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Introduction

Both methods
provide reliable test
results;: however,

the test procedures
are time-consumed.
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FWD has been commercially developed.
Test procedures are very fast.

> =
L E E =



State of problem

100

N o » 1 Why the test results
5 800 Plate diameter = 300 mm FWD . 1 obtained from FWD are
= 600: Faling height:300mn | different from the
L convention method?
EL 400- -
2 How to adjust the FWD
D

2000 1 test results to be close to
Al | the ones from the
'] conventional method?

| I | 1 | I | 1 | I | I |
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Ground deformation, s (mm)

Commercially available FWD apparatus
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Objectives
FWD Result

How?

Conventional
Method Result

To investigate the rate-
effect and dynamic-

effect from FWD that affect

to the pavement stiffness
value.
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FWD Device

\

Analysis
Framework

\

Evaluate
Stiffness Value
To develop an analysis
framework taking into
account the rate-effect and
dynamic-effect for evaluating

to the real pavement
stiffness value.




Activities

2009

10

10

Productions of FWD and supporting apparatuses

Preparation of materials for laboratory test

Preparation for test measuring instruments

Inception report

FWD tests on pavement in laboratory and in field

PLT tests on pavement in laboratory and in field

Five-month report

FWD tests on ground base in laboratory and in field

PLT tests on ground base in laboratory and in field

Analysis of test results

Final presentation

Preparation for a paper for ATRANS Journal

Preparation for final report

Final report due

We are here.
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Productions of FWD and supporting
apparatuses

Loading frame
Reference beam

Container

*H(sand) =900 mm
* Dia.- inner =1000 mm

Calibration chamber (sand tank)




Productions of FWD and supporting
apparatuses

Trigger

Buffer

s
Load cek

FWD apparatus
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Productions of FWD and supporting

apparatuses

PLT apparatus
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Productions of FWD and supporting
apparatuses

=

Battery
«~

DC-to-AC
converter

Dynamic
48  datalogger

Field test
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Productions of FWD and supporting
apparatuses

Load cell Laser displacement sensor

Computer

Accelerometers
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Preparations for laboratory and field tests

Materials for laboratory tests
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Preparations for laboratory and field tests

Preparation for field tests



Preparations for laboratory and field tests

1000
Falling Weight

Laser Disp.1

Laser Disp.2
Load cell Gap Sensor 1 —
Acce.100G l Gap Sensor2
- oD :
3 Acce.50G
B
Acce.20G
o
0
»
CH1 CH2 CH3 CH4 \ CH5
€ CH6
CH7
CHs

Gap sensors | Laser sensors

Typical set up of FWD test
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FWD and PLT tests in laboratory

T T T T T T T T T T T T T
600 - Ground base only: y
KMUTT sand: p, = 1.55 g/em’ FWD
Plate diameter: ¢ = 150 mm
_. 500 400 7
@
_ % - PLT
o 400 7
< Falling height (mm):
J I ]
@ 300 ‘ .
S i ]
9
o 200 7
o
100 - 20 . ‘ | 7
¥ I |
Kewp > Kpr about41% ofF | o a)
* (average for all loops) T T T T

Settlement, s (mm)

PLT and FWD test results on KMUTT sand
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FWD and PLT tests in laboratory

| ' | ' | ' | ' |
1200 [ Ground base with AC layer =
p, =1.55g/cm’
P, = 2.133 glem®: thk. = 50 mm
= 1000 - Plate diameter: ¢ = 150 mm FWD N
a X
<
o 800 = g height (mm): / ]
e. i Falling height (mm): 350
S
§ 600 L 250 ]
S
2
< 400 - -
ol
200 .
20
0F b) ]
0 | ) | ) | ) | ) |
* (average for all loops) Settlement, s (mm)

PLT and FWD test results on HMA laid on KMUTT sand
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FWD and PLT tests in laboratory

T T T T T T
700 k- Ground base with rock layer i
| p, =155gkm’
600 |- P, = 166 glem’ _
| Thickness =30 cm
Plate Diameter:¢150 mm
© = i
8 500
. K
= 400 | -
g
a K
§ 300 -
o L
® 200 | i
o
3 _ ’ ]
100 |- 20 -
Ok -
_100 | 1 | 1 | 1 |

Keyp > Kp 1 @bout 166% |
* (average for all loops) Displacement, s, mm

PLT and FWD test results on aggregate laid on KMUTT sand

»> = —
& E E >



FWD and PLT tests in the field

800 | ' | ' | ' | ' | ' | ' | '

Ground base only
CB5 ]
Plate diameter ¢ =150 mm i

600 .

