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Velocity (Vs) and Thickness (H)  



ÅAutomatic evaluation of the shear-wave velocity (Vs) and thickness (H) of a HMA pavement is the ultimate goal of this 
ǇǊƻƧŜŎǘΣ ŜǎǇŜŎƛŀƭƭȅ ŦƻǊ ǘƘŜ άLƴ-CƛŜƭŘέ ƻǇŜǊŀǘƛƻƴ ƻŦ ǘƘŜ Ŧƛƴŀƭ ǎȅǎǘŜƳΦ 
ÅTwo methods (Methods I & II) are invented that can evaluate Vs and H in a fully automated manner by directly 

overlapping a modeled Lamb dispersion curve (A0) on top of the measured dispersion image.   
ÅHowever, before the method is applied, the dispersion images must be properly prepared so that they have the 

maximum signal-to-noise ratio (S/N) by enhancing the signal Lamb-wave (A0) trend, while suppressing all other noise 
trends. One raw seismic record obtained from one impact at a specific location on the pavement contains not only the 
signal Lamb-surface waves, but also random noise waves generated from both subsurface (e.g., body waves and 
scattered surface waves) and surface (e.g., wind, ambient vibrations, side scattering, etc.).  The former type of waves 
should be fairly consistent in dispersion trend from one location to another as the pavement conditions (i.e., velocity 
and thickness) do not change abruptly, while the latter type of noise waves may change rather abruptly and randomly, 
contributing to the significant inconsistency in the measured dispersion images.  This harmful effect can be 
significantly reduced by stacking ambient dispersion images so that the relatively coherent dispersion trend can be 
amplified through the constructive interference, while the random noise trends can be suppressed through the 
destructive interference.  The two methods (I & II) overlap a modeled curve (A0) on top of the stacked dispersion 
ƛƳŀƎŜ ǘƻ ŜǾŀƭǳŀǘŜ ǾŜƭƻŎƛǘȅ ό±ǎύ ŀƴŘ ǘƘƛŎƪƴŜǎǎ όIύ ŀǳǘƻƳŀǘƛŎŀƭƭȅ ǿƛǘƘƻǳǘ ŀƴȅ ƻǇŜǊŀǘƻǊΩǎ ƛƴǾƻƭǾŜƳŜƴǘΦ   
ÅThe Method I first attempts to evaluate the phase velocity (Vphs) of the asymptotic trend of Lamb dispersion trend 

(A0) at the high frequency (e.g., > 20 kHz) and takes it as surface wave velocity (VR) of the pavement, which is about 
фо҈ ƻŦ ǎƘŜŀǊ ǾŜƭƻŎƛǘȅ ό±ǎύ ŀǘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ лΦо όƛΦŜΦΣ ±wº0.93Vs @ POS = 0.3).  This gives Vs º 1.07 x VR.  And  then, 
ǘƘŜƻǊŜǘƛŎŀƭ !л ŎǳǊǾŜǎ ŀǊŜ ƳƻŘŜƭŜŘ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ǇŀǾŜƳŜƴǘ ǘƘƛŎƪƴŜǎǎŜǎ όIΩǎύ όŜΦƎΦΣ р ŎƳ Җ I Җ нр ŎƳ ǿƛǘƘ лΦм ŎƳ 
increment) for the given Vs and POS values.  For all data points of a given A0 curve, the amplitudes in the dispersion 
image are summed  and normalized with respect to the number of summed data points.  Finally, the thickness that 
results in the highest value of summed amplitude is taken as the evaluated optimum thickness (H-opt). 
 



ÅThe Method II repeats the previous process (Method I) of evaluating the optimum thickness (H-opt) for a given 
velocity (Vs) for different velocities (±ǎΩǎ).  Then, the pair of Vs and H that gives the highest value of summed 
amplitude on the dispersion image is taken as the evaluated optimum pair of Vs and H (i.e., Vs-opt and H-opt). The 
testing velocity range (i.e., Vs-Ƴƛƴ Җ ±ǎ Җ ±ǎ-max) can be chosen as a certain ratio of the velocity (Vs-asm) determined 
from the asymptotic trend of dispersion image previously outlined; for example, Vs-min = 0.75 x Vs-asm and Vs-max = 
1.25 x Vs-asm.  The testing can proceed with a small velocity increment (e.g., dVs = 10 m/s).  
ÅA layer model is created to represent a typical HMA layer underlain by a base layer and then natural soil/weathered 

