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ABSTRACT

A nondestructive method of determining the
moduli and thicknesses of pavement systems--
the spectral-analysis-of-surface-waves (SASW)
method--was introduced in 1982. With this
method surface waves containing a wide range
in frequencies are generated in the pavement
system by impacting the surface. Propagation
of the waves through the system is monitored
with two receivers located on the pavement
surface. By analysis of the phase information
for each frequency determined between receiv-
ers, Rayleigh wave velocities and wavelengths
over the frequency range of interest are de-
termined. Velocity versus wavelength informa-
tion represents a dispersion curve that on
inversion gives Young's modulus profiles
along with the thicknesses of the layers. Ad-
vancements in the theoretical aspects of the
inversion method are presented in this
paper. A new, rigorous inversion technique
has been developed that 1is theoretically
based and eliminates many of the earlier
simplifying assumptions. The versatility and
accuracy of the new inversion technique is
illustrated by two series of tests that were
performed on two rigid pavement sections of
an airport runway with different cross-sec-
tional profiles. In addition to being nonde-
structive, fast, and economical, the SASW
method is shown to be capable of detecting
thin layers in pavement systems with an ac-
curacy of less than 0.5 in. and finding mod-
uli within about 20 percent, based on com-
parisons with soil borings and crosshole
seismic tests at the same sites., In this
regard, no other nondestructive technique
has the power and versatility of this method.

Many major highways and airport runways are ap-
proaching the end of their serviceable 1lives. A
fast, economical, and precise method for evaluating
the properties of these pavements is necessary if
meaningful maintenance inspections are to be per-
formed regularly or if overlays are to be designed
effectively. The most common nondestructive tests
(NDTs) being performed for these purposes are the
Dynaflect and the falling weight deflectometer. Al-
though these tests are carried out quite rapidly in
situ, in-house data processing can be tedious, and
the final solutions are not unique. Another poten-
tial deficiency with these methods is that, although
a dynamic load is applied to the surface in the
field, static elastic theory is employed to reduce
the data. Under certain conditions, stress and
strain distributions in these dynamic tests can be
different from those assumed in the static analyses.

The latest developments in the spectral-analysis-
of-surface-waves (SASW) method are discussed herein.
The SASW method, which has been under development
for some time (1-4), is a nondestructive testing
technique that is based on the theory of elastic
waves in a layered system. In addition to elastic
moduli, layer thicknesses can be determined pre-
cisely from the modulus profile. A brief overview of
the SASW testing technique is presented herein, fol-
lowed by recent developments in data analysis that
are needed for achieving high-quality Young's mod-
ulus profiles and precise layer thicknesses. The
results of a case study on two rigid pavement sec-
tions using the rigorous data reduction technique
are presented to illustrate the value of the SASW
method. In conjunction with SASW tests, crosshole
seismic tests were performed at each site., Crosshole
tests are known as a precise way of determining the
stiffnesses of different layers at a site. Young's
modulus profiles obtained from these two tests are
in excellent agreement, as are the layer thicknesses
obtained from the SASW tests and borings.
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BACKGROUND
SASW Method

The SASW method is a new method of seismic testing
that is being developed for determining shear wave
velocity and shear modulus profiles at scil sites
and Young's modulus profiles at pavement sites
(3,4). Evaluation of Young's modulus profiles at
p;vgment sites can be used in overlay design or ma-
terial characterization (5) or the profiles can be
used indirectly as a tool to control compaction dur-
ing construction (6). All testing is performed at
the ground surface, and hence the procedure is non-
destructive. The key point in SASW testing is gen-
eration and measurement of surface waves (Rayleigh
waves) .

The source is simply a transient vertical impact
on the pavement surface. The impact generates a
group of Rayleigh waves (R-waves) of various fre-
quencies. Two vertical receivers, located on the
surface, are used to monitor the propagation of
Rayleigh wave energy past them. The output from the
receivers is simultaneously captured and recorded on
a Fourier spectral analyzer. With the Fouriler ana-
lyzer, the complicated transient waveforms are di-
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midway between the receivers at an equal pace, and
the source is moved such that the distance between
the source and the near receiver is equal to the
distance between the two receivers. In addition, the
location of the source is reversed for each receiver
spacing so that forward and reverse profiles are
run. By averaging the forward and reverse profiles,
the effect of any internal phase between receivers
is eliminated. This testing sequence is shown in
Figure 1lb. As the method is still in research
stages, testing time at each site is approximately
30 min. However, after the testing procedure is
automated, the testing period will be only minutes,
and thus comparable with other NDT methods.

