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Abstract: Asphalt material is generally characterized by the modulus, whose change and decay under the same condition could be con-
sidered an indicator of pavement performance deterioration. A nondestructive seismic method, the spectral analysis of surface waves
(SASW), has been developed for assessing the in situ elastic modulus of the pavement material, which has some unique advantages compared
to other methods. This study presents two case studies to evaluate the attenuation characteristics of the in situ modulus of asphalt pavement
using the seismic-based SASW method and relate the reduction in modulus with pavement cracking performance. An accelerated pavement
testing (APT) using an MLS66 facility study was first conducted on a newly constructed semirigid asphalt pavement test section to evaluate
the attenuation of pavement modulus under accelerated loading. The SASW method was used to develop the characteristic dispersion curves
for localized pavement sections and obtain the elastic modulus of each layer in different directions after the inversion analysis. In the second
case study, the relationship between the modulus properties and the cracking distresses of the pavement was developed. It was found that the
overall trend of modulus attenuation in the asphalt layer can be divided into four stages. The trends of variation were different in each asphalt
layer and in different directions, which can be used to relate to damage occurrence. The modulus measured in the longitudinal direction was
considered to be a better indicator of pavement deterioration in asphalt layers. In addition, based on the case study results, it was suggested
that the potential modulus reduction rate for crack occurrence was approximately 40%–50%, which was consistent with the laboratory fatigue
criterion of 50% initial modulus reduction. This study confirmed the feasibility of using SASW testing to monitor the attenuation of in situ
pavement modulus and predicting impending cracks in specific asphalt layers. DOI: 10.1061/JPEODX.0000195. © 2020 American Society
of Civil Engineers.
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Introduction

Maintaining sufficient load bearing capacity is one of the most
important goals of asphalt pavement. There are three main ways
to estimate the load bearing capacity of asphalt layers, i.e., the
mechanistic-empirical model, the AASHTO structure number

method, and the deflection measurement, all of which need to
evaluate the characteristics of the modulus of the asphalt layer
(Zhao 2015). Modulus attenuation has been found to relate to
cracking performance and is a reflect of the pavement damage
(Mobasher et al. 1998; Svasdisant et al. 2002; Timm and Priest
2008). Laboratory tests such as the 4-point bending beam fatigue
test for asphalt mixture and the linear amplitude sweep (LAS) test
for asphalt binder were conducted to establish a quantitative corre-
lation between modulus reduction and fatigue cracking (Hasaninia
and Haddadi 2018; Hintz and Bahia 2013; Zofka et al. 2017). In a
controlled strain loading mode, 50% initial modulus reduction was
considered as a reasonable and convenient criterion to define fatigue
failure; however, cracking was usually not visible in specimens (Lee
et al. 2000; Shen and Lu 2010; Yang 2007).

At present, there are two main methods to estimate the modulus
in the asphalt pavement: direct experimental measurement on field
cores and on-site nondestructive testing (NDT). The direct meas-
urement method was to extract some core samples from the field
and perform a laboratory dynamic modulus test. The obtained
modulus was then treated as the modulus of the pavement layer.
Although straightforward and easy to control, there were several
disadvantages of the direct measurement method: (1) coring was
destructive and could damage the pavement; (2) laboratory loading
and boundary conditions were different from the field; and (3) it
was very difficult to obtain the modulus attenuation trend through-
out the pavement service life (Ellis 2008). Therefore, NDT methods
became popular alternatives due to being able to evaluate the mate-
rial characteristics without damaging the pavement, and having
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higher efficiency, low cost, environmental friendliness, and reliabil-
ity (ASTM 2003).

