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Abstract Keywords:

A Falling Weight Deflectometer (FWD) represents one group of the Time;

devices used for diagnostics of pavement bearing capacity. Usually, Wave;

the FWD dynamic load is substituted by a static load in the evaluation Deflectometer:;
process to determine the equivalent modulus of a pavement structure Receiver;

or modulus of pavement layers. However, the data recorded during a Modulus.

bearing capacity test by FWD can be used to reveal the propagation
of a dynamic impulse generated by FWD. It gives a possibility to use
them in an evaluation method based on the propagation of waves
generated by dynamic impulse. Therefore, the FWD time history data
was assessed with regard to possible using in the method of the
Spectral Analysis of Surface Waves. Basically, the possibility to
determine the velocity of a generated surface wave was evaluated. It
was found out the same deflection values exist at consecutive time
intervals in the relevant part of the time history data (the arrival of the
front of the wave or the area of maximum deflection value). Two
methods were used to determine the exact time of the wave
occurrence at receivers. It was concluded the differences between the
used methods exist. It means the calculated velocities of a wave and
shear modulus are also different.

Importance of the shear modulus differences were estimated using
the Slovak bearing capacity classification based on elastic modulus
values. Taking into account the range of modulus in one classification
class it can be stated the differences in the shear modulus determined
according to used two methods could be very significant if the values
calculated for short distance of the receiver are used. In the case of
longer distance of the receivers the differences are not so high and
significant.

1 Introduction

Asphalt pavements should be resistant to traffic and climatic conditions during their service life.
The level of pavement serviceability and bearing capacity is verified using various diagnostic
equipment. A Falling Weight Deflectometer (FWD) represents one group of the devices used for
diagnostics of pavement bearing capacity. The change of load force and pavement response over
time is registered during the test at an investigation point and saved into a separate time history file.
Various types of receivers are used to register the pavement response but finally, this response is
transferred into the change of pavement surface deflection over time. Common practice is to use only
the maximum value of a pavement surface deflection to evaluate bearing capacity of a pavement.
Usually, two main approaches are applied in the evaluation process. The first uses only the maximum
deflection at the centreline of a load and the equivalent modulus of a pavement structure is calculated
based on the theory of linear elastic half-space. Other way is to use all maximum deflections
determined at the distances corresponding to spacing of FWD receivers. Then, the modulus of
pavement layers and subgrade can be calculated using the theory of multi-layered linear elastic half-
space. The simplification in both approaches is the FWD dynamic load is substituted by a static load.
The propagation of a dynamic impulse generated during a diagnostics test by FWD is essentially in
accordance with the basic principle of the method of the Spectral Analysis of Surface Waves (SASW)
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[1], [2]. Therefore, it was investigated if the FWD time history contains all necessary data to apply the
SASW method, i.e. if it is possible to determine the velocity of a generated surface wave (Rayleigh's
wave).

2 Basic inputs from the FWD time history to the SAS W method

A Falling Weight Deflectometer (FWD) time history consists of a load force and deflections
values in the time scale. As can be seen in Fig. 1, the values of load force and deflections d in various
spacing from centreline of load (from 0 mm to 1500 mm) change over time. They increase from initial
values to maximum and decrease to final values. Basically, the time history is an overview of a load
course and the response of a pavement to the load.
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Fig. 1: An example of FWD time history.

The application of the Spectral Analysis of Surface Waves (SASW) method is based on the
determination of the Rayleigh’s wave velocity Cg from the formula:

CR:L/t, (1)

where:
L - the distance of the receivers used for determination of a wave velocity,
t - travel time of a wave between the receivers.

When a FWD load impulse is used to generate Rayleigh’s wave the distance of the FWD
receivers from the centreline of the load is known. It is only necessary to determine the travel time of
Rayleigh's wave between the receivers from the FWD time history. Therefore, the exact time of the
Rayleigh's wave occurrence at individual receivers has to be known. It can be determined using the
arrival of the front of the wave to a receiver (the area “A” in Fig. 1) or the maximum value of a surface
deflection (the area “B” in Fig. 1). The first approach is based on the fact that an initial value of
deflection starts to increase when the wave is arriving to a receiver.

