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Abstract

In highway engineering, one needs to know the information about the thickness and

elastic modulus of each pavement layer. The thickness and elastic modulus of each pave

—Z— 21 E -™"— 7 —el1e' 7 —1<ZE " -Z1'—™3e1e"17+S@+’E'+¢1S—S

to calculate the service life of the highway. An application was Multichannel Analysis of

Surface Waves (MASW) measurement on highway in North Jakarta. The measurement
Se1ES>>'Zel 7e1"—1"¢" S¢1e>S EO1«ZESZ2eZ1l 21 Z521—"+1S

the busiest roads in Jakarta. The street is heading to Tanjung Priok, the port of Jakarta.

However, we acquired fairly good data by applying stacking method. The number of
®eSE" —e1 SEIWV1I0+Z—il1e"1"VYZ>E " -Z21>S E1—""®Zil *+Z

result of MASW measurement of the pavement. The result of MASW measurement in

terms of elastic modulus and thicknesses of pavement layer becomes important input of
—'0217¢7-7—1S—Se¢@’'®1le"IE -™7071eSe’0771S-SeZ17e1™
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1. Introduction

In highway engineering, it is required to know the information about the thicknesses of pave -
ment components and values of elastic modulus of pavement components. It is preferred to have
nondestructive methods than destructive method (drilling method). The nondestructive methods
are quicker to carry out than the destructive methods. More importantly, the pavement is not
disturbed, i.e., no holes are required to be patched. Surface waves are employed in this non
destructive method. The method utilizes surface waves to determine the thickness and sheat
wave velocity of each layer. This chapter describes the procedure and methodology of surface
wave method using multichannel recording. This method is popularly known as Multichannel
Analysis of Surface Waves (MASW). This chapter further discusses the application of MASW
—Ze' "ele”1cz@t1 e SC1'—1 §7S5eSi1 ‘71155 E1—""Z1 Sce1l
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known as stacking technique. This technique added to the fact that surface wave has the larges
amplitude than other body waves (P and S waves) [1p1>Z0eZeeZe1l’ —1e¢ "¢l ZeeleS«

2. Methodology

The nondestructive method employed here is carried out by means of generating seismic
waves on the surface. If one generates an impulsive source at the surface, it propagates sei
—"EL1lce¢1l SYZe10*>ZE*d1>2>SEeZ2+81>72 ZE+7231ES447Z:
®7>2SEZ1 SYZoellez—eS—-7Z—+Sed1'e'251-"2Z®@01S—+1E
—™Z7ee'YZle'e—Se1l'e1YZ>¢1l 'eZ1e>"—1—27S>eC1£Z5>"1 £17—
“75'7>1 >S—eeHr-e1E " -EHgBe 1)—1<Z+~ 10

The pavement structure has strong layer in the upper layer and softer layer underneath. In
this situation, the Snell’s law governs that the wave would be refracted down if it meets inter -
face between strong layer and soft layer. This is the main reason, the body wave method, i.e.
refraction method cannot be applied (Figure 2).

By hammer blow, one generates impulsive signal and propagates body waves and surface
waves into the pavement system. If one sets up an array of receiver sensors, i.e., geophont
S1SEEZeZ>"-22>081'Z1SES2'>Zele' "+1eS'7581 "E'1l'e]l
sors. An example of shot gather is shown in Figure 3.
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Figure 2. Generalized structure of an Asphalt system [2].



IRQGHVWUXFWLYH 7THVWYV LQ +LJKZD\ |

KWWS G[ GRL RUJ LQWHFKRSHQ
Offtset (ft.)
0 10 20 30 40
| D A A IIMIU!I | I I O |
0= IR e
ity !E DM TA
] :r-. L B
0= - - 10
,g i L) . 1) i |
: 20--1{--- : . i T p i =20
E H lﬁr ]'I' '
= i |' il Vi
30 m-fiil TP A = 30
40 =+ LS - 4
| l | 1
J 1 |
50 = ; M- 50

Figure 3. An example of shot gather obtained from hammer blow on the surface.

As it can be seen from the shot gather, the dominant event of arrival waves is surface waves
(ZESZ2@Z1e'Z'>1S-™e'e7e71'1YZ>¢1eS>¢Z1E " —™S57Ze1¢ 1"
waves, people usually assume they contain fundamental mode. They actually contain higher
modes too. However, up to now, the inversion algorithms usually ignore the higher modes.
As hammer hit the surface, the surface waves propagate through the pavement system. The
high frequency component (the small wavelength component) propagates through the upper
thinnest pavement layer, whereas the lower frequency component (the larger wavelength)
will propagate and vibrate through the deeper pavement layer. As the result of this process,
there is velocity discrepancy between the high-frequency component, which travels with
YZe"E's¢17¢1 >¢1S¢Z>81S—ele” Z51>7282Z2—EC1IE -™"—Z.
layer (material). This velocity discrepancy is called dispersion, which means velocity as func -
tion of frequency (wavelength) ( Figure 4) [3].