By analysis of phase information for each fre-
quency determined between the two receivers, Ray-
leigh wave velocity, shear wave velocity, and even-
tually Young's modulus are determined. Rayleigh wave
velocity (Vg) is constant in a homogeneous half-
space and is independent of frequency. Each fre-
quency (f) has a corresponding wavelength (L) ac-
cording to

Vg =f * Ly (1)

Rayleigh wave and shear wave velocities are related

vided into a group of simple harmonic waveforms that by Poisson's ratio. The ratio of R-wave to S-wave

are analyzed to determine wave velocity and moduli.
The general configuration of the source, re-
ceivers, and recording device is shown in Figure la.
The common receivers midpoint {CRMP) geometry {4) is
used for testing. With this geometry, the two re-
ceivers are moved away from an imaginary centerline

velocity varies slightly with Poisson's ratio but
can be assumed equal to 0.90 with an error of less
than 5 percent.

if the stiffness of a site varies with depth,
then the velocity of the Rayleigh wave will vary
with frequency. The variation of R-wave veloclty

Oscilloscope

Spectral 7 Control Panel

Analyzer ADC
Chl Ch2
q
Impulsive - .
Vertical Vertical
Source Geophone Q_ Geophone
S i AL
» ! -!“—/2-——1-!
|_' x x(variable)
— B
(a) General Configuration of SASW Tests
¢ Distance,
-24 -16 -8 | 8 6 24 |P!
T L] T T . ] T I I T T T T T T
v |
| _
7 Geophone VJL* 2
¥ Source \Aviva
viv ¥ o
B A 4
i R—
t o U 9 8
Z [V, ¥
1 g g 16

(b) Common Receivers Midpoint Geometry

FIGURE 1 Schematic of experimental arrangement for SASW tests.

110 Bl



Nazarian and Stokoe

with frequency (wavelength) is known as dispersion,
and a plot of velocity versus wavelength is called a
dispersion curve. The dispersion curve is con-
structed based on data collected in the field.

Inversion of the R-wave dispersion curve is the
procedure of determining the actual propagation ve-
locities at different depths from the dispersion
curve., Inversion consists of determination of the
depth and shear wave velocity of each layer from the
R-wave veloclty versus wavelength data. Inversion is
the most important stage in determining a meaningful
profile by the SASW method, and inversion 1is dis-
cussed in detail herein.

Crosshole Seismic Test

A second seismic test--the crosshole test--was used
in the field to develop independently modulus pro-
files to compare with the SASW results. The basic
concept of the crosshole test involves measurement
of body waves (compression and shear) propagating
along horizontal travel paths at different depths in
the medium. Propagation velocities at these depths
are calculated once travel times and distances have
been measured. By means of elastic theory, moduli of
each layer are then evaluated. The thicknesses of
the layers are determined from the borings used in
the crosshole test.

A schematic of the crosshole testing procedure
used at the pavement sites 1s shown in Figure 2. The
borehole array at each site consisted of three bore-
holes arranged in a linear array with approximately
3.5-ft spacing between adjacent boreholes. Each
borehole was advanced to the appropriate measurement
depth by using solid-stem augers. At each testing
depth the drilling operation was stopped and the
source was placed in the bottom of one hole. The re-
ceivers were located at the same depth in the other
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holes. A vertical impulse, which simultaneously ac-
tivated the recording device, was then applied to
the source. The impulse was detected by receivers in
the other holes as the body waves passed. The source
consisted of a sampling tube attached to a 1l-in.-
diameter rod. A vertical velocity transducer secured
to the rod just above the sampling tube served as
the trigger for the recording device. The receivers
consisted of three-dimensional velocity transducers.

