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ABSTRACT

The Spectral-Analysis-of-Surface-Waves (SASW) method is a nondestructive
method for evaluating the moduli and thicknesses of pavement systems. By
means of a transient impact applied to the gsurface of a pavement system or
soil deposit, a group of waves with different frequencies components is
transmitted to the medium, By analysis of the phase information for each
frequency determined between two receivers located on the surface, Rayleigh
wave veloecity, shear wave velocity, and eventually elastic moduli and
thicknesses of the various layers in the pavement system are determined, The
method has the advantages of being: (1) fast and economical, (2)
nondestructive, and (3) capable of full automation.

Preliminary studies of the feasibility and testing procedure of the
SASW method were presented in Research Report 256-2, This initial work has
been improved and expanded in the following areas: (1) the testing procedure
has been refined with a resulting reduction in scatter in the data, and (2) a
simple inversion method for elimination of the effect of high- or low-
velocity shallow layers has been developed.

Three series of tests were performed on State Highway 71 near Columbus,
Texas. These tests were performed on a continuously reinforced concrete
pavement, an asphaltic-concrete shoulder, and a soil median. The moduli
determined with the SASW method are at the most within 11 to 20 percent of

those determined by the crosshole seismic method,

KEY WORDS: seismic testing, spectral analysis, elastic moduli, propagation

velocity, pavement systems, Rayleigh waves, compression waves, shear waves.
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SUMMARY

Many highways in the Interstate highway system are approaching the end
of their serviceable lives., Due to the lack of a fast, economical, and
precise method for evaluating the properties of these pavement systems, it is
difficult to perform meaningful maintenance inspections regularly,
Consequently, much money is spent each year in replacing pavements when it
might be possible to perform preventive maintenance to extend the life of
some of these pavements, Fast in situ methods for evaluating the properties
of the pavement gystems, such as the Dynaflect and Falling Weight
Deflectometer, have drawbacks: providing a non-unique solution, requiring
exceasive in~house data reduction time, and employing static solutions to a
dynamic testing procedure,

A new method of testing pavement systems in situ has been developed
which can be used to evaluate the moduli and thicknesses of different layers,
The method, which is called the Spectral-Analysis-of-Surface-Waves (SASW)
method is a seismic wave propagation method which involves measurement of
transiently excited Rayleigh waves propagating along the pavement surface,
The method is fast, precise, and nondestructive. In addition, it requires
no boreholes and has the potential of full automation,

This method has been successfully applied to an asphaltic-concrete
pavement, a continuously reinforced concrete pavement, and a soil site near

Columbusg, Texas, and the results are presented herein.
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STATEMENT OF IMPLEMENTATION

1 o R S
bos Lo ' S ) (RS

jhe Spectral-Analysis-of-Surface-Waves (SASW) methodﬁhas many
applications in the construction and maintenance of highways., With this
method, elastic moduli and layer thicknesses of pavement systems can be
evaluated in situ, The method can be utilized as a tool for quality control
during construction and during regular maintenance inspections. Testing is
nondestructive, rapid and easy to perform, In addition, it is possible to
automate fully the data acquisition and reduction schemes,

The SASW method has been applied to several pavement systems, both
agphalt and concrete, in the last three years, and the results have been
compared with those from the other available methods, Elastic moduli
determined from the SASW method are in good agreement with moduli obtained
from well established seismic methods, and layer thicknesses compare well
with those determined from boring logs. Case histories on several sites are
presented in Research Report 256-2 and this report., However, more tests are
required to study the universgality and precision of the method and to define
more confidently the testing criteria, Improvement is required in the
analytical portion of the data reduction scheme to decrease the number of
simplifying assumptions. Also, the hardware and software should be modified

to minimize the testing and data reduction time.
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CHAPTER 1, INTRODUCTION

Many different methods have been proposed for evaluating the elastic
properties of pavement systems, These methods apply either a static or a
dynamic load to the system. Methods involving static loading have the
drawback of providing a non-unique solution to the problem. In addition, only
a summation of the overall stiffness of the pavement system is measured, and
decomposition of this summation into the properties of the different layers
is difficult if not impossible, Dynamic methods, such as the Dynaflect and
Falling Weight Deflectometer, are more promiging, but the equipment is
expensive, the testing time is substantial, and a non-unique solution to the
problem is obtained, In this report the Spectral-Analysis-of-Surface-Waves
(SASW) method for determination of moduli and thicknesses of pavement systems
is presented., Despite the complicated theory behind this method, the testing
procedure is simple, and a unique solution to the problem is obtained. The
nondestructive nature of the SASW method and the minimal time necessary to
conduct this test are positive attributes, The fact that it is possible to
automate fully the method by means of microprocessors makes it even more
promising.,

Use of the SASW method in pavement systems was originated by Heisey et
al (Ref 1) and now is under continuous development. This report is an update
of progress made in developing this method, Testing performed on State
Highway 71 near Columbus, Texas, on a concrete pavement, an asphaltic
concrete shoulder, and a soil median is presented herein., Moduli and layer
thicknesses determined with the SASW method are shown to compare closely

with moduli determined by crosshole seismic tests and with layering



determined with borings., This is the first time that the SASW method has

been used on a concrete pavement,



CHAPTER 2. BACKGROUND

REVIEW OF AVAILABLE METHODS

Four general methods are available for evaluating the elastic properties

of pavement systems, namely:

(1) static deflections,
(2) steady-state dynamic deflections,
(3) impact load response, and

(4) wave propagation methods.

An in-depth review of these methods as well as their advantages and
disadvantages has been discussed by Lytton et al (Ref 2), Heisey et al
(Ref 1), and Hoar (Ref 4).

Static deflection methods include the plate bearing teat, curvature
meter, Benkelman beam, traveling Deflectometer, and La Croix deflectograph.
By means of elastic theory and the measured deflection, elastic properties of
each layer are determined,

In the methods involving steady-state dymamic deflection, the deflection
of the pavement system is measured at different points near a loaded area.
Then, by means of elastic theory, the moduli of the pavement system are back-
calculated, Current equipment includes the Road Rater, Dynaflect, and
Waterways Experimental Station (WES) vibrator,

Impact load response methods involve monitoring the displacement-time

response at the pavement surface due to a transient load, The pavement is



modelled as a single-degree-of-freedom system, and the average stiffness is
calculated,

The main disadvantage of the three general methods described above 1is
that the overall stiffness of the pavement is evaluated, and decomposition of
the overall stiffness into the stiffness of each layer is difficult, because
generally a unique solution does not exist, The number and thicknesses of
the layers should really be known in advance, In addition, in methods 2 and
3 the tests are performed dynamically but the data obtained from these tests
are analyzed assuming static loading, which results in significant
differences between actual and assumed stress distributions.

Wave propagation methods measure the velocities of elastic waves
traveling through the pavement layers. If properly used, these methods are
the most direct form of evaluation of elastic moduli and thicknesses of the
individual layers. Two types of wave propagation methods, the SASW and
crosshole seismic methods, are used in this study. A detailed discussion of
the SASW method is presented in Chapter 3, First, background material on

wave propagation and different insitu wave propagation methods is presented,

WAVE PROPAGATION IN ELASTIC HALF-SPACE

Wave motion created by a disturbance within an infinite, homogeneous,
isotropic, elastic medium can be described by two kinds of waves:
compression and shear, These waves are called body waves because they
travel in the bulk of the medium, In a half-space, a third type of motion
occurs, This wave, called a Rayleigh wave, propagates near the surface of
the half space, Each of these waves demonstrates a different type of

particle motion and travels with different velocities,



Compression waves (also called dilatational waves, primary waves, or P-
waves) exhibit a push-pull motion, As a result, wave propagation and
particle motion are in the same direction. Compression waves travel faster
than the other types of waves and, hence, appear first in a travel time
record,

Shear waves {(also called distortional waves, secondary waves, or S-
waves) generate a shearing motion, which causes particle motion perpendicular
to the direction of wave propagation. Shear waves travel slower than P-waves
and appear as the second major wave type on a travel time record.

Rayleigh waves (R-waves) propagate near the surface at a speed
approximately 90 percent of that of S-waves. Particle motion associated with
R-waves is composed of both vertical and horizontal components, which, when
combined, form a retrograde ellipse at the surface, The amplitude of the
wave attenuates rapidly with depth, and, at a depth equal to about 1,5 times
the wavelength, the amplitude is equal to approximately 10 percent of the
original amplitude at the surface,

In Fig 2.1, particle motions relative to the directions of wave
propagation for the different types of waves are illustrated.

