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ABSTRACT
In recent years, decreased fatigue life, increased rutting, and accelerated serviceability loss in

flexible pavements have been attributed to the effects of increased wheel loads as well as increased
tire pressures. This effect is more significant in subtropical regions.

Thus, the main objective of this research was to evaluate flexible pavement sections under
different conditions of axle loads, tire contact pressure and pavement temperatures. Stresses,
strains and deflections of different sections were calculated using finite element method. Linear
analysis was used to calculate pavement responses of asphalt layers, while non-linear analysis was
utilized for granular layers. Moreover, fatigue life of different pavement sections was predicted.
Analysis of the results of this paper revealed that, some pavement sections have high safety criteria
for 30 years design period and consequently the thickness of asphalt layers could be reduced and
other sections are not acceptable for 30 years design period without increasing the layers thickness.
Moreover, it was concluded that the axle leads have a very significant influence on fatigue iife and
rutting of flexible pavements, while the effect of increasing tire contact pressure has lower
influence. Also, it can be concluded that temperature has a very significant influence on flexible

pavement responses.
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INTRODUCTION

In the recent years an important trend has been
established towards the use of heavier highway and
aircraft wheel loading. The trend in Europiarn Union
now is increasing axle loads of trucks from 11.5 to
13.0 ton [1]. On the other hand, increasing tire
pressure leads to a decrease in vehicle operating cost,
so it is desired by a lot of drivers. There are various
modes in which pavements fail. Cracking of the
surface layer and permanent deformation of the
pavement system which manifests as  rutting on the
pavernent surface are the famous modes. The effect
of increased truck tire pressures on flexible pavement
performance has become a subject of great concern.
Various researchers have used analytical methods to
attribute decreased fatigue life, increased rutting, and
accelerated serviceability loss to the effect of
increased tire pressure [2,3,4].

The main objective of this research is to evaluate the
different flexible pavement sections of road under
this study at different conditions of axle loads, tire
pressures and  temperatures. The following
paragraphs discuss the effect of each factor on the
behaviour of pavement sections,

Pavement Responses

For conventional flexible pavements, various

researchers [3-4] have identified the following

critical pavement responses:

1. Surface deflection;

2. Vertical compressive stress at the pavement
surface;

3. Vertical compressive stress at the top of the
granuiar base layer;

4. Vertical compressive stress at the top of the
subgrade layer, and

5. Radial tensile strains at the bottom of the
asphalt layer.

The first four responses have been related to rutting

whereas the fifth response has been related to fatigue

cracking. in the following paragraph we will discuss

the different models to predict the permenent strain

and other pavement responses.

Prediction of Permanent Strain

To predict the amount of permanent strain that would
oceur after a given pumber of wheel load
applications, the following models were used:

Deformation of asphalt laver

* 34 « n Y
¢, =575 ( J .................. )

1000*f

The models for calculating plastic strain and load
cycles of asphalt layer were suggested as follows [6]:

»

!
g* k
n:IOOO*f(———ﬂ] .................... 2)
57.5%c,
where:
ep [-] plastic strain
oy [kPa] deviator stress
E [kPa] Elastic Modulus
n o [-] Number of repetitions
[ [Hz] frequency
k[ parameter based on material
properties

Deformation of Granular Base Course

Plastic strain in granular base course could
be calculated based on the equation after
WERKMEISTER [7] as follows:

E i ’
£,=4 (1000) ............................... (3)

1
B
7 =1000* [EA}’-) ............................ 4)

where a, to a5 and b, to bs are parameters based on
material properties as porosity, gradation, max & min
grain size, ...etc.

Deformation of Subgrade
Plastic deformation (ep)of subgrade could be

determined as follows:
g, =&y *(a+b*log(n)).......... (N
Sp-a.gel

n=10 % . (8)

a, b parameters ranging between 0 and 0.7
gg] elastic strain (deformation)

Tested Sections in the Present Reseach

The road sections are constructed on different
subbase thicknesses. Bituminous surface course
consists of two layers, 5.0 cm wearing course and 6.0
cm binder course. Base course constructed from 7.0
cm bituminous macadam above 50.0 cm compacted
crushed dolomite (30.0 cm for section 2). Sand
subbase was variable according to the criteria of
subgrade and its height differs from 0.0 to 150 cm.
Pavement sections 3 and 4 are similar in asphalt
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overlays and base course. The difference is only in
thickness of subbase. While asphalt packet of
sections 1 and 2 are the same and the difference is in
base and subbase thickness. Table 1 shows the
thickness of different sections under this study that
were chosen according to German specifications [1].

Tablel: Layers thickness of different sections

Pavement Thickness, cm
Layers

Secl | Sec2 | Sec3 | Secd

Asphalt  wearing ;| 5.0 5.0 5.0 5.0
course, [cm)

Asphalt binder | 6.60 6.0 6.0 6.0
course, [cm) '

base course granular materials are discussed
[9,10,11,12].
Pt (contact pressure)=0.7 to 1.0 Mpa

T T | T W po o

Asphalt Packet

Ox

Base Course

%0)(2.5

Asphalt base | 0.0 0.0 7.0 7.0

course, jem]

Base course (crushed | 50.0 | 30.0 | 50.0 [ 50.0

dolomite), fem] _ Subbase Course

Subbase  (natural | 0.0 50.0 | 100.0 | 150.0

sand), [cm]

Subgrade (infinite | Infini | Infini | Infini | Infini

thickness) |1 te te te te

Effect of Temperature FAN AN AIA A A N

The asphalt mixture stiffiress is a function of
temperature and time of loading {frequency). In
general asphalt material display non-linear
stress/strain behavior with increasing the stiffness
and/or with increasing stress amplitude.

For determination of the modulus of elasticity E, a
constant frequency of 0.1 s (10 Hz; speed of 60
km/h) was congidered. The temperature gradient was
determined using POHLMANN Nomograph [8] that
calculates the variation of temperature with pavement
depth.

Finite Element Program

Using Finite Element computer program FENLAP,
axial symmetrical stress and deformation behavior
could be calculated for the different layers of the
pavement. The program uses eight knots rectanguiar
elements, in which every knot available is of two
degrees of freedom (vertical and horizontal), and all
element angles are 90 © (geometric linearity}. Fig.!
shows the mesh of finite element model.

In FENLAP there are different non linear elastic
models already implemented plus the linear elastic
Hook’s law, among this also the eclastic Dresden
model [9]. The subgrade has been modeled as
linearly elastic and had an E-value of 45 MPa and a
p—value of 0.49. Asphalt layers were calculated as
linear elastic (z = 0.35) even at high temperatures.
Modulus of elasticity E was determined as a function
of pavement temperature and time of loading
(frequency). Dresden Model as well as parameters of

I— Var.30%/ 10/0 x5 A

02— 10x4 — T 12475

Fig. 1 Finite element mesh
Fatigue Stresses and Safety Criteria

The safety criterion is related to the fatigue stresses.
In the present research the following modules is used
to calculate this property in the different layers:-

1-Subgrade and Base Course

The allowable number of load cycles to define the
safety  criteria  was calculated based on
HEUKELOM s equation [9] as follows:

1 [ 0,00875* £ ml)

criteria of safety

N =10 7 9
where
N [-] numnber of load cycles
Eyelast [MN/m2] dynamic