A typical record detected with the vertical geo-
phone at a distance of 3.5 ft from the source is
shown in Figure 3a. The upper portion of the fiqure
is the impulse monitored by the source geophone. A
time delay was used at the beginning of the record
so that the triggering point could be easily dis-
tinguished (marked as I on the record). The 1lower
part of the figure shows the record of body waves
monitored by the vertical geophone. The direct P-
and S-wave arrivals are marked by P and S, respec-
tively. Shear and compressional travel times are
simply the time differences between point I and

points S or P, respectively. Although P-wave veloc-
ity can be identified on this record, it 1is pre-

ferred that this velocity be determined from a rec-
ord obtained by using a transducer that is oriented
in the direction of propagation (i.e., a radial,
horizontal geophone). A typical travel time record
monitored with a radial, horizontal geophone is
shown in Figure 3b. The triggering time and direct
arrival of the P-wave are marked as I and P, respec-
tively. The amplitude on the travel time record of
the P-wave is larger and easier to identify in Fig-
ure 3b than in Figure 3a because of the proper ori-
entation of the recelver.

Propagation velocity is determined simply by di-
viding the distance between the source and receiver
by the travel time over this distance. Moduli and
Poisson's ratio are then determined according to
elastic theory as
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¢ = (Vovs (2)
E = (21/9)Vg (1L + V) = (v/a)Vp

x {1+ v (L-29)1/(1 - v} (3)
M= (v/9)Vp (4)
v = [0.5(Vp/Vg)? - 11/1(Vp/Vg)? - 1] (5)
where

Vp = compression wave velocity,
Ve = shear wave velocity,

g = shear modulus,

E = Young's modulus or modulus of elasticity,
M = constrained modulus,

Y total unit weight of the material,

aq aravitational acceleration, and

v = Polsson's ratio.

Values of these parameters determined from seismic
measurements represent the material behavior at
small shearing straing, that is, strains less than
0.001 percent (7). In this strain range material be-
havior, particularly subgrade material, is typically
independent of strain amplitude.

A typical example of the variation in E with nor-
mal strain (e) for subgrade is shown in Figure 4.
An undisturbed sample of unsaturated clay from San
Antonio, Texas, was tested by using the resonant
column method (8). The variation in E with log ¢
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FIGURE 4 Effect of axial strain amplitude on Young’s
modulus of an unsaturated clay subgrade.

at several confining pressures is shown in Figure
4a. It is evident that, below strains of about 0.001
percent, E is constant and independent of strain at
each pressure,

The effect of straln on modulus is easily seen by
plotting the varlation of normalized modulus
(E/Epayx) Wwith log e, as shown in Figure 4b. 1In
Figure 4b, Ep., is taken as the maximum value of
Young's modulus at each confining pressure and is
often termed the low-amplitude modulus or elastic
modulus. Note that Young's modulus is constant below
a strain of about 0.001 percent and is equal to
Epax+ As such, any seismic measurement in which
modulus is measured at strains below about 0,001
percent results in measurement of a strain-
independent modulus (Epay). This is a beneficial
characteristic of seismic measurements in that d4dif-
ferent techniques, if properly performed, result in
essentially the same value of modulus, Epzx. In
addition, if a normalized modulus versus strain
curve such as that shown in Figure 4b is available
for the material, then the reduced modulus in the
nonlinear range can be determined once Epy,, has
been measured seismically.

EXPERIMENTS ON RIGID AIRPORT PAVEMENTS

The SASW method was used at two sites in the apron
area of Tyndall Air Force Base (AFB) near Panama
City, Florida, in June 1983. The method was used to
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determine the variation of in situ shear wave veloc-
ity and Young's modulus with depth for two pavement
systems. In conjunction with SASW testing, crosshole
tests were also performed as previously described.
The crosshole tests were conducted so that Young's
modulus profiles could be compared with those deter-
mined by SASW tests at each site.

Location

Two sites were tested in the apron area at Tyndall
AFB. An overview of the sites and the test locations
is shown in Figure 5. The apron consists of two dif-
ferent pavement sections constructed at different
times. Slabs A and B in Fiqure 5 correspond to old
and new pavements, respectively.