3 Accuracy problem of the FWD time history

The numerous FWD time history files were checked. Mostly, they were the outputs of two KUAB
FWD devices but a part of the time history files represented the outputs of a Dynatest FWD.
Regardless the FWD type the findings were the same. There were a few the same deflection values at
consecutive time intervals in the relevant part of the time history data. These findings are valid for all
receivers, regardless their distance from the centreline of a load. An example is in Fig 2. There is a



Civil and Environmental Engineering Vol. 13, Issue 2/2017, 120-124

part of the FWD Dynatest time history representing the output of asphalt pavement diagnostics. The
areas of the front of a wave and the maximum deflection are yellow highlighted. There are the small
changes of the deflection values in both time areas of the time history and probably due to the
sensitivity and accuracy of the receivers the same values were registered more times.
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4 |Time [ms] Force [kN] Omm 200 mm 300 mm 450 mm 600 mm_ 300 mm_ - 4 Time [ms] Force [kN] Omm  200mm  300mm 450 mm 600 mm 300 mm
211| 10,30 1,36 0,30 -0.20 0,10 0,00 -0.10 0,00 499 2470 40,79 579,40 457,00 384,60 29840 23340 130,30
212 10,35 147 0,30 -0.20 -0.10 0.00 -0,10 0,00 500 24,75 40,67 579,50 457,20 384,80 298,80 23390 130,80
213 10,40 1,67 0,30 -0,20 0,10 0,00 -0,10 0,00 501 24,80 40,38 579,50 457,40 38510 299,20 23430 131,30
214 10,45 1,70 0,30 -0.20 -0.10 0.00 -0.10 0,00 502 24,85 4017 579,50 457,60 38540 299,60 23480 131,80
215 10,60 1,82 0,40 -0,20 0,10 0,00 -0,10 0,00 503 24,90 3996 57940 45770 38560 300,00 23520 132,30
216| 10,55 1,94 0.40 -0.20 -0.10 0,00 -0.10 0,00 504 24,95 39,76 57940 45790 38590 300,30 23570 132,80
217| 10,60 2,07 0,40 -0,20 0,10 0,00 -0,10 0,00 505 25,00 39,55 579,30 458,00 386,10 300,70 23610 133,30
218 10,65 2,18 0.40 -0.20 -0.10 0.00 -0,10 0,00 506 25,05 3934 579,20 45810 386,30 301,00 23650 133,80
218 10,70 233 0,50 -0,10 0,10 0,00 -0,10 0,00 507 25,10 3914 579,10 45810 38640 301,30 23690 134,30
220/ 10,75 246 0,50 -0.10 0,10 0,00 -0.10 0,00 508 25,15 38,93 579,00 45820 386,60 301,60 23730 134,80
221 10,80 2,60 0,60 -0,10 0,10 0,00 -0,10 0,00 509 25,20 38,72 578,80 45820 386,70 301,80 23760 13520
222 10,85 274 0,60 0,10 0,00 0,00 -0.10 0,00 £10 26,25 38,51 57870 45820 386,80 302,10 23800 13570
273 10,90 2,88 0,70 0,00 0,00 0,00 -0,10 0,00 511 26,30 38,31 57850 45820 386,90 302,30 23830 136,10
224| 10,95 3.00 0,80 0,00 0,00 0,00 -0,10 0,00 512 26,35 38,10 678,20 488,10 387,00 302,60 238,70 136,60
298| 11,00 3,16 0,80 0,00 0,00 0,00 -0,10 0,00 813 26,40 37,89 578,00 488,10 387,10 302,80 239,00 137,00
295 11,05 329 0,90 0,10 0,00 0,00 -0.10 0,00 514 26,45 37,68 77,70 458,00 387,10 303,00 239,30 137,50
227| 11,10 345 1,00 0,10 0,10 0,00 -0,10 0,00 815 26,50 3746 77,40 487,90 387,20 303,10 239,60 137,90
228| 11,15 3,59 1,10 0,20 0,10 0,00 -0,10 0,00 516 25,55 37,25 577,10 457,80 387,20 303,30 239,90 138,30
229| 11,20 3,73 1,20 0,20 0,10 0,10 -0,10 0,00 517 25,60 37,04 576,70 457,70 387,20 303.40 240,10 138,70
230 11,26 3.89 1,30 0,30 0,20 0,10 -0,10 0,00 518 25,65 36,81 576,30 457,50 387,20 303,60 240,40 139,10
231| 11,30 403 150 0,40 0.20 0,10 -0.10 0.00 519 25,70 36.60 575,90 457,30 387,10 303.70 240,60 139,50
232| 11,35 4,19 1,60 0.40 0.20 0.10 -0.10 0.00 520 25,75 36,38 57540 46710 387.10 303,80 240,80 138,90
233| 11,40 433 1,80 0,50 0,30 0.10 -0,10 0,00 521 25,80 36,17 57480 466,90  387.00 303,90 241,00 140,30
234 11,45 4.49 1,90 0,60 0,30 0,10 0,10 0,00 522 25,85 3596 57440 466,70 386,90 303,90 241,20 140,70
235 11 50 467 210 0.70 0.40 0.10 010 0.00 523 25,80 35,76 57380 46640 386,80 304,00 241,40 141,00
236 1188 182 230 0.80 0.50 0.20 010 0.00 524| 2595 3562 673,30 45610 386,70 304,00 241,60 14140
237 11,60 5,00 2,60 1,00 0,50 0,20 0,10 0,00 525 26.00 3531 57280 45580 38650 30400 24170 14170
238 11,65 518 2.80 1,10 0,60 0.20 0,10 0,00 526 26,06 3510 57220 45550 386,30 30410 24190 14210
239 11.70 535 3.10 1.20 0.70 0.20 0,10 0.00 527 26,10 3487 A7150 45520 386,10 304,10 24200 14240
240 1178 5.56 3.40 1,40 0.80 0,30 0.00 0.00 528 26,15 3465 567090 45480 38590 30400 24210 14270
241| 11,80 574 3,80 1,50 0,80 0,30 0,00 0,00 529 26,20 3442 57020 45440 38570 304,00 24220 143,00
247 11,85 .96 4.10 1,70 0,90 0,30 0,00 0,00 530 26,25 34,19 56950 45400 38540 303,90 24230 143,30
243 11,90 617 450 190 110 0,40 0.00 0.00 531 26,30 33,98 56880 45350 38520 303,90 24240 14360
214 1195 6,36 490 210 120 0.40 0.00 0.00 632 2635 33,75 666,70 453,10 384,90 30380 24250 143390
225 12,00 6.61 540 2.40 130 0.50 0.00 0.00 633 2640 33,64 66730 452,60 38460 30370 24250 144,20
246 12,06 6.66 5.90 260 140 0.50 0.00 0.00 534 2645 33,31 66650 452,10 38420 30360 24260 144,40
247 1210 709 6.40 230 160 0.60 0.10 0.00 535 2650 33,10 56570 451,50 383,90 30340 24260 144,70
248 12,15 7.33 7.00 3.20 1,80 0.70 0.10 0.00 536 26,55 32,87 56490 451,00 38350 303,30 24260 144,90
249| 12,20 7.58 7.60 3.50 2.00 0.70 0.10 0.00 837 26,60 3264 56410 45040 38320 303,10 24260 14520
250 12.95 7.85 5.20 3.80 2.20 0.80 0.10 0.00 538 26,65 3241 56320 44990 382,80 302,90 24260 14540
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a) the front of a wave b) the maximum deflection

