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Abstract: A multimodal approach to nondestructive seismic pavement testing is described. The presented approach is based on multi
channel analysis of all types of seismic waves propagating along the surface of the pavement. The multichannel data acquisition methc
is replaced by multichannel simulation with one receiver. This method uses only one accelerometer-receiver and a light hammer-sourc
to generate a synthetic receiver array. This data acquisition technique is made possible through careful triggering of the source and resu
in such simplification of the technique that it is made generally available. Multiple dispersion curves are automatically and objectively
extracted using the multichannel analysis of surface waves processing scheme, which is described. Resulting dispersion curves in the hi
frequency range match with theoretical Lamb waves in a free plate. At lower frequencies there are several branches of dispersion curve
corresponding to the lower layers of different stiffness in the pavement system. The observed behavior of multimodal dispersion curves
is in agreement with theory, which has been validated through both numerical modeling and the transfer matrix method, by solving for
complex wave numbers.
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Introduction proach(Van der Pol 195], with the limitation that only one phase

Mechanistic and analytical models are the basis of modern pave-Velocity can be evaluated at each frequency. SASW measure-
ment design. A prerequisite for using these models is that materialments have been continuously enhanced and have proved to be
properties, such as Young's modul(&modulug and Poisson’s useful for pavement testingNazarian 1984; Aouad 1993; Naz-
ratio (1)), can be measured and validated in the field. Seismic arian et al. 199P However, several writers have reported on limi-
nondestructive testing of pavements is of particular interest be-tations and difficulties related to surface wave measurements
cause of its ability to measure fundamental low strain physical based on the two-receiver approach, especially at pavement sites.
properties, i.e., seismic velocities, by affecting a representative Most of these difficulties are reported to originate from the influ-
volume of the material in a nondestructive manner. Surface waveence of higher modes of propagatighiltunen and Woods 1990;
testing utilizes the dispersive nature of surface waves in a layeredRix et al. 1991; Al-Hunaidi 1992; Tokimatsu et al. 1992; Stokoe
medium to evaluate elastic stiffness properties of the different et al. 1994; Al-Hunaidi and Rainer 1995; Ganiji et al. 1998; Ryden
layers. The complete procedure can be divided into three phases1999. Several researchers have also proposed on a variety of
(1) data collection at the surfac€) evaluation of the experimen-  alternatives to handle the influence of higher mod®anchez-

tal dispersion curve; an@®) evaluation of the shear wave velocity ~ Salinero et al. 1987; Gucunski and Woods 1992; Al-Hunaidi
(Vs) with depth profile from the experimental dispersion curve, 1998; Ganji et al. 1998; Gucunski et al. 2004ll these proposed

i.e., inversion. alternatives improved the overall performance of the seismic sur-
The most established surface wave approach, the spectraface wave testing method based on the two-receiver approach.
analysis of surface way&ASW) method(Heisey et al. 198 is However, the limitation remains that only one phase velocity can

based on evaluation of phase velocity measurements between twge evaluated at each frequency. The SASW method cannot sepa-
receivers. This method is faster than the earlier steady state aprate different modes of propagation over a pavement system and
thus measures a superposition of all propagating waves at the
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2001, and the multichannel simulation with one receiver
(MSOR) method(Ryden et al. 200)1of data acquisition. The na-
ture of multimode dispersion curves in a pavement system is first
studied from a theoretical point of view. Key aspects of the field
procedure MSOR and the MASW processing technique are pre-
sented to describe how multimode dispersion curves can be ex-
tracted from multichannel data. Finally the proposed approach is
described along with a case study.

Wave Propagation in Pavement Systems

In surface wave testing of pavements, the experimental dispersion
curve is often interpreted to represent Rayleigh waves. However,
free Rayleigh waves can only propagate at phase velocities slower
than the shear wave velocity of the half-spd@&rower 1965.
Phase velocities violating this condition are leaking modes and
are not free surface wavéBuchen and Ben-Hador 1996These
leaking modes are all guided plate waves formed by the super-
position of reflected compressi@R) and sheatS) waves within
each layer. Thus, the Rayleigh wave is only one of several types
of guided dispersive waves propagating in a pavement structure
that may be measured at the surface and used for material char-
acterization.