The o0ld pavement, which was constructed during
the World War II era, consists of approximately 6
in. of unreinforced concrete underlain by sand. The
dimensions of individual slabs in this area are 10
ft by 15.5 ft. The new pavement, which was con-
structed recently, consists of approximately 10 in.
of unreinforced concrete underlain by approximately
4 in. of cement-treated base and then natural sand.
This area is divided by sawed joints into slabs
about 14,5 ft wide and 25.5 ft long. No significant
cracking was evident within the slabs tested at
either location.

Procedure

The testing procedure (shown in Figure 1) was car-
ried out at each site. Vertical geophones with a
natural frequency of 4.5 Hz were used. Also, a
series of back-up data was collected at each site by
using geophones with a natural frequency of 2 Hz. In
the case of the old pavement, geophone spacings of
1, 2, 4, 8, 14, and 24 ft were used. The closer
spacings were used to sample near-surface material,
and the larger spacings were used to sample deeper
materials. As shallower depths correspond to higher
frequencies, a frequency range of 0 to 12,800 Hz was
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selected for the geophone spacing of 1 ft. The upper
limit of this frequency range was then decreased as
the spacing increased to a final limit of 400 Hz at
the 24-ft spacing.

Geophone spacings used on the new pavement were
1, 2, 4, 8, 16, and 32 ft, and the frequency limits
were similar to those used at the old pavement. Dif-
ferent sources were also used with different geo-
phone spacings. At close spacings (1 and 2 ft), a
small chisel and hammer were used. A claw hammer was
used for a spacing of 4 ft, and a 15-1b sledge ham-
mer was used for spacings equal to or greater than 8
ft.

At each site the 1last receiver spacing was
greater than the length of the slab, and the geo-
phones were located across joints. These joints had
a minor effect on the measurements because of the
low frequencies (long wavelengths) measured with
this spacing. As such, the wavelengths were signifi-
cantly longer than the depth of the joints, causing
negligible disturbance in the wavepath.

Construction of Dispersion Curves

A spectral analyzer was used to record and analyze
outputs from the two receivers. After each travel
time record from the receivers was captured in the
time domain, the signals were transformed into the
frequency domain and spectral analyses were per-
formed. The portions of the spectral analyses of in-
terest in SASW testing are the phase information of
cross-power spectrum and the coherence function. The
coherence function is an indicator of the amount of
random background noise at each frequency that is
interfering with the actual impact. The coherence is
a real-valued function analogous to a signal-to-
noise ratio and ranges between zero and one. A co-
herence of unity at a given frequency can generally
be translated into complete elimination of undesir-
able background noise and total correlation between
the signals detected by the two receivers if it is
based on the average of several impacts. The phase
information of the cross-power spectrum is indica-
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tive of the relative phase difference between sig-
nals at each frequency in the range of the measured
frequencies.

A typical coherence function and phase informa-
tion from the cross~power spectrum are shown in Fig-
ure 6. From the coherence function, the range of
frequencies that should be initially considered in
data reduction is chosen. For each frequency in this
range the phase shift associated with that frequency
is determined by using the phase of cross-power
spectrum (Figure 6b). A phase shift equal to 360 de-
grees corresponds to a travel time equal to one
period. As such, the travel time of the Rayleigh
wave within the distance between the two receivers
for a given frequency (f) can be calculated from

t = (¢/360) ° T (6)
where

t = travel time of the Rayleigh wave,

¢ = phase shift, and

T 1/f = period corresponding to the given
frequency (f).

As the distance (X) between the geophones is
known, the Rayleigh wave velocity (Vg) for the
known frequency (f) is equal to

VR = X/t (7)

The wavelength (Ly) associated with frequency
(f) is

Ly = VR/f (8)

By repeating this procedure for other frequencies on
each record, a number of data points (representing
R-wave velocity versus wavelength) are obtained,
from which the dispersion curve is constructed. A
numerical example that uses Equations 6-8 to find
the R-wave velocity at one wavelength (frequency) is
shown in Figure 6c.,

On the basis of studies at several soil sites,
Heisey et al. (3) suggested that the distance be-
tween receivers (X) should be less than two wave-
lengths and more than one-third of a wavelength.
Based on these criteria, any point with a wavelength
less than half of the geophone spacing or more than
three times the distance between the geophones is
eliminated from construction of the dispersion
curve. Fortunately, portions of the dispersion curve
from different receiver spacings partially overlap,
and the final dispersion curve is continuous.