The propagation of these three types of waves away from a vertically
vibrating circular source at the surface of an elastic half-space is shown in
Fig 2.2. Miller and Persey (Ref 6) found that, for the gsituation shown in
Fig 2,2, approximately 67 percent of the input energy propagates in the form
of R-waves while the gshear and compression waves carry 26 and 7 percent of
the energy, respectively, P- and S-waves propagate radially outward from the
source, but R-waves propagate in a cylindrical wavefront near the surface,
Although body waves travel faster than surface waves, body waves attenuate

much faster at the surface than R-waves, due to geometric damping. At the
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Fig 2.2. Distribution of Rayleigh, shear, and compression waves
from a circular footing on a homogeneous, isotropic,
elastic half-space (Ref 8).



surface of an elastic half-space, body waves (P- and S-waves) attenuate in
. 2 . .
proportion to 1l/r (where r is the distance from the source), whereas

surface wave amplitude decreases in proportion to 1/«/_‘. P~, S-, and R~
wave velocities depend upon Poisson's ratio of the medium, The propagation

velocities of all these waves relative to the sghear wave velocity are shown
as a function of Poisson's ratio in Fig 2.3.

In a layered medium, the problem becomes more complicated due to
reflection and refraction of the wave front at the boundaries. For example,
an incident P-wave can reflect back to the medium as both P~ and S-waves,

For more detail on this gubject the reader is referred to Ewing et al

(Ref 7) and Richart et al (Ref 8),
EVALUATION OF ELASTIC PROPERTIES FROM PROPAGATION VELOCITY

The P~wave velocity can be defined as

A+ 2G
vp =/ o (2.1)

where

A(Lame's constant) = VE/ [(l + v)(1 - 2v)] (2.2)
and

G(Shear modulus) = E/2(1 + V) (2.3)
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Fig 2.3. Relationship between Poisson's ratio and wave
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and E , y , and  are Young's modulus, Poisson's ratio, and mass density,
respectively. In Eq 2.1, the numerator represents the constrained modulus,

¥ , so that

M = A+20 = (1-VE/ [(1 + V(A - 2v)] 2.4

Young's modulus and shear modulus can then be written as

E = p(l+w( - 2v)V§ /@-v (2.5)

and

G = p(1 ~ Zv)vi / [2(1 - v)] (2.6)

which gives each modulus in terms of Poisson's ratio and the compression wave

velocity., Shear wave velocity and shear modulus are related by

G = pvz (2.7)
s
Therefore, Young's modulus can be written in terms of VS and Vv as

E = 2(1 + v)pvz (2.8)

From Eqs 2.5 through 2.8, Young's modulus and/or the shear modulus of the
medium can be easily evaluated once the body wave velocities of the medium
have been determined, P- and S-wave velocities are inter-related by

Poisson's ratio by

1/2
vV = [ (1-v) / (0.5 - v)] (2.9)
p s
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or
v = [oswmyr-1]s/ [ )2 -1 (2.10)
p s p s b
Rayleigh wave velocity 1is constant in a homogeneous half-space and is

independent of frequency., Each frequency has a corresponding wavelength

according to

= 2.11
Ve fL, ( )
where
VR = Rayleigh wave velocity,
f = frequency of excitation, and

1]

wavelength of R-wave,

Iy

As mentioned earlier, R-wave and S-~wave velocities are related by
Poisson's ratio. Although the ratio of the R-wave and S-wave velocities
increases as Poisson's ratio increases (see Fig 2.3), the change in this
ratio i3 not significant, and it can be assumed that it is approximately
equal to 0,90 without introducing an error larger than about 5 percent,

An important point in evaluating elastic properties from measurement of
only one wave velocity is selection of the appropriate Poisson's ratio.
Elastic and shear moduli are strain dependent. Up to a shearing strain level
of about 0.01 percent, moduli are nearly constant, with only a slight
decrease in the range from 0,001 to 0.01 percent. However, above a strain
level of 0.01 percent, the moduli decrease significantly. Several studies
which have been performed on Poisson's ratios of different materials show

that they are quite small in the low-strain range. Chen (Ref 9) reported
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Poisson's ratios as low as 0,1 for small strains on sands, Krizek (Ref 10)
reported the variation of Poisson's ratio with strain measured in unconfined
compression tests. His data are shown in Fig 2.4, The range of Poisson's
ratio in Fig 2.4 1is from 0,10 for near zero strain to 0.50 for 10 percent
strain, Drained triaxial and plane strain tests of a sensitive Canadian clay
by Wong and Mitchell (Ref 11) gave values of Poisson's ratio of about 0.10 to
0.15 for the first stage of loading., Hardin (Ref 12) recommends values for
Poisson's ratio between zero and 0,20 for low-strain tests, with a mean value
of 0.12,

Most conventional static laboratory tests do not involve measurements in
the low-strain range, even at the start of loading. Therefore, high values
of Poisson's ratio are determined from the tests, Although lower values of
Poisson's ratio should be used in the analysis of tests such as the static
deflection and steady-state dynamic deflection tests (e.g., Dynaflect), the
final results are fortuitously insensitive to Poisson's ratio. However, for
dynamic tests such as the wave propagation methods, this point must be

considered,

IN SITU WAVE PROPAGATION METHODS

In situ wave propagation methods involve applying a transient or steady-
state excitation at one point in the pavement system and detecting the
response 1in two or more locations. Wave velocity is determined from the
recorded response, and moduli are calculated using Eqs 2.5 through 2.8,
Basically, all methods employing seismic wave propagation are performed at
low-amplitude strains,

In situ measurement of soil properties by wave propagation can be

summarized in the following six steps:



13

(1) set up the receivers at known distances,
(2) generate an impulse,

(3) measure the travel time of the wave front between receivers
(directly or indirectly),

(4) calculate the wave velocity (distance/time),

(5) calculate the elastic soil properties, and then

(6) repeat steps 1 to 5 for different receiver locations (directly or
indirectly).

In situ wave propagation methods can be categorized into two main

groups: (1) borehole seismic methods and (2) surface seismic methods.

Borehole Seismic Methods

In these methods one or more boreholes are utilized as illustrated in
Fig 2.5. Generally, P- and S-wave velocities are measured at different

depths. The most common borehole seismic methods are

(1) crosshole test, Hoar (Ref 4);
(2) downhole test, Warrick (Ref 13);
(3) uphole test, Meisner (Ref 14);
(4) in-hole test, Ogura (Ref 15); and

(5) bottom—hole test, Stokoe et al (Ref 16),

Except for the crosshole test, in which at least two boreholes are required,
the tests can be performed with a single borehole., The ray paths in these

tests are generally assumed to be directly between the source and receiver as

shown in Fig 2.5.
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To determine the variation in soil properties with depth in borehole
seismic methods, the location of the source and/or the receiver is changed in

the borehole, and the test is repeated,

Surface Seismic Methods

In these methods both the source and receivers are located at the
surface, Thus, there is an economical advantage in these methods relative to
the borehole seismic methods in that no boreholes are required. Common

surface seismic methods are

(1) surface refraction,
(2) surface reflection,
(3) steady-state Rayleigh wave, and

(4) spectral analysis of Rayleigh waves.

Figure 2,6 shows a simplified scheme of these different test methods.

The surface refraction method, Redpath (Ref 17), consists of measuring
the travel times of body waves from a surface source to a linear array of
receivers on the surface (see Fig 2.6a), The fastest path of the seismic
waves depends upon the velocity distribution in the substructure, which is
inferred from the time of first arrivals at each receiver, The main
disadvantage of this method is that low-velocity layers beneath a high-
velocity layer are not detected. As such, it is not appropriate for pavement
systems,

The surface reflection method, Borm (Ref 18), is very similar to the
surface refraction method, The only difference is that measurement of waves
reflected from different strata rather than waves refracted from the
interface of the layers is the main objective, The main drawback of this

method is that multiple reflections from one layer can obscure the detection
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of the primary reflected rays from other layers (see Fig 2,6b). In additionm,
the reflected ray is never the first arrival in the records detected by the
receivers, Hence, analyzing of the data may be difficult and a great deal of
judgement and interpretation 1is required.

A sinusoidal wave generator is used as the source in the steady-state
Rayleigh wave method, and the wavelengths of waves with different frequencies
are evaluated by means of the phase relationship between the surface waves
monitored at different receivers, R~wave velocity is then determined by means
of Eq 2.11, As a first approximation, it can be assumed that the effective
sampling depth is equal to 1/2 to 1/3 of the wavelength. By varying the
frequency of the source, an R-wave velocity profile can be constructed. As
S~ and R~wave velocities are related, as shown in Fig 2,3, S-wave velocities
for different depths can be determined, By means of elastic theory, the
elastic properties of the medium are then evaluated (Eqs 2.5 through 2.8).