The shot gather from the hammer blow can be considered as time series:

=B+ a8 costt+h sins 1)
n=1

2.1. Forward modeling

If we have soil model on the left, the time series (shot gather) would be on the right (Figures 5-7):
‘21 Zeel>ZE >0l Z1SESEZ2'5Zele>"—1e'721 Zoole'Z—17—e7>+"1

1. "=™37¢71 Sceel "725'7Z51 >S—0e*">-10 Ule"1le'Z1loe'"+1Se'7Z>

F(+) = %595 fit) 99° 16t )
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(@)
g Short wave length
J ource Long wave length

(b)

Figure 4. (a) Hammer blow as the source of energy. (b) Hammer blow would propagate many wavelength (frequencies).

S—el1 7Z17¢eS" —1 0iB1leU1>ZE >*d1S—*ii
2. Z+"1¢'7Z1 Sl "725>'7251 >S—oee">-10 Ul1le"1 Gijdleun
Fc, 9) 27 EB(x, 9) 9 <@8x (3)

“Z>7Z1E1%1¢'Z1 ™' SeZ1YZe " E'e¢1"¢1e'Z1e72>*SEZ1 SYZ01l-
the sensor.
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Figure 5. A soil model with velocity of 1000 m/s [4].

Figure 6. A soil model with velocity of 1730 m/s [4].

Figure 7. Combination of soil model with velocity of 1000 m/s and of 1730 m/s [4].
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Figure 8. The shot gather.

Figure 9.1 e¢Z>1 1E " -™7eSe’"—1"—71"¢eS"—cel 0jd1 Ui

Figure 10.1 "—See¢ 1" —Z71"¢sS'—®@1@™MZE+>72-1YZ+"E eC1l "' 1>A™ZE+1e"1S—e7e

At this point, we analyze the waves, which are received by geophones from the spectrum
OEdL1-UBdL'iIZiN

C: surface waves (fundamental mode).

B: surface wave (Higher mode).

A: body waves.
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Figure 11.1 S47Z>—1>ZE “s—'¢’"—17e1 SYZ1e¢™Z1' —10e™ZE>BL1YZe"E ¢l *+'157

1 —YZoe' T —1™2z>™ ®eZ81 Z1™ ' E"1+'Z10ez>*SEZL1 SYZ10-2
ized by larger amplitude and lower velocity.

“15ZET>ele 217> SEZL SYZ®O1 Z1Z-™e"¢leZ"™ " —Z®loe' .
streamer, so there is no need to drill the surface of the pavement [7].

©eZ>1™ E" —ele'Z1le7—eS—7—eSel-"eZ1%e1e'Z1®2>*SEZ1 SY
to be inverted by utilizing commercial inversion program to come up with shear velocity
™™ «Z@d1'TZid1YZe " E’'s¢17e1l0e'Z2S>1 SYZ1 '+*'15Z2@™ZE1+"1
S§>7217e¢1-S—¢1e’ Z57Z—e1""—e@il Z1 —e¢1le"E7Zce 1l  —FiguleSIa) {dl.

2.2. The highway application

As an illustration of the process above, let us look at the real application, i.e., MASW
(Multichannel Analysis of Surface Waves) measurement on the busy street in North Jakarta.
‘Z1e>S E1 Sel—"e1See™ Zele"1cZ1lee " ™M™MZedle' —EZ1'+1E"2
and the street was heading to the Tanjung Priok, Jakarta’s port. Therefore, we carried out the
~72S®2>2-7Z—e1l®’'*Z1ctloe’sZ1 'e'1cze¢le>S Eil ‘Z1282"™ -7
7' @e>" —'j1XZ1<ed1l 1eZ"™' " _7001Zi[l £81S—el1eS—elee>Z
T @Zel0e'®eS—E®Z1<Ze 2Z—1'Z1 Z'¢'sle>"™1ce™ ®@1S—ele'Z1-
tance among geophones was 3 m, and (c) number of geophones was 12 geophonegigure 13).