Dispersion curves from the old and new pavement
sections are shown 1n Figures 7a and 7b, respec-
tively. Scatter in the first few feet of wavelengths
is basically because of scaling of the figure. In
other words, the scale of the wavelength axis is so
large that the data points appear to form horizontal
lines. To demonstrate the actual distribution of
points, two portions of the dispersion curve for the
old pavement (Figure 7a) are shown in Figure 8. Dif-
ferent branches of the dispersion curve can be eas-
ily distinguished. These branches represent differ-
ent modes of Rayleigh waves (3). These modes could
not be detected clearly in the earlier work (3) be-
cause only a few data points from each cross-power
spectrum were picked manually. In the past year con-
struction of dispersion curves has been fully auto-
mated. As such, all data points on the digitized
records of the cross-power spectrums (which are
within the filter criteria) are used. This results
in a comprehensive dispersion curve that consists of
thousands of data points, as opposed tc 2 few hun-
dred points in the past.

Inversion of Dispersion Curve

Inversion of the dispersion curve (or simply inver-
sion) is the process of determining the layer thick-
nesses and shear wave velocity profile from the dis-
persion curve. The most crude type of inversion that
has been used for many years 1s to assume that the
sampling depth is equal to one-half to one-third of
the wavelength and the shear wave velocity is equal
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to 1.1 times the Rayleigh wave velocity (3,8). In
other words, simply multiply the scale of the wave-
length axis by one-half or one-third and the scale
of Rayleigh wave velocity axis by approximately 1,1
to obtain the S-wave velocity profile. Existence of
a layer that has a significantly higher or lower ve-
locity at the surface of the medium affects measure-
ment of the velocities of the underlying layers. As
such, R-wave velocities determined by this method
are not actual velocities of the layers but are ap-
parent R-wave velocities, Naturally, the shear wave
velocity profile determined by this method is in
error. However, in a layered medium in which no sig-
nificant contrast in velocities exists, the apparent
and actual R-wave velocities are approximately equal.

Nazarian et al. (4) presented an approximate in-
version process., In this process the depths of the
layers were assumed to be equal to one-third of the
wavelength. Based on Haskell's (10) matrix for elas-
tic surface waves in a layered media and assuming
that the apparent and actual R-wave velocities of
the top layer are equal, the S-wave velocity profile
was constructed from the top to the bottom se-
quentially.

The new inversion process is rigorous, and all
simplifying assumptions made in other techniques
(such as sampling depth) are eliminated. The only
assumptions are that

1. The layers are horizontal, and thus if any
dipping layers exist in the profile the average
property of those layers are determined, and

2. The layers are laterally homogeneous over the
geophone spacing and are linearly elastic.

The inversion process is based on a modified ver-
sion of Haskell's (10) and Thompson's (1ll) matrix
for elastic surface waves in a multilayered solid
media. In this process shear wave velocities of dif-
ferent layers are assumed and a theoretical disper-
sion curve, based on this profile, is generated.
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Poisson's ratios and mass densities are assumed.
However, Grant and West (9) and Ewing et al. (12)
indicate that the effect of these two parameters on
the process of inversion is not significant (es-
pecially in the case of pavement materials and soil
layers in which these two parameters have reasonably
narrow ranges). This theoretical curve is then com-
pared with the experimental dispersion curve con-
structed from field data. If the two curves agree
reasonably well, the shear wave velocity profile is
obtained. If the two curves do not match, velocities
of the layers are changed, and a new theoretical
curve is generated and compared. This iterative
process is continued until the two curves (theoreti-
cal and experimental dispersion curves) match. It
should be mentioned that, as an initial trial, use
of the first crude inversion process is advised (es-
pecially for soil sites).