Conceptually, the method involving spectral analysis of surface
(Rayleigh) waves is identical to the steady-state method. The main
difference is the excitation source, which is transient in the SASW method,
One benefit of a transient impact is that it can excite a wide range of
frequencies, Thus, with one impact, it is possible to record many different
frequencies, and hence velocities and wavelengths, and eventually construct

the complete profile, A detailed discussion of this method follows.






CHAPTER 3. SPECTRAL-ANALYSIS-OF-SURFACE-WAVES METHOD

The Spectral-Analysis-of-Surface-Waves (SASW) method is an economical
and powerful method for evaluation of elastic properties of pavement systems
as well as natural soil deposits, 1In addition, it can be used as a tool to
control the quality of compaction during the construction of structures such
as pavements and earth dams.,

The SASW method is a nondestructive test method in which both the source
and receivers are placed on the pavement surface, and Rayleigh waves at low
strain levels are generated and detected. This method has the advantages of
repeatability, high accuracy, no boreholes, and a simple set up of the
equipment. Other advantages are

(1) a continuous profile of the site properties, including modulus

values and layer thicknesses, is produced;

(2) there is a limited need for any engineering judgement to reduce the

data gathered in the field and there is the possibility of fully
automating the data reduction so that the results can be provided

almost instantly; and

(3) the test can be performed by a moderately skilled technician.

The main disadvantage at this point in the development is that testing is not
rapid., For example, gathering the data for the asphalt shoulder section
near Columbus, Texas, took about two hours.

Investigation of each site with the SASW method consists of the

following three phases:
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(1) field testing,
(2) determination of the R-wave dispersion curve, and

(3) 1inversion of the R-wave dispersion curve,

Each phase is individually discussed in the following paragraphs.

FIELD TESTING

A simplified illustration of the test procedure is shown in Fig 3.1.
Two or more vertical geophones (velocity transducers) are located on the
surface at the site, A transient signal is generated by an appropriate
source, The generated wave front is detected by the geophones as it

propagates past them and is recorded on the appropriate device,

Source

The source should be able to generate Rayleigh waves over a wide range
in frequencies with adequate amplitude so that they can be detected by the
geophones, Simultaneously, the source should generate minimal P- and S-wave
energy. Near the surface P- and S- waves (body waves) attenuate much more
rapidly than surface waves, as discussed earlier. Thus, the distance between
the first geophone (receiver closer to the source) and the source should be
enough so that a significant amount of the energy associated with the body
waves dies out before arrival at the first receiver, On the other hand, if
the source is too far from the first receiver or the distance between the
geophones is relatively large (relative to the wavelengths of the recorded
waves), another problem arises. As the wavelet has to go through several
cycles in the medium, the energy (amplitude) associated with different

frequencies is not sufficient to be detected by the receivers, and background
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noise dominates the record. The optimum distance between the source and
first geophone is now under study,

As in any seismic experiment, elimination of background noise is one of
the most important factors for achieving a good record and eventually a
reliable result, Great care gshould be taken to minimize this undesirable
element in any in situ test, One of the preferred methods of decreasing the
effect of noise is averaging, In this method several records are gathered
under constant conditions, and the arithmetic average of these records is
determined. That part of the records which is associated with the
experimental input from the source will be reasonably identical in each test,
whereas the noise portion will vary, If a series of records a- one point is
summed and divided by the number of records, it will average to its so-called
exact value, since the actual signal has been repeated. However, the noise
is different in each record (because of its random nature), and the resulting
average will tend to be zero. Theoretically, the more records that are
averaged together, the more refined the final result will be, However,
practically speaking, after a few averages this process will not appreciably
improve the record, In Fig 3.2, the phases of cross power spectra for 5 and
25 averages are shown., The difference between the two records is negligible,
Heisey (Ref 3) suggests that five averages is generally sufficient for the
soil sites,

For sampling shallow depths the maximum frequency excited is of most
importance, For shallow sampling the receivers and source are placed close
to one another, so it is not necessary to transfer much energy to the medium
(by the source), High frequencies translate to short wavelengths, which
correspond to shallower depths of sampling, The highest frequency required

in an experiment depends directly on the properties of the material near the
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surface, The product of the frequency and wavelength corresponding to that
frequency in a layer is constant and equal to the R-wave velocity of that
layer (Eq 2.11), For a constant wavelength, the maximum frequency required
in testing will increase as the velocity of the layer increases. For a
typical soil deposit, the highest frequency necessary is around 400 Hz, but,
for an asphalt layer, the source should generate frequencies up to 3000 Hz,
and, for a concrete layer, this upper bound is about 6000 Hz,

For determination of properties of relatively deep layers, the energy
coupled into the medium is of greater importance, Excitation of low
frequencies is relatively simple; however, the amplitude of these low
frequency waves should be high enough so that they can be detectable by the
receivers, In evaluation of the properties of pavement systems, the lowest
frequency which should be excited is in the range of 5 to 10 Hz (depending
upon the properties of the natural soil underlying the system), The source
can be anything from a chisel and hammer, to a drop hammer, to a sledge
hammer.

In summary, for experiments in which the properties of the shallow
layers are of primary concern, a light weight source capable of exciting high
frequencies is desirable; whereas for deep layers a relatively heavy source
is preferable, The optimum range of frequencies generated at different sites

is under study,

Location of Receivers (Geophone Array)

The factors that affect appropriate spacing of the geophones have been

studied by Heisey (Ref 3). These factors include

(1) velocity of the material,

(2) depth of investigation,
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(3) range of frequencies,
(4) attenuation properties of the medium, and

(5) sensitivity of the instrumentation,

On the basis of the studies on several soil sites, Heisey (Ref 3) suggested
that the distance between the receiverg, X , should be less than two
wavelengths and greater than one-third of a wavelength, This relationship

can be expressed as

LR/3 < X < 2LR (3.1)

As the velocities of different layers are unknown before testing, it is
difficult to know if these limits are satisfied., Practically speaking, it is
more appropriate to test with various distances between the receivers in the
field and then to evaluate the range of wavelengths over which reliable
measurements were made for that spacing., The relationship can then be

expressed as

X/2 < L < 3X (3.2)

The procedure is then to select a spacing between geophones, perform the
test, and reduce the data to determine the wavelengths and velocities. The
next step is to eliminate the points that do not satisfy Eq 3.2,
Theoretically, one seismic experiment in seismic testing is enough to
evaluate the properties of the medium. For a more precise measurement,
several tests are generally required, Different tests are performed with
different geometries of the set up, The two most common types of geometrical

arrangement for the source and receivers are the Common Source/Receiver and
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the Common Midpoint geometries, Diebold and Stoffa (Ref 19),

In the common source/receiver (CSR) geometry, either the source or
receivers are fixed in one location and the other is moved for different
experiments in each test, In the common midpoint (CMP) geometry, both the
source and receivers are moved the same distance about an imaginary
centerline, For a medium consisting of a stack of horizontal layers with
lateral homogeneity, the results of the tests performed with both methods
should theoretically be identical, If the layers are not horizontal or the
elastic properties of any layer varies laterally, the CMP geometry is
preferred, In the CMP arrangement, the velocities are averaged in the range
over which the test is extended, There is a trade-off, however; in a single
CMP experiment there is no way to determine the dip of the layers. To
compare the effect of the geometry of the set-up on the quality of the
dispersion curves, a series of tests were performed at a soil site near the
Walnut Creek sewerage plant, located east of Austin, Texas, and the results
are discussed in Appendix A,

In the SASW method, the area between the two receivers is important, and
the properties of the materials between the source and the near geophone have
little effect on the test, Thus, the imaginary centerline in the CMP
method is selected between the receivers. The two receivers are moved away
from the imaginary centerline at an equal pace, and the source is moved such
that the distance between the source and near geophone is equal to the
distance between the two receivers. This geometry of source and receivers is

called Common Receivers Midpoint (CRMP) geometry, hereafter,

Another advantage of the CRMP geometry is that, by reversing the

location of the source and by averaging the records from direct and reversed



27

tests, the effect of any internal phase between the two geophones can be

eliminated,

Recording Device

The records of wave arrivals at different receivers are easily recorded on
magnetic tape. These measurements are thus performed in real time; that is,
in the time domain. By means of the fast-Fourier-transform algorithm which is
readily available, the results can then be converted to the frequency domain,
and the data can be reduced to develop the R-~wave dispersion curve,

A more convenient device for spectral analysis of surface waves is a
Fourier Spectral Analyzer, A Fourier analyzer is a digital oscilloscope that
by means of a microprocessor attached to it has the ability to perform
directly in either the time or frequency domain, Fourier analysis is a
powerful tool in decomposition of complicated transient waveforms into a
group of simple harmonic waveforms, An in-depth review of Fourier transform
and spectral analysis is presented in Appendix B, which is taken directly
from Research Report 256-2, by Heisey et al (Ref 1),

The analyzer used in this study is a Hewlett-Packard 5423A structural
dynamic analyzer which belongs to the Civil Engineering Department at the
University of Texas at Austin, This model is the state-of-the—art in small,
portable spectral analyzers today. The HP 5423A, shown in Fig 3.3, consists
of three portable components which stack together vertically during operation

and are connected by means of appropriate cables, These three units are
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Fig 3.3.