Early work with the steady state method applied to pavements
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Fig. 1. () Lamb wave dispersion curves in free plate(lbp, particle
motion is illustrated for pure form of different type of Lamb waves.

showed that measured phase velocities in the high frequency.
range corresponds to the fundamental mode of antisymmetric
(A0) Lamb wave propagation in a free plgt®nes 1955; Vidale
1964; Jones and Thrower 196Martincek (1994 verified that

ness properties are given Bg andVp . Using the angular fre-

the Lamb wave solution was valid from the shortest measurable dUe€Ncy (@=2mf), and the wave numberkEw/c), a root

wavelengths up to wavelengths of six to seven times the thickness
of the top layer. Early studies also reported on more than one
phase velocity propagating at certain frequendiésn der Pol
1951; Jones 1955; Heukelom and Foster 1986t&reby indicating

the presence of higher modes of propagation. In the work by
Jones(1962 and Vidale(1964) it was theoretically revealed that
dispersion curves from pavement sites are not continuous with
frequency or wavelength, also pointed out by Yuan and Nazarian

S

earching technique has to be used to calculate dispersion curves
for a given plate(Graff 1979. In Fig. 1(a) the symmetrical and
antisymmetrical modes of wave propagation has been derived
from Eq. (1) with a Vs/Vp ratio corresponding to a Poisson’s
ratio of 0.35, given by

_ Oan /Vs)z_ l

VT T (VeIVe2—1 ()

(1993. Vidale (1964 concluded that there exist as many branches It should be noted that the phase velocity and frequency axes can

of dispersion curves as there are layers in the construction.
In the case of a free plate, Lanih917 derived a dispersion
equation where the quasi-longitudinal wal@ngitudinal wave in

be normalized with respect to the shear wave velocity and the
thickness of the plate for a given Poisson’s ratio. The different
types of wave propagation are indicated on the dispersion curves

plates, the bending wave, and the Rayleigh wave are all included, @nd the fundamental mode particle motion is indicated on the
termed free Lamb waves. Free Lamb waves propagating in thePlate below the dispersion curvgbig. 1(b)]. Higher modes of

plane of a free plate are only possible for certain combinations of Symmetrical and antisymmetrical wave motion develop at their
frequency(f) and phase velocityc) corresponding to standing ~ respective cutoff frequenc§Graff 1979, which is related to the

waves in the thickneséh) direction. Possible combinations are ~Plate thickness. . .
given by the dispersion relation: The theory given above is only valid for a free plate. However

as stated above several researchers have reported that the Lamb
tar( 8 E) wave solution of the top layer only, is valid for a layered pave-

2] ment up to wavelengths of six to seven times the thickness of the
top layer. Theoretical dispersion curves for a layered elastic me-
dium are usually calculated with a matrix formulation based on
wave propagation theory. The most widely used formulation is the
transfer matrix methodThomson 1950; Haskell 1953The deri-

02 vation of the problem and some aspects on numerical implemen-

4opk? 171
(kzsz)z}
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where

a’=——k? 2) tations are discussed in the literatuf8hrower 1965; Dunkin
Ve 1965; Kausel and Roesset 1981; Lowe 19&3d are thus omitted
2 here. The wave number that makes the value of the determinant of
82=V7— k2 (3) the global matrix(assembled from all layer matrixesanish is
S searched for each frequency. Generally only the real part of the

The = sign on the right-hand term of E¢l) represents, symmet-
ric (+), and antisymmetri¢—), type of wave propagation with
respect to the midplane of the plate, see Figp).IMaterial stiff-

wave number K,) that makes the real part of the determinant
vanish is solved in the traditional SASW inversion procedure
(Stokoe et al. 1994
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deploys multiple receivers placed on top of a medium surface