To illustrate the matching process, the disper-
sion curves from the first 8 ft of the old pavement
section (Figure 8) are compared in Figure 9 with the
theoretical dispersion curves generated with the in-
version algorithm. Symbols U and L represent the up-
per and lower boundaries, respectively, of possible
locations of a theoretical data point in the fig-
ures. Upper and lower boundaries are displayed (as
opposed to a mean value) so that the resolution of
the theoretical solution can be interpreted. The
symbol O is used to show a perfect match, and the
symbol X is used to represent a point where the up-
per and lower boundaries overlap. As can be seen in
Figure 9, the trends in the experimental data follow
the theoretical dispersion curves quite closely. At
this site the scatter in experimental data was un-
usually high for unknown reasons., However, the
trends are still predicted closely. It is estimated
that the accuracy with which R-wave velocities were
measured and the use of the inversion process to-
gether cause less than a $10 percent error in
shear wave velocities reported herein,
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FIGURE 9 Comparison of theoretical and measured portions of dispersion curves from old pavement

section.
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FIGURE 10 Material profile at each test section.

Presentation of Results

As mentioned, two types of seismic tests were per-
formed at the runway sites., With the SASW test,
shear wave velocity profiles were first determined.
Shear wave velocity and compression wave velocity
profiles were obtained with the crosshole test. By
knowing shear and compression wave velocities from
the crosshole test, values of Poisson's ratio were
calculated by using Equation 5.
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Soil profiles under the old and new pavements are
shown in Figures 10a and 10b, respectively. From the
borings for the crosshole tests, the old section was
determined to consist of 6 in. of concrete underlain
by approximately 4.5 ft of loose gray sand and then
dense sand. The material profile at the new pavement
section was made up of 10 in. of concrete underlain
by approximately 14 in., of cement-stabilized base,
which was followed by loose sand underlain by dense
sand.

The shear wave velocity profiles of the two sec-
tions are shown in Figures 11 and 12. A total of 16
layers was selected in the first 9 ft of the profile
to analyze (in the inversion process) the old pave-
ment (Figure 1lla). The layer thicknesses became pro-
gressively thicker with depth, as the properties of
the near-surface materials were most important in
this study. The number of layers selected to analyze
the new pavement was 18 layers, as shown in Figure
l2a. No other NDT method has the ability to enable
the user to choose such a fine layering or to have
such accuracy.

Also shown in Fiqures 11 and 12 are the shear
wave velocities determined by the crosshole method.
In stiff material such as concrete, the crosshole
test can have the drawback of not generating mea-
surable shear waves, as was the case in this study.
However, the compression wave velocity was obtained
very accurately., As such, shear wave velocities de-
termined by the crosshole test in the concrete and
the near-surface base material were back-calculated
from P-wave velocities assuming Poisson's ratios of
0.15 and 0.25, respectively.

The shear wave velocity profiles shown in Figures
11 and 12 are in excellent agreement., Shear wave ve-
locities from the two methods for the old and new
pavement sections are given in Tables 1 and 2, re-
spectively. The average difference between veloci-
ties determined by the crosshole and SASW methods is
10 percent at the old pavement and 12 percent at the
new pavement.,

0 LA R LA | T T ™ T -(-
] - =
L]
2 "™ — SASH =
® (Crosshole Using Compression Wave
e Crosshole Using Shear Wave
3—'. -

Depth, ft
o
|

il £ 4 Ik | I
108 107
Young's Modulus, psi

c) Young's Modulus Profiles

FIGURE 11 Comparison of shear wave velocities and Young’s moduli from crosshole and SASW methods

at old pavement section.
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TABLE 1 Comparison of Wave Velocities from Crosshole Seismic and SASW Tests on Old
Pavement Section

Shear Wave Velocity Range Ofr- Poisson's Ratio " i
Compressiont Wave ssume
Depth R:&gnf SASH Veloci]ty from 5 from’r] . - uUm‘:t
t Crosshole Tests rosshole Ssumes eig
(ft) Crg:::«sne Tests (fpc) Tests (pef)
(1) (2) (3) (4) (8) (6) (7)
0.3 - 7950 11460-13740 & z15 145
[12800]
1.0 =% 640 1100-1330 - 33 110
[1210]
15 436-523 580 1000-1325 .38 - .4 .33 110
[484] [1145] [.39]
2.0 476-538 580 1000-1025 .30 - .36 .33 no
[507] [o2] [:33]
3.0 538-561 570 875-1022 .20 - .28 w33 110
{548] [949] [.24]
4.0 695 700 1311 .30 .33 110
5.0 928 990 55714 .47 .49 110
7.0 896-1009 890 5581-5708% .49 .49 110
[952] [5620]
9.0 870-954 890 5282-5531% .49 .49 110
[912] [54061
* Inconclusive data