1. Oscilloscope and Microprocessor
2. Control Panel
3. Analog-to-Digital Converter

Hewlett-Packard 5423A Structural Dynamics Analyzer
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(1) oscilloscope and microprocessor,
(2) control panel, and

(3) analog-to-digital converter.

This analyzer is a hardwired, dual-channel analyzer with which two receivers

can be recorded simultaneously. Several types of measurements can be

performed in both the time and frequency domains, These measurements are

extensively discussed in Appendix B,

DETERMINATION OF R-WAVE DISPERSION CURVE

The variation of wave velocity with frequency (wavelength) is known as
dispersion, A dispersive wave, in which different wavelengths travel with
different speeds, will appear as a train of events in which successive cycles
have increasing or decreasing periods in the time domain. A plot of velocity
versus wavelength is called a dispersion curve,

As mentioned in Appendix B, the phase information of the cross power
spectrum provides the relative phase between the two signals (two-channel
recorder) at each frequency in the range of frequencies excited in the
experiment, For a travel time equal to the period of the wave, the phase
difference is 360 degrees, Thus, for each frequency the travel time between

receivers can be calculated by

t(f) = T « ¢(f) / 360 (3.3)

where

f = frequency,
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t(f) = travel time for a given frequency,
T = 1/f = period associated with a certain frequency, and
¢ (£) = phase difference in degrees of a given frequency.

As frequency is the reciprocal of period, Eq 3.3 can be written as

t(f) = ¢(f) / (360f) (3.4)

The distance between the geophones, X , is a known parameter, Therefore, R-

wave velocity, VR , 18 calculated by
VR(f) = X/e(f) (3.5)

and the wavelength of the R-wave (LR) is equal to

L(f) = V() /£ (3.6)

By repeating the procedure outlined by Eqs 3.4 through 3.6 for each
frequency,the R-wave velocity corresponding to each wavelength is
evaluated,and the dispersion curve is determined,

Rayleigh wave velocities determined by this method are not actual
velocities of the layers but are apparent R-wave velocities, Existence of a
layer with very high or very low velocity at the surface of the medium
affects measurement of the velocities of the underlying layers., In the next
section a method for evaluating of actual R-wave velocities from apparent R~

wave velocities 1is preasented,
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INVERSION OF R~-WAVE DISPERSION CURVE

Inversion of the Rayleigh-wave dispersion curve, or (in short)
inversion, is the procedure of determination of actual propagation velocities
at different depths from the dispersion curve. Inversion consists of

determination of the depth of each layer and the actual R-wave velocity of

In a layered medium in which no significant contrast in the velocities
of the layers exists, the apparent and actual R-wave velocities are
approximately equal, But, if one or more layers have significantly different
properties, apparent and actual R-wave velocities will be substantially
different, This is especially true in a pavement system in which the
stiffness of the materials can differ greatly, For example, in the case of a
concrete pavement system consisting of layers of concrete, base, subbase and
natural soil, the elastic properties of the concrete are typically several
times higher than those of other materials, For this system, the apparent
velocities of these underlying layers are falsely high. Conversely, at a
soil site where there may be significant geasonal precipitation, the first
few feet of the ground is softer in the wet season, and the apparent
velocities of the underlying layers are too low.

To demonstrate this effect, the dispersion curves for an asphaltic
concrete pavement (ACP) section and a continuously reinforced concrete
pavement (CRCP) section are shown in Fig 3.4. Although the properties of the
upper portions of the two pavement systems are different, the natural soils
beneath the pavements are presumably the same since the systems are within a
few feet of each other, However, the two dispersion curves for the deposits
beneath the subgrade do not converge, and the apparent R-wave velocities

associated with the natural soil beneath the CRCP section are consistently
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higher than those beneath the ACP section at wavelengths greater than about &4
ft, However, as the wavelength increases, this effect seems to become less
significant,

In the preliminary investigation of the SASW method, Heisey et al (Ref
1)considered that the effective depth of sampling is equal to one third of a
wavelength, 1In addition, he assumed that apparent and actual R-wave
velocities for each wavelength are equal., This crude inversion method 1is
applicable to soil sites with relatively uniform layers with no fine
stratification, and Heisey (Ref 3) successfully applied this method to
several soil sites,

A refinement in the inversion process has been developed herein, This
refinement is based upon Haskell's (Ref 21) matrix for elastic surface waves
in a multilayered solid media and is given in Appendix C. To simplify the
process of inversion, some additional assumptions were made. These

assumptions include:

(1) the layers are horizontal,

(2) the velocity of each layer is constant and does not vary with
depth,

(3) the layers are homogeneous and linearly elastic,

(4) the effective sampling depth is equal to one third of the
wavelength, and

(5) the apparent and actual velocities of the top layer are equal.

From item 4, the depths of all layers are known, and, from item 5, the actual
R-wave velocity of the top layer is available, By assuming that the
wavefront passes through the overlying layers with the velocities of those
layers, the R-wave velocity profile can be constructed from the top to the

bottom sequentially,
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The theory behind this refinement is presented in Appendix C, due to the
complexity and excessive amount of mathematical operations. Because of the
simplifying assumptions used, this refined inversion process does not
accurately function under certain conditions., The process is not capable of
handling

(1) relatively thin layers (relative to the thickness of the other

layers) with considerable variation in the properties of the

thin layers and

(2) layers with variable velocity with depth,

A more elaborate inversion program is under study, and it is hoped that this

will be available in the near future,



CHAPTER 4, EXPERIMENT NEAR COLUMBUS, TEXAS

The SASW method was used on three sections with different layerings near
Columbus, Texas., These tests are particularly important because, by means
of the SASW method, the elastic properties of a continuously reinforced

concrete pavement system have been evaluated for the first time,

DESCRIPTION OF SITE

The selected site was located near Columbus, Texas, on State Highway 71
at station 1279+75, about half a mile south of the SH 71 overpass on US 90.
Figure 4,1 shows this location., The longitudinal section of SH 71 along
which testing was performed is illustrated in more detail in Fig 4,2, The
highway consists of two continuously reinforced concrete pavement (CRCP)
lanes, each 12 ft wide, a 4-ft-wide asphaltic- concrete pavement (ACP)
ghoulder, and a median (natural soil),

In August, 1981, a preliminary set of SASW tests was conducted on all
the three sections (CRCP, ACP, and median) by S, Heisey. In March, 1982, a
second set of tests was performed at approximately the same location, In
conjunction with these tests, a series of crosshole seismic tests was
performed under the ACP shoulder and median. Unfortunately, due to lack of
appropriate drilling equipment, no crosshole tests could be conducted under
the concrete section, As there were no crosshole test results available on
the CRCP section, a third set of SASW‘tests was performed on this section in

May, 1982, to study the reproducibility of the results,
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The soil profiles under the asphalt shoulder and median determined
from the boreholes drilled for the crosshole tests are shown in Fig 4.3, It
is assumed that the soil profiles under the CRCP and ACP sections are
identical below the subbase, The assumed profile for the CRCP section is

also shown in Fig 4.3.

SET-UP AND PROCEDURE

The general configuration of the source, receivers, and recording
equipment is shown in Fig 4.4, Vertical geophones with a natural frequency
of about 8 Hz were used as receivers, The distance between the two
geophones was doubled in each test about an imaginary centerline (CRMP
method) as shown in Fig 4,5, The distance between geophones ranged from 1 ft
to 16 ft, The distance between the source and near receiver was always equal
to the distance between the two geophones, In addition, the location of the
source relative to the geophones was reversed for each test (i.e,, the
location of the source was changed without changing the position of the
geophones so that the far receiver in the first test functioned as the near
receiver in the second test),

The pattern of SASW testing on each section is illustrated in Fig 4.5,
The closer spacings are appropriate for determining the properties of the
shallower depths and the larger spacings for deeper layers. This set up is
representative of the CRMP geometry, However, a common source geometry was

used in August, 1981, as shown in Fig 4.6,
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CHAPTER 5. PRESENTATION OF RESULTS
Two different methods of wave propagation testing were used at the
Columbus site: crosshole seismic tests and spectral-analysis-of-surface
waves tests, Shear wave velocities and elastic properties determined from

the two methods are presented in the following sections,

CROSSHOLE SEISMIC TEST

The crosshole testing method is briefly reviewed in an earlier section
(see Fig 2.5). This method has been under study by Hoar (Ref 4) for many
years, and several experiments on different sites have proven the versatility
and precision of this method.