with an equal spacing along a linear survey line. Each receiver is
Fig. 2. Theoretical dispersion curves derived from transfer matrix connected to a common multichannel recording instruniesis-
method by solving for both real and complex part of wave number. mograph where a separate channel is dedicated to recording sig-
Fundamental modes of Lamb waves for free plate with properties asnals from each receiver. The multichannel method is a pattern-
of top layer(from Table 1 are plotted with thicker solid and dotted  recognition method that can delineate the complexity of seismic
lines. characteristics through the coherency measurement in velocity
and attenuation of different types of seismic waves., multi-
modal surface waves, various types of body waves, and a wide
In pavement structures the wave number is only purely real at range of ambient noigeln addition to this advantage in the ef-
phase velocities slower than the shear wave velocity of the half- fectiveness of signal extraction, it also provides a redundancy in
space, representing free Rayleigh wave propagation. At highermeasurement through the field procedure.
phase velocities the wave number contains a small imaginary part A true multichannel survey requires an expensive and bulky
(kj), representing leaky modes. The ratigyiven by multichannel(e.g., 48-channglrecording device and many re-
20k ceivers deployed simultaneously in a small area. However, in
=K ’ (5) seismic pavement testing, where the survey dimension is micro-
r scopic in comparison to the conventional exploration survey, this
represents an extra attenuation factor unique for systems wherevould indicate a formidable survey expense and also an inconve-
the velocity decreases with depth or for a plate in wétédale nient field procedure with many components and complicated
1964. Modes with a small imaginary part of the wave number are wiring deployed in a small area. Instead, the multichannel record-
termed leaky modes because energy is radiated to the couplingng can be simulated with only one receiver and a single-channel
medium in proportion ta (Lowe 1995. Solving for both the real recording device: multichannel simulation with one receiver
and the imaginary part of the wave number is computationally (MSOR) (Ryden et al. 20001 There are two alternative ap-
demanding but cannot be ignored when theoretical dispersionproaches to this simulation. One is to fix the source point and
curves for pavement systems are calculated. move the receiver point consecutively by the same amount of
In Fig. 2 dispersion curves have been calculated from the layerdistance along a preset survey line after obtaining a single-
model in Table 1 by solving for both the real and the imaginary channel measurement at one point. The other approach is to fix
part of the wave number. A theoretical pavement structure studiedthe receiver point and move the source point in the same way
by Vidale (1964 has been used for comparison purposese [Fig. 3@]. Then a simulated multichannel record is constructed
Table 1. Black lines represent poles where<0.2 and gray lines by compiling all individual seismic traces in the acquired order. In
represent poles where>0.2. Asa increases, the wave changes any case, a horizontally traveling seismic wave will appear on the
from propagating to oscillatory motion. The points calculated by record with its arrival pattern following a linear trend whose slope
Vidale (1964 using a different matrix formulation are presented gives the velocity of the wavéFig. 3(b)]. Either of these two
as solid circles in Fig. 2. It is shown that there exist many differ- alternatives will give a result identical to that obtained through
ent modes of dispersion curves. As indicated in Fig. 2, there arethe true multichannel method provided the following conditions
several asymptotic trends of phase velocities corresponding toare met:
seismic velocities in the theoretical layer mod&hble 1. The 1. There is no significant lateral change in the thickness of each
fundamental modes of symmetricaB() and antisymmetrical layer that is assumed to be homogeneous within the surveyed
(AO0) free Lamb waves are plotted as dotted and solid thicker distance; and
lines to illustrate how higher modes with lower attenuation ( 2. There is no significant inconsistency in triggering.

[0

Table 1. Theoretical Pavement Profile Representing Case EB12 Studied by Vid¥d

Layer Thicknesgm) Poisson'’s ratio Densitykg/nT) Vg (m/s) Vp (m/sg) Vg (M/9)
1 0.2 0.167 2000 1000 1581 906
2 0.4 0.167 2000 419 663 378
3 oo (matrix) 0.450 2000 96 318 91

15.4(fast Lagrangian analysis of continua
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Triggering Cable

Phase Velocity Analysis Scheme

Here, the dispersion analysis scheme as normally adopted in the
MASW method is described. More detailed description can be

Receiver goor:gsltir found in Park et al(1998; 200} A N-channel recordnry is
e defined as an array ™ traces collected by one of the aforemen-

Asphs tioned acquisition methodsmry=r; (i=1,2,...N) with its

sgete T MOV VU . frequency-domain representation MRy () =R;(w)=FFT[r;]
S G SRS . (i=1,2,...N). Then,R;(w) can be written as a product of am-

@ plitude, A;(w), and phaseP;(»), terms:R;(0)=A(»)P;(w).

