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Abstract. In pavement management systems, deflection basin tests, such as the Falling Weight Deflectometer test, are
common techniques that are widely used, while the surface wave test, i.e. the Spectral Analysis of Surface Wave test, is
recently employed as an alternative technique in pavement evaluation and monitoring. In this paper, the performance
of both dynamic non-destry tests on pavement subgrade investigation is presented. Surface wave propagation be-
tween a set of receivers was transformed into the frequency domain using the Fast Fourier Transform technique and
subsequently a phase spectrum was produced to measure the time lag between receivers. Using the phase difference
method, an experimental dispersi irve was generated. Inversion analysis based on the 3-D stiffness matrix method
was then performed to produce aLgear wave velocity profile. The elastic modulus of pavement layers was calculated
based on linear elastic theory. In the Falling Weight Deflectometer test, seven geophones were used to collect in situ
deflection data. Based on a back-calculation procedure with the ELMOD software, the elastic modulus of each flexible
pavement layer can be obtained. Both techniques are able to comprehensively irwestigalg elastic modulus of the
subgrade layer in existing pavement non-destructively. The elastic modulus between the Spectral Analysis of Surface
Wave method and the Falling Weight Deflectometer test on the subgrade layer is observed to be in a good agreement.

A correlation of the elastic modulus of thesubgrade layer from both techniques is also presented.

Keywords: pavement, elastic modulus, spectral analysis of surface wave and falling weight deflectometer.

On the other h the NDT method is more econo-
mical and fast. The falling weight deflectometer (FWD)
hod is a NDT method that measures the pavement
duli based on the concept of a deflection bowl (Brown

et al. 1987; Ullidtz 1987). The modulus of the subgrade
struct@Fd can be assessed using the FWD method. The
FWD is routinely used by pavement engineers to evaluate
in-situ fl le pavement layer moduli (Hadidi, Gucunski
2010). It has been widely adopted by highway and airport
agencies in pavement evaluations because of quick testing
and standardize procedures (Kuo et al. 2015). Calculation

1. Introduction

Experience has shown that predictions and diagnosis of
pavement integrity are significant, especially since de-
struction will continuously occur once highway pave-
ments are open for traffic. To ensure the highway pave-
ments continue to serve the purpose, it is very important
to periodically evaluate their conditions. In general, there
are two methods used to determine the performance of
pavement structure: destructive testing (DT) and non-
destructive testing (NDT). The DT method (i.e. resilient
modulus test, Marshall test) has the advantage of examin-

ing actual in-service material. However, this conventional
method is more time consuming, destructive (coring is
required) and costly if applied in routine monitoring of
road works (AASHTO 1993; Asphalt Institute 1986). It
also provides only vertical information at certain points
{(Mulargia et al. 2014).

and analysis of the deflection of the FWD test was conduc-
ted using the stochastic finite element method. However,
this method can be somewhat insensitive to the modulus
of the pavement surface layer, especially where the surface
layer is just a few centimetres thick or where the bedrock
is near the surface.
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54
A new method bas .nthe spectral analysis of seis-

mic waves, known as a spectral analysis of surface wave
(SASW), is recently employed as an alternative technique
in pavement evaluation and monitoring. This method has
attracted the attention of researchers because it is fast, che-
ap, non-destructive and easy to operate (Goh et al. 2011).
The SASW method is based on the Reyleigh waves that
propagates i edia for the evaluation of the subgra-
de structure“%’w et al. 1982; Joh 1996; Rosyidi 2004;
Réesset 1990). By generating Rayleigh waves over a wide
range of frequencies, the shear wave velocity of pavement
and ground can be determined (Hazra, Kumar 2014). The
SASW method has become a reliable technique to charac-
terize the site and calculate the shear modulus of a layered
system, such as layers of soil, asphalt and concrete (Cho
2002; Joh et al. 2008; Rosyidi 2004; Rosyidi et al. 2012).
Previous studies conducted by Réesset ef al. (1990), Joh
(1996), Rosyidi (2004) and Taha et al. (2007) show that
surface wave method has been utilized to find only modu-
lus for subgrade layer of pavement. However in this study,
the damping ratio parameter together with elastic modu-
lus of subgrade pavement profile could also be determi-
ned by implementing the coupled analysis of surface wave
method. Results from in situ measurements are presented
in terms of the structural integrity assessment of the road.