NDT methods can be classified according to fundamental
principles into deflection-based methods like falling weight deflec-
tometor (FWD) and traffic speed deflectometer (TSD), and seismic-
based methods like spectral analysis of surface waves (SASW).
Currently, the State Departments of Transportation of the United
States regards the FWD as a standard method to determine the elas-
tic modulus of layered asphalt pavement (Aouad et al. 1993b).
However, the back-calculation procedure in the FWD method re-
quires some unknown information such as the thicknesses of each
layer and is insensitive to the change of the modulus in surface
layer (Alexander et al. 1989; Tarefder and Ahmed 2013). The back-
calculated layered modulus may be different depending on the ini-
tial values selected and the methodology used. Such shortcomings
can significantly reduce the accuracy and reliability of the mea-
sured results of elastic modulus in asphalt pavement. On this foun-
dation, the SASW method was developed in the early 1980s based
on the generation and detection of Rayleigh waves (Nazarian and
Stokoe 1983, 1984, 1985). In the SASW method, the shear-wave
velocity profile variation with depth was evaluated from the dis-
persion curve, a plot of velocity versus wavelength or frequency,
by the inversion analysis; the modulus profile can thus be deter-
mined based on the shear-wave velocity profile (Kumar and Naskar
2015; Stokoe et al. 2004). Because the SASW method mainly ob-
tains the information through the Rayleigh wave whose propaga-
tion depends on the characteristic of material itself, the modulus
calculated from the shear-wave velocity is relatively unique. Com-
pared to other NDT methods such as the FWD, the SASW method
had three major advantages including: (1) the thicknesses of the
various layers can be calculated from the iterative inversion of
the dispersion curve; (2) the modulus of the shallow pavement layer
can be accurately measured through the high frequency waves; and
(3) the modulus of each layer can be calculated separately and
uniquely. It is worth noting that the SASW method also has some
disadvantages that can prevent it from being more widely used in
the practical field. For instance, the complex inversion analysis
requires professional knowledge and engineering experiences, and
the efficiency of the testing and data processing is relatively low.
Further research is strongly encouraged in these areas.

Because the SASW method was developed, it has been applied
by many researchers to determine the elastic modulus of asphalt,
base, and subgrade layers (Ismail et al. 2012; Ryden 2009; Terrell
et al. 2003). Rosyidi (2004) used the SASW method and dynamic
cone penetrometer (DCP) to assess the stiffness parameters of the
subgrade layer, and developed the empirical relationship between
the DCP value and the soil elastic modulus. Based on Rosyidi’s
research, Widodo et al. (2009) used the modulus of subgrade from
SASW method to predict its bearing capacity. In the measurement
of asphalt layer modulus, Nazarian’s research team conducted ex-
tensive field experiments to illustrate the accuracy and applicability
of the SASW method (Nazarian and Stokoe 1986, 1984, 1985).
In order to monitor the long-term performance of in-service pave-
ment, a series of SASW tests were conducted to evaluate the modu-
lus attenuation of asphalt pavement over a period of time (Aouad
et al. 1993a; Storme et al. 2004). The SASWmethod was also com-
bined with APT testing to study the pavement performance deterio-
ration trend under controlled traffic and environmental conditions
(Lee et al. 1997; Walubita et al. 2000). It was found that the effect
of moisture damage and cracking can both result in clear modulus
attenuation. However, these studies were conducted on existing
pavements that had been in service for several years. They were
unable to obtain the complete modulus attenuation trend, which was
critical for making pavement maintenance decisions. In addition,

most existing researches only focused on the modulus of the whole
asphalt layer and paid less attention to the different deterioration
trends along the depths of the asphalt layer. Understanding the dif-
ferent behaviors of different asphalt layers should provide insight
into the perpetual pavement design concept.

In summary, the SASW method was believed to be a feasible
and reliable nondestructive technique to characterize the modulus
of pavement throughout the service life of pavement (Popovics and
Abraham 2010). Its unique capability of obtaining the fundamental
dispersion characteristics of each asphalt layer allowed it a more
precise quantification of the in situ modulus and correlated it with
pavement performance. However, its effectiveness on semirigid
base pavement has not been evaluated yet and existing studies have
not provided quantitative correlation between modulus attenuation
and cracking performance deterioration. Therefore, the objectives
of this study are to evaluate the attenuation characteristics of in situ
modulus of asphalt pavements through two case studies and relate
the change of modulus behavior with pavement cracking perfor-
mance using the seismic-based SASW method.