Trace No. A;(») changes with both offsdt) and angular frequendy) due

T2 3+ e s NINTN to spherical divergence, attenuation, and the source spectrum
characteristicsP;(w) is the term that is determined by phase

—— Offset (X)
?\\}\ velocity (c) of each frequency

~ Pi(w)=e 1%« (6)

\)\\ fif P where

\{\f ®,(w) = 0x Ic=w{x,+(i— 1)dxi/c )

Phase Velocity Consider one specific frequen@.g., 10 kHz of R;(w). Its time-

= dx/dt domain representation will be an array of sinusoid curves of the
same angular frequency, but with different amplitude and phase.
Since the amplitude does not contain any information linked to
phase velocityR;(w) can be normalized without loss of signifi-
cant information

Ri nor{ @) =Ri(®)/|Ri(@)| = Pi(w) ®)

Fig. 4(a shows an array of normalized sinusoid curves for an
arbitrary frequency of 10 kHz propagating at another arbitrary
phase velocity of 1,420 m/s. Sinusoid curves in the figure have
the same phase along a slof®)( of the phase velocity, whereas
In practice, the first assumption is usually met to a sufficient they have a different phase along the slopes of other phase ve-
extent in pavement testing, and the second is related to the precilocities, as indicated in the figure. Therefore, if the curves are
sion of the triggering mechanism. The latter can be readily no- SUmmed together within a finite time lengtb.g., one period
ticed once a compiled record is displayed, and in addition, a re- 8long the slopeS,, then it will give another sinusoid curve of
medial processing technique is available to compensate for thefinite length whose amplitudeA) is N. On the other handis
inconsistency to a certain degréRark et al. 200R Consideringa Wil be smaller tharl if the summation is performed along other
greater difficulty in ensuring a satisfactory coupling between re- Slopes. This principle is the key element of the dispersion analysis
ceiver and medium surface in the case of the receiver-moving @mployed in the MASW method. In practice the summation can
approach, the source-moving approach is utilized in this study. A be performed in a scanning manner along many different slopes
simulated multichannel record is referred to as an MSOR record, SPecified by different phase velocities changing by small incre-
or simply a record. ments(e.g., 5 m/g within a given rangde.g., 100-5,000 m)s

In this study, the data acquisition system was triggered with an The result of each summation as represented by amplitade (
accelerometer attached on the impact source. By using a com-Of summed sinusoid curves can be then displayed in a 2D format
parator circuit the system is triggered at a preselected level of the(i-€., phase _velocity _versuAS). In this 2D sc_:anned curve, the
accelerometer signal. Only one high frequency source, a 0.22 kgPhase velocity that gives the maximum amplitude (.,) will be
carpenter hammer, has been used to cover all frequencies of inthe correct value being sougffig. 4b)]. As illustrated in Fig.
terest. To improve source coupling and the precision of the source#(0), the 2D scanned curve has one main lobe with a peak ampli-
point, a steel spike has been used as a source-coupling device. ARId€As max@nd many side lobes on both sides. Itis the sharpness
accelerometer with a natural resonance frequency of 30 kHz wasOf this main lobe that affects the resolution and accuracy of the
used as the receiver and was attached to the pavement with stickj@halyzed dispersion relationship. In Park et(@001 a detailed
grease. parametric examination of the scanning method on its resolution