Fig. 2: Deflection data.

It can be seen in Fig. 2 the change of the deflection with the arrival of the front of the wave is
very slow and it is not easy to exactly determine the time span corresponding to the arrival of the
wave. Contrary to this, the time span of the maximum deflection can be easy identified in the time
history. It seems more suitable to use maximum deflection values for determination of the exact time
of the Rayleigh’s wave occurrence at a receiver. The number of the same values in the time span of
the maximum deflection can be different at individual receivers. The most simply approach to
determine the moment of a wave occurrence at a receiver (t,) is based on the assumption that it is in
the middle of the time span with the same values of the maximum deflection. It can be determined as:

ty=(t+1t) /2, 2

where:
1; - time of the first value of maximum deflection,
t; - time of last value of maximum deflection.

This approach does not take into account the course of the deflection change before and after
the time span with the maximum values. Thus, other possibility to determine the moment of a wave
occurrence at a receiver is using the regression analysis, to determine the equation of the deflection
curve in time scale and to calculate time when the maximum is reached. There are the results of
calculations for both approaches in Table 1 based on the FWD Dynatest time history. Data in Table 1
confirms the variability of the time span of maximum deflection values. There is the narrow time span
only with two values (the receiver at the distance of 1500 mm) and also the relatively large time span
(the receiver at the distance of 1800 mm). The calculated time of the Rayleigh's wave occurrence at
the same receiver is mostly not the same for both used approaches. The differences vary from
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negative to positive values. It means there is not the same tendency in time of a wave occurrence at
receivers between the used approaches.