rock.  A 48-channel seismic record is modeled by using this layer model through the reflectivity method.  The modeled 
seismic record is then processed to generate a dispersion image.  Aforementioned two methods (I & II) are then tested 
on this dispersion image and their results are compared.   
ÅFrom this test, velocities (±ǎΩǎ) evaluated from the two methods are similar within 1.5% difference.  The Vs from 
aŜǘƘƻŘ L ƛǎ ƳƻǊŜ ŀŎŎǳǊŀǘŜ όлΦо҈ ŜǊǊƻǊύ ǘƘŀƴ ǘƘŀǘ ŦǊƻƳ aŜǘƘƻŘ LL όмΦф҈ ŜǊǊƻǊύΦ  ¢ƘƛŎƪƴŜǎǎŜǎ όIΩǎύ ŦǊƻƳ ǘƘŜ ǘǿƻ 
methods are similar within 15% difference.  The H from Method II is more accurate (5% error) than that from Method I 
(20% error).  Average errors of the two methods are 1.1% in velocity (Vs) and 12.5% in thickness (H), indicating Vs 
evaluation is a lot more accurate than the H evaluation.  The more accurate Vs evaluation (Method I) yielded the 
higher S/N (0.998) than the other evaluation (Method II) did (0.982).  The more accurate H evaluation (Method II) also 
yielded the higher S/N (0.982) than the other evaluation (Method I) did (0.964).  This means the S/N can be a reliable 
indicator of the accuracy in the evaluated values of both velocity (Vs) and thickness (H).  It seems this comparative 
evaluation has to be further tested on more modeling data sets in the future for different velocities (±ǎΩǎ) and 
ǘƘƛŎƪƴŜǎǎŜǎ όIΩǎύΦ   
ÅA field data set obtained on September 1, 2019, over a test road was used to test the two methods of evaluating the 

velocity (Vs) and thickness (H) of pavement.  The data set includes seismic measurements at 100 consecutive points 
along the road (approximately 100-m long distance) by using a field approach presented here.  The values of velocities 
(±ǎΩǎύ ŦǊƻƳ ǘƘŜ ǘǿƻ ƳŜǘƘƻŘǎ όL ϧ LLύ Ŧŀƭƭ ǿƛǘƘƛƴ ŀ ǊŜŀǎƻƴŀōƭŜ ǊŀƴƎŜ ƻŦ Ia! ƭŀȅŜǊ όŜΦƎΦΣ молл Ƴκǎ Җ ±ǎ Җ мрлл ƳκǎύΦ  ¢ƘŜ 
overall trend is quite smooth, indicating measured values from both methods are realistic.  Velocities (±ǎΩǎ) from both 
methods are similar approximately within 1.0% difference.   

https://www.youtube.com/watch?v=laDNk9qu6Cs&feature=youtu.be


ÅThe ±ǎΩǎ from Method II are slightly higher than those from Method I (approximately by 1%).  The S/N values from 
Method II, however, are significantly higher approximately by 5%.  In consequence, ±ǎΩǎ from Method II are believed to 
ōŜ ƳƻǊŜ ŀŎŎǳǊŀǘŜΦ  hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǘƘƛŎƪƴŜǎǎŜǎ όIΩǎύ ŜǾŀƭǳŀǘŜŘ ŦǊƻƳ ǘƘŜ ǘǿƻ ƳŜǘƘƻŘǎ ŀǊŜ ŘƛŦŦŜǊŜƴǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ 
by as much as 30% overall.  In addition, the changing trends are fairly abrupt and irregular, indicating less realistic 
trends than those of the velocity (Vs).  In consequence, thickness values are much less reliable than the velocity 
values.  The S/N values for H evaluation from the two methods are almost (99%) identical.  The H trend from method 
II, however, seems to be more consistent than that from method I.  In this sense, H results from method II are believed 
to be more reliable, which is consistent with the result from the modeling data. 
ÅThe conventional approach of extracting dispersion curves from the dispersion images followed by the Rayleigh-wave 

inversion to generate a 2D velocity (Vs) cross section has been applied to the same field data set used to test the two 
methods (I & II).  The objective is to compare the result obtained through the conventional, and therefore manual, 
analysis with the result obtained automatically (Methods I & II).   
ÅhƴŜ ŘƛǎǇŜǊǎƛƻƴ ŎǳǊǾŜ Ƙŀǎ ōŜŜƴ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ŜŀŎƘ ŘƛǎǇŜǊǎƛƻƴ ƛƳŀƎŜ ƻŦ ǘƘŜ ŦƛŜƭŘ Řŀǘŀ ǎŜǘ όά{ŜǇǘŜƳōŜǊ нлнлέ Řŀǘŀ 

set).  A total of 100 curves have been inverted by using the traditional Rayleigh-wave inversion algorithm that can 
account for the modal jump and apparent dispersion trend.  Results are obtained by using two different layer models 
during the inversion; i.e., a 2-layer model with a fixed depth of the interface between layer #1 and #2 and a 5-layer 
model with a variable maximum depth for the half space.  Both results are similar in velocity (Vs) and thickness (H) 
variation trends although the 5-ƭŀȅŜǊ ǊŜǎǳƭǘ ǎƘƻǿǎ ŀ ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ƻǾŜǊŀƭƭ ǾŜƭƻŎƛǘƛŜǎΦ  hǾŜǊŀƭƭ ǘƘƛŎƪƴŜǎǎ όƛΦŜΦΣ р ŎƳ Җ I Җ 
10 cm) matches better with the results from the Method II.  This conventional analysis approach will be included in 
ǘƘŜ άLƴ-hŦŦƛŎŜέ ƳƻŘŜ ƻŦ ǘƘŜ tŀǊƪ{9L{-HMA software package because this approach cannot be a full-automatic 
process. 