700

500

400

300 -
PLT 1

Ground Pressure,p [kPa]

200 -

100

0 2 4 6 8 10 12 14
Settlement,s [mm]

PLT and FWD test results on field top soil




FWD and PLT tests in the field

1000 : . . - . - .
AR L Ground base only [Latterite]
Y I FEStERIIfield i _ Football Field
' _H‘t _ 800 | Plate diameter ¢ =150 mm 500 ]
_ - ©
- o
=,
o 600 | 300 ]
Q
(:,5) Drop height (mm) 200
0
Q400 | 1
o
e
c
>
© 200} .
o
ol |
] 1 ] 1 ] 1 ]

0 2 4 6
Settlement,S[mm]

FWD test results on field lateritic soil




FWD and PLT tests in laboratory

T T T T T T T T T T T
i : s 1000 } Ground base with Asphaltic concrete -
&, Procha-Uthit'ss Pracha-uthit99
;\ Plate diameter ¢ =150 mm
19 »Q 300 L 500 i
300
600 - Drop height (mm) 7
200
400 4
200 | -
10
O -
1 1 1 1 1 1 1 1 1 1 1

0.0 0.5 1.0 1.5 2.0 2.5
Settlement,s [mm]

FWD test results on field HMA (flexible pavement)




Analysis of test results

Definition of subgrade modulus by PLT:

600 T T T T T T T T T T T
1. ASTM MethOd: - Ground base (subgrade)
500 F KMUTT sand: p_, = 1.542 g/cm’ i
k., is defined at | Plate diameter: ¢ = 150 mm
- < p =11.82379+87.70952 5-9.63858 s°+0.7766 5>-0.03439 s°
p - 689 kPa 2 400} (Nonrepetitive) -
. - Q | Ky pir = 98.15 kPa/mm = , |
° ksub_ 98 15 ) at pressure = 68.90 kPa 7
> L W e -
kPa/mm § 300 H(ASTM Method) ‘ P
S P
£ 200 - A
o i 7 Repetitive
100 = / / =
n / B ' _
0 PLT
| 2 | 2 | 2 | 2 | 2 | 2
0 2 4 6 8 10 12

Settlement, s (mm)
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Analysis of test results

Definition of subgrade modulus by PLT:

600 T T T T T T T T T T T
2. AASHTO Method:
Ground base (subgrade)
. . 500 | KMUTT sand: p_, = 1.542 g/cm’ i
kSUb 15 dEmed at Plate diameter: ¢ = 150 mm
s=1.27 mm g 400 | P =11.82379+87.70952 5-9.63858 s*+0.7766 s>-0.03439 s, |
. k _ < (Nonrepetitive) \
" Nsub™ 85.96 3 " K, o= 8596 kPA/MM — AN [T h y
5 | at settlement = 1.27 mm ST |
kPa/mm 2 300 1" AASHTO Method) ‘ ;
QJ .
5— - 7
£ 200 - | | -
o J | ‘ Repetitive
100 — p / / =
u / B ' -
0 PLT
| 1 | 1 | 1 | 1 | 1 | 1
0 2 4 6 8 10 12

Settlement, s (mm)
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Analysis of test results

Definition of subgrade modulus by FWD:

700 I ! I ! I ! I ! I ! I
1_ FHWA Method [ Ground base (subgrade)
600 KMUTT sand: p, =1.542 glem® i
k is defined " Plate diameter; ¢ = 150 mm ]
sub © 500 Falling height =200 mm T
by p,..../S =3
peak/ “peak o
- 400 i
. _ o
" Kop= 162.82 S
kPa/mm 2 300 I
o
9
<
a 200 =
100 i
I secant FWD — 162.82 kPa/mm
0 . J
| L | L | L | L | L 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Settlement, s (mm)