+ Numbers in brackets are the average values
# As the soil is saturated, reported compression wave velocities basically represent wave velocities

in water
¥ SASW ana

not the soil skeleton

fysis performed before crosshole data analyzed, therefore Column 5 differs from Column 6

10
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TABLE 2 Comparison of Wave Velocities from Crosshole Seismic and SASW Tests on New

Pavement Section

Shear Wave Velocity Range q: Poisson's Ratio A .
Compression™ Wave = S sume:
Depth gange SASH Velocity from fromt Unit
(ft) ¢ J:Tw1e* Tests Crosshole Tests Crosshole Assumed' Welght
rTe:ts (fpc) Tests (pcf)
(1) (2) (3) (4) (5) (6) (7)
0.5 = 8750 12160-13770 -t 15 145
[12736]
1.0 ¥ 2290 3720 * 15 145
143 == 2110 3248 =* .25 125
1.5 il 2080 3225 <X .25 125
2.0 -* 1010 1046-1545 -* 25 125
[1221]
2.5 595 1010 1182 33 33 110
3.0 496 950 12N .24 .33 10
4.0 608-609 560 954-1121 J2 - .29 .33 110
[608] [1038] [.20]
5.0 470-511 560 870-958 .27 - .30 .33 110
[496]
6.0 833-933 780 833-933# .49 .49 110
[883]
7.0 783-854 780 4897-5029 # .49 .49 110
[818] [4963]
10.0 783-816 837 5262-5123# .49 .49 110
[799]

* Inconclusive data

* Numbers in brackets are the average values

# As the soil is saturated, reported compression wave velocities basically represent wave velocities

in water, not the soll skeleton

v SASW analysis performed before crosshole data analyzed, therefore Column 5 different from Column 6

Determination of Elastic Moduli

Once the propagation velocities of each layer have
been determined, Young's moduli and shear moduli can
be easily calculated. In the case of the SASW
method, the shear wave velocities are determined
from which shear moduli (G) are calculated by using
Equation 2. Young's modulus and shear modulus are

related through Poisson's ratio by

E = 2(1 + v)G

of the Rayleigh wave can now be detected, serving as
a multiple check on the accuracy of the data re-
duction,

A new, rigorous inversion process has been devel-
oped that eliminates all significant simplifying as-
sumptions used in the past. This new inversion pro-
cess was applied to data collected at two airport
runway sites, Young's modulus profiles obtained by
the SASW method illustrate the power of this method
in determining fine layering in the pavement section
(9) with excellent accuracy. Also, Young's modulus pro-
files agreed closely with those determined by the
well-established crosshole seismic method.

In crosshole tests both shear and compression wave
velocities are determined. Therefore, Young's mod-
ulus can be calculated from either Equation 3 or 5.
Young's modulus profiles from the old and new
pavements are shown in Figures 11 and 12, respec-
tively. The profiles obtained from the crosshole and
SASW tests are in good agreement, except in the
range of 2 to 3 ft, over which some scatter exists.
The assumed mass densities and Poisson's ratios and
calculated Young's moduli are presented in Tables 3
and 4. The excellent agreement between the profiles
from these two independent testing techniques illus-
trates the value and versatility of the SASW method.

