Gravelly Silty Sand 6.75 82,898 35,844 - - -
Base, Gravelly Silty Sard 6.75 69,732 35,844 — — -
Subgrade, Silty Sand 24.00 13,956 20,491 - - -
Subgrade, Silty Sand 12.00 31,549 20,491 - — iy
Subgrade, Silty Sand — 81,549 20,491 — = —
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TABLE 14. (Continued)
Laboratory
Resilient Resilient Dynamic
Layer Modulus Modulus Young's
Material Thickness Young's Modulus, psi 77 Deg F 104 Deg F Modulus
Type in. SASW WESDEF psi psi psi
AC 3.25 1,381,941 114,603 903,572 400,887 -
AC 3.25 1,381,941 114,603 596,460 257,620 --
PCC 7.00 3,512,169 942,662 s — 5,487,000
Subgrade, Gravelly 12.00 14,960 34,479 — - -
Sandy Clay
Subgrade, Gravelly 24.00 42,336 34,479 - -- -
Sandy Clay
Subgrade, Gravelly 24.00 81,667 34,479 - - -
Sandy Clay
Subgrade, Gravelly 24.00 98,817 34,479 - -— -
Sandy Clay
Subgrade, Gravelly — 117,600 34,479 —_ -— ——
Sandy Clay
10 AC 2.00 1,142,100 230,000 804,228 356,960 --
PCC 7.00 6,492,756 6,928,886 - - 6,794,000
Base 7.00 75,041 17,183 s - --
Base 7.00 75,041 17,183 e - --
Subgrade, Sandy Clay 18.00 14,682 27,372 — - -
Subgrade, Sandy Clay 24.00 39,674 27,372 — - -
Subgrade, Sandy Clay 24.00 74,482 27,372 — - -
Subgrade, Sandy Clay 24.00 95,609 27,372 — — -
Subgrade, Sandy Clay — 117,600 27,372 - -— -

(Continued)




TABLE 14. (Concluded)
Laboratory
Resilient Resilient  Dynamic
Layer Modulus Modulus Young's
Material Thickness Young's Modulus, psi 77 Deg F 104 Deg F Modulus
Site Type in. SASW WESDEF psi psi psi
1r POC 10.50 5,717,329 12,498,614 RS o 5,363,000
PCC 10.50 5,580,579 12,498,614 - _— 5,363,000
Base, Gravelly Silty Sand 6.00 54,128 15,837 - - -—
Subgrade, Clayey Sand 24.00 12,377 15,837 — — —
Subgrade, Clayey Sand 36.00 10,048 15,837 —- - —
Subgrade, Clayey Sand 24.00 12,624 15,837 — —= ——
Subgrade, Clayey Sand — 61,425 15,837 - - -
12 AC 2.33 1,644,847 126,030 669,266 648,946 =
AC 2.33 745,003 126,030 1,230,766 757,317 —_

2 AC 2.33 425,458 126,030 1,177,419 1,181,251 -
Base, Sandy Silty Gravel 10.00 48,128 20,839 - - -—
Base, Sandy Silty Gravel 10.00 36,553 20,839 - — -
Subgrade, Sandy Clay 36.00 23,696 16,872 i -— —
Subgrade, Sandy Clay 36.00 19,034 16,872 —_ - -
Subgrade, Sandy Clay - 32,040 16,872 — — _—




effect on the in situ tests because the measurements are performed at

very low strains. Numerous studies have shown that shear moduli are
nearly constant up to a shearing strain of 0.01 percent with only a
slight decrease in the strain range from 0.001 to 0.0l percent. The
modulus determined in this constant range is referred to as the low-
amplitude, initial tangent, or maximum modulus. As the strain
increases above 0.01 percent, moduli decrease significantly and are
normally determined in the laboratory or are estimated from empirical
correlations.

To illustrate the variation in Young'’s modulus with normal strain,
Nazarian and Stokoe (1986) presented the resonant column data in
Figures 28 and 29 for a stiff clay. A constant modulus is observed
below strain levels of 0.001 in Figure 28 and the low-amplitude modulus
increases with increasing confining pressure. In Figure 29, the
normalized modulus is also constant below 0.001 percent and is equal to
the maximum modulus. When normalized, all of the modulus-strain curves
are nearly independent of confining pressure and if a such a curve is
available for a material, the moduli at higher strains can be
determined once the maximum modulus has been measured (i.e., small
strain in situ measurements such as SASW).

For the type and magnitude of loading applied by the FWD, the
strain levels are not known and the modulus values from WESDEF may not
be the maximum values. Therefore, direct comparisons between SASW and
WESDEF values for the soil materials will be questionable without
laboratory test results to verify behavior. Of more importance here

will be the relative stiffnesses indicated by each procedure.
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Figure 28. Variation of Young's modulus with strain amplitude at

different confining pressures of an unsaturated clay
subgrade (from Nazarian and Stokoe, 1986a)
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Base course moduli from SASW were typically higher than WESDEF
values by a factor of at least two. In general, SASW subgrade modulus
values were lower than WESDEF values near the top of the subgrade.
Variation of SASW moduli with depth in the subgrade was different for
each of the three subgrades evaluated. The sandy subgrade at Pensacola
(sites 3 and 4) exhibited a gradual increase in stiffness from
approximately 10,000 psi to values of 50,000- to 80,000-psi at depths
of 6- to 8-ft., This type of increase in stiffness with increasing
confining pressure is a reasonable behavior for a sand. WESDEF
predicted a subgrade modulus of approximately 20,000 psi to represent
the material down to a depth of 20 ft. This is approximately one
fourth of the SASW value observed at a depth of 8 ft. and the
difference may be due to the strain amplitude of measurement. Close
agreement between the subgrade modulus values obtained for sites 3 and
4 (located within 2000 ft. of each other) was observed for both
procedures. The subgrade at Birmingham (sites 8 and 10) increased
sharply from about 15,000 psi to values of 100,000 psi at 6- to 8-ft.
depths, possibly indicating the presence of bedrock somewhere near the
surface. The WESDEF subgrade modulus values were also higher at the
two Birmingham sites (approximately 30,000 psi). Again, good agreement
was obtained between the subgrade moduli computed for the two sites
which were located across the airfield from each other. SASW subgrade
modulus values were relatively constant to depths of 8- to 10-ft. in
the sandy clay material at Wichita Falls (sites 11 and 12). WESDEF
modulus values were approximately the same for the two sites, located

across the airfield from each other. SASW subgrade modulus values were
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much lower for site 11 (12,000 psi) than for site 12 (20,000 psi).