2. Surface wave theory

The motion of propagating disturbance that is initiated
in seismic testing is known as stress wave. SASW concen-
trates on utilizing Rayleigh wave propagation in its meas-
urement. Among characteristics of this wave are: it has
lower propagation velocity, lower frequency and high am-
plitude. In homogeneous half-space, Rayleigh waves are
non-dispersive, however in real world, of heterogeneous
material, Rayleigh waves are dispersive. Therefore we call
this phenomenon ‘dispersion, where this frequency is very
much dependent on Rayleigh wave velocity. It is known
that Rayleigh waves travel along the surface and do not
lose much energy over large offset range, which makes
them suitable to be used in surface measurement. SASW
is sensitive to layer stiffness contrast, thus the method pro-
vides good sampling of thin material with high frequency
waves. To sample from shallow materials to deeper depth
of layers, a wide range of wavelength is needed. The sam-
pling depth, and the wavelength range, will be used as a

guide to estimate the distance between receivers. The

a b

wavelength can be estimated from the phase velocities of
the materials anticipated at site:

Vpu
= L5 1
G (1)

wheref - the frequency, Hz; V5 — phase wave velocity, m/s.

A

3. Methodology

3.1. Experimental set-up

In the FWD test, the road surface isfpplied with an im-
pulsive load. The loading magnitude, duration and loading
area are adjusted in a way that they correspond to the ef-
tect of loading due to standard axle vehicles on in-service
pavement including the subgrade (Sebaaly ef al. 1991; Ul-
lidtz 1987). FWD could be used to determine the modu-
lus of pavement material by using backcalculated stiffness
obtained from its data (Salour et al. 2015). A schematic
diagram of the FWD load and deflection measurement is
presented in Fig. 1.

The instantaneous road surface deflections are measu-
red at various point and lengths (0 to 1500 mm, and seven
geophones used in this study), radiating outward from the
centre of the falling weight. Therefore, the deflection bowl
shape is obtained from the conducted test. Information on
the subgrade can be taken from analysis (by back calcu-
lation, i.e. the ELMOD software) of the FWD data. It was
found that the average elastic modulus and strain charac-
teristic of subgrade are 148 MPa and 0.2765% respectively.

Meanwhile, Fig. 2a shows several impact source used
to generate R-waves in the SASW test on a flexible pave-
ment surface. In principle, the two accelerometers (Fig. 2b)
are used to detect these waves, where the signals are recor-
ded using an analogue digital recorder and a data acquisi-
tion system (notebook computer) for post processing (Fig.
2¢). Several configurations of the source spacing and the

Geophone 1to 7
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Fig. 2. Instruments used in SASW measurement: a - impact sources; b — accelerometers; ¢ - spectrum analyzer
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receiver are needed to acquire recorded signals at diffe-
rent depths. However, according to Heisey et al. (1982),
the mid-point receiver spacing was found to be the best
configuration in the SASW method (Fig. 3). For asphalt
layer, the spacing between receivers is set to 4 and 8 cm. As
this spacing is considered as short spacing, a high figgen-
cy source (ball bearing) is used for measurement. On the
other hand, longer receiver spacing is needed to measure
base and subgrade layer. The receiver spacing were set to
16, 32, 64 and 100 cm respectively and a set of ball-bearings
and hammers were used as low frequency sources. Measu-
rements were carried out using SASW method on existing
flexible pavements along the Soekarno-Hatta Road and
Cikampek-Purwakarta State (Province) Road in Indone-
sia, to a total of up to 45 locations altogether. Core-drilling
result shows that the pavement profile of both roads has
an asphalt mixture layer (150-200 mm), a crushed stone
base course (150-200 mm) and a sub-base course (300-
400 mm) overlaying a subgrade layer.

3.2. Data anal rocedure

In this research, measurement and inversion of dispersion
curves and attenuation curves were done simultaneously.
The coupled analysis developed for this paper is presented
as flow diagram in Fig. 4. Further analysis procedure is
elaborated in the following sub-topics.