SUMMARY AND CONCLUSIONS

Nondestructive testing of rigid pavement with the
SASW method is discussed. This method has been under
continuous development during the past few years.
Construction of dispersion curves from data col-
lected in situ is fully automated, resulting in a
comprehensive dispersion curve consisting of thou-
sands of data points. As a result, different modes

In the aspect of automation, the SASW technique
is still in research and development stages. Once
the system is automated, it would be just as fast to
perform a test in situ with this method as any other
NDT method carried out today. In addition, the
method has the advantage of developing a unique pro-
file and determining layer thicknesses with great
accuracy.
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TABLE 3 Comparison of Young’s Moduli from Crosshole Seismic and SASW Tests on Old Pavement

Section
Young's Modulus (psi) Difference (percent)
Crosshole . .
Depth SASW Using Compression® Using Sheart —Q—E-F) Q-E-;ﬂ
Wave Velocity Wave Velocity
(ft) {range) (range) (range) (range)
) (2) (3) (8) (5) (6)
0.3 4.55 x 10° (4.11-5.90) x 10° -* 9.7 - 29.7 -
[5.14 x 10 [13.1]
1.0 2.6 x 10" (1.95-2.84) % R 7.0 - 25.0 R
[2.35 x 10"] [9.6]
15 2.13 x 10" (1.60- 2 81) )&10" (1.26-1.83) X, 10 9.0 - 24.9 14.1 - 40.8
[2.13 x 10"] [1.56 x 10"] [0.0] [26.9]
2.0 2.13 x 10" (1.60-1.68) &10 (1.46-1.79) x 10* 1.1 - 24.9 16.0 - 31.5
[1.64 x 10"} [1.63 x 10"] [23.0] [23.5]
3.0 2.06 x 10" (1.23-1.67) )5‘10“ (1.63-1,91) X, 18.9 - 40.3 7.3 - 20.9
[1.45 x 10"] [1.77 x 10") [29.6] [14.1]
4.0 3.13 % 10“ 2.75 x 10" 2.98 x 10" 12 4.8
5.0 6.91 x 10" -# 6.01 x 'IO“ - # 13.0
7.0 5.62 x 10" -1 (5.68-7.09) x 10" “ 3 1.1 - 26.2
[6.39 x 10"] [13.7]
9.0 5.62 x 10“ - (5.35-6.39) x“10“ - # 4.8 - 13.7
[5.87 x 10°] [4.4]

* Inconclusive data
+ Numbers in brackets are the average values
# As the soil is saturated, reported compression wave velocities basically represent wave velocities in

water, not the soil skeleton

TABLE 4 Comparison of Young’s Moduli from Crosshole Seismic and SASW Tests on New Pavement

Section
Young's Modulus (psi) Difference (percent)
Crosshole s R
Depth SASH Using Compressiont Using Shear® -@E-Fl 12—&#’-
Wave Velocity Wave Velocity
(ft) (range) (range) (range) (range)
(1) (2) (3) (4) (5)
0.5 5.51 x 10° (4.62-5.93) x 10° * 7.6 - 16.2 %
[5.09 x 10°] {7.71
1.0 3.55 x 10° 3.73x10° - 5.1 -*
1.3 3.00 x 10° 2.37 x 10° -x 21.4 -*
1.5 2.93 x 10° 2.8 x 10° - 4.4 -
2.0 6.42 x 10" (2,46-5.36) 4‘10 - 61.7 - 16.5 -
13.47 x [45.9]
2.5 6.42 x 10" 2.24 x 10" 2.23 x 10" 65.1 65.3
3.0 2.83 x 10 2.59 x 10* 1.58 x 10" 8.5 4.2
4.0 1.99 x 10" (1.46-2.01) y 10" (1.96-2. z7) 4‘10 26.1 - 1.0 1.51 - 14.]
[1.74 x 10") [2.72 x 1 [17.8] ’
5.0 1.99 x 10" (1.21-1.47) x 10" (3 391 ol) 5,30 26.1 - 39.2 19.1 - 30.2
[1.34 x 10] 0. 1043 [32.7] [24.6]
6.0 4.30 x 10" -4 (4.91-6.15) 4,10 -# 13.4 - 42,0
[5.53 x 10 [27.7]
7.0 4.30 x 10" -4 (4.33-5.12) x 10" 0.7 - 19.1
[4.73 x 10"‘] ol [9.9]
10.0 5.11 x 10 -# (4.33-4.70) x 10" -4 15.3 - 7.8
[4.52 x 10'] [11.6]

* Inconclusive data
# As the soil is satruated, reported compression wave velocities basically represent wave velocitiés in
water, not the soil skeleton

+ Numbers in brackets

are the average values
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