Crosshole tests were performed under the median and the asphalt shoulder

in March, 1982, The exact procedure used is discussed in Appendix D,

Soil Section (Median)

The location of the crosshole tests in the median is shown in Fig 4.2,
Testing was performed to a depth of 15 ft at 2,5-ft intervals. A center-to-
center spacing between the boreholes of about 7 ft was used. At each
measurement depth, shear and compression wave velocities were determined. By
means of Eq 2,10, Poisson's ratio at each depth was then determined. Values
of Poisson's ratio evaluated by this method are at low-strain levels and are
consistently less than Values of S- and P-wave velocities and Poisson's ratio

at the different depths are presented in Table 5,1 and Fig 5.1.

43



44

TABLE 5.1. PROPERTIES OF THE MEDIAN FROM CROSSHOLE TESTS

Depth S-Wave P-Wave Poisson's
Velocity | Velocity Ratio

(ft) (fps) (fps)

(1) (2) (3) (4)

2.5 660 320 0.27
5.0 820 1520 0.38
7.5 930 1910 0.33
10.0 1080 1430 0.26
12.5 1070 1540 0.27
15.0 1020 1550 0.30
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Asphalt (ACP) Section

Two series of tests were performed on this section (see Fig 4.2). The
distance between the boreholes in the first series was approximately 3.5 ft.
This close spacing was used in an attempt to eliminate or minimize
undesirable reflected and refracted ray paths in the high-velocity layers at
the top of the section (i.e., asphalt layer and subbase), The S- and P-wave
velocities were measured at depths of 7 inches (asphalt layer); 16,5 and 20
inches (subbase); 30 and 40 inches (£il1); and 50 inches, 5 ft and 7.5 ft
(natural soil), Testing was terminated at the depth of 7.5 ft with the 3.5-
ft borehole spacing.

In the second set of crosshole tests, the two boreholes were
approximately 7 ft apart. This test was extended to the depth of 15 ft.
These tests were performed at the same depths as those with the 3.,5-ft
borehole spacing to a depth of 7.5 ft, and then at 2.5-ft intervals to a
depth of 15 ft.

The profiles of P- and S-wave velocities determined from these tests
are shown in Fig 5.2 and Table 5.2, along with the resulting profile of

Poisson's ratio.

SPECTRAL-ANALYSIS-OF-SURFACE-WAVES METHOD

The primary objective of the tests performed by the SASW method was to
evaluate the elastic properties of the different layers of the ACP and CRCP
sections, As this method has been used very little on pavement gections, the
reproducibility of the results by different operators and for different
attempts was of concern., Therefore, the first series of tests was conducted

by S. Heisey in August, 1981, and the next two series were performed by the



TABLE 5.2. PROPERTIES OF THE ACP SECTION FROM CROSSHOLE TESTS
S-Wave Velocity P-Wave Velocity Poisson's Ratio
(fps) (fps)
Depth R . .
Borehole Spacing Borehole Spacing Borehole Spacing
(fr) (ft) (ft) (ft)
3.5 7.0 3.5 7.0 3.5 7.0
(1) (2) (3) (4) (5) (6) (7)
0.58 2630 2960 3910 3960 0.07 0.07
1.38 1590 - - - - -
1.68 1530 1690 2510 - 0.20 -
2.50 970 1400%* 1130 1830% 0.16 0.21*
3.33 790 1030%* 1430 1550 0.18 0.21%
5.0 830 870 1490 1470 0.27 0.23
7.5 1000 980 1910 1930 0.27 0.28
10.0 - 1010 - 1820 - 0.28
12.5 - 1010 - 1780 - 0.27
15.0 - 1030 - 1870 - 0.28

*
Probably involved refracted waves.
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authors. 1In addition, the SASW test was tried for the first time on a

concrete pavement,

Soil Section (Median)

The dispersion curves for tests performed at this site in August, 1981,
are shown in Fig 5.3. could be due to lateral inhomogeneity of soil
properties, At low frequencies, scatter could also be due to the
insensitivity of the receivers at these low frequencies. Overall, the
maximum scatter is less than 15 percent.

The tests performed in August, 1981, were done using the common source
geometry method. The pattern of common source geometry used in this series
of tests is demonstrated in Fig 4.6, It is assumed that the dispersion curve
is representative of the average soil properties of the area located between
the two receivers., As there is no overlap between the area covered by the
geophones in different tests, each dispersion curve corresponds to a
different location in CSR geometry (although these locations are very close
to one another) which can contribute to the scatter as shown in Appendix A,

In Fig 5.4 the dispersion curves for different tests in March, 1982, are
presented. Scatter in the data is less in these tests, probably because the
CRMP geometry was used. As mentioned before, this set-up has the advantage
of averaging the effect of lateral inhomogeneity in the so0il profile., 1In
addition, as the spacing between the geophones becomes larger, the area
covered by the earlier test is always included in the present test, Thus the
precision of the tests in the CRMP geémetry is relatively improved (relative
to CSR set—-up)., In the March tests, the sampling depth was also extended to
shallower depths by exciting higher frequencies,

The average dispersion curves for the tests performed in August, 1981,

and March, 1982, are shown in Fig 5.5, Upon comparing these curves, it can
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be seen that there is no major difference in the results for wavelengths
longer than 10 ft, with a maximum difference of 8 percent at a wavelength of
about 36 ft, Determination of the average dispersion curve for the data from
August, 1981, was difficult because of scatter in the data. Due to extensive
precipitation on the day before the tests were performed, in March, 1982, the
first few feet of the median was very soft, causing a significant drop in the
elastic properties of the near-surface material. Thus, R-wave velocities of
the near-~surface layer are low, as shown in Fig 5.4,

It should be mentioned that all of the dispersion curves were filtered

according to the criteria presented by Eq 3.2,

Asphalt (ACP) Section

In the first attempt on the asphalt section in 1981, only two sets of
data were gathered (geophone spacings of 2 ft and 8 ft) due to a malfunction
of the equipment. These results are shown in Fig 5.6,

The dispersion curves for the experiments conducted on this section in
March, 1982, are shown in Fig 5.7. The thicknesses and apparent R-wave
velocities for different layers from the 1981 and 1982 tests are in good
agreement, and no significant differences can be detected in the average
dispersion curves from these attempts, as shown by the average curves
presented in Fig 5.8. The relative difference between the two curves does
not exceed 6 percent. Adequate high frequencies were not generated in the
tests performed in 1981, Therefore, no sampling was made in the asphaltic

concrete layer in this series,

Concrete (CRCP) Section

The most critical section studied was the concrete section., Fine

layering in the pavement system and a great contrast in the velocities of the
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layers in a depth of less than 3 ft required special considerations, Use of
a source capable of generating high-frequency waves was essential, In
addition, good coupling between the concrete and geophones was necessary to
monitor correctly the high frequencies,

The dispersion curves for the first attempt on a CRCP section in 1981
are shown in Fig 5.9. As high—-frequency waves were not excited, no
information on the properties of the concrete and base layers could be
obtained, Use of the CRS geometry may have contributed to the scatter in the
range of wavelengths equal to 10 ft to 15 ft (corresponding to the fill
layer). Dispersion curves of the tests performed in March, 1982, are
presented in Fig 5.10. The number of tests performed on this site in this
set of tests was less than those of August, 1981, due to time limitations.
The two sets of dispersion curves compare closely in layering and R-wave
velocities, The shortest wavelength obtained in the second attempt was
approximately one ft (equivalent to a sampling depth of 4 in.).

The primary concerns in the May, 1982, testing at the CRCP section were
to sample even shallower depths as well as to check the reproducibility of
the results, Figure 5.11 shows the dispersion curves from these tests.
Several tests with close spacings (spacing between the geophones equal to one
ft and two ft) were performed, which resulted in decreasing the minimum in
depth of sampling to 3 inches, It should be mentioned that the highest
frequency excited in this set was 3900 Hz, whereas in the earlier attempt it
was 3100 Hz. The 800-Hz increase in the upper bond of the frequency content
of the impact only decreased the depth of sampling by about one inch.