Asphaltic concrete. Variables influencing the elastic modulus of

asphaltic concrete include temperature, mix properties, age, strain
amplitude, number of load applications, and frequency of loading. The
two main factors are temperature and loading frequency. The modulus
generally increases with decreasing temperature and increasing
frequency. With time, an aging affect tends to stiffen the asphaltic
material and increase the modulus. The modulus will, however, decrease
with increasing strain amplitude and load repetitions or fatigue.
Strain amplitude of measurements appeared to have a significant
influence on the modulus of the AC materials. The low amplitude SASW
modulus values were consistently higher than the WESDEF values (ranging
from three to ten times the WESDEF values). The SASW values seemed to
agree more closely with the resilient modulus values determined at 77
degrees fahrenheit, even though the temperatures at the time of testing
were closer to 104 degrees. SASW modulus values for sites 4 and 12
decreased significantly with depth in the AC layer. Laboratory values,
which are highly variable, for site 12 actually showed an increase in
resilient modulus with depth. The decrease in the SASW values could

not be explained, but may be due to the influence of the weaker layer
beneath the AC.

Portland cement concrete. In general, the elastic modulus of

Portland cement concrete increases with increased age, rising rapidly
during the first few months and continuing for up to three years. Two

major factors affecting the modulus are the water-cement ratio and the
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High cement factor and low water-cement ratio lead

type of aggregate.

to higher elastic moduli. A higher modulus can be expected for
concrete made with stiffer aggregate. Many mixing and curing variables
affect the strength of concrete and generally will influence the

modulus in a similar manner, but to a lesser extent.

PCC moduli from SASW appeared more reasonable than WESDEF values
in several cases. WESDEF predicted values over 8,000,000 psi for sites
3 and 11, which would normally be considered unrealistically high.

SASW modulus values agreed better with laboratory values than did
WESDEF values. SASW values were within 25 percent of laboratory values
for three out of four sites and correlation of the two appears

promising.
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VII. CONCLUSIONS

The major conclusions resulting from this research are as follows:

1)

2)

3)

4)

SASW is a viable method for in situ material characterization
of pavement systems. 1In situ Young’s modulus profiles can be
obtained for flexible, rigid, and composite pavement
Structures. The ability to identify layering within a
pavement structure and the change in stiffness within layers
has many applications in pavement design and evaluation
including the development of better models for predicting soil
behavior for use with elastic layer or more advanced finite
element routines.

SASW data reduction can be accomplished on a personal computer
(PC) to the extent of identifying relative material
stiffnesses which would be an immediate benefit to the current
elastic layer deflection-based procedure. Determination of
pavement layer thicknesses or a more refined inversion process
will require a mainframe computer or a fast PC (386 machine).
PCC modulus values from SASW appeared reasonable for the four
rigid and composite pavements tested, while WESDEF predicted
unrealistically high values for two of the sites. SASW values
were typically within 25 percent of laboratory dynamic moduli
and the existence of a correlation between the two appears

promising.

AC moduli determined from low strain amplitude SASW

measurements were three to ten times higher than the values

predicted by WESDEF. Laboratory resilient modulus values
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determined at 77 degrees fahrenheit agreed more closely with SASW

moduli than did 104 degree values, which should be closer to the
actual pavement temperatures measured when the SASW tests were
conducted.

5) The effect of low strain amplitude was evident in the
magnitude of SASW base and subgrade moduli. SASW moduli were,
in some cases, typically two to four times higher than WESDEF
base course and subgrade values.

6) Low amplitude (maximum) modulus values may have application
for pavement design based on laboratory test results. The
ability to translate between laboratory and field conditions
using SASW appears promising.

7) SASW testing and data reduction techniques are somewhat time

consuming, but could be automated to greatly increase the

efficiency.
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VIII. RECOMMENDATIONS
This study has shown that SASW can provide certain enhancements to
the current deflection-based elastic layer procedure and may have
important applications for laboratory-based pavement design. However,
several areas requiring further research have been identified.
Based on the results of this study, the following recommendations are
offered:

1) Evaluate methods for automating data collection and reduction
techniques to improve the efficiency of SASW for routine pavement
evaluation.

2) Evaluate low strain effects on SASW soil moduli by comparing
measured values to laboratory resilient moduli.

3) Evaluate methods for minimizing the effects of reflected waves on
SASW test results.

4) Conduct SASW field tests on pavements with bedrock at a known
depth to evaluate the ability of SASW to determine its presence
and approximate depth.

5) Pursue the development of a correlation between SASW PCC moduli
and the laboratory dynamic modulus.

6) Further investigate the effects of low strain measurements on AC

materials.
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APPENDIX A: SASW TEST DATA AND RESULTS FOR SITE 3
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FIELD DATA SHEET FOR SASW TESTS (HP 3362A/9133A)
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Figure A2. Phase and coherence records for 0.5 ft. receiver
spacing at Site 3
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Figure A5. Phase and coherence records for 4.0 ft. receiver
spacing at Site 3 (accelerometer data)
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Figure A6. Phase and coherence records for 4.0 ft. receiver
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Figure A9. Data file containing the names of phase records, cutoff
frequencies, poor data ranges, and receiver spacings used
by the computer program SASW in constructing the dispersion
curve for Site 3
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APPENDIX B: SASW TEST DATA AND RESULTS FOR SITE 4

Bl




e R i - L O L T T T

FIELD DATA SHEET FOR SASW TESTS (WP 3562A/9133R)

T6ST SITE: Site 4, Pensacela NAS START TINE: /923 TENP, F1 /03°
TEST DATE: &-7-8B7 ENDING TINE: /94-8 TEWP, F: /01 °
ERE SRR R R T NSRRI RIS SN EE RS EECCEETEEREREISSEISEEEREEZR
' H Near | Far I I i Vo S i
| ! Receiver ! Receiver \Receiver! SNR | Profile iNo, | Freq. iSite! |
T R — et =-=18pacing IDistance!(F=Fwd., ! of ! B¥ (FileiData File!

! Type | Type | ID ! Type | ID | (ft) | (ft) ! R=Rev.) iAve.! (Hz) iMNo. ! Names !