The data acquisition system consists of a portable computerin response to change in such parameterdlas, dx ando is
equipped with a PC-card, source, receiver, and external signalPresented. Generally the sharpness of the pegiicreases with
conditioning. This configuration is called the portable seismic ac- N, and this means that more traces will ensure higher resolution in
quisition system(PSAS (Ryden et al. 2002 A PC-card from the determination of a phase velocity. This effect is illustrated in
Measurement Computing, Middleboro, MagBC-CARD DAS- Fig. 4(b) for N values of 2, 20, and 80 trace&g has been nor-
16/16-A0), has been used. This card has a single-channel Samphgﬂalized with respect tdl so that the peak value is one in all three
rate of 200 kSa/s with a 16-bit dynamic range. With the PSAS Cases.
system the MSOR method is implemented efficiently because The aforementioned summation operation can actually be ac-
data are streamed directly to the computer and all impacts can becomplished in the frequency domain
generated with intervals only fractions of a second apart. The A(Cr) = TR, ol @) + €7 192TRy 1o )

PSAS system was developed at the department of Geotechnology, ' '
Lund University, and is further described in Ryden et(2D02.

Time (¢t
o) ()

Fig. 3. (a) Schematics illustrating multichannel simulation with one
receiver survey with fixed receiver and moving sourcebdntrue (or
simulated multichannel record is schematically illustrated.

+'”+e_j8N'TRN,norm((1)) )
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Fig. 4. (a) Synthetic record where single-frequendp kHz component of seismic wave is displayed with phase velocity of 1,420 m/qband
corresponding summed amplitude curves for different number of ti@des

where program utilizes a time-marching method to solve the equation of
motion. The nature of the problem was assumed to be axisym-
metric with a linear elastic material model; i.e., no material damp-
ing was introduced. The upper horizontal axis of the model is free
of any constraint so that surface waves can develop along the
surface. The horizontal bottom and right side of the model has
viscous boundary conditions in order to absorb as much energy as
possible, thereby minimizing reflections from the edges. A finite

difference mesh of cells (800800) was set up. Internally FLAC

8 r=w[{x,+ (i—1)dx}/cq] (10)

This is a phase term that increases with offgkstance (x) and
determined by a testing phase velocity;) within a scanning
range. Ag(ct) is a complex number whose absolute value
(|Ag(cT)|) is the same as the amplitudad) of summed sinusoid
wave in time domain previously explained.

When seismic wave propagation invokes multimodal charac-

teristics (like inclusion of higher modegsor includes different L . )
. ; divides each cell into four triangular subce{lsasca 200D Cell
f lik f Itipl . . .
types of waveslike body and surface waves togethat multiple size (0.00% 0.005 m) was set up following recommendations by

number of phase velocities can exist at the same frequency. This hi dqL 973. Th h d that f
multiphase-velocity case can be treated as a linear superpositioﬂ<u emeyer and Lysmef1973. They showed that for accurate

of individual single-phase-velocity cases. For example, if there Mdeling of wave propagation the cell size should be ten times
exists a fundamental mod#(Q) [Fig. 5a] and one higher mode sr_naller than tht_a Wa_velength modeled. A Ricker wavelet was ap-
(M1) [Fig. 5(b)] at the same frequency with different phase ve- Plied as a velocity history in the upper left corner of the mddel
locities and amplitudes, the measured wavefield then would beZzero offsel. The Ricker wavelet had a 100% bandwidth and a 700
the same as a superpositidfig. 5(c)] of the two separate records Hz center frequency. The pulse is truncated where the envelope
[Figs. 5a) and (b)]. This means that if the phase-velocity scan- falls 60 dB below the peak amplitude. Time s{&g.s) was set up
ning is applied to this multimodal record, the resulting scanned according to the recommendations of Zerwer e{2002.

curve will be the same as a superposit[éilg. 5e)] of the two
individual scanned curvds-ig. 5(d)] obtained from each single-
mode record. Park et a2001) shows that in this case, however,

\ertical acceleration histories on the surface at incremental
offsets(0—8 m from the source were extracted from the FLAC
model. These histories were combined into a multichannel record

the superposition involves a scaling term determined by the rela-as normally results from MSOR measurements. When this record
tive energy partitioning between the two modes. Therefore, two js analyzed by the scanning method and the scanned results are
main lobes appear with different peak amplitudes. This is addi- displayed in a 3D format, the pattern of main lobes creates a gray
tional information that would be critical for the study of energy scale image of dispersion curvég. 6). This type of display will
partitioning between different modes or different types of seismic e informative for identifying different mode®r types of seis-
waves along the survey line. To identify dispersion curves, all 2D i waves.