Average dispersion curves obtained from the three attempts on the CRCP
section are illustrated in Fig 5,12, Except for the range of wavelengths

from 5 to 8 ft, in which there is some scatter, these curves agree with less
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than a 9 percent difference, This deviation that corresponds to the few
inches above and below the boundary between the subbase and compacted fill
(wavelengths in 5 to 8 ft range) may be due to inaccuracy in leveling the
fill before placement of the subbase during construction along the distance
covered by the geophones, However, as great emphasis was placed on
measurement of the pavement reliable. The reproducibility of the tests is

very good, as shown in Fig 5,12,

EVALUATION OF ELASTIC PROPERTIES

The principles of evaluation of the elastic soil properties from
Rayleigh wave velocities are discussed earlier, By means of Eqs 2.5 to 2.8,
Young's modulus of each layer can be readily determined from the SASW tests.
Based upon the average dispersion curves for the median and ACP section from
March, 1982 (Figs 5.5 and 5.8), and the average dispersion curve for the CRCP
section from May, 1982 (Fig 5.12), R-wave and S-wave velocities at each depth
were evaluated, Shear wave velocities determined from the SASW and crosshole
seismic tests are compared in Figs 5,13, 5.14 and 5,15 for the median, ACP,
and CRCP sections, respectively. These velocities are discussed in the
following chapter,

In crosshole tests, Young's moduli were calculated from P-wave
velocities measured in situ (Eq 2.5). In the case of the SASW tests, shear
moduli were first determined from the shear wave velocities (Eq 2.7), Then,
with values of Poisson's ratio evaluated from the crosshole tests (Eq 2.10),
Young's moduli were calculated, Once again, it should be mentioned that
these Poisson's ratios were lower than those generally found in static tests,

because of the stress dependence of Poisson's ratio.
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CHAPTER 6. COMPARISON OF CROSSHOLE SEISMIC AND SASW RESULTS

Plots of S~wave velocity versus depth after application of the inversion
technique presented in Appendix C are shown in Figs 5.13 to 5.15 for the
three sections tested, Also presented in the same figures are results from
the crosshole tests performed at the same locations, The velocities
determined by these two methods are in good agreement, especially for the
soil site. Deviation of shear wave velocities under the median from these
two methods of testing is less than 7 percent, except at a depth of about 5
ft where the difference equals 14,3 percent (Fig 5.13).

As mentioned before, the preliminary inversion method used herein is not
able to handle sudden changes in velocity for a thin layer., Thus for the
paved sections, there are still some differences between the results
determined by the two methods, as shown in Fig 5.14. These are especially
evident in the subbase in the ACP section., 1Ignoring this substantial
difference in S-wave velocities from the two types of tests due to the
problem just mentioned, the remainder of the profile differs by less than 9
percent for the ACP section (Fig 5.14).

As no crosshole tests could be performed at the CRCP section, it was
assumed that the S-wave velocity profile below the pavement system (i.e.,
below the depth of 5 ft) from a croéshole test performed under the ACP
section is also representative of the CRCP section. The two profiles
(crosshole and SASW profile) of S-wave velocity agree within 10 percent,

Young's moduli evaluated from the crosshole and SASW tests are shown in

Tables 6.1, 6.2 and 6.3, and Figs 6,1, 6,2 and 6,3 for the median, ACP, and
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TABLE 6.1. COMPARISON OF YOUNG'S MODULI FROM CROSSHOLE AND

SASW TESTS AT MEDIAN

Young's Modulus Difference
Depth (psi) (3)-(2)
(ft) (3)
Crosshole SASW
(percent)
(1) (2) (3) (4)
2.5 10180 11230 +9.3
5.0 33150 25540 -29.8
7.5 34810%* 31480 ~10.5
10.0 30230 31880 +5.2
12.5 35050 - -
15.0 35510 - -

*
Evaluated from S-wave velocity.




TABLE 6.2. COMPARISON OF YOUNG'S MODULI FROM CROSSHOLE AND
SASW TESTS AT ACP SECTION

Young'’s Modulus Difference
Layer Depth (psi) (4)-(3)
(4)
(ft) Crosshole SASW
(percent)
(1) (2) (3) (4) (5
mm
Asphalt 0.58 467500 453200 -3.2
Subbase 1.38 110000 198310 +44.5
1.67 49500 45610 -8.5
Compacted 2.50 32850 37430 | +12.2
Fill
3.33 32350 36900 +11.5
Sandy 5.0 42050 38820 -8.3
Clay
7.5 40250 39340 -2.3
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TABLE 6.3. COMPARISON OF YOUNG'S MODULI FROM CROSSHOLE AND
SASW TESTS AT CRCP SECTION

Young's Modulus Difference
(psi)
Layer Depth P -3)
(£t) (4)
Crosshole* SASW (percent)
1) (2) (3) (4) (5) _
cret 0.83 - 3928000 -
2
ACB 1.17 - 462380 -
Lss> 1.67 - 223380 -
Compacted 2.50 32850 41450 -20.8
Fill
5.00 42050 34740 -21.0
Sandy
7.50 40250 37960 -6.0

* Beneath ACP Shoulder

1 Continuously Reinforce Concrete
2 Asphaltic Concrete Base

3 Lime-Stabilized Subbase
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CRCP sections, respectively, Deviation in elastic moduli from these two
methods are proportional to the square of the S-wave velocity, given constant
mass density and Poisson's ratio (Eqs 2.5 to 2.8). For the median, Young's
moduli from the two methods differ by less than 11 percent, expect for a
depth of 5 ft, at which moduli from the two methods differ by about 34
percent,

In the case of the ACP and CRCP sections, variations in =lastic moduli
are less than 13 and 21 percent, respectively, However, for the subbase
beneath the ACP and the base beneath the CRCP, these moduli are significantly
different. To solve this problem, a more refined and sophisticated inversion
process is essential,

It should be mentioned that the percentage deviations presented above
are the maximum differences and over most of the profiles these numbers are
significantly less, as shown in Tables 6,1, 6.2 and 6.3.

Layering at each site was compared with boring logs determined during
the crosshole seismic tests, and the thicknesses of different layers are in

good agreement with the logs(typically within an inch).



CHAPTER 7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

SUMMARY

The spectral-analysis-of-surface-waves method is described in this
report. By means of a transient impact on the surface of a pavement system
or soil deposit, a group of waves with different frequencies is transmitted
to the medium. By analysis of the phase information for each frequency
determined between two receivers located at the surface, R-wave velocity, S-
wave velocity, and eventually the elastic moduli of the pavement system at

different depths are determined, The method has the advantages of being

(1) fast and economical,
(2) nondestructive, and

(3) capable of full automation,

CONCLUSIONS

Preliminary studies of the feasibility and testing procedure were
conducted by Heisey et al (Ref 1) and are discussed in Report No, 256-2.
This initial work has been expanded and improved in the following areas

(1) The testing set-up has been modified., Instead of the common source

geometry which was used, the tests are now performed using a common
receiver midpoint geometry, Also, the direction of testing is
reversed to eliminate the effect of a possible internal phase

between the receivers and to average the effect of dipping layers.

(2) A simple, approximate inversion method for elimination of the
effect of high~ or low-velocity shallow layers has been developed.
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Three series of tests were performed on SH 71 near Columbus, Texas, and
the results are presented herein, Elastic moduli determined from the SASW
method are compared with the crosshole test., Deviation between moduli
determined by the two methods is on the average less than 10, 13, and 21
percent in the median, ACP, and CRCP sections, respectively, The layering
determined with the boring logs (drilled for the crosshole seismic test) and

the SASW method compare closely.

RECOMMENDATIONS FOR FUTURE STUDIES

Further work is needed to substantiate the universality of this method
and to refine further the technique developed on this project, Additional

development is required in the following areas,

(1) Various types of sites should be tested to establish the
versatility and precision of the method. Investigation should
include different types and depths of pavement layering,In
conjunction with SASW tests, other types of tests such as
Dynaflect, Texas cone penetrometer and crosshole seismic tests
should be performed in situ., In addition, undisturbed samples from
different layers should be taken for laboratory testing, These
different tests would provide a check on moduli determined from the
surface measurements,

(2) The second phase of the analytical technique to invert R-wave
dispersion curves should be developed to eliminate probleuns
involved with the present inversion process, The second phase of
the inversion method is under preliminarystudy,

(3) To evaluate the properties of the thin layers for depths less than
one foot, a source capable of generating high frequencies is
essential, A simple sledge hammer with a pointed edge is able to
generate frequencies of 3900 Hz on concrete pavements, However,
development of a source capable of generating frequencies up to
6000 Hz is desirable,

(4) Sampling deeper layers (more than 15 ft) is possible with this
method, but velocity transducers with lower natural frequencies
than the ones used in this study are required. These transducers
are under construction and will be available in the near future,



(5)
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The SASW method has the potential of full automation., Preliminary
studies of adequate hardware required for this process should be
made and equipment purchased so that testing time can be
significantly decreased in the future,
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APPENDIX A. EFFECT OF SET-UP CONFIGURATION ON DISPERSION CURVES
IN SASW METHOD

To study the effect of set-up configuration during SASW testing, a
series of tests was performed at a soil site located at the Walnut Creek
Treatment Plant, 5 miles east of the campus of The University of Texas at
Austin, This is the same site used by Heisey et al (Ref 3) in some of their
testing, as well as Hoar (Ref 4) in some of his testing., Two geometries were
selected; Common Source/Receiver (CRS) and Common Receiver Midpoint (CRMP).
Schematics of these two approaches are shown in Figs 4.6 and 4.5,
respectively.