Methodology and Scope

To research the characteristics of the in situ modulus of semirigid
asphalt pavement and its relation to cracking performance, this
paper was performed based on two case projects: an APT test using
MLS66 facility study was first conducted to evaluate the change
of pavement modulus under accelerated loading. Under a well-
controlled loading condition, the general trend of modulus atten-
uation under traffic loading was developed. Then an in-service
pavement was analyzed to explore the relationship between mod-
ulus properties and pavement cracking distresses. The SASW
method, an on-site nondestructive testing method, was used to de-
velop the characteristic dispersion curves for localized pavement
sections and obtain the elastic modulus of each layer in different
directions after the inversion analysis. Based on the SASWanalysis
results, the anisotropic behavior of asphalt layered modulus and the
attenuation rate of modulus for crack occurrence were discussed.

Theory of SASW Method

Field Arrangement

This study used an Olson Instruments (Wheat Ridge, Colorado)
NDE-360 Platform for SASW measurement, which consisted of
an impact source, two receivers placed vertically in a line, and a
dynamic signal analyzer with an anti-aliasing filter, as shown in

Fig. 1. Basic configuration of equipment for SASW measurements.
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Fig. 1. In the NDE-360 platform, data sampling rate means how
often the system will acquire data points within a given data trace
in the time domain, which is generally set as a 20-ms interval per
data point in this research. The total points per record are usually set
as 1,024. Therefore, the duration of signal in a time domain is about
7,168 ms, and the frequency content of the signal can be up to 7,000
Hz. During the measurement, the distance between the source and
near receiver (R) was increased to multiple times (such as 2, 4, 6,
and 8) of the distance between the two receivers (D) following a
common array profiling (CAP) method, as shown in Fig. 2. Both
forward and reverse profile measurements were conducted for each
receiver array, which can eliminate the influence of any unexpected
internal phase shifts correlated with the receivers or the signal ana-
lyzer (Aouad et al. 1993b). The reverse profile measurement re-
ferred to perform a test from the opposite sides of the receiver
array of the forward profile measurement.

Spectral Analysis of Surface Wave

The SASW method relies on generating and measuring Rayleigh
wave to obtain the stiffness profile of pavement structure (Heisey
et al. 1982). Because the Rayleigh wave propagates along the sur-
face or interface layer and will not lose much energy over a large
offset range, it is very suitable for measuring layered material
(Hazra and Kumar 2014). Compared to other types of wave, the
Rayleigh wave has lower velocity, lower frequency, and higher

amplitude. In a heterogeneous world, the Rayleigh wave is disper-
sive. The Rayleigh wave of low amplitude and high frequency
(shorter wavelength) penetrates shallower layers, whereas a wave
of high amplitude and low frequency (longer wavelength) pene-
trates deeper layers, which illustrates that the phase velocity of
the Rayleigh wave reflects the properties of each layer of pavement
(Fig. 3) (Jones 1962). The phenomenon through which the Rayleigh
wave velocity varies with wavelength (frequency) is called dis-
persion, and the plot of velocity versus wavelength (frequency) is
called the dispersion curve.

The wavelength can be calculated from the phase velocities of
the material as presented in Eq. (1)

λ ¼ VPH=f ð1Þ

where f = frequency (Hz); and VPH = phase velocity (m=s).
By means of the dynamic signal analyzer (Olson Instruments

NDE-360 Platform), the time domain records [XðtÞ and YðtÞ] are
transformed into the frequency domain signals [X (f) and Y (f)],
and the cross-power spectrum and coherence function are calcu-
lated. The dispersion curve is produced from the phase information
of the cross-power spectrum, which provides the phase difference
of each frequency between two receivers in the SASW test. There-
fore, the travel time between the two receivers for each frequency
could be determined by Eqs. (2) and (3)

ϕðfÞ ¼ tan−1
�
ImðGXYÞ
ReðGXYÞ

�
ð2Þ

tðfÞ ¼ ϕðfÞ=ð360fÞ ð3Þ

where tðfÞ = time of travel at a certain frequency; ϕðfÞ = phase
difference of a certain frequency; andGXY = cross-power spectrum.

Because the distance between the two receivers is a constant, the
Rayleigh wave velocity and the corresponding wavelength can be
obtained by Eqs. (4) and (5)

Fig. 2. SASW measurement layout.

Fig. 3. Typical records for SASW testing.
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VRðfÞ ¼ D=tðfÞ ð4Þ
LRðfÞ ¼ VRðfÞ=f ð5Þ

Repeating the steps of Eqs. (2)–(5), the Rayleigh wave velocity
corresponding to each wavelength is calculated and the dispersion
curve is determined. Combining all the experimental dispersion
curves for a series of receiver spacings together, the composite ex-
perimental dispersion curves can be constructed.