%!—— Ba i
A& B E = AT



Analysis of test results

Effects of dynamic response and rate-dependent behaviour

P ! | ! | ! | ! | ! |
Ground base: L
on plate S00 F kmuTT sand:p, = 1.55 glcm® FWD: original 7
: l — | Plate diameter: ¢ = 150 mm FWD: adjusted for dynamic
L Falling height = 200 mm / , ,
I disp. < 400 F FWD: adjusted for dynamic
Acc10 o
i 3
i a
Acc.2 ¢ g 300 T
e
v S 200 | i
Depth =
B o
4 Time-lag 100 | -
I
on| plat I\ )
N Acc 1 oL |
i 2 | 2 | 2 | 2 | 2 |
A\ /Ace-2 3 4 5 6 7 8
| : Settlement, s (mm)
1 ]
. T < : :
8 > fime Adjustment for dynamic effects
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Analysis of test results

Effects of dynamic response and rate-dependent behaviour

c,lo,

Stress ratio, R

Normalized stress ratio jump, AR/R

5.00

T T
CDTC Test

KMUTT sand (saturated) 100z,
3
py=1.55 g/lcm
475 I "= 0.003 %/min T
450 | stress jump (AR) by K T
100 times increase
in the strain rate Stepwise increase |
4.25 k- in the strain rate _|
4.00 E
- SL for three hours and
CL for 10 cycles (Aq = 20 kPa)
3.75 1 1 1
15 2.0 25 3.0 35 4.0
Axial Strain, ¢, (%)
0.10 T

o
o
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o
o
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o
o
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| p,=155g/m’
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f
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Plate pressure, p (kPa)

500

400

300

200

100

! | ! |
Ground base:

"~ KMUTT sand:p, = 1.55 glcm’ FWD: original 7
| Plate diameter: ¢ = 150 mm FWD: adjusted for dynamic
Falling height = 200 mm
| FWD: adjusted for dynamic _|
L | L | | L | L |
4 5 6 7 8

Settlement, s (mm)

Adjustment for rate effects



Analysis of test results

Effects of dynamic response and rate-dependent behaviour

Kewp > Kp 7 @about 41%
* (average for all loops)

Kewp > Kp 7 @bout 15%
* (average for all loops)
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Plate pressure, p (kPa)

600 |

500

400

300

200

100

0

Ground base only:
KMUTT sand: p, = 1.55 glcm’
Plate diameter: ¢ = 150 mm

FWD

300

400

\

FWD |

Adjusted
PLT |

Settlement, s (mm)




Analysis of test results

After correction for strain

rate, the result from FWD
can be improved.

However, it is not
possible to correctly
adjust for dynamic effect

when ground acceleration
can not be measured.

It is therefore necessary
to propose alternative
method to determine
subgrade modulus from

FWD that is free from
dynamic effect.
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PLT and FWD test results on field top soil




Analysis of test results
Undamped Harmonic Motion

Newton’s law of motion (undamped
harmonic equation) as:

U-my+Kggung U =0

Vertical displacement under loading plate as

(by impact load)

Uu=A - cosmt+ A, sinwt

at U=u
t=0:
kground Reaction Force

0o = A
(by ground)

a) —
when

lmwmp
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Analysis of test results
Undamped Harmonic Motion

Peak value of vertical load can be
obtained as:

Foea = E¢ +1/2-9 -k

ground h
The modulus of subgrade reaction was
Action Force deﬁned as:
(by impact load) '
ksub S
u
kground Reaction Force or
(by ground)
F / A kground
sub —

u A
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Analysis of test results

T T T T T T T T T T T T T 120 T T T T T T T T T T T T T T T T T T T T T
600 -  Ground base only: 4
KMUTT sand: p, = 1.55 glcm’ FWD £
500 - Plate diameter: ¢ = 150 mm | E ) _
5 E 100 '/ASTM. kSub =98.15 kPa/mm _
=< X~
= 40T camgregn oy 7 1 = y~— AASHTO: k_, = 85.96 kPa/mm-
2 150 (%
g 300 | 1 X 80} -
o c
i} o
5 2001 . -§ H | | m -
100 | 20 {1 o 60 F \ A\ || —
F (&) R . — J
ok 2 '% Average FWD: ksub =62.04 kPa/mm
T I 40 - Actual test -
Settlement, s (mm) a
o 20}k Ground base (subgrade) 4
>
e KMUTT sand: p_, = 1.542 glcm’
©
Q Plate diameter: ¢ = 150 mm
= oOof E =11
| : | : | : | : | : | : | : | : | : | : |