L e e e e P P PR P R P I R e e

14 o3.  Pee V2 T | {_¥ 11 KHEy 1 Pias
v Ball A . S0BBOZ :Atc l, 30880z ) 4. . | .M-D. '
ol e e PR W a8 B 45 (25 P |
: : : | 1 | : | i | L |
T L vt ooy i S : T i R ;5 I 24 1“’1; P |
- SOS— TSR ..----..--..-------..------...-..........-...‘g.'.'&.l...;
: } | : : : : : - Ll PIAR !

o "oy oy oy ket ey RO15 1125 ay e !

i ; | | 1 i
iy om ogon 3 oy n oy oy oy F :5512-55143:2:;:

akaliaiis S R R e e e B e e -e)
I o 1944 |

| [ i I 1 “ I
itk Balalah fuliie Bt K a8 vR¥ Whicy |
! ! : : : : : b I 1P145 |
Aa gy gt t2oi2iot RO15 162515y, 0
| - - - :
140 o2. 1 : ! ! | | bier] b, 1 p14s

I " I i 5

:.S‘!t.ﬁe.l P W i_":__ n 4 4o t 4o :.....&.. I L?. /46 c14b :
| : : | ! : ! L1 pI47 |
10y v g b gy n 4oy dot F 1312 I*"jlf':; :
R —— . S SO s o
! : | Suec y Geo- : : Lot M pap
L i vﬂull- Swurce Vﬁf.. y Semrce, i i 1 0 ' J i
prsibicay pea !l pea 4.?4“..’:5‘ il JL4-W
: : = : : : : : | ¢ | s !
o g W oA vl e T ket R 15 1625 :’4‘3::,:'? :
: - - . A . :
' 8 Ib | : : ! ! : : R L. P50 !
Igede! M 104 N LB PR gD R 15325 :’50:252 |

i i H |
l ! i ! I " L '

- - - - - .

: : : : g ! Lo b Pr52 |
. C o1 f 0 s Moy lhoy By S e :’51*.,: -

e -

-—
—
—
-
—
—

i e by e e laelmel B 16 sue et S

IIIIIIt'IlIllltllllﬂl:l!:ﬂlllllllllllllllltllll!!lllll::ﬁ;ill:hll

* Seurte sn South Jide
Figure Bl. SASW field data form for Site 4
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CROSS SPEC
180 SAvV OXOvlp Unift
Phase * N
—1 hﬁ\
Deg h\
-180
Fxd ¥ O Hz P140 25k
C?HEHENCE SAv OX0vilp Unif
i Nt I
Mag r
U
0.0
Fxada ¥ O Hz cCi140 25k
CROSS SPEC SAvV OX0Ovip Unif
180 -
Phase
-=4180
Fxd ¥ O HZ Pi4il 25Kk
COHERENCE
1'0 —N_/
Mag
0.0
Fxd Y © Hz ci41

Figure B2. Phase and coherence records for 0.5 ft. receiver
spacing at Site 4
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R i = o~

CROSS SPEC SAvV OXOvilp Unaif
i80 IF

\
Phese \\\ '\\

Deg \\Hh s

-4180
Fxd Y O Hz P142 12 .58k
COHERENCE =AYV OX0Ovilp Unif
1.0 e ———]
o=
Mag
I
0.0
Fxd Y 0O Hz cCi142 12 . 5k
CROS Oxnvz_.q Unift
180 T
Phase
Deg
-4180 |
Fxd ¥ 0 H=z P143 12. 85K
C?HEHENCE BAVCE O%0Ovip Unift
Mag
M
Lol L |I
11
0.0 !
Fxd ¥ O H=z cCi143

Figure B3. Phase and coherence records for 1.0 ft. receiver
spacing at Site 4
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CROSS_ SPEC
180

N
Deg \

Phase

-4180
Fxd ¥ © Hz FPi44 E.285k
C?HEREHCE SAvg OX0vilip Unif
diidls
Ma : :
ﬂ | I. ; l |
'-‘.;11.
THRRLE
II’-.,, 'f] i -_'_.r‘
I 1 N s ".,I""
R UHIU.L
Fxd Y O Hz Ci144 6 .25k
CROS SPEC BAvV
180
Phase
Deg
=480
Fxd Y O Hz Pi145
COHERENCE SAvV O%0vlp UnAft
1 -n —m—
al
Mag
0.0
Fxd Y O Hz cCi148 & .28k

Figure B4. Phase and coherence records for 2.0 ft. receiver
spacing at Site 4
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CROSS_ SPEC BAvV OXOvlp Unif
180

Phase

Deg

-480
Fxd ¥ ©O Hz Pi1486 2k
COHERENCE | > _§Av- O:Dv:p Unitf

T

|
©.0
Fxd Y O Hz C146 2k

CTS%S SPEC SAvV O%X0Ovilp UnaAf

Phase

o VEAY
AN

Fxgd Y O Hz Pi147 2k
COHERENCE SAvg OXOvlp Unif
1.0 ¥ SV T Tale Uy ot | |
4 N
Mag 'l "T I“llib iH, AT
0 G
Fxa ¥ O Hz cCi47 S

Figure B5. Phase and coherence records for 4.0 ft, receiver
spacing at Site 4 (accelerometer data)
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BAv

OXOvilp Unaft

CROSS_ SPEC
i80

Phease

Deg

-

Fxd Y © HZ

HAV

COHERENCE
1.0

P148 628
O%0v1 Unitf

Mag I

0.0

Fxa Y O Hz

SAvV

Ci48 628

OX0Ovilip Unaft

|

-180

ol

Fxd Y O Hz
COHERENCE

SAvV

P148 625
OX0Ovip Unaf

150

Mag

0.0

Fxd ¥ O HZ

cCi148 625

Figure B6. Phase and coherence records for 4.0 ft. receiver
spacing at Site 4 (velocity transducer data)
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CROSS SPEC BAv OX0vlp UnifT

180
Phase \\
Deg \

~180 NN |\
Fxd ¥ O Hz Pi180 312 .8
COHERENCE EAVE OX0vlp UnAfT

1.0] - N
Mag .

0.0
Fxd Y O Hz cCi50 312.5
CROSS SPEC SAv OX0Ovilip Unift

i80 \ \ K

g -
Phaese \ \ N
4 \

Deg t \ _‘\\ \

-480
Fxa Y O Hz P151 312.5
COHERENCE SAvg OXOvilp Unif

1.0 —prr""
Mag

0.0
Fxd Y O Hz CisSi Si=2.8
Figure B7. Phase and coherence records for 8.0 ft. receiver

spacing at Site 4
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OXOvlp UnAft

CROSS SPEC
180 DAY

o

Deg \\\

-180 \

Fxd Y O Hz Pis2 180
COHERENCE SAvV OXOvip Unif
1.0 —
Mag
0.0
Fxd Y O Hz cisa 160
CROSS_SPEC SAvV OXOvip Unif
180 N N

A !

