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Introduction

Conventional test methods

Both methods 
provide reliable test 
results; however, 
the test procedures 
are time-consumed.



Commercially available FWD apparatus

FWD has been commercially developed.
Test procedures are very fast.

Introduction



State of problem

Commercially available FWD apparatus

Why the test results 
obtained from FWD are 
different from the 
convention method?

How to adjust the FWD 
test results to be close to 
the ones from the 
conventional method?



Objectives

FWD Result

Conventional
Method Result

How?

Evaluate
Stiffness Value

FWD Device

Analysis
Framework

To investigate the rate‐
 effect and dynamic‐

 effect from FWD that affect 
 to the pavement stiffness 

 value.

To develop an analysis 
 framework taking into 
 account the rate‐effect and 

 dynamic‐effect for evaluating 
 to the real pavement 

 stiffness value. 



Schedule/Timeframe of the Project

 2008 2009 
Activities 

10 11 12 1 2 3 4 5 6 7 8 9 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

10
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1100

Calibration chamber (sand tank)



Productions of FWD and supporting 
apparatuses

Trigger

10‐kgf 
 hammer

Plate

Buffer

Load cell

FWD apparatus



Productions of FWD and supporting 
apparatuses

Ball link

Universal joint

Load cell

Plate

Hydraulic lifter

PLT apparatus



Productions of FWD and supporting 
 apparatuses

Field test

FWD

Battery

DC‐to‐AC
converter

Dynamic
data logger

Laptop



Productions of FWD and supporting 
apparatuses

Load cell Laser displacement sensor Gap sensor

Accelerometers Dynamic data logger Computer



Preparations for laboratory and field tests

0.5 mm0.5 mm

Materials for laboratory tests



Preparations for laboratory and field tests

Preparation for field tests

FWD PLT



Preparations for laboratory and field tests

Gap sensors Laser sensors

Typical set up of FWD test



FWD and PLT tests in laboratory
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FWD and PLT tests in laboratory

PLT and FWD test results on HMA laid on KMUTT sand

kFWD >  kPLT about 138%
* (average for all loops)
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FWD and PLT tests in laboratory

PLT and FWD test results on aggregate laid on KMUTT sand
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FWD and PLT tests in the field
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PLT and FWD test results on field top soil



FWD and PLT tests in the field

FWD test results on field lateritic soil

0 2 4 6

0

200

400

600

800

1000

Ground base only [Latterite]
Football Field
Plate diameter φ =150 mm 

 

G
ro

un
d 

P
re

ss
ur

e,
P[

kP
a]

Settlement,S[mm]

Drop height (mm)

500

400

300

200

100

50

20

10



FWD and PLT tests in laboratory
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Analysis of test results

Definition of subgrade
 

modulus by PLT:
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Analysis of test results
Definition of subgrade

 
modulus by PLT:

ksub
 

is defined at 
 s = 1.27 mm

2. AASHTO Method:

∴ksub
 

= 85.96
kPa/mm 
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Analysis of test results

Definition of subgrade
 

modulus by FWD:

ksub
 

is defined 
 by ppeak

 

/speak

1. FHWA Method

∴ksub
 

= 162.82     
 kPa/mm 
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Analysis of test results
Effects of dynamic response and rate‐dependent behaviour
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Analysis of test results
Effects of dynamic response and rate-dependent behaviour
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Analysis of test results

Effects of dynamic response and rate‐dependent behaviour
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Analysis of test results
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After correction for strain 
 rate, the result from FWD 
 can be improved.

PLT and FWD test results on field top soil

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.



Analysis of test results
Undamped

 
Harmonic Motion 

0p groundu m k u⋅ + ⋅ =&&

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

1 2cos sinn nu A t A tω ω= ⋅ + ⋅

ground
n

p

k
m

ω =

Vertical displacement under loading plate
 

as:

when

at           
0 :t = 0 1u u A= =



Analysis of test results
Undamped

 
Harmonic Motion 

Peak value of vertical load can be 
 obtained as:

The modulus of subgrade
 

reaction was 
 defined as:

or

sub
Pk
u

=

/ p ground
sub

p

F A k
k

u A
= =

2peak f ground h
F E g h k m= ⋅ ⋅ ⋅ ⋅ ⋅



Analysis of test results

Subgrade
 

modulus of ground base
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Analysis of test results

Subgrade
 

modulus of ground base

FWD test PLT test

Falling 
heights

(mm)

Fpeak
(kN)

Ppeak
(kPa)

kground
(kN/mm)

ksub
(kPa/mm 

)

ASTM
(at p = 
68.9kPa)

(kPa/mm)

AASHTO
(at s = 1.27 

mm)
(kPa/mm)

10 1.14 64.30 0.66 37.24

98.15 85.96

25 2.27 128.37 1.05 59.37
50 3.44 194.73 1.21 68.31
100 4.90 277.53 1.23 69.37
200 6.93 392.40 1.23 69.34
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



Analysis of test results

Subgrade
 

modulus of 
 ground base with AC layer
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Analysis of test results

Subgrade
 

modulus of ground base with AC layer

FWD test PLT test

Falling heights
(mm)

Fpeak
(kN)

Ppeak
(kPa)

kground
(kN/mm)

ksub
(kPa/mm)

ASTM
(at p = 68.9kPa)

(kPa/mm)

AASHTO
(at s = 1.27 mm)

(kPa/mm)

10 1.67 94.49 1.42 80.42

281.45 203.08

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

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



Analysis of test results

Subgrade
 

modulus of ground base 
 with gravel layer
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Analysis of test results

Subgrade
 

modulus of ground base with gravel layer

FWD test PLT test

Falling 
heights

(mm)

Fpeak
(kN)

Ppeak
(kPa)

kground
(kN/mm)

ksub
(kPa/mm)

ASTM
(at p = 
68.9kPa)

(kPa/mm)

AASHTO
(at s = 1.27 

mm)
(kPa/mm)

10 0.98 55.26 0.49 27.50

78.55 73.30

25 2.10 118.58 0.90 50.66
50 3.50 198.17 1.25 70.74
100 5.19 293.75 1.37 77.72
200 6.80 384.74 1.18 66.66
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



Analysis of test results

Subgrade
 

modulus of field 
 lateritic soil
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Analysis of test results

Subgrade
 

modulus of field top soil
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Conclusions

1.
 

FWD apparatus was successfully developed.
2.

 
Dynamic effect and rate‐dependent response of 

 material are responsible for different results 
 between FWD and PLT, which were successfully 

 corrected.
3.

 
Using undamped

 
harmonic equation to obtain the 

 subgrade
 

modulus of test material from FWD provide 
 similar results between FWD and PLT.

4.
 

Item 3 is relevant for both single and multiple layer 
 systems and both laboratory and field cases.
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