0 50 100 150 200 250 300 350 400 450 500 550
Falling heights, h (mm)

Subgrade modulus of ground base
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Analysis of test results

FWD test PLT test

Faling el | ke | Gt | adse e

SRR | (kBa) | (limm) | KPS 6g okpa) mm)

(kPa/mm) (kPa/mm)
10 1.14 | 64.30 | 0.66 37.24
25 2.27 |128.37| 1.05 59.37
50 3.44 |194.73| 1.21 68.31
100 490 |27753| 1.23 69.37

200 6.93 | 392.40 1.23 69.34 08.15 85.96
300 8.36 | 472.85| 1.19 67.13
400 9.38 |530.83| 1.12 63.45
500 10.23 | 579.13 | 1.07 60.42
Average 61.82

Subgrade modulus of ground base

1
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Analysis of test results

T r T r T r T r T r T 300 T T T T T T T T T T T T T T T T T T T T T
1200 | Ground base with AC layer 4 g
| p, =155gcm’ 1
1000 L Pac = 2138 glem® thk. = 50 mm ] E \\ASTM: k =281.85kPa/mm
= Plate diameter: ¢ = 150 mm FWD 6-5 250 = sub .
o J
E 800 - Falling height (mm): 50 / 7 :Y; ,/ AASHTO: ksub =203.08 kPa/mm
2 600 - 250 . _\4:” 200 E .
& c
® 400 | 4 O
o 4% ‘
200f 1 o 150 | PN < 7' 7 3 & -
of g | \ [ _
i b
! . ! . ! . 1 . 1 . 1 ) E Average FWD: k b = 143.70 kPa/mm
0 1 2 3 4 5 o 100 | su .
Settlement, s (mm) g ‘ Actual test
0 .
5 Ground base with AC layer (paved surface)
50 - 3 -
5 Py, =1.542g/cm
-§ P, = 2.133 g/lcm”: thk. = 50 mm
P OF Plate Diameter:¢ = 150 mm E=1 1
f
[ IR I RN RN R IR BRI BRI B |

0O 50 100 150 200 250 300 350 400 450 500 550
Falling heights, h (mm)

Subgrade modulus of
ground base with AC layer

%!—— Ba i
A& B E = AT



Analysis of test results

FWD test PLT test
Falling heights | Fo.. | Py Kground Ksyi (at éSG-IE-BI\nga) (at sA éigomm)
(mm) (K «Ba) | kimm) | (kPaimm) (kPalmm) (kPa/mm)
10 1.67 | 94.49 1.42 80.42
25 3.55 | 201.05 2.57 145.63
50 5.34 | 302.46 2.91 164.79
100 7.53 | 426.22 2.89 163.62
200 10.30 | 582.80 2.70 152.96 281.45 203.08
300 12.40 | 701.75 2.61 147.85
400 14.34 | 811.48 2.62 148.28
500 15.91 | 900.54 2.58 146.09
Average 143.70

Subgrade modulus of ground base with AC layer

|

fl
‘L

=
=



Load pressure, p, kPa

Analysis of test results

T T

| Ground base with rock layer
p, =155 glem’

| P =166 glcm3
Thickness = 30 cm
Plate Diameter:p150 mm

=
i‘—.