< o

Deg \\\ }\
NI T I\

Fxd Y ©O Hz Pi53 160
COHERENCE SAvV OXOvlp UnAf

1.9 [ —

Mag
|

0.0
Fxd Y O HZ ci1583 160
Figure B8. Phase and coherence records for 16.0 ft,.

receiver spacing at Site 4
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|

P140 P147

13300 1275

1 3

0,94,0 0,52.5,0

0.5 112.5,125,1

Pl141 305,445,1

13937 4.0

2 P148

0,531;0 267

4750,8000,1 2

0.9 0,27.34,0

P142 112.5,225,1

3250 4.0

1 P149

0,375,0 310

1.0 2

P143 0,30,0

3812 95.31,109.3¢,1

1 4.0

0,344,0 P150

1.0 113

Pl44 1

2546 0,25.78,0

1 8.0

0,234,0 P151

2.0 110

P145 1

2850 0,26.95,0

1 8.0

0,218,0 P152

2.0 90.6

P146 1

1240 0,27.8,0

3 16.0

0,27.5,0 P153

T AR 1 91.6

350,572.5,2 1

4.0 0,27.8,0
16.0

Figure B9. Data file containing the names of phase records, cutoff

frequencies, poor data ranges, and receiver spacings used
by the computer program SASW in constructing the dispersion
curve for Site 4
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APPENDIX C: SASW TEST DATA AND RESULTS FOR SITE 8
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FIELD DATA SHEET FOR SASW TESTS (WP J562A/9133A)
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Figure Cl. SASW field data form for Site 8
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CROSS SPEC
88 SAV OX0Ovlp UnAft
Prhase _\\\
Deg ~\‘%H
3 o
-180
Fxd ¥ O Hz P320 20k
COMERENCE SAv O%0vilp UnAft
L8 ——
Mag
b |
0.0
Fxd Y O Hz c320 20Kk
CROSS SPEC s AV OXOvip Unirf
180
L
Pnase
Deg P\gh
—-=480 \m
Fxad Y 0O Hz P321 20k
COHERENCE = BAvV OXOvilp Unif
1 -o
Mag
0.0
c321 20k

Fxd ¥ O Hz

Figure C2. Phase and coherence records for 0.5 ft. receiver
spacing at Site 8
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cnggs SPEC SAv OX0Ovilp Unif
i

Phase

Deg \

-4180

Fxd Y O Hz Ra22 i2 .5k

COHERENCE S5Av OX0v 1 Unift
1-0 e ——

Mag

0;0
Fxd Y O Hz c3az2z 12.8Bk

C?ggﬂ SPEC BAvV OXx0v1l Unif

-a180
Fxd ¥ O Hz P323 i2.5K
C?HEHENGE SAv O%0v 1 Unif

Mag

0.0
Fxd Y ©O HZ c3z23 12 .6k

Figure C3. Phase and coherence records for 1.0 ft. receiver
spacing at Site 8
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8 SPEC SAv OXOvlp UnAift

N \
\ S

=180
Fxd ¥ O Hz P32a4a 10Kk
C?HEHENCE SAv OX0v1l Unift

Mag

0.0
Fxgd Y O Hz c3az24 10Kk

Ss_SPEC SAvV OXOvip Unift

@0

Phase

Deg \\
o NN

Fxd ¥ ©O Hz < =1 -]
COHERENCE SAv
1.0
Mag
0.0
Fxd Y O  HZ c325 | 10K

Figure C4. Phase and coherence records for 2.0 ftr. receiver
spacing at Site 8
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CROSS_SPEC

SAvV

O%0vilp UnAft

180

Phame

Deg

—180

Fxd ¥ O HZ
COHERENCE
1.0

4K

Mag ;

T

0.0

ligh 11

Fxd Y © Hz

EYs

CROSS8S_ SPEC BAvV OX0Ovlg
1BOI_-
Phase
Deg
=180
Fxd ¥ O Hz
c?HEHENCE SAv OX0vilp
Mag
0.0
Fxd ¥ O Hz 4K
Figure C5. Phase and coherence records for 4.0 ft. receiver

spacing at Site 8 (accelerometer data)
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c?ggs BPECM SAvV OX0Ovl Unat
P N
\‘\
Phaase =
h-.._--.-.
-4180 \_
h-1
Fxd ¥ © Hz FP328 ik
CgHEHENCE SAv DTKDVJ.D Unat
Mag
©.0
Fxd Y ©O Hz c3z28e ik
CROSS_SPEC SAv OXOvip Unif
1BD[ \V—D
Phaese
B l'\
ool Wb
Fxd ¥ O Hz P329 ik
Ov 1l Unit
Mag
0.0
Fxd ¥ O HzZ c329% 1k
Figure C6. Phase and coherence records for 4.0 ft. receiver

spacing at Site 8 (velocity transducer data)
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BSAvV OX0Ovlp

Unift

spacing at Site 8

C8

CROB8S SBPEC
180 )
Phase
2 M’“ -
-4180 .\\_‘:—
Fxd ¥ O Hz P330 S00
CDHEHENBE BAV OX0v 1l Unif
Mag
0.0
Fxd Y O Hz c330 8500
CROSS SPEC Av -
AG0 =] OX0vip Unif¢
Phase
Deg |
-4180
Fxa ¥ O Hz P331 500
CQHERENCE rﬁAVF OXOvilp Unif
Mag
©.0
Fxa Y O Hz c331 S00
Figure C/. Phase and coherence records for 8.0 ft. receiver



CROSS SPEC
180 SAv OXOvilp UnAf
-180 \

Fxd ¥ O Mz P332 250
C?HERENGE EAVE OX0v 1l Unif

Phaese

Deg

L

Mag

0.0
Fxd ¥ O Hz c33az 280

COHERENCE SAv O%X0v1l Unif
1.0 H-PT
Mag

0.0
Fxd ¥ O Hz c333 280

Figure C8. Phase and coherence records for 16.0 ft.
receiver spacing at Site 8 (250 Hz bandwidth)
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S5AV

OX0Ovllp

Unif

CHDgB SPEC

i8

Phase

Deg

-180

\

Fxd ¥ O

COHERENCE
1 io

Hz

S5AV

mEIr

P334
OX0v1l

Unif

100

Mag

0.0
Fxd ¥ ©

CROSS SPEC

Hz

Av

o

c334

OXOvilp

Unif

100

i80

Phase

Deag

-4180

Fxa Y ©

HZ

BAv

C?HEHENCE

o

Mag

olo

P336
OX0vil

Unif

100

Fxd Y O

Hz

Figure C9.