SASW Data Analysis Procedure

The data output by dynamic signal analyzer are only initial values
after Fast Fourier Transform. Further data analysis consists of three
steps: (1) interactive masking, (2) determination of composite and
representative average dispersion curve, and (3) inversion analysis.

The purpose of the interactive masking is to mask out the un-
expected regions that have low-quality phase spectrum and violate
the criterion of receiver geometry (Joh 1997). When the composite
experimental dispersion curve is determined, as mentioned in the
section on spectral analysis of surface wave, a representative aver-
age dispersion curve containing 30–50 frequency points will be
constructed after some averaging procedures, as proposed by Joh
(1997) and Nazarian and Stokoe (1993). The shear wave velocity
profile (the plot of shear wave velocity versus depth) can be ob-
tained from the inversion analysis of the average experimental
dispersion curve. Actually, the inversion analysis is an automated
forward modeling from a reasonable initial guess of the stiffness
profile to the final solution. Based on the transfer matrix method
and dynamic stiffness matrix method, some theoretical dispersion
curves superposing high mode surface waves and body waves are
calculated and then compared with the experimental dispersion
curve (Kausel and Röesset 1981). If the theoretical and experimen-
tal dispersion curves match properly with each other and have the
minimum RMS error between them, then an optimum theoretical
dispersion curve will be obtained.

The modulus of each pavement layer can be calculated from the
following equations based on shear velocity

G ¼ ρ · V2
s ð6Þ

ρ ¼ γt=g ð7Þ
E ¼ 2Gð1þ μÞ ð8Þ

where ρ = density of pavement material; γt = total unit weight of the
pavement; g = gravitational acceleration; G = shear modulus; and
E = elastic modulus. Generally, the value of mass density of asphalt
is recommended as 2,320 kg=m3, and the Poisson’s ratio is recom-
mended as 0.333 in the initial guess of the stiffness profile.

Attenuation of Modulus in Asphalt Pavement
under APT Loading

Experimental Layout

The APT test was conducted to evaluate the modulus attenuation
characteristics in asphalt pavement. In this study, the pavement
structure was a semirigid base pavement, which consisted of a
300-mm-thick dense graded hot mix asphalt (HMA) mixture above
a 300-mm-thick cement stabilized crushed stone layer and sub-
grade soil, as shown in Fig. 4. The nominal maximum size of the
HMA mixture was 13 mm, denoted as AC-13 mixture in this paper.

The MLS66 APT facility, a large full-scale mobile linear accel-
erated loading test system for pavement, was used for applying

loading. The valid loading length of MLS66 was 6 m, the loading
amplitude was 150 kN with double wheels, the contact pressure
was 0.80 MPa, and the transverse movement was not considered
in the experiment. The APT testing lasted 2 months and the cumu-
lative loading applications were up to 2.65 million. The SASW
measurement layout was shown in Fig. 5. Tests were conducted
along the wheel path 2 at location A and location B.

Measurements were conducted in both the longitudinal direction
(along the wheel path) and the transverse direction (perpendicular
to the wheel path). In each direction, forward and reversed mea-
surements were performed to determine the surface-wave velocity
profile in each SASW testing.

To monitor the change of modulus at different depths, a total of
19 segment layers were used in inversion analysis. The thickness of
the 19 segment layers are not evenly divided but increased gradu-
ally for better accuracy in the surface layers. Among these segment
layers, the asphalt layer was divided into 14 segments, the cement
stabilized base was divided into 4 segments, and the soil subgrade
was treated as 1 segment.

Analysis and Discussion

Dispersion Curve
During the APT testing, the variation in modulus of asphalt layer
was monitored. Fig. 6 presents some typical dispersion curves (the
plot of velocity versus wavelength) at different load applications
at location A in the longitudinal direction. With the increase of load
applications, the velocity value rose firstly and then decreased.
The elastic modulus was directly proportional to the shear wave
velocity, so the attenuation trend of modulus can be roughly ob-
served. The modulus also rose to a peak value and then decreased.
Additionally, when the load applications reached 2 million, the
dispersion curve became more difficult to capture in the field, in-
dicating the modulus of the pavement layer had declined to a much
lower value.