—_—

Mddulus of subgrade reaction, k

(kPa/mm)

sub

120

o
o
o

(o]
o

60

40

20

/ASTM: k,, = 78.55 kPa/mm

/AASHTO: k,, = 73.30 kPa/mm|

@ y n

\ Average

N

Actual test -

\

FWD: k_, = 60.24 kPa/mm

® Ground base with gravel layer (unpaved surface)
p,, =1.542g/lcm’ T
Pyaves = 1:66 g/cm®; thk. = 250 mm
Plate Diameter:¢ = 150 mm E =11
| 2 | 2 | 2 | 2 | 2 | 2 | 2 | 2 | 2 | 2 | 2
0O 50 100 150 200 250 300 350 400 450 500 550

Falling heights, h (mm)

Subgrade modulus of ground base
with gravel layer




Analysis of test results

FWD test PLT test
Falling ASTI\ﬂ AAS_HTO
neigits | (GRS | (% | ol | et | Geokpa) | )
(mm) :
(kPa/mm) (kPa/mm)
10 0.98 | 55.26 0.49 27.50
25 2.10 | 118.58 | 0.90 50.66
50 3.50 | 198.17 | 1.25 70.74
100 519 | 293.75| 1.37 77.72
200 6.80 | 384.74 | 1.18 66.66 78.55 73.30
300 8.09 | 457.57 | 1.11 62.86
400 9.36 |529.78 | 1.12 63.20
500 10.44 | 591.06 | 1.11 62.93
Average 60.24

Subgrade modulus of ground base with gravel layer
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Ground Pressure,p [kPa]

800

Analysis of test results

700 -

600 -

Ground base only

CB5 T

Plate diameter ¢ =150 mm
=
5
o
=

o
2

=
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ie]
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o
(7))
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=]
©
o
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280
260
240
220
200
180
160
140
120
100

80

60

40

20

Ground base only
CB5
Plate diameter ¢ =150 mm

FWD Dynamic

FWD Harmonic

FWD Static

PLT ASTM

/— PLT FM105

Drop height,h [mm]

Subgrade modulus of field
lateritic soil




Analysis of test results

1000 T T T T T T T

Ground base only [Latterite] . ' ' ' ' ' ' ' ' I ' I
Football Field
= 800 - pate diameter ¢=150 mm 7 1000 Ground base only [Latterite] -
% | g Football Field
600 |- 4 )
o £ Plate diameter ¢ =150 mm
a Drop height (mm) 200 © 800 | ]
S 00} . &
D- el
E
3 200 . j:—
)
-‘3 600 | —
or 7 _8’ FWD Harmonic
. , : : . - Efficiency=100%
© 400 - .
5
= FWD Dynamic
o
s ~
= 200 FWD Static 7]
A~ 4‘[
0 | L | L | L | L | L |

0 100 200 300 400 500
Drop height,h [mm]

Subgrade modulus of field top soil




Conclusions

FWD apparatus was successfully developed.

Dynamic effect and rate-dependent response of
material are responsible for different results
between FWD and PLT, which were successfully
corrected.

Using undamped harmonic equation to obtain the
subgrade modulus of test material from FWD provide
similar results between FWD and PLT.

ltem 3 is relevant for both single and multiple layer
systems and both laboratory and field cases.
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EVALUATION OF STIFFNESS VALUES OF GROUND BASE AND
ASPHALTIC CONCRETE BY FALLING WEIGHT DEFLECTOMETER (FWD)
AND PLATE LOAD TEST (PLT)

Saravut Moryadee '
Karun Klaycham'
‘Warat Kongkitkul !
Sempote Youwai '
Koonnamas Punthutaecha®

‘Research Center of Geamechanics and Ground Improvement, Department of Civil Engineering, King Monghut's
University of Technology Thonburi, Bangkok, Thailand, warat kon@ kmuttac.th
*Bureau of Planning, Department of Rural Roads, Bangkok Thailand.

ABSTRACT: A series of falling weight deflectometer (FWD) tests and plate load tests (PLT) were performed in a
laboratory to evaluate the stiffness values of ground base only and ground base with asphaltic concrete (AC) layer
placed on the top and to compare the results from these two types of test. The modeled ground base and AC layer were
prepared by an air-dried poorly graded angular silica sand and hot-mixed asphaltic concrete, respectively. It was found
that, when performing tests on the ground base only, the stiffness values from the FWD tests were larger than the values
from the PLT. In addition, these differences became larger when tested on ground base with an AC layer. The
differences in the results between FWD and PLT are, at least, attributed to: a) dynamic behavior; and b) viscous

behavior of tested materials. Tl]Ll‘Llﬂll it was attempted to adj

st the FWD test results by taking the two above-

factors into ¢ Then, it was found that the FWD test results became close to the ones by PLT.
Therefore, after having adjusted for these two factors, FWD test can be used in place of PLT to accurately obtain the

stiffness value.