3.2.1. Elastic modulus calculation

SASW measurements involve generating waves by impact
source at one point on the pavement surface and record-
ing them as they pass by two locations (receivers). In this
study, accelerometers are used as receivers to record the
als of seismic energy in time domain. By applying the

ast Fourier Transform (FFT) to calculate the inverse Fou-
rier transform, the Fourier transform procedure is used
(Lu et al. 2014) and the signals recorded were later trans-
formed to frequency domain and subsequently d{ggjayed
in the transfer function spectrum. Determining transfer

Mechanic Source

function (or frmency response spectrum) for a range of
frequencies is required in order to determine the phase
difference between two wave trains measured at two loca-
tions (channel 1 and channel 2). The wrapped phase angle
calculated from a transfer function should be unwrapped
for the calculation of phase velocities. Between the two re-
ceivers, the time lag is calculated by:

o)
(3601’

where 1(f) - the travel time, t; ¢(f) - the phase angle differ-
ence at a given frequency, degrees.

Therefore, the Rayleigh wave velocity (V) or the
phase velocity at a given frequency is obtained by:

_d
Hf)

where Vj, - Rayleigh wave velocity, m/s; d - distance of
receiver, m; f(f) - time travel, t.

The corresponding wavelength of the Rayleigh wave,
Ly, can be written as:

= (2)

Vr (3)

_Ve(f)
o

where Ly(f) - wavelength of Rayleigh wave, m; Vy(f) -
Rayleigh wave velocity, m/s; f - frequency, Hz.

Fig. 5 shows a typical phase plot of the transfer
function for the measurement at a receiver spacing at the
site of 100 cm. This spacing was set up to acquire seismic
data in the subgrade layer. The frequency range of the data
is around 180 to 1020 Hz, where the peak of the modulus
plot for both signals in the transfer function spectrum is
clearly observed.

The procedure outlined as above is repeated using
Eq (2) through Eq (4) for each frequency to evaluate Ra-
yleigh wave velocities in all range of wavelength and to

Le(f) (4)

frequency
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Fig. 3. SASW experimental set up
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Fig. 4. Flow diagram of coupled analysis of the surface wave method
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generate the experimental dispersion curve. An example of
an experimental dispersion curve of the receiver spacings
of interest for pavement structures is also shown in Fig. 5.

For con‘?e evaluation of stiffness profile and to fi-
gure out the shear wave velocity profile of pavement, the
experimental dispersion curve should undergo forward
modelling analysis and inversion process. In forward mo-
delling analysis, the initial layer properties should be pro-
vided to calculate the theoretical dispersion curve. There
are many methods available to calculate digffision cur-
ves of surface wave. This research employs the dynamic
sti s matrix method (Kausel, Roesset 1981). Theoreti-
cal dispersion curve is then compared to the experimental
dispersion curve. Seismic inversion is the process of de-
termining the physical characteristic of the seismic record
that we viewed. For the formulation of the inversion pro-
blem, this research uses the maximum likelihood method
as inversion procedure. The maximum likelihood method
is defined as the most likely measurement with the highest
probability 1996). Fig. 6 shows an example of a final
theoretical dispersion curve with the best match to the
experimental dispersion curve.
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Fig. 5. Transfer function (dynamic modulus and phase

information) obtained from measurement at 100 cm receiver

spacing and its unwrapped phase spectrum with data of interest

for the subgrade layer
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The dynamic elastic modulus of the pavement mate-
rials can be determined from the following equation:

E=21v2(1+p) (5)
g

where g - the gravitational acceleration, m/s%; y - the
total unit weight of the material, N/m?; it - the Poisson’s
ratio. Parameter of the modulus of a material is maxi-
mum at a strain below about 0.001% (Nazarian, Stokoe
1986). Therefore, the modulusis taken as a constant val-
ue in this strain range. The following paranmf8r values
are used in this study: p = 0.33, p = 2000 kgfm3 and
g=9.81 m/s?.