Because the properties of asphalt were very sensitive to temper-
ature and frequency, it was extremely important to normalize the
temperature and frequency to the same value for comparisons of
long-term trends in modulus. In this study, the modulus of asphalt
layer was corrected to a reference temperature of 21°C and fre-
quency of 30 Hz using the relationship suggested by researchers
(Aouad et al. 1993b; Sousa and Monismith 1987), as shown in
Eq. (9)

E=E21°C ¼ 1.510 − 0.00729T ð9Þ
where E = modulus at any temperature; E21°C = modulus at 21°C;
and T = temperature in °F. The application range of this equation is
the temperature ranging from 0°C (32°F) to 57.8°C (136°F). All the
modulus mentioned below had been corrected by temperature and
frequency.

Fig. 4. Pavement structure for APT test.
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Fig. 6. Dispersion curves obtained from the SASW tests at location A after different loading applications: (a) dispersion curves at 0 loading applica-
tions; (b) dispersion curves at 120 k loading applications; (c) dispersion curves at 680 k loading applications; (d) dispersion curves at 1.26 million
loading applications; (e) dispersion curves at 1.59 million loading applications; and (f) dispersion curves at 2 million loading applications.

Fig. 5. Location of the SASW test arrays at MLS66 test pad.
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Furthermore, in data analysis and discussion, the 300-mm as-
phalt layer was divided into three layers: a 100-mm upper layer,
100-mm middle layer, and 100-mm bottom layer to analyze the at-
tenuation characteristics of asphalt mixture over depth. Within each
100-mm layer, the average modulus was calculated from the values
of the corresponding segment layers for comparison purpose.

Anisotropic Behavior of Layered Modulus
The in situ modulus of the asphalt mixture was directional depen-
dent due to the anisotropic nature of the asphalt mixture, which
could have a prominent influence on the performance of asphalt

pavement. It was found that the stiffness of a cored field sample
had significant differences in the vertical and horizontal direction,
which led to larger shear stress and tensile stress in the asphalt
pavement (Wang et al. 2005). In addition, the difference between
longitudinal and transverse strains were also obvious under vehicle
load, owing to the anisotropic nature of asphalt material (Seo and
Lee 2006). Therefore, it is important to study the anisotropic behav-
ior of the layered modulus.

Fig. 7 shows some trends in the elastic modulus as the number
of load applications at locations A and B increases. It is found that

Fig. 7. Variation tendency of corrected elastic modulus of three asphalt layers at two locations: (a) elastic modulus trend of upper asphalt layer at
location A; (b) elastic modulus trend of upper asphalt layer at location B; (c) elastic modulus trend of middle asphalt layer at location A; (d) elastic
modulus trend of middle asphalt layer at location B; (e) elastic modulus trend of bottom asphalt layer at location A; and (f) elastic modulus trend of
bottom asphalt layer at location B.
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the longitudinal modulus has a greater maximum value, a smaller
minimum value, and a higher modulus reduction rate than that of
transverse modulus in the upper and middle layers. Table 1 further
compares the average modulus of the asphalt layer in both the trans-
verse and longitudinal directions in terms of the peak value (i.e., the
highest modulus value during the entire service life) and the end
value (i.e., the modulus at 2.65 million load applications, which is
also usually the lowest value) during the entire APT loading. As
seen, the modulus reduction rate is higher in the longitudinal direc-
tion than that in the transverse direction, for both locations A and B.
The modulus in the longitudinal direction is more sensitive to
change, which could possibly be attributed to the directional com-
paction and trafficking effect. Overall, the modulus measured in
the longitudinal direction was found to be a better indicator to the
potential deterioration of the asphalt pavement.

Modulus Attenuation Characteristics along the
Depth of Asphalt Layers
The change of the in situ modulus in different asphalt layers could
be related to their different performance in the field. Fig. 8 shows
some modulus attenuation trends along the depth of asphalt layer
(arbitrarily divided into three layers) at locations A and B as the
number of load application increases. As seen, at the upper, middle,
and bottom layers, the change of modulus follows a similar trend,
increasing first to a peak value and then decreasing. However, the
upper layer reaches the peak value at an earlier load cycle, then
the middle layer reaches the peak value at around 1.3 million load-
ing applications, and finally the bottom layer is peaked at about
1.75–2 million loading applications. With a semirigid base struc-
ture, it is reasonable to understand that the upper layer has more
deterioration under traffic loading than the bottom layer and crack-
ing is most probably to initiate in the upper layer (Pellinen et al.
2004; Sun et al. 2018).