Cl1l0

cC33856

Phase and coherence records for 16.0 ft.
receiver spacing at Site 8 (100 Hz bandwidth)
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P120 5
46370 s

2 1
0,8120.1 0,492.2.1
22120,23370, 2 s

9.9 P128

P121 s
44870 4

2 0.472.5.1
0,9000, 1 7
23120, 23870, 2 £140

0.5 153. 44
P122 3

30500 0,23.44,0
1 56.56,85.94,1
0,7500,1 i

1.0 P131

P123 o

31750 )

2 0,25,0
0,7375,1 47.81,60,1
11375,12625 2 2D

1.0 P132

P124 64 .69
21000 1

J 0,25.0
0,1125,1 16.0
362510000, 3 133

2.0 64

P125 1

19656 0.25.0

4 16.0
0,1437,1

5000,9875,3
13375,13656,4
16937,17250,5
2.0

P126

2125

3

0,464.8,1
950,1250,1
1375,1520,2
4.0

Figure Cl0. Data file containing the names of phase records, cutoff
frequencies, poor data ranges, and receiver spacings used
by the computer program SASW in constructing the

dispersion curve for Site 8
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APPENDIX D: SASW TEST DATA AND RESULTS FOR SITE 10
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S I ot R PR A R LI T

FIELD DATA SHEET FOR SASW TESTS (WP 3562A/9153R)

i
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Figure D1. SASW field data form for Site 10
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CROSS SPEC SAv OX0Ovip Unif
02 : .

180 ] T i
L
Prase -
Dﬂn r\\_“ ¥
-4180 l
Fxd ¥ O Hz P360 12 .5k
C?HEHENCE SAv OX0v 1l Unift
Mag \\
0.0
Fxd Y © HzZ C360 12 .5k
C:Flggs SPEC SAvV O%X0vlp UnAf
1

Deg LH_““*“\,r-hff”““ﬁxﬁ\k /r Hhhh‘mh““hq

S

.
-180
Fxd ¥ O Hz FP361 12 .5k
COHERENCE SAvV O%X0v 1] Unif
1-0 —-ﬂ

\
vag \

\ -
!

Fxd Y O Hz cC361 i2.5k

Figure D2. Phase and coherence records for 0.5 ft. receiver
spacing at Site 10
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CROSS SPEC B AV OX0vl1lp Unif
180
Phase \\\ﬁ\

e

Dag aﬂ\& Y
s

—-180 v\\/\'\.
Fxd ¥ 0O Hz P362 20k
COHERENCE SAvV O%X0Ovlp UnAf
Mag

0.0
Fxd ¥ O Hz c3sa2 20k

CROSS SPEC SAvV OX0Ovlp UnNnATfT

180
Prhnase

—
Deg \.\f
-\\_J\
ey W
-180 ’\/\
I~

Fxd Y © Hz P363 20k
chEHENCE SAv O%X0v1l Unif
Mag

0.0 '
Fxd Y © Hz C363 20k

Phase and coherence
receiver spacing at

Figure D3.

D4

records for 0.25
Site 10

EL.




CROSS SPEC SAv OX0v 1l Unif

180
Phase | —~
"““*-.._.A
Deg I
-4180
Fxd ¥ © Hz P364 12 .5k
COHERENCE S5AvV OxX0Ovlp Unaf
1.Q “g—.—__

)

0.0
Fxd Y O Hz cC364 12 .5k
CROSS SPEC SAV O%0vilp UnAif
1&0 | k’\
Prnase
Deg h\h_
-4180
Fxd Y O Hz P25 12 .5k
COHERENCE SAV O%0v1l Uniaft
1.0
Mag
o - a
Fxd ¥ 0 Hz CcC368 12 .5k

Figure D4. Phase and coherence records for 1.0 ft. receiver
spacing at Site 10
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35 SPEC SAv OXOvilp Unif

Phase \Vﬂ \
\’_\

Deg —._\\ -

NS

Fxd Y O Hz P366 ' 12, 5k

C?HEHENEE No Data

Mag -1 =

0.0
Fxd ¥ O Hz NO COHERENCE RECORD 100k

C?ggﬁ SPEC SAvVE OX%0Ovilp UnaAif?

Phase \-\
Deg h\

A0 1 AN

Fxd ¥ © Hz P367
G?HEHENGE =AYV OXOvilp UnAift
Mag i’

U

Figure D5. Phase and coherence records for 2.0 ft. receiver
spacing at Site 10

.0
Fxd Y ©O Hz c38?7

i2 .5k
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CROSS
180

Phase

Deg

=180
Fxd Y

COHERENCE SAv OXOvip Uniaf
1.0 ~——_] ._a-JEa“H

Mag

0.0
Fxd Y

SPEC : SAvV OXOvip Unit

\

5 DN Y

\

\ \

)

Hz FP368 10k

|

o

Hz c368 10k

CROSS_ SPEC SAv O%X0vl Unif

180

Prnase

Deg

-180
Fxd Y

COHERENCE SAv OXOvip UnaAft

1.0

MagQ

0.0
Fxa Y

\

N[N

o

Hz F368 10k

o

Hz cC3689 10k

Figure D6. Phase and coherence records for 4.0 ft. receiver

spacing at Site 10 (accelerometer data)
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C?ggs SPEC <3 SAvV OX0Ovllp Unift
iu-,‘_*__-
""'l-l-..__.\
Phamse
P ————
Deg |
-180
\

Fxd ¥ O Hz P370 1k
C?HEHENGE 5 AV OX0Ovip UnAf
Mag

0.0
Fxd ¥ O Hz c370 ik
CTEEB SPEC = SAv OX0Ovilp UnAf

'-l--_-.
h\-\
Phase
\

Deg :
- 4180
Fxad Y O HZ P371 ik
C?HERENCE SAV OX0vlIp UmnAtf
Mag

0.0
Fxd ¥ O Hz c371 1k
Figure D7. Phase and coherence records for 4.0 ft. receiver

spacing at Site 10 (velocity transducer data)
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CROSS SPEC SAv OX0Ovlp Unairft
180 \
Phase ?L\\~
-180 H \
Fxd ¥ ©O Hz P37 100
C?HEHENGE SAvV OX0Ovilp UnNnAT
Hao | 1L,
Liss |
0.0
Fxd ¥ O Hz cC372 100
CROS %0v1l Unif
180 S Q
Phase IM"I“N] "I[
EETEE TR Ji'i‘* » i
ool i
ill lllrl-.-l'
|
Fxad Y P373 1400
CDHEHENCE OX0vl Unif
c373 100

Figure D8.