Table 1: The results of the calculation of a wave occurrence at a receiver.
Distance of a receiver from the centreline of aloa  d [mm]

0 200 300 450 600 900 1200 1500 1800

Time span of the deflection

- 0.20 0.30 0.20 0.35 0.10 0.20 0.20 0.05 0.40
maximum [m-s]

t,, according to the formula (2)

[m-s] 24.35 24.65 24.90 25.28 25.80 27.05 28.75 30.78 32.80

t,, from the equation of

; 24.25 24.58 24.84 25.25 25.77 27.17 28.75 30.79 32.86
deflection curve [m-s]

Time difference [m-s] -0.10 -0.07 -0.06 -0.03 -0.03 0.12 0.00 0.01 0.06

The different time of a wave occurrence at receivers determined according to two procedures
leads to a difference in the velocity of the Rayleigh’s wave Cr. Since this velocity is used to calculate
the shear modulus G of an investigated half-space according to the formula:

G=p-(Cr/ 1)?, 3)

where:

p - the bulk density of investigated half-space,

ry - velocity ratio of Rayleigh’s and shear wave [3],

the calculated shear modulus will also be different. There are the calculated shear modulus values in
Table 2. As it is stated in [4], the value of the bulk density can vary depending on the velocity of
Rayleigh’s wave and the type of used FWD. To minimize the possible influence of the bulk density,
only one value (1.820 g-cm’3) was used in the calculations. It is approximately the middle value of the
range according to [4] for the Dynatest FWD. The distance values in Table 2 correspond to the
distance between the receiver in centreline of a load and the others receivers.

Table 2: The shear modulus determined according to two procedures.

Distance of Travel time [m-s] Velocity [m-s ] Shear modulus [MPa]
the receivers
[mm] Formula (2) Deflection Formula (2) Deflection Formula (2) Deflection | hiorence [%]
curve curve curve
200 0.30 0.33 666.67 606.06 8651.2 7149.8 21.0
300 0.55 0.59 545.45 508.47 5791.3 5032.7 15.1
450 0.93 1.00 486.49 450.00 4606.8 3941.7 16.9
600 1.45 1.52 413.79 394.74 3332.9 3033.0 9.9
900 2.70 2.92 333.33 308.22 2162.8 1849.2 17.0
1200 4.40 4.50 272.73 266.67 1447.8 1384.2 4.6
1500 6.43 6.54 233.46 229.36 1061.0 1024.0 3.6
1800 8.45 8.61 213.02 209.06 883.3 850.7 3.8

As it was expected, the shear modulus determined according to two mentioned procedures are
different. In this case, all modulus determined from the time of a wave occurrence at receivers derived
using the course of the deflection curve are lower. The difference is not equal, but changes with the
distance between the receivers. The highest difference in nominal values and also in percentage was
identified when shorter distance of the receivers was used in the calculations. This issue was
discussed in [5]. The relevant question is how it is important from bearing capacity evaluation point of
view. To answer it the criteria of bearing capacity evaluation according to [6] were consulted.

However, there is the value of elastic modulus used as the classification criterion, not the shear
modulus value. The relation between the shear modulus and elastic modulus in tension-compression
is according to [7] done via formula:

E=2G-(1+v), 4
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where v = Poisson’s ratio.

It means the differences in the shear modulus remain the same and the classification values in
[2] can be used to assess whether the differences of the shear modulus are significant or not. The
range of modulus in one classification class varies from 50 MPa to 100 MPa (depending on the
category of traffic intensity). From this point of view the differences in the shear modulus determined
according to presented two methods could be very significant if the values calculated for short
distance of the receiver are used. In the case of longer distance of the receivers the differences are
not so high and significant.

4 Conclusions

The FWD time history data was assessed with regard to possible using in the method of the
Spectral Analysis of Surface Waves. Basically, the possibility to determine the velocity of a generated
surface wave was evaluated. It was found out the same deflection values exist at consecutive time
intervals in the relevant part of the time history data (the arrival of the front of the wave or the area of
maximum deflection value). Two methods were used to determine the exact time of the wave
occurrence at receivers. It was concluded the differences between the used methods exist. It means
the calculated velocities of a wave and shear modulus are also different.

Importance of the shear modulus differences was estimated using the Slovak bearing capacity
classification based on elastic modulus values. Taking into account the range of modulus in one
classification class it can be stated the importance of the differences depends on the distance
between the used receivers. When the distance is short, differences are high and significant and vice
versa.
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