1200 v
-4~ Theoretical Dispersion Curve
- 1000 %\M-ﬁ- Experimental Dispersion Curve
= 8004
=
3 6004
I
=
3 4004
2
& 2001 wporeug,
0 1
0,01 0.1 10
W'.n'clr:nslh. m
Fig. 6. A typical experimental dispersion curve from a complete set

of SASW tests on the pavement model compared to a theoretical
dispersion curve from 3D wave propagation theory, which shows
the variation of wavelength with different phase velocities

Table 1. Attenuation radiation damping factor (n) with the
source on the surface (Kim, Lee 1998)

ource type Induced wave n
. Body Wave 2.0
Point
— Surface Wave 0.5
— Body Wave 1.0
I Surface Wave 0.0

Cikampek-Purwakarta Sta. 380
Elastic Modulus (E), MPa
1 10 100 1000 10000 100 000

Surface
10
15
20
- 25 ol
-f- 30 Base g’
< 35
=
T 40
1)
S 45
50 111
55 Sub-Base 8
60
65
70
75
Subgrade
80 B

3.2.2. Attenuation and damping calculation

An effective damping ratio of the R-wave in a layered me-
dium is frequency dependent. Its value can be very high
for the first few vibration modes. The Bornitz Equation
is the model used to explain a combination effect of both
geometrical and material damping. This equation can be
expressed as follows (Athanasopoulos et al. 2000):

W, :w](r_lJ e‘ﬂ{ﬁ"z}, (6)

]

where w) - the g}r on amplitude at distance | from the
source, m; w, — the vibration amplitude at distance r, from
the sourcnm; a - the attenuation coefficient of the mate-
rial, m™!; 1 — the @@enuation factor (due to radiation damp-
ing), depending on the type of the induced seismic wave
and its source (Table 1). The wave amplitude was attained
from the Fourier spectr v FFT analysis.

The a of the material depends on the type of the mate-
rial and the vibration frequency. The estimated value of the o
can be attained by means of the R-wave velocity (V}), the vi-
bration frequency (f) and the damping ratio (), using Eq (7):

2afE
o= “fw,

Vi

)
where a - the attenuation coefficient of the material, m™!;
[~ the vibration frequency, Hz; § - the damping ratio.

The aforementioned equation shows that the « line-
arly increases with the vibration frequency and is inversely
proportional to the R-wave velocity.

According to Athanasopoulos et al. (2000), the frequ-
ency-independent attenuation coefficient can be alternati-
vely obtained by re-arranging Eq (7):

o 2nf

_o_2n6 8
Uy AR (8)

where a; - the frequency-independent attenuation coef-
ficient, s/m.

b

Soekarno-Hatta Sta 04500
Elastic Modulus (E), MPa
| 10 100 1000 10000 100 000

111
Sub-Base

30 cm

Subgrade

Fig. 7. The elastic modulus profile from the inverted-shear wave velocity profile for: a — Cikampek-Purwakarta State Road;

b - Soekarno—Hatta State Road
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4. Results and discussion

4.1. Elastic modulus of pavement subgrade

Fig. 7 shows the dynamic elastic modulus profile of pave-
ments on both roads. The profile is obtained by imple-
menting SASW method on the pavements studied using
the dynamic material equation (Eq (5)). Compared to the
profile obtained by core-drilling, the profile obtained by
SASW method which employs 3D inversion analysis indi-
cates each pavement layer clearly. The overlay and original
layer were also well distinguished.

Fig. 8 shows the correlation of the elastic modulus of
subgrade by SASW method and FWD test. Compared to
result obtained by FWD test, the value of elastic modulus
obtained by SASW method is higher. This occurred be-
cause the modulus measured at very low strain levels as-
sociated with the surface wave method is independent of
strain amplitude and at its maximum value. The higher
elastic modulus for subgrade obtained by SASW method
is also due to the higher frequency used during measure-
ment; compared to FWD test which measure the modulus
at frequency of 30 Hz.

92. Attenuation of pavement subgrade
tt

enuation of vibration is primarily caused by material
damping and geometrical damping. Geometrical damp-
ing [@scribes the spreading of wave energy while mate-
rial damping describes the energy dissipation within soil
particles. It has been shown that damping is dependent on
excitation frequency (Connolly ef al. 2014). In this study,
the attenuation coefficient for the subgrade layer of pave-
ment is determined by the SASW method. An example of
the auto power spectrum for the first and second receiver
at 100 cm receiver spacing is shown in Fig. 9.

Fig. 10 illustrates a general trend of frequency depen-
dency curve. Based on the plot of ratio of second ampli-
tude (w;,) over the first amplitude (w,) against frequency,
the decay factor curve of the R-wave for experimental data
was determined. The experimental data was then used to
obtain decay factor (dashed line) by applying a regression
analysis. The Bornitz Equation could be expressed as:

2 _0,505¢-%f, 9)

wy
where w, - the garatio plitude at distance r| from
the source, m; wy - the vibration amplitude at distance
r, from the source, m; o, - the frequency-independent at-
tenuation coefficient, s/m; f - frequency, Hz.

Values of r| and r, are set to 1 and 2 m respectively
for 100 cm receiver spacing. In Fig. 10, the decay factor of
the experimental data is indicated in straight line while the
theoretical curve of the Bornitz Equation is illustrated in
black dotted line. The best-fit curve was then established
between both of them by using a trial-and-error method
for different values of a;, from a visual best-fit evaluation
of the two curves. It can be determined from Fig. 10 that
the frequency-independent attenuation coefficient value is
2.04-1073 s/m for the pavement subgrade layer.

Table 2 lists the attenuation coefficient range of the
pavement subgrade material obtained by means of the
SASW method.

The frequency-independent attenuation coefficient
values obtained were compared with the previous studies
conducted by Yang (1995), Woods (1997) and Athanaso-
poulos et al. (2000). The results are shown in Fig. 11. It was

300 y = 1L.0675x + 0.0195
R*=0.9886

=
E Cikampek-Purwakarta
= 2004 -0 = T
= y=1.052x + 4.5889
W Sockamo-Hatta
= 100 ——
o=
< 50
=
0 - :
75 125 175 225 275

Modulus E FWD, MPa

Fig. 8. Correlation of elastic modulus of subgrade by SASW
method and FWD test for the Soekarno-Hatta and Cikampek-
Purwakarta State Road
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0,00544 -
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Fig. 9. Auto-power spectrum for the first and second receiver
at 100 cm receiver spacing, measured at the Cikampek-
Purwakarta State Road
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Fig. 10. The decay curve of the amplitude ratio (attenuation

curve) versus frequency at 100 cm receiver spacing

Table 2. The averaged dynamic properties of pavement subgrade
layers obtained from SASW measurement

Vg, m/s E, MPa ra:tteingztu;? Damping ;:uo
g » lim range,
average average .
101 176 average 2.11 296-3.84
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Fig. 11. A comparison of the frequency-independent attenuation factor versus shear wave velocity from this study and previous studies

observed that the attenuation coefficient values of the ma-
terial for pavement subgrade are in the range of 1.15.1073
to 3.96:1072 s/m, with an average value of 2.11-107 s/m.
According to the Woods' classification (1997), these values
fall into Class 1 and Class 2. It can be seen that for unsa-
turated loose sand material, the values of attenuation co-
efficient obtained in this study are higher than the study
done by Yang (1995). This is most likely happened due to
the difference in material. However, results obtained by the
authors of this study fall well in within the upper bound
and lower bound of the research conducted by Athanaso-
poul @Rt al. (2000).

ased on the shear wave velocity and the attenuation
coefficient, Eq (7) was applied to obtain the damping ratio
of the pavement materials. It is observed that the subgrade
has damping ratio ranging from 2.96 to 3.84%, as presen-
ted in Table 2. At very low strain level (less than 0.001%) in
which resulted by seismic measurement, the value of dam-
ping ratio is constant. On the other hand, experimental evi-
dence shows that the damping ratio curve is affected by the
strain rate at a higher strain level (Vucetic, Dobry 1991).

5. Conclusions

L. The correlation between the modulus from the %aral
Analysis of Surface Waves and the Falling Weight Deflec-
tometer were found to be significant with R? > 0.98.

2. A coupled analysis of the elastic modulus and

ping ratio for the pavement subgrade layer using the

pectral Analysis of Surface Waves method is discussed.

Due to the small strain levels and high frequency involved
in the measurements, the values of elastic modulus of the
subgrade material are relatively higher compared to the
modulus obtained from Falling Weight Deflectometer me-
asurements.

3. The attenuation coeflicients obtained in this study
and the previous research matched pretty well.

33
4. The %ct_ral analysis of surface wave method, the-
refore, is able t aracterise in-situ stiffness in terms of
elastic modulus, shear wave velocity and the damping ratio
for the pavement subgrade structure.
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