curves at different frequencies are assembled to a 3D image  tpere gre several branches of dispersion curves visible in Fig.
showing the energy .dIS.tI‘IbUtIOI’I as a function .Of phase yelomty 6. As expected, almost all branches and modes of dispersion
:zqdplfgaicr]]utir;cz.e;l('thlssegstiéllnustrated with a numerical modeling ex- curves match with dispersion curves derived with the matrix for-

' mulation (solving for complex wave numbergcompare Fig. 6
with Fig. 2). This theoretically confirms the ability of the pre-
sented phase velocity analysis scheme to delineate multiple dis-
persion curves from a pavement site, provided a multichannel

A numerical example is presented to show that the phase velocity"®Cord has been measured or simulated with the MSOR tech-
analysis scheme can delineate multiple wave propagation moded!ique. Dispersion curves corresponding to free Lamb waves cal-
in pavements. For comparison purposes we study the same theoculated from the properties of the top layer only are also plotted
retical layer model presented earlier and used by Vida864 in the dispersion curve image. This illustrates how the overall
(Table 1. trend of all branches follow thA0 Lamb wave dispersion curve
The computer code FLACfast Lagrangian analysis of con- of the top layer only. It should also be noted that the image of
tinua) (Itasca 200Dhas been used in the numerical study. FLAC dispersion curves is obtained automatically and objectively from
is a commercially available 2D explicit finite difference code. The the multichannel record without going through any filtering of

Numerical Test
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Fig. 5. Synthetic records that model single-frequeiit§ kHz componenta) of fundamental modeM 0) with phase velocity of 1,420 m/&))
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near and far field effects and without problems of phase unwrap-

: Dispersion curve image
ping. 2000 ~§ : : si‘ — AO top layer
1800 % ﬁ. ---- S0 top layer
Field Test 1e00c M kT \
21400 A
MSOR measurements were conducted at the Denmark Technical £ 1
University (DTU) at the testing facility for the Danish Road Test- %1200 '
ing Machine. Several full-scale pavement constructions have been 2 ;440 i,
built and tested here in an enclosed climate controlled chamber = | = & S N e s
(Zhang and Macdonald 20R1The complete pavement construc- o R
tion inside the testing facility is 20 m long, 2.5 m wide, and 2 m T s00
thick. This test site was chosen to obtain the best possible con- 400
trolled environment where temperature and layering are well de-
fined. The given layering at the DTU test site is presented in Table 200

2. 1000 2000 3000 4000 5000 6000 7000 8000
Following the MSOR method, one accelerometer was located Frequency (Hz)

at zero offset. The PSAS was set to 200 kHz sample rate. While

keeping the accelerometer at zero offset and by changing the im-

pact points of the hammer from offset 0.025 to 2.0 m with

0.025 m impact separation, data were collected with 40 ms record

Fig. 6. Frequency-phase velocity image, created from presented
phase velocity analysis scheme and synthetic data obtained from
numerical modeling of pavement profile in Table 1
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Table 2. Layering at Denmark Technical University Test Site

Layer Thicknesgm)
Asphalt 1(high porosity 0.036
Asphalt 2(low porosity) 0.084
Base(granular material 0.140
Subgrad€clay till) 1.376
Drainage layefsand 0.181
Concrete 0.250
Natural soil ~10.000

Log Amplitude

length using the equipment described earlier. At each offset five
impacts were made with the spike kept in a fixed position. The
asphalt temperature was 20°C. g

The resulting multichannel record in offset-time domain is pre- ; Offset (m)
sented in Fig. 7. Each trace represents a stack of the last four
signals from each impact poiribffset. The first stroke at each
impact point is only used to stabilize the source point. The main g g 3D amplitude spectrum from recorded data at Denmark
wave fronts seen in Fig. 7 are low frequen@pout 1 kHz sur- Technical University test site
face waves. Fig. 8 shows the corresponding amplitude spectrum
of the complete multichannel record. Beyond 0.7 m offset there is
no significant energy at high frequencigs5 kHz).