Phase and coherence records for 16.0 ft.

receiver spacing at Site 10
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SAvV OX0Ovl Unif

Phase
-180 “ [ —
Fxd ¥ O Hz P37a4a S00
COHERENCE SAvV OX0Ovilp UnaAf
l - o
Mag
o - O '
Fxd Y ©O Hz C374 500
CROSS_SPEC BAvV OXOvip Unif
180 i
Phaese
Deo —
-4180
Fxd ¥ O Hz P378 500
COHERENCE S5Av OX0Ovlp UnAf
1.0 B '1
Mag
0.0 l
Fxd ¥ ©O Hz cC376 500
Figure D9. Phase and coherence records for 8.0 ft. receiver

spacing at Site 10
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8984 6400
2 1
0,4328.0 0,187.0
6094 ,7187,1 4.0
0.5 P369
P361 7900
11500 !
1 0,225,0
0,7406,1 5300, 6300, 4
0.5 4.0
P362 370
15800 1000
1 1
0,7000,0 0.230.0
0.25 40
ot P371
20000 1000
1 1
0,7000,0 0,205,0
0.25 4.0
12500 55
i 1
0,2250,0 0.36.5,0
1.0 16.0
P365 P373
7000 100
1 2
0,2125,0 0,32,0
1.0 . 88,922
P366 16.0
6344 P374
2 500
0,703,0 2
1656,3109,1 0,60,1
2.0 90,216.25,2
P367 8.0
6344 P375
2 500
0,734,0 2
1406,1766,1 0,35,0
2.0 148.75,237.5,2
8.0

Figure D10. Data file containing the names of phase records, cutoff
frequencies, poor data ranges, and receiver spacings used

by the computer program SASW in constructing the
dispersion curve for Site 10
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APPENDIX E: SASW TEST DATA AND RESULTS FOR SITE 11

El




FIELD DATA SHEET FOR SASW TESTS (WP J562A/9133A)

TEST SITE: Site /I, Sheppard AFE STRT TINEr /033 1ew, i
TEST DATE: B-/6- 87 ENDING TINE: //2.7] TENP, F:
EEEEEEEEZERECEERE A S EEEE S EEREE s s S RN EE NN RN EE SRS E RN EEEE S E S SRS S ECE R SRS SESEEREREEES RS ESESRED
H Near i Far H : i ' H | I j
i Receiver | Receiver {Receiver! SNR | Profile iNo. ! Freq. iSite; ]
Source |-~ ' * ISpacing IDistance!(F=Fwd., | of | BN (FileiData File:

Type 1 Type ! 1D 1 Type | 1D § (ft) | (ft) I R=Rev,) !Ave.! (Hz) iNo. | Names |

st e e R

Ball R s i A afans I : .42 S
1 a ol | 3#!5'“—- l ‘ i ' ] !
pean | it R ) 51 8 F 13150 M cpo :
: : : t : : : | _— P4
t A g b g oy 1 653051 R OS5 5o B,
{wmmmmmemeemnnnas -ee —eee !
: ! | : : : : : : {1 pArn s
L2 v ow bow ooy g oy fo g RO15125 ey, o
=== . seemmmnees - = |
: : | : : : : i _ 1, 423 |
t# o r g W Vgl et 19125 R
- - - ceeemmmeee -
1 8 o2 | | - P ) | | : | 1 PAA |
v Bell g M oy ¥ 1203203 F 15125 ik :
1&5“‘- " Rt A A AR -_...“....E'jl.t.;
| : | ! : : : : 5L TR I % L
O Y Sy | N s Wy N | 2.0 1 2,0 | R 15 | 25 H’ZS: th2< !
: —eeee oSSR —— :
! | | ! ‘ I ! ! - Lo P4
v oy om0y W 4o k0 B Sy o (R,
o - cemmeneeees !
: : : ! : | : F gl |1 Pe)
A Y Y A B A BRI % SUSEI - R - o td2 |
By : ¢ i : ! ot ot 1 2B
ESEd ' k ' M ' N | It : g.h \ g-b | R :51215 l4ig= 54'?_8i
: : ! : : : : i) 1 faz9 !
T T SR B A L BJ-H Boi F :5:2'5r“1.,_,424|
S e |
: ! | Seuves! 1o : : b o 1 Lot PA3n
E“.:.-'E-VEL ! F‘:%.L.Vef ' FL_;FI 8-13 E- gr-b ' F ! 5 H } :4‘3"31 C4‘3b :
: : : : ' P43 |

, : : : t o :
K e “:”:5’0'33'& 51 :4311,343,1

i Ll - - - - -

MlE Ay e Il 2ha L 5‘;“&3&“3“

- - - - .-

/1 | h I M | T | I I/églf"ul F'- =5 Sacl433lf435
n vy Vg v VN VeVt VE 1S 253:43*1:*%‘

mmt!t'tIIIlIIllllllllllI“:I:IIII“IIIIII:I.I'IIImIIIIISI“mI’t'llIIIIIIIIIIII‘IIIIIIIIII s==Z===z

# Source Oow ”*ﬁ Sde
Figure E1. SASW field data form for Site 11
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CROSS SPEC SAvV OXOvilp UnaAfT

180

Phase Lq iq

Deg -\J\-\ "N\

-180 \
Fxd Y O Hz P420 S0k
COHERENCE SAv OXOvip Unift

Mag

) i

0.0 \

Fxd Y O Hz ca20

CROSS SPEC SAv OXOvilp Unif
180

S0k

ML \

| o,V

Fxa Y O HZ Paz21

COHERENCE EAVR O%0Ovilip UnAf
1 . D \ ﬂ

Mag 1 ‘ r

0.0 U

Fxd Y O Hz ca21

S0k

Figure E2. Phase and coherence records for 0.5 ft. receiver

spacing at Site 1l
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S SPEC SAvg OX0Ovlp Un\Ait

g M |
Phase \ "\\ ﬁ\\\k
Y | VY
| ™

=180
Fxd ¥ O Hz Paze 25k
C?HEHEHCE SAv OX0v1 Unit
Mag

0.0 I
Fxd ¥ O Hz cazz2 25k
C?ggs SPEC SAvV OX0v1l Unitf

;
Deg v \f
\

Fxd ¥ O Hz Pa4a23 25k

CEIHEHENCE EAVE O%XOvilp Unif
Mag l

ol

Fxd Y O HZ C4a423 =25k

Figure E3. Phase and coherence records for 1.0 ft. receiver
spacing at Site 11
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CROSS_ SPEC SAv OX0Ovlp Unaft

ol ‘\\ '\\ \\
"~ N AR

Fxd Y O HZ P42 4 25k
COHERENCE
- - P—
Mag
0.0
Fxd Y O Hz caz4a 25k
CROSS SPFPEC SAvV O%X0vilp Unif