The surface-opening cracks had been observed to appear at
locations A and B during approximately 2.35–2.5 million load ap-
plications. In order to explore the general modulus attenuation at
the crack occurrence, the modulus measured at both locations A
and B were average. From the modulus reduction rate measured
at the upper asphalt layer (Table 2), it was obvious that the modulus
reduction rate reached around 40% measured in the transverse di-
rection and 50% measured longitudinally when cracks appeared.

General Trend of Modulus Attenuation in Asphalt Layer
Determining the general trend of modulus attenuation in the
entire asphalt layer is significant for understanding the pavement

Table 1. Modulus attenuation of the asphalt layer through entire APT
loading (up to 2.65 million)

Location Direction

The peak
value
(MPa)

The end
value
(MPa)

Modulus
reduction
rate (%)

Location A Transverse 7,067 5,017 29
Longitudinal 7,840 4,972 36.7

Location B Transverse 6,936 4,972 28.3
Longitudinal 6,978 4,761 31.8

Fig. 8. Variation tendency of elastic modulus at different directions at two locations: (a) the transversely modulus trend at location A; (b) the long-
itudinally modulus trend at location A; (c) the transversely modulus trend at location B; and (d) the longitudinally modulus trend at location B.
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deterioration and estimating the remaining life of the pavement.
Fig. 9 shows the trend of modulus change versus number of loading
cycles combining modulus from all layers and both directions.
Based on the results from two locations, it is suggested that the
change of modulus under traffic loading can generally be divided
into four stages: (1) stage I, the modulus increases with trafficking,
which could be a result of the secondary consolidation/compaction
effect (Walubita et al. 2000); (2) stage II, the modulus decreases
slowly and slightly; (3) stage III, the modulus remains relatively
stable; and (4) stage IV, the modulus begins to reduce dramatically.
It is worth noting that such a trend was developed based on the APT
test without considering traffic wandering and aging effect. Further
evaluation based on actual field testing would be greatly beneficial;
however, it would be extremely costly and time consuming to de-
velop a complete modulus attenuation curve based on actual field
traffic.

Characteristics of Modulus in In-Service Pavement

Experimental Layout and Procedure

In this section, the SASW measurement was conducted on an in-
service pavement to quantify the relationship between modulus
reduction and pavement deterioration as well as cracking. The
pavement site was located on the Ningyang Highway in Nanjing,
Jiangsu, China. The structure of the pavement is shown in Fig. 10.

Two types of experiment and analysis were performed: (1) ob-
taining the modulus attenuation trends by comparing the modulus
at the wheel-path location (with traffic) and at shoulder (no traffic);

and (2) quantifying modulus reduction rate for crack occurrence by
comparing the modulus near and away from a crack with the modu-
lus at shoulder. Fig. 11 shows the location of the SASW tests.

Analysis and Discussion

Comparison of Wheel-Path and Shoulder Modulus of
In-Service Pavement
Four cross-sections without visible cracks and distresses were se-
lected to conduct the SASW testing at the wheel-path and shoulder
locations and to evaluate the pavement deterioration trend under
vehicle load. For convenience, the four sections were labeled as
A, B, C, and D, respectively.

After inversion analysis and some postprocesses, including tem-
perature and frequency correction, the comparisons of the elastic
modulus of asphalt layer measured at the wheel-path and shoulder
of four cross-sections were performed. For comparison, the values
of modulus in each asphalt layer were averaged respectively. Table 3
summarizes the modulus reduction rate of the four cross-sections
for both the transverse direction and longitudinal direction. As
shown, the modulus at the wheel path is higher than at the shoulder
for locations A and D, indicating pavement is in good condition. At
locations B and C, obvious modulus reduction is noticed. The
change of modulus is also different in different layers.