As an intermediate step toward the transformation to the 3D
frequency-phase velocity image, the multichannel record in Fig. 7
is plotted in single frequency format at 5,800 Hzg. 9a)]. At
this frequency two main patterriphase velocitigscan be iden-
tified, indicated with straight lines in the figure. From the offset
(horizontal axi$ and the timgvertical axig the phase velocity of
each line(pattern is calculated to 1,338 and 2,705 m/s, respec-
tively. It should be observed that although the energy above 5 kHz
is very low at far offsetd>0.7 m) in the amplitude spectrum
presented in Fig. 8, there is still a coherent phase velocity pattern
in Fig. 9a) extending all the way to 2.0 m offset when the data is
plotted in multichannel format. If there were only random noise in
this frequency range at offsets larger than 0.7 m there should not
be any coherency in the phase velocity pattern. Applying the pre- G= pvg (11)
sented phase velocity analysis scheme at the same frequenc
clearly identifies the two-phase velocitigsig. 9b)].

Frequency (Hz)

In Fig. 10 the full record is automatically transformed to the
frequency-phase velocity domain by using the presented phase
velocity scheme of the MASW wavefield transformation method
(Park et al. 1998, 2001 The phase velocity image shows phase
velocity dispersion up to 28 kHz above which the surface waves
are spatially aliased due to the distance between impact points.

In Fig. 10 the theoretical fundamental mode dispersion curves
of antisymmetric AO) and symmetric $0) Lamb wavedEqg.

(1)] are plotted on top of the phase velocity contour curves. An
almost perfect match is obtained for the given thickness of 0.120
m (Table 2, with a Poisson’s ratio of 0.35 and a shear wave

velocity of 1,611 m/s. By assuming or measuring the bulk density
(p), the low strain shear moduly§) can be calculated using

lc/md the low strain Young’s modulug, can also be determined by

using
E=2G(1+v) (12)
Offset (m)
0 025 050 075 100 125 150 175 200
0 lllllllllllllllllllllllllllllllllll HU R HHHH et (m’
° 00 0 05 Of:so ™ 20 ) Phass velocity scanning at 5800 Hz
%, @ \4 V(( \W(Q%(Q ' 1338 mis
1 1 %4?@\‘ «%(fé (‘«« W Wi ) 35
_ T . 2705 m/s
r ’ 05 ) "/A%gf‘id @_bum 4\?«/‘ {««(‘ 30
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Fig. 7. Compiled multichannel record obtained from multichannel Fig. 9. (a) Single-frequency(5,800 H2 display of data in Fig. 7

simulation with one receiver measurements at Denmark Technical showing two different slopegphase velocitigsat same frequency. In

University test site (b), two velocities are identified as peaks in 2D scanned amplitude
curve.
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Frequency phase velocity image with matching Lamb waves layer in the pavement. In Fig. 11 the different brancties, lay-
5000; : ; ;

I "T— A0 er9, are marked 1 subgrade, 2 base, and 3 asphalt (ajeat of

4500 | = the AO mods.

4000 [
£ b, ) Discussion
23000 [ bt ' 4
%2500 ka,_‘“fﬂ (I A multimodal approach to nondestructive seismic pavement test-
B s55d ' ing has been described. In summary, the most critical factors for a
§ successful simulation of a true multichannel shot gather on a
i o pavement surface at@) no significant lateral change in the thick-

1000/ ness of each layer that is assumed to be homogeneous within the

500} . e surveyed distance{2) accurate triggering; and3) minimized

S S a e e source-related discontinuities in waveform and statics.