LMK N

e UV
Deg \_\ ‘\ \
R

Fxd ¥ © HzZ P425 25Kk
COHERENCE OX0v] Unift
1.0 V—Fo—wvv-@
Mag
0.0
Fxd Y O Hz ca2% 25k

Figure E4. Phase and coherence records for 2.0 ft. receiver
spacing at Site 1l
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CROSS_ SPEC SAv O%X0vlp Unif

180 L{h L\ \"\
Phase \,\ \

VP

- M \

-180 ““\ \.Vn \\
Fxd Y O Hz P426 10k
C?HERENCE Ehvg OKOVIE Unif
Mag ] V I /

0.0 U
Fxd Y O Hz c426 10k
CROSS SPEC BAv OXOvip Unif

i80 \{q 5
Phase \
Deg \
-480 \"
Fxd Y O Hz Pa27 10k
CC;HEHENGE SAv OXOvilp UnAif
Mag F\

0.0 |
Fxd Y O Hz caz7 10k
Figure E5. Phase and coherence records for 4.0 ft. receiver

spacing at Site 11
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C?ggs SPEC BAvV OX0Ovip UnaAaft

s I Y

Phase \\ N \\ﬂ}
Deg '1\ \\
-4180 \ \
Fxd Y ©O Hz P4a28 2.5k
COHERENCE
1.0 SAyR—oxovip pnif
Mag
0.0
Fxd Y ©O Hz cC4az28 2.5k

CROSS SPE 10AV O%X0v1l Unift
180 e - N ___Jlxi_‘ 1\
-4180 .N r\ \ \

Fxd Y O HZ P4289 2.5k

CDHEHENCE 10AV DKD‘VIE Unif
1 - M
Mag \

0.0
Fxd Y O HzZ

c4az2e 2.5k

Figure E6. Phase and coherence records for 8.0 ft. receiver
spacing at Site 1l (accelerometer data)

E7




CROSS SPEC SAV OX0v1] Unitf

180 ﬁ;}H{\
Phase \f
Deg

Al \jﬁ<
Fxd Y O Hz P430 1k
COHERENCE SAvV O%0vlp UnAT

1.0[‘- —— T Ty THWJ——— - ———y
Mag

0.0
Fxd ¥ ©O Hz cC430 ik
CROSS SPEC SAv O%X0vip UnAif

180
Phase
Deg

-480
Fxd Y O Hz P431 1k
COHERENCE SAvV OX0v1l Unit
Mag

0.0
Fxd ¥ O HZ Ca31 1k

Figure E7. Phase and coherence records for 8.0 ft. receiver
spacing at Site 1l (velocity transducer data)

E8




c?ggs SPEC SAvV OX0Ovilp UnAf

Phase

Deg

-4180
Fxd ¥ ©O Hz PA4a32 500
EGHEHEHCE OX0v1l Unitft

-

Mag

0.0
Fxd Y © Hz ca3sz2 500

CROSS_SPEC SAvV OXOvilp Unif
Phase
Deg

vl TV

Fxd ¥ O HZ FP433 500

G?HEHENGE Llni:_;'___‘___'__r_.l-r1

Mag

0.0
Fxd Y O

Rz C4a33 500

Figure E8. Phase and coherence records for 16.0 ft.
receiver spacing at Site 11 (500 Hz bandwidth)
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CROSS_ SPEC SAvV OXOvlp UnAif

i |

Phase

Deg

-4180
Fxd Y O Hz P43 4 250

CQHEHENCE No Data

Mag

0.0
Fxd Y ©O Hz NO COHERENCE RECORD 100k

Figure E9. Phase and coherence records for 16.0 ft.
receiver spacing at Site 11 (250 Hz bandwidth)
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P420 PL2Y

17000 1428

1 3
0,8000,1 0,46.9,0
0.5 150,162.5,1
P421 700,925,1
24000 8.0

1 P430
0,8100,1 883

1) 2

P422 0,51.2,0
8000 160,165,1
1 8.0
0,1500,0 P431

1.0 936

P424 2

11000 0,48.7,0
1 142.5,151.2,3
0,3212,1 8.0

2.0 P432

P425 500

11000 3

1 0,19.37,0
0,3187,1 58.75,86.25,2
2.0 150,225,3
P426 16.0

7500 P433

2 150
0,1537,1 1
4913,5250,3 0,20,0
4.0 : 16.0

P427 P434

9000 150

1 1
0,3687,2 0,30.31,1
4.0 16.0

P428

1378

|

0,53.1,0

8.0

Figure E10. Data file containing the names of phase recards,‘cutnff
frequencies, poor data ranges, and receiver spacings used
by the computer program SASW in constructing the

dispersion curve for Site 11
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APPENDIX F: SASW TEST DATA AND RESULTS FOR SITE 12




FIELD DATA SHEET FOR SASW TESTS (WP J562A/9133A)

sl

o
TEST SITE: Site /2, Sheppard AFE START TINE: /248 TEN, F1 /O3
TEST DATE: B -/4-87 ENDING TINE: /3,7 TEWP, Fi /04
Pt rs T Es st tat s sttt rstitestectrtrotssacistdsifeitetiafietittttedisgesti i it tiabbates ittt iyl
! : Near ! Far H | H : H | ' H
| | Receiver ! Receiver {Receiver! SNR | Profile !No. | Freq, iSite! '
| Source | | {Spacing iDistance!(F=Fwd., | of | BN [FileiData File:
 Type | Type | ID ! Type ! ID | (ft) ! (ft) ! ReRev.) lAve.! (Hz) iNo. | Names |
EIEEREEEZESEEESEISEIEEEICESE S I E S S S EEEEE S SE ISR E SRS EEES SN EEEE I E S EE B S EEEEE RS EREERSSSSSSSSEREET
14 ow 1 | PC8 y PRE : 1 4 1y kHe , P4po
1 Ball yAceal, 30880%, Accel 308Bo2, 0,5 | 0.5 | F 15 120 WBo: c4Bs !
o L S 19926 L L e S St sy |
| ! | | ! | ! | R P 1 PARL il
{0 gt e 05 RO 15120 dhlgey, i
| . SRS ST - :
| | | ! ! : | : ! 1.1 PABL | |
R N7 T [ S ST I X S A IR B SRR [ :4!?4“31_.
-e- i AR AR ; st
! | | ! ! | | | Pl || PARD |
L Mg gt ettt FOS g Jo 1485 cags !
- - -- :
| Box | 1-, 1 ! ! ! ] .} P4s4 |
yBall ¥ 4 " y2e12.00 RO 51625 44 :
t.&m = = Céss '
| | : 1 ! | | ! P o} 1.1 P4BS |
g hog Mg e g g2 2.e oD 1625405 o0
| - — -- :
140 o0 | ; Geo- | Geo- | | | | I 1P4BS