Field cores were taken at the wheel paths of four cross-sections
where the SASW testing had been conducted, for visual verifica-
tion of whether the cracks had occurred in the internal of the asphalt
layer, especially where the modulus decreased considerably. It was
found that there were no visible cracks occurred in the four core
samples. Combining the modulus reduction rates shown in Table 3,
it was noticed that cracking appeared not visible with modulus re-
duction level up to 35%.

The indirect tension tests (IDTs) were conducted on the field
cores at the wheel paths of sections B and D. Table 4 summarizes
the dynamic modulus results at 21°C temperature and 1 Hz fre-
quency. Because the modulus measured from the SASW method
was corrected to a reference frequency of 30 Hz, and there existed
difference between the dynamic modulus and elastic modulus, the
specific modulus value calculated from these two methods were not
directly comparable. Fig. 12 presents a correlation of the modulus
determined by the SASW method and IDT test, respectively, for
the modulus of the upper, middle, and bottom asphalt layers at two
sections. With the Pearson correlation coefficient being 0.8 and

Table 2. Modulus attenuation of the three asphalt layers

Direction Asphalt layer

The
peak
value
(MPa)

The value
at crack
generation
(MPa)

Modulus
reduction
rate (%)

Transverse Upper layer 7,660 4,638 39.5
Middle layer 7,654 6,583 14
Bottom layer 8,253 5,837 29.3

Longitudinal Upper layer 8,368 4,282 48.8
Middle layer 8,253 5,246 36.4
Bottom layer 8,390 6,009 28.4

Fig. 9. Variation tendency of elastic modulus for the whole asphalt layers at two locations: (a) the trend in modulus at location A; and (b) the trend in
modulus at location A.
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higher, it is confirmed that there is a good correlation between the
modulus obtained from these two methods.

Relationship between Modulus Reduction and Cracking
Distress
SASW testing was conducted on three typical transverse cracks
(denoted as E, F, and G) to investigate the modulus attenuation
at visible cracks and to establish the relationship between cracking
distress and modulus attenuation. Transverse cracking was selected
because it was more dominant in the selected pavement section.
The away-crack location was approximately 2 m away from the
cracks, as shown in Fig. 11(b). The SASW testing array can only
be placed parallel to the crack because the Rayleigh waves gener-
ated by the impact source cannot propagate through air voids.

Fig. 13 shows the plots of modulus variation along the depth
between the near-crack location and away-crack location after bear-
ing the same vehicle loads. It is apparent that in the asphalt layers
the modulus measured at away-crack locations are much larger than
the modulus near the cracks, while their base modulus matches
each other quite well. In other words, crack appearance is always
accompanied by modulus reduction.

In addition, Table 5 summarizes the modulus and its reduction
rate results for at-crack and near-crack locations, using the shoulder

Fig. 10. Pavement structure.

Fig. 11. Location of the SASW tests on in-service pavement: (a) test
locations at wheel path and shoulder; and (b) test locations at and away
from a transverse cracking.

Table 3. Modulus reduction rate between wheel paths and shoulders

Location Direction

Modulus reduction rate a(%)

SMA-13
upper
layer

SUP-20
middle
layer

SUP-25
bottom
layer

Section A Transverse b b b

Longitudina1 23.5 b b

Section B Transverse 30.6 12.3 15.8
Longitudina1 26.7 34 8.2

Section C Transverse 30.1 b 12.7
Longitudina1 24.6 b 34.9

Section D Transverse b b b

Longitudina1 b b b

aThe modulus reduction rate is calculated as (1-Ewheel-path=Eshoulder).
bThe modulus at the wheel path is larger than that at the shoulder, and the
reduction rate is negative.

Table 4. Modulus comparison between IDT tests and SASW tests

Location Asphalt layer

IDT at
20°C and
1 Hz=MPa

SASW at 21°C and 30 Hz=MPa

Average Transverse Longitudinal

Section B Upper layer 2,507 3,167 3,079 3,256
Middle layer 2,632 3,958 4,524 3,392
Bottom layer 3,413 4,282 4,098 4,467

Section D Upper layer 2,566 4,101 3,555 4,646
Middle layer 2,703 4,523 4,155 4,890
Bottom layer 3,020 5,790 5,803 5,778
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Fig. 12. Correlation of elastic modulus of asphalt layer by the SASW
method and IDT.
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Fig. 13. Comparison of modulus measured at three transverse cracks between near-crack location and away-crack location: (a) modulus measured at
crack E; (b) modulus measured at crack F; and (c) modulus measured at crack G.