Even though a lot of street noise, we managed to acquire a fairly good data by applying stack-
'—eleZE'—'827281 "E'1'®e1<S® ESeeCl Z1Seelz™1e'Z1>ZE" >

a7 8 8 @

where S = amplitude of ith record; N = number of repetition; a , = amplitude of stacked record.
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Figure 12. A land streamer.

e 12 geophones —»'
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Figure 13.1 "ZeelE~"— ¢75Se’"— 171 1-2Sw72>72—-7—e1Se"—e1 'e'1 791-72S@z>7-:

Using this technique, random noise will add up to the same amplitude and after dividing it by
number of repetition becomes one amplitude over number of repetition, whereas adding up
coherence signal would result in number of repetition times original amplitude. After divid -
ing it by number of repetition, we obtain initial amplitude. In this method, we suppress the
>SS E1—""0Z1S®el1™"—Z1"VYZ>1FguaeFHl e1>7Z2™ 7« '~ —110

After stacking method, this shot gather was acquired as follows (Figures 15 and 16):

‘21 1E " -™7eSe’"—1 Se1ES>>'Z¢177¢1S—e1>7Z7ee7Fihiwe 1%e
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Figure 14. MASW data acquisition using land streamer on busy street.

Figure 15.1 ‘Z1>ZE">e17 el Zeoloe'~eleSe'Z>i
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The fundamental mode corresponding to surface layer (the one which is extending to high
frequencies) was picked and come up with the dispersion curve to be inverted/matched using
commercial software “ SWAN” as follows ( Figures 18 and 19):

Figure 16. The weight drop used to generate vibration in repeat fashion (stacking method).

Figure 17. Picking the fundamental mode of surface layer.
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Figure 18. The dispersion curve of surface layer matching.

Figure 19.1 ‘Z1™5~ ¢717e1@7>¢SEZ1+S¢Z>17e1e'Z1™MSYZ -7 —oi
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The second branch of spectrum corresponding to the fundamental mode of surface waves
from deeper layer was picked as follows (Figures 20-23):

Figure 20. Picking the fundamental mode of surface waves from deeper layer.

Figure 21. Curve matching of dispersion curve from deeper layer.
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Tables 1 and 2 were combined to come up with Table 3, which is the complete shear wave
YZe"E eC1l™>" o717 e1e'Z1™SYZ-Z—¢i

Figure 22.1 >~ ¢Z17e1@'2S>1 SYZ1VYZe"E’e¢1 'e'15Z2@™ZEele"1eZ™e 1" e1e772™7510

Figure23.1 >~ ¢Z17e1E " —™eZe710'Z2S>1 SYZ1YZe " E ' e¢1 ele'21™MSYZ-7—0i
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Thickness(m) Depth (m) Vs (m/s) Vp (m/s) Poisson Density
0.2 0.0 700.0 1399.0 0.33 1.8
0.2 0.2 350.0 699.0 0.33 1.8
0.5 0.4 250.0 500.0 0.33 1.8
3.0 0.9 220.0 440.0 0.33 1.8
3.9 220.0 440.0 0.33 1.8
Table 1. Results of inversion process of shallow layers.
Thickness (m) Depth (m) Vs (m/s) Vp (m/s) Poisson Density
4.0 0.0 182.0 364.0 0.33 1.8
5.5 4.0 195.0 390.0 0.33 1.8
7.4 9.5 484.0 967.0 0.33 1.8
10.1 16.9 551.0 1101.0 0.33 1.8
27.0 554.0 1107.0 0.33 1.8

Table 2. Results of inversion process of deeper layers.
Thickness (m) Depth (m) Vs (m/s) Vp (m/s) Poisson Density (gr/cc)
0.2 0 700 1399 0.33 1.8
0.2 0.2 350 699 0.33 1.8
0.5 0.4 250 500 0.33 1.8
3 0.9 220 440 0.33 1.8
5.5 4 195 390 0.33 1.8
7.4 9.5 484 967 0.33 1.8
10.1 16.9 551 1101 0.33 1.8

27 554 1107 0.33 1.8

Table 3. Results of combination of processes of shallow and deeper layers.

3. Conclusion

The MASW (Multichannel Analysis of Surface Waves) as nondestructive test for highway
engineering was described. A real application to road on North Jakarta was discussed. The
measurement was carried out on busy street, but the measurement was success. The results
terms of elastic modulus and thickness of each pavement layer could be used for calculating
™MESYZ-7Z—elwZ>Y' EZ1e'eZ170'—e1 —'e721772-72—1S—S+¢ce
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the thickness and shear wave velocity of the layers is along long line, not one point thickness
and velocity. In some application such as in construction inspection, it is desired to have the
thickness and velocity at one point.
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