He i
'5!“1‘1':21 Vel. ) Source, 4_0 | 4.0 1 F ) :5“’ ﬁséfﬁﬂé ;

| & ey
! | ! | ! | | ! i .| 11 P4R7 |
vy g g o e 4oy RS 500 0 00
'8 Ib | : | T ! : i ul : ;
{Sledse | oy 8o 1801 RO1E e Ay 51211
: ; | : : : : | P L g
LA g g gy Bie g iy B 18 ydes 143%5;5; t
TR S SR S e e -
: Vo B g : 1 P L :

"oy oy : : 1 /6.0t 16ty F 15 1T oy g0

: | ' i i ' : | :
7 TR R U S S A 72X S 38 S :5:5“':":49#’::49/

| | I ] | | | P b
i i i ] H H i b .
EIEEEEEEEIEEESSIIIEESSIESSSSSSSSEIISISEITISSIITECISESESSISEZEIEZEEEESIEEESESTEIIES E’ SEIIIIZ=IIzzz=zsss

# Source en North Side

¥ Mean Favement Te A+u.rr l“l:'ﬂtd_
by aver -‘nj the +¢nPt‘l‘I+Hf‘f.‘S

Wes v ot fhe tenter and [in,
{:flm the ‘hp and. hn’H‘hm OF ﬁc,_

Figure F1. SASW field data form for Site 12
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C‘.‘Fliggﬂ SPEC SAv OXOvlp Unaft

Phase 'f?\\\
Deg \\\\q

-180 \\\L_ ﬂﬂhﬁhhﬁ_rh
Fxd Y O Hz P4aBO 20k
C?HEHENCE A v OXOvlp Unif
Mag e I
0.0
Fxd Y O Hz C480 20k
CROSS_ SPEC BAvV _O%0v Unif
180
Phase
Deg
-180
Fxd Y O Hz P4B1 20k
COHERENCE BAVE OX0Ovip Unift
1.0
Mag \
L] |
|
Fxd Y O H=z c4B81 20k

Figure F2. Phase and coherence records for 0.5 ft. receiver
spacing at Site 12
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BAV OXOvilip Unif

CROSS_ SPEC
i80

Phase

Deg

-180

Fxd Y O Hz
COHERENCE

PaB2 10K
BAv OX0vilp

1.0

Mag

0.0

Fxd ¥ © Hz

caB2 10k

SAV OX0vl Unif

=180

Fxd Y © Hz
COHERENCE
-l -o

P4B3 10k
BAvV OX0Ovip Unif

Mag

0.0

Fxd Y O Hz

cC483 10k 1

Figure F3. Phase and coherence records for 1.0 ft. receiver
spacing at Site 12

F&4




CngB SBPEC SAv OX0Ovilip Unif

Phase

Deg

|\ AN

Fxd Y O Hz P48 4 6.25kK

c?HEHENCE BAvV OX0vilp UnArT

Mag

0.0
Fxd ¥ © Hz cCaB 4 6 .28k

-4180
Fxd Y O HZ P488 8.280k

COHERENCE _SAvg OXOvilp Unif
1.0

0.0
Fxd Y O HZ cagBs 8 .28k

Figure F4. Phase and coherence records for 2.0 ft. receiver
spacing at Site 12
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CROSS_ SPEC SBAv OX0Ovilp Unaf
180 \
Phase
Deg
-480
Fxd Y O Hz P4B886 ik
COHEHEHCE BAv OXO0v1l Unif
1.
Mag
Y
.0
Fxd Y O Hz C486 ik
CROSS SPEC BAvV OX0Ovip Unift
I.Bﬂl‘
Phase
Deg
=180 1
Fxd Y 0 Hz P487 ik |
|
CEHEHENGE BAv O%0v1l Unift
H-ﬂ 4 e
0.0
Fxda ¥ O Hz c4a87 ik
Figure F5. Phase and coherence records for 4.0 ft. receiver

spacing at Site 12
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C?ggﬁ SPEC SAv OXOvlp Unif

" \\
o N[N

Fxd Y O Hz FP488 500
COHERENCE
1.0

Mag

o-o
Fxa Y O HZz c4a88 500

crRoss seEc BAV OXOvip Unif

Phase

Deg

= N
B500

Fxd Y O HZ FP4aB8@

COHERENCE BSAV O%X0v1l Unitf
4550

Mag |

OID
Fxd ¥ O Hz

cCa8e S00

Figure F6. Phase and coherence records for 8.0 ft. receiver
spacing at Site 12
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c?ggs SPEC BAvV OX0Ovlp UnAfT

Phase
Deg
—-4180
Fxd Y O Hx FP490 160
COHERENCE BSAvV O%X0v1] Unif
1 3 0 e _'—E—r%—-_
Mag
0.0
Fxd Y O Hz CcC4a480 160
CRO8S8 SPEC BAV O%X0Ovlp Unaft
180 = == —=
Phase
Dlﬂ
-4180
Fxd Y 0O Hz P49 1 180
COHERENCE BAvV O%X0v1l Unit¢t
A TR
Mag
0.0 I
Fxad ¥ © Hz C491 160

Figure F/. Phase and coherence records for 16.0 ft.
receiver spacing at Site 12
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P480 P488
7500 190

1 2
0,1500,0 0,20,0
0.5 145.62,168.12,2
P481 8.0
11000 P489

1 145
0,1500,0 1

0.5 0,20,0
P482 8.0
6950 P490

1 136.2
0,187,0 2

1.0 0.25.1
P483 129,130,3
6000 16.0

1 P491
0,200,0 129.6
1.0 2

P4B4 0,25,1
3164 69.71.2
1 16.0
0,125,0

2.0

P485

3477

2

0,125,0

335.735.1

2.0

P486

247 .5

2

0,50,0

146,173,1

4.0

P487

225

2

0,50,0

262.59,173.,1

4.0

Figure F8. Data file containing the names of phase recurds,.cutuff
frequencies, poor data ranges, and receiver spacings useq
by the computer program SASW in constructing the dispersion

curve for Site 12
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