RAW Dispersion Images  

Stacked Dispersion Images  

One raw seismic record obtained from one impact at a specific location on the pavement contains not only the signal 
Lamb-surface waves, but also random noise waves generated from both subsurface (e.g., body waves) and surface 
(e.g., wind, ambient vibrations, side scattering, etc.).  The former type of waves should be fairly consistent in 
dispersion trend from one location to another as the pavement conditions (i.e., velocity and thickness) do not change 
abruptly, while the latter type of noise waves may change rather abruptly and randomly, contributing to the 
ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎƻƴǎƛǎǘŜƴŎȅ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎŜŘ ŘƛǎǇŜǊǎƛƻƴ ƛƳŀƎŜǎ ŀǎ ǎƘƻǿƴ ōŜƭƻǿ ƛƴ ǘƘŜ άw!² 5ƛǎǇŜǊǎƛƻƴ LƳŀƎŜǎΦέ  ¢Ƙƛǎ 
harmful effect can be significantly reduced by stacking ambient dispersion images so that the relatively coherent 
dispersion trend can be amplified through the constructive interference, while the random noise trends can be 
ǎǳǇǇǊŜǎǎŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ŘŜǎǘǊǳŎǘƛǾŜ ƛƴǘŜǊŦŜǊŜƴŎŜ ŀǎ ǎƘƻǿƴ ōŜƭƻǿ ƛƴ ǘƘŜ ά{ǘŀŎƪŜŘ 5ƛǎǇŜǊǎƛƻƴ LƳŀƎŜǎΣέ ƛƴ ǿƘƛŎƘ ŦƻǳǊ 
(4) ambient images (i.e., two from the previous and two from the next locations) are stacked on top of the current 
dispersion image.      
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#11 #12 #13 #14 #15 



Vphs = 1396 m/s 

Vs = 1500 m/s   
@ POS = 0.3 

H = 14 cm 

H = 6 cm 

Vs = 1500 m/s (POS = 0.3) 

H = 7.8 cm 

H = 6 cm 
H = 14 cm 

2.  Thickness (H) Scanning  
(5 cm ς 30 cm with 0.1 cm increment) 

1.  Velocity (Vs) Evaluation 
(From Asymptotic Trend at the Highest Frequency) 

1. The phase velocity (Vphs) of the asymptotic trend of 
Lamb dispersion trend (A0) at the high frequency (e.g., > 
20 kHz) is taken as surface wave velocity (VR) of the 
pavement, which is about 93% of shear velocity (Vs) at 
tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ лΦо όƛΦŜΦΣ ±wº0.93Vs @ POS = 0.3).  This 
gives Vs º 1.07 x VR. 

2. Theoretical A0 curves are modeled for different 
ǇŀǾŜƳŜƴǘ ǘƘƛŎƪƴŜǎǎŜǎ όIΩǎύ όŜΦƎΦΣ р ŎƳ Җ I Җ нр ŎƳ ǿƛǘƘ 
0.1 cm increment) for the given Vs and POS values. 

 For all data points of a given A0 curve, 
the amplitudes of dispersion image are 
summed  and normalized with respect to 
the number of summed data points. 

3. The thickness that results in the highest 
summed amplitude is taken the optimum 
thickness (H-opt) evaluated as illustrated 
below (H = 7.8 cm). 



Previous process of evaluating the optimum thickness (H-opt) by modeling theoretical A0 curves for a given 
velocity (Vs) is repeated for different velocities (±ǎΩǎ).  The pair of Vs and H that gives the highest summed 
amplitude on the dispersion image is taken as the optimum pair of Vs and H (i.e., Vs-opt and H-opt).  This is 
illustrated below for a few arbitrary velocities (±ǎΩǎ).  The testing velocity range (i.e., Vs-min and Vs-max) can be 
chosen as a certain ratio of the Vs-asm determined from the asymptotic trend of dispersion image previously 
illustrated; for example, Vs-min = 0.75 x Vs-asm and Vs-max = 1.25 x Vs-asm.  The testing can proceed with a 
small velocity increment (e.g., dVs = 10 m/s).     

Vs = 1400 m/s (POS = 0.3) Vs = 1510 m/s (POS = 0.3) 

.  .  . .  .  . .  .  . 

Vs = 1650 m/s (POS = 0.3) Vs = 1710 m/s (POS = 0.3) 

.  .  . .  .  . .  .  . 



Testing of Two Methods (I & II) on  

Modeling Data  

Å A layer model is created to represent a typical HMA layer underlain by a 
base layer and then natural soil/weathered rock. 

Å A 48-channel seismic record is modeled by using this layer model through 
the reflectivity modeling method. 

Å The modeled seismic record is then processed to generate a dispersion 
image. 

Å Aforementioned two methods (I & II) are tested on this dispersion image 
and their results are compared.  