The dispersion curves obtained from these two set-ups are shown in
Figs A.1 and A,2 for CSR and CRMP geometries, respectively., Also shown on
each figure is the range in velocities from the other figure, It can be
concluded that scatter in the dispersion curves is much less in the CRMP
approach., As such, the average dispersion curve obtained from the CRMP
geométry is more reliable and more representative of the nature of the sub-

surface material,
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APPENDIX B, FOURIER TRANSFORM AND SPECTRAL ANALYSIS

INTRODUCTION

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

layered systems.

ADVANTAGES OF SPECTRAL ANALYSIS

The primary reason for utilizing spectral analysis is that information
can be extracted from the data that was not apparent from the time domain
representation of the signal, For example, the components of the signal in
Fig B.la are indistinguishable in the time record, but each wave and its
relative contribution to the overall waveform are easily observed in the
frequency spectrum shown in Fig B.lb, The amplitude and phase of each
frequency component in the waveform can be determined. In addition,
relationships between two signals can be easily identified.

Second, handling of data in the frequency domain permits ease of

operations, For example, integration of a signal in the time domain
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Fig B.1l. Representation of a complex time signal by its
frequency spectrum (Ref 1).
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simplifies to just one division of the corresponding spectrum in the
frequency domain, The advantage of spectral analysis is similar to that of
using logarithms to solve a problem involving noninteger exponents.

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

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

THE FOURIER TRANSFORM

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

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

trigonometric series (Fourier series) of the form

0
a cos 2mt + z b sin 2mt
n T n T

x(t) = a +
° n=1 n=1

(8.1)

T8

where the a_, a '
n n

8, and b 's are called Fourier coefficients, In the case
where T- o (such as a waveform with no apparent periodicity), x(t) is no
longer periodic and cannot be represented by discrete frequency components,

However, the approach of representing waveforms by frequency components is

still valid for practically all engineering problems except that the discrete
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Fourier series becomes a continuous Fourier integral and the discrete Fourier
coefficients become a continuous function of frequency called the Fourier

transform, The Fourier transform of x(t) is then defined as

X(f) = f x(t) e J2TEC 4. (B.2)

- OO

and the Fourier integral or inverse Fourier transform is

x(t) = f x(f) oI2TEE 4¢ (8.3)

-

where X(f) and x(t) are called a transform pair. The "negative" frequencies
are introduced solely for mathematical convenience,
The definition of X(f) indicates that the Fourier transform exists in

complex form. Using Euler's identity,

ejZant cos (27fnt) + jsin (2mfnt) (B.4)
yields
j2rfnt -j2nfnt
cos (2 fnt) = S + e (B.5)
2
and
. ej2ﬂfnt _ e—jZant
sin (2 fnt) = (B.6)
2

Substituting Eqs B5 and B6 into Eq Bl, and rearranging, gives the form

a - jb . a + jg s
a(t) = a + 2 _2_5___2, Gi2rfnt 5 n -j2nfnt
[0}

(B.7)
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In this form, the a_ (or cosine) terms become the real part and the b (or
sine) terms become the imaginary part in the representation of the spectrum.
The amplitudes of these coefficients are half the amplitudes in Eq B.l to
allow for the previously introduced 'negative'" frequencies,

Using real and imaginary components, Fourier coefficients can be treated
as rotating phasors in the complex plane, Such a representation is
illustrated in Fig B.2. FEach pair of coefficients (an, bn) is represented by

a phasor with magnitude An and phase en , Where

A = 32 + b2 (B.8)
n n n
and
b
o = tan'l(—f-‘-> (8.9)
n an

Magnitude and phase are often convenient ways to examine spectral data,

MEASUREMENT IN THE FREQUENCY DOMAIN

Several types of measurements can be made directly with most of the
spectral analyzers that are currently available. The basic measurement is
the linear spectrum, generally of both an "input" signal and an "output"
signal., Other functions are defined using these two spectrums or their
complex conjugates, The linear spectrum, denoted by S_(£) , is simply the
Fourier transform of the signal. From the previous definition

- - -j2mnt
By(£) = F [x(t)] __fw x(t)e dt (B.10)
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Fig B.2. Representation of Fourier coefficients by a rotating
phasor in the complex plane (Ref 1).
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The linear spectrum provides both magnitude and absolute phase informationm
for all frequencies within the bandwidth for which the measurement was taken,
Since the absolute phase is measured, a trigger i3 required to
synchronize the signal for averaging. Linear spectrum averaging is useful
for determining predominant frequencies of excitation, identifying
fundamental modes and harmonics of a dynamic system, or extracting a ''true"
signal out of background noise,

The autospectral density function, Gxx(f), commonly called the
autospectrum, is defined as the linear spectrum, Sx(f), multiplied by its own

complex conjugate, Sx*(f). That 1is,

6, = S+ s (B.11)
The magnitude of the autospectrum is the magnitude squared of the linear
spectrum, This magnitude can be thought of as the power (or energy of a
transient, impulse signal) at each frequency in the measurement bandwidth,
However, multiplication by the complex conjugate eliminates the imaginary
components of the spectrum, so no phase information is provided by the
autospectrum, The advantage of the autospectrum is that it provides
information similar to that of the linear spectrum but does not require a
trigger to synchronize the averaging of signals. The autospectrum is the
Fourier transform of the autocorrelation function in the time domain.

The crogs-spectral density function, ny(f), Or ¢ross spectrum, is the
Fourier transform of the cross correlation function between two different
signals, x(t) and y(t). The cross spectrum is defined by

G (£) = S.(£) * S () (B.12)
¥X y X
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where Sy(f) is the linear spectrum of the output and S *(f) is the complex
conjugate of the linear spectrum of the input, The magnitude of ny(f) is a
measure of the mutual power between the two signals, making the cross
spectrum an excellent means of identifying predominant frequencies that are
present in both the input and output signals, The phase of ny(f) is the
relative phase between the signals at each frequency in the measurement
bandwidth, Since the phase is a relative phase, the cross spectrum
measurement can be made without a synchronizing trigger. The cross spectrum
is used primarily to determine the phase relationships between two signals
which may be caused by time delays, propagation delays or varying wave paths
between receivers,

The transfer function, H(f), or frequency response function,
characterizes the input-output relationship of a dynamic system. The
frequency response function is the ratio of the spectrum of the system's

response (output) to the spectrum of the system's excitation (iaput):

H(f) = Sy(f)/sx(f) (B.13)

Due to statistical variance of S}éf) and S}}f) for certain systems, a better
measure of H(f) can be obtained by using the autospectrum and cross-spectrum

functions, If both numerator and denominator are multiplied by S *(f),

*
S (f) « s (f)
H(f) = -2 X (B.14)

S (£) + 5 (f)

b J

Thus, the transfer function is similar to the cross spectrum. Both provide
the same information; the magnitude of the transfer function is normalized by
the autospectrum of the inmput G, (f) relative to the magnitude of the cross

spectrum, Consequently, the transfer function of a given system should be
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constant regardless of the input (if the system does not undergo nonlinear
behavior). Generally, the input is a force measurement derived from the
signal of a load cell mounted on the source of excitation. Depending on the
quality which is measured as output, the transfer function may provide a
measurement of impedance, dynamic stiffness, or one of several other system
properties., The transfer function is frequently used to identify natural
frequencies and damping coefficients of a dynamic system,

The coherence function, yg(f) , 18 a measurement made in conjunction

with the transfer function. Coherence is defined as,

X
¢ (£) - G (f)
yigy = XX X (B.15)

G__(f) » G ()
XX yy

The coherence is a real-valued function which is the ratio of the response
(output) power caused by the measured input to the total measured response
power., Therefore, Yz(f) = 1, all of the output at the particular frequency
of interest, is due to the measured inputs. The coherence function may be
less than unity when

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

measured,

(2) background noise is present in the measurement,

(3) the frequency response function is nonlinear for the system, or

(4) there are closely spaced resonant peaks which cannot be detected

with the given frequency resolution inherent in the digitization of
the signal,

The coherence function is often used in the form of the signal-to-noise ratio
(s/N):
2
S(f) Y ()

e S — (B.16)
NE 1oy
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In addition, the coherence function can be used to weigh the output
autospectrum ny(f) to reflect the output power caused only by the input.
This weighted spectrum is called the coherent output power and is given by
ny(f)' \?(f). The relative contributions of several inputs can be
separated using the coherent ocutput power function, In general, the
coherence function indicates the "quality" of the measurement at each
frequency, A low value of coherence does not necessarily indicate that the
measurement is invalid for a particular frequency but may suggest that more