s 2 % 30 , i 4 . o
Frequency (kHz) Multiple dispersion curves are automatically and objectively

extracted using the presented phase velocity analysis scheme of
Fig. 10. Frequency-phase velocity image of Denmark Technical the MASW method. This processing scheme reduces the analysis
University data presented as contour plot at summed amplitude of 25time and the risk for operator-related errors in the conventional
[compare with Fig. @)]. Theoretical free Lamb wave dispersion curves data reduction and phase unwrapping process. There is no need
have been matched to experimental data. for any wavelength filter criteria or multiple sources to extract all
frequencies of interest. The reported difficulties with extracting
correct dispersion curves from phase velocity measurements be-
tween two receivers are thus avoided.
Setting the asphalt bulk density to 2,400 kg/rthe dynamicE Resulting dispersion curves in the high frequency range match
modulus of the asphalt layer is calculated to 16.8 GPa. This with theoretical Lamb waves in a free plate. At lower frequencies
modulus is only representative for the temperature and frequencythere are several branches of dispersion curves corresponding to
during the measuremefite., 20°C and 15 kHz The representa-  each layer of different stiffness in the pavement system. The ob-
tive frequency 15 kHz is here taken from the part where the served behavior of multimodal dispersion curves is in agreement
matchingAO dispersion curve is approaching a constant velocity. with theory, which has been validated through both numerical
At frequencies higher than 15 kHz the measured phase veloc-modeling and the transfer matrix method, by solving for complex
ity is decreasing as in the case of normal Rayleigh wave disper-wave numbers. Results indicate that dispersion of stress waves in
sion where the velocity increases with depth. This can be ex- a pavement system cannot be represented with only one average
plained from the higher porositfjower stiffnes$ of the thin top dispersion curve. Especially at low frequenci{8—3,000 Hz it
asphalt layefTable 2. To resolve the stiffness of this thin layer, seems necessary to resolve the different modes of dispersion
frequencies higher than 28 kHz should have been measured.  curves to increase the overall resolution in seismic pavement test-
In Fig. 11 the phase velocity image is plotted in a larger scale ing.
centered around 750 m/s and 1750 Hz, and is now presented with At this stage stiffness properties and the thickness of the top
contour curves at a higher summed amplitude level. There arepavement layer are evaluated by matching theoretical dispersion
three different branches of dispersion curves visible in the image. curves of symmetrical and antisymmetrical Lamb waves in a free
Cutoff frequencies and abruptly changing phase velocities sepa-plate. Several researchers have utilized this approach before, but
rate the branches. This correlates with the predicted theory pre-only with the fundamental antisymmetrical mod#&ones 1955;
sented by Vidald1964), where each branch corresponds to each Jones and Thrower 1965; Akhlaghi and Cogill 1994; Martincek
1994. It is believed that with the approach presented the identi-
fication of additional higher modes of dispersion curves will be
possible, increasing the resolution of the final result.

Frequency phase velocity image To further investigate the possibility of a simplified approach
= ’ ' ‘ ' ' for evaluating the stiffness properties of all layers in the pavement
i construction, we intend to study how measurable branches are
12001 . . . .
3 e related with the material properties of the layered medium,
@ 1000L Py through the analytical matrix approach, numerical finite differ-
§ iy ence modeling, and field tests with the MSOR method. This is a
"§ 800} 2 /,zf"'//’/ | critical step in the progression toward a refined and efficient seis-
< JR— mic nondestructive testing technique for pavements.
2 600 £ ’,,,M |
g
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Fig. 11. Frequency-phase velocity imageontour curves at summed
amplitude of 3% displayed in smaller frequency and phase velocity
range

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2004 / 643



Notation

The following symbols are used in this paper:

A
AO
c
dx

o < >R

amplitude term;

fundamental mode of antisymmetric Lamb wave;
phase velocity;

incremental distance between receiver or source
stations;

Young's modulus;

frequency;

thickness;

wave number;

multichannel record in frequency domain;
fundamental mode;

first higher mode;

multichannel record in time domain;

number of channels;

phase term;

record in frequency domain;

record in time domain;

slope;

fundamental mode of symmetric Lamb wave;
time;

compressior{longitudina) wave velocity;
Rayleigh wave velocity;
shear(transversgwave velocity;

offset (distance between source and measurement

point);

attenuation factor;
wavelength;
Poisson’s ratio;
density; and
angular frequency.

Subscripts and Superscripts

a = average value;

i = offset index(channel number
j = imaginary part;

N = number of channels;

r = real part;

s = slope; and

T = testing(phase velocity
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