KEYWORDS: Falling Weight Deflectometer (FWD), Plate Load Test (PLT), Stiffncss, Asphalt, Viscosity, Dynamic.

L INTRODUCTION

Nowadays, there are several methods to evaluate the
stiffness values of a pavement structure. However,
different methods give different results when performing
tests on the same material and location. As the stiffness
value is a very important parameter used in the design
and evaluation of serviceability of a pavement structure,
it must be obtained accurately. To this end, Plate Load
Test (PLT) has been employed as a standard method for
stiffness evaluation; however, performing PLT is time-
consumed and cosily.

On the other hand, Falling Weight Deflectometer
(FWD) was introduced as a non-destructive testing
(NDT) device that can cvaluate stiffness values of
pavement structure. FWD is shori-time consumed,
conve it and economical. However, most of NDT
methods including  FWD  method have not been
standardized [1]. In fact, it was found that the stiffness
values determined by NDT methods including FWD
method were generally higher than the ones oblained by
conventional methods including PLT method [2].

In fact, there are many factors affecting stiffness
values obtained by FWD method. Therefore, it is
necessary to investigate these factors and to
quantitatively estimate the effects of these factors which

are the objectives of this study. It should be noted here
that this paper does not constitute a standard,
specification, or regulation.

2. TEST DETAILS
2.1 Test preparation

Base and sub-base materials of a pavement structure
were modeled by KMUTT sand having particle shape
and particle distribution as shown in Fig. 1. This sand
was treated by sieving and cleaning as well as being oven
to remove any organic content a large amount of river-
bed sand. After being treated, KMUTT sand has
following index properties: G, = 2.64, D, = 0.425 mm,
D, 0.150 mm, Ds; = 0.285 mm, C, = 1.879, C. =
0946, ey = 1.06 and ey, = 0.71. To simulate a
pavement  structur air-dried  KMUTT  sand
pluviated through air by a multiple sieving apparatus l*l
into a cylindrical concrete container having 1,000 mm in
inner-diameter and 900 mm in height (Fig. 2) to prepare
the eround base. The average density of the ground base
is about 1.55 g/em” (D, = 96.43 %).

To simulate the pavement material, 50-mm thick
asphaltic concrete (AC) layer was prepared by hot-
mixing asphaltic cement of 60/70 grade at 5 % by weight
of aggregate and aggregate together. The aggregate used

: 425 -

effects were adjusted agan for loading rate effect vsing
different ratios of & for FWD to PLT at different elapsed
Hmes.

Figure 13 Companson between FWD test resalts {after
and before adpstrents for dynamic and loading rate
effects) and PLT result

Figure 13 compares the pr-s relationships afier and before
adjustments for dynamic and toading rate effects with the
ones by PLT. It 15 clearly seen that the results from FWD
become similar to those of PLT. It should be noted that
any difference remained may be likely due to the fact that
there are still effects of other factors in FWD than the
dynamic and loading rate effiects that have not been taken
nto account when adjesting the FWD 1es resulis shown
0 this study, Yed, afier having adjosted for dynamic and
loading rate effects, FWD fest can be used in place of
PLT 10 accurately obtain the stiffness valve of ground
base

6. CONCLUSIONS

The following conclusions may be derived from this

study:

1. PFor the same test condition, the stiffness values from

FWD are always greater than the ones oblained by
PLT.
The differences in the stffiess valoes when
performed FWD and PLT tests on the ground base
with AC layer were higher than on the groumd base
only.

. Dvnamic and leading rmate effects were found
responsible for the differences i the stiffness valoes
between FWD and PLT tests.

. After beang adjusted for dynamic and loading e
effects, relationships between the plate pressure and
the plate settlement obtaned by FWD became dose 1o
the ones by PLT. Therefore, FWD test can be used in
place of PLT to accurately obtain the stiffess valoe,
when adjustments for dynamic and loading mte
effects were performed

"
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