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

ADDITIONAL CONSIDERATIONS FOR DIGITAL SIGNAL ANALYSIS

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

First, to ensure that the digitized signal accurately represents the
analog signal, the sampling rate of the "function'" which converts the signal
must be at least twice the frequency of the highest frequency present in the
waveform being sampled., If the sampling rate is too low, higher frequencies
will "alias", or appear as lower frequencies in the spectrum. This potential
problem is demonstrated graphically for the time record shown in Fig B.3.
Generally, the instrumentation is designed so that the selzction of the
bandwidth for the measurement automatically adjusts the necessary filtering

and sampling rate,
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Secondly, since computers or microprocessors can handle only a finite
amount of data, the signal must be truncated, Truncation is accomplished
with a function called a window., The simplest type of window is a
rectangular box. When the window "examines" an exact integral number of
cycles of all the frequency components, the resulting spectrum is accurate,
If a noninteger number of cycles occurs in the window, some of the magnitude
of a given frequency component may appear at adjacent frequencies, This
phenomenon is known as leakage, Invariably, asome leakage is going to occur
for some frequencies in most signals, The type of signal (e.g., sinusoidal,
random, or transient) governs the type of window employed to minimize the
effects of leakage.

Lastly, the inherent inverse relationship between period, or length of
the time signal, and frequency creates problems with resolution, particularly
when the digital signal consists of a fixed number of data points. As the
time length of the signal increases, the bandwidth of the measurement in the
frequency domain narrows, Conversely, wider bandwidths require shorter time
records and provide less frequency resolution, Some instruments include
capabilities to overcome this dilemma. Rather than make 3 wide baseband
measurement from zero to some high frequency, the meagurement 1is centered
about the high frequency with a narrow band. The band selectable analysis,
or "zoom" measurement, allows high frequency resolution in a high frequency

range,
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APPENDIX C. INVERSION OF DISPERSION CURVES

The dispersion equation in a layered medium as shown in Fig C.l can be

written as (Ref 21):

KN - MN = 0 (c.1)
where:
k=vyr A+ (y-DA,, -r A, /o cz + A, . /p c2 (€.2)
n an 12 n 22 an 32 "n 42" "n ’
L=vyr A.+(y~DA -t A /o c2+A Joc? .3
= Yolanf1n T DAy - A /e ¢ 417°4¢ -3)
M=-(y-DA, ,+vyr,6 A, +A,/p c2 +r. A /P cz (c.4)
* n 12 n Bn 22 32'"n An 42’ "n '
A /o c* /o c?
No==O-DA + v Te By T Ay fe e Frg Ao e (C.5)
and
_ n
Ay T P14,k (C.6)
vy =200 /)2 c.7)
n sn °
- s 2%
Ton = -if[1 - (c/Vsn) ] (C.8)
_ 244
r, = -i[1 - (c/vpn) ] (C.9)
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Fig C.1. Direction of axes and number of the layers and
interfaces (Ref 21).
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In these equations, the nomenclature is as follows:

VSn = ghear wave velocity of nth layer,
¢ = phase velocity,
v = compressional wave velocity of nth layer,
pn
i= -1
th
o, T density of the n layer.
Parameters a,. are the elements of a 4 x 4 mateix. If
J
P = kr_h
n on n
and
Qn = kanhn

th
in which hn is the thickness of the n layer and

m
wavelength

the slements aij can be veadily calculated.

In addition,
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where v is the Poisson's ratio for the n'" layer. Shear wave velocity
is then used to determine R-wave velocity of each layer. So, by knowing the
velocity and the depth of the first layer at the top and the depth of other
layers, Eq C.l can be solved for different layers by trial and error. This

matter is discussed in full detail by Ewing et al (Ref 7).
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APPENDIX D, CROSSHOLE SEISMIC TESTS

INTRODUCTION

The basic concept of the crosshole seismic method involves propagating
body waves through horizontal travel paths at different depths and measuring
the propagation velocities at these depths, By means of elastic theory the
moduli of each layer are then evaluated (as described in Chapter 2) and the
thicknesses of different layers can be determined from the borings used to

advance the boreholes.

TESTING PROCEDURE

A schematic of the testing procedure is shown in Fig D,1. One or more
boreholes are drilled to the maximum depth at which testing is to be
conducted, These boreholes function as holes in which receivers are placed,
The boreholes are cased if there is any risk of caving during testing.
Another borehole is then drilled to function as the source borehole, At each
depth at which seismic testing is to be performed, the drilling operation is
stopped, and a source is placed in the bottom of the hole. Simultaneously,
the receivers are located at the same depth in the other holes. A vertical
transient impulse which simultaneously activates the recording device is then
applied to the source. The impulse is detected by receivers in the other

holes as the body waves pass by,
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Fig D.1. Schematic of crosshole seismic testing (Ref 4).
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Required equipment for a crosshole seismic test includes

(1) a drilling rig,

(2) a mechanical source,

(3) three-dimensional receivers,
(4) a recording device, and

(5) a triggering system,

In Fig D.2 the drilling rig is shown advancing one of the boreholes at
the Columbus site, Five-inch diameter boreholes were used, and care was
taken during the drilling process to cause minimum disturbance in the soil
deposit,

The source used in Columbus consisted of a sampling tube attached to a
l-inch diameter rod as shown in Fig D,3, A vertical velocity transducer was
gsecured to the rod jﬁst above the sampling tube, This transducer served as
the trigger for the recording device,

The receivers consisted of three-dimensional velocity transducers in
which three transducers were oriented in three perpendicular directions
(i.e., the vertical direction and two perpendicular horizontal directions).
The receivers were secured at the desired depths by inflating bicycle tubes
attached to the receivers (as shown in Fig D.4). The receivers were properly
oriented with the orientation rods which extended from the receivers to the
surface, The receivers and the transducer located on the source were
connected to the recording device, a digital oscilloscope, through a
switching box (see Fig D.5). By means of the switching box, the geophone
with proper orientation for the wave motion to be measured was easily
selected, The records were saved on magnetic diskette for future reference

and in~house data reduction.
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Fig D.2. Drilling operation for crosshole seismic tests at
Columbus site.



115

Connecting
Rod -

Snurce
Ceophong

Thin -walled _
Sampling Tube

Fig D.3. Source used in crosshole selsmlc tests at
Columbus site.
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Fig D.4. Three-dimensional receiver used in crosshole
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117

Digital Oscilloscope «§
— Disketts

-~ Switch Box

Source
3-0 £~  Geophone

Receiver —— I

Fig D.5. Recording device used in crosshole seismic tests.
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Figure D.6 shows a crosshole test being performed on the ACP shoulder
on SH 71 near Columbus, The three boreholes can be clearly gseen in this
figure., The distance between the boreholes depends on the stiffness of
Generally, this distance i3 on the order of 3 ft to 5 ft for paved sections
and 7 ft to 10 ft for soil deposits., The reason for close spacing in paved
sections is to minimize (undesirable) refracted ray paths, The vertical
impulse to the rod is applied by an ordinary hammer. A vertical impulse
transmitted to a medium generates P- and S-waves which can be detected by

horizontal and vertical geophones, respectively,

DATA REDUCTION

A typical record detected with vertical geophones is presented in
Fig D.7. The upper portion of the figure is the impulse detected by the
source geophone., A time delay is used at the beginning of the record so that
the triggering point can be easily distinguished. This point is marked as
"I" on the record. On the lower part of the figure is the travel time record
of the body waves monitored by the vertical geophone at a distance of 3.5 ft
from the source, The direct P- and S-wave arrivals are marked by "P" and
"S", respectively. Shear and compressional travel times are simply the time
differences between point "I" and points "S" or "P", respectively, Although
P-wave velocity can be identified on this record, it is preferred that this
velocity be determined from a record obtained using a transducer which is
oriented in the direction of propagation (i.,e,, a horizontal geophone), A
typical travel time record for a horizontal geophone is shown in Fig D.8.
The triggering time and direct arrival of P-wave are marked as "I" and "P" on

this record, respectively., The amplitude on the travel time record of the P-
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Fig D.6. Testing at one depth at the Columbus site.
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wave is much larger in Fig D.8 than in Fig D.7, because of proper orientation
of the receiver,

Propagation velocity is determined simply by dividing the distance
between the source and receiver by the travel time over this distance,

Moduli are then determined as described in detail in Chapters 2 and 5.
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