Table 5. Modulus reduction at three transverse cracks

Asphalt layer Location

Crack E Crack F Crack G

Value (MPa) Reduction rate (%) Value (MPa) Reduction rate (%) Value (MPa) Reduction rate (%)

SMA-13 upper layer Shoulder 5,521.8 0 4,300 0 5,328.2 0
Near-crack 2,777.6 49.7 2,025.9 52.9 1,242.7 76.7
Away-crack 5,251.8 4.9 3,955.2 8.02 5,112.6 4.0

SUP-20 middle layer Shoulder 5,849.1 0 7,385.4 0 6,559.2 0
Near-crack 2,543.0 56.5 3,635.4 50.8 6,549.7 0.14
Away-crack 7,115.4 a 7,388.1 a 8,840.9 a

SUP-25 bottom layer Shoulder 4,645.7 0 2,555 0 3,645.7 0
Near-crack 2,978.6 35.9 5,469.6 a 1,556.4 57.3
Away-crack 6,012.8 a 6,101.1 a 2,072.6 43.2

aThe modulus is larger than that at the shoulder, and the reduction rate is negative.
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modulus as a reference because at shoulder the pavement experi-
enced minimum traffic loading and can have minimum damage.
Based on this table, the following observations can be made:
• When cracking occurs in the pavement, it is normally accompa-

nied by clear modulus reduction. At all crack locations (cracks E,
F, and G), the surface SMA-13 layer receives high modulus
reduction (50% or higher) compared to the no-crack location,
suggesting that the crack appearance can be associated with a
modulus reduction of 50% or higher.

• Based on the measured modulus reduction rate in each layer,
it is possible that cracks E and F could extend through the upper
and middle asphalt layers, while the crack G may only occur
in the upper and bottom asphalt layers but not in the middle
layer. It is possible that the SASW method can be used as an
effective tool for identifying internal crack location. Unfortu-
nately, due to practical reasons, the field cores at the crack loca-
tion were not available and these assumptions cannot be verified
at this moment.

Summary and Conclusions

This paper presented two case studies to demonstrate the capability
of using the SASW method to monitor the long-term variations and
attenuation of modulus in asphalt pavement under the traffic load-
ing and propose the relationship between the modulus and pave-
ment cracking distress. Although based on limited data due to the
high cost and difficulty of field experiment, the following findings
demonstrated that the SASW method can be an effective method to
study the pavement performance deterioration. More experiments
in the field are recommended in future research to verify the results:
• The pavement deterioration characteristics can be quantified

using the modulus concept. The long-term trend of in situ
modulus of asphalt pavement under vehicle loading can be di-
vided into four stages: (1) stage I, the modulus increases with
trafficking, which could result from secondary consolidation/
compaction effect; (2) stage II, the modulus decreases slowly
and slightly; (3) stage III, the modulus remained relatively
stable; and (4) stage IV, the modulus begins to reduce drama-
tically. In addition, the attenuation tendency of the in situ mod-
ulus of asphalt mixture was different along the depth.

• The change of modulus follows different trends in different
layers of the pavement as a joint effect of pavement structure
and the traffic loading. The SASW method has the capability
of identifying such modulus change profile along the pavement
depth.

• Evaluated by the modulus, asphalt concrete was anisotropic
in horizontal plane. The longitudinal modulus was more sensi-
tive to the modulus variation than the transverse modulus under
the vehicle load presented by its faster reduction rate. Hence,
the modulus measured in the longitudinal direction could be
more reasonable for evaluating the deterioration of pavement
performance.

• The high reduction rate of the modulus can be an indication of
the onset of the microcrack in pavement layers. The occurrence
of crack at the asphalt layer was associated with a modulus
reduction rate of approximately 40%–50%. This finding was
consistent with the laboratory fatigue criterion of 50% initial
modulus reduction and provided supportive information for fa-
tigue criteria determination.

• The SASW method might be used to identify the location of the
internal crack initiation and how many layers it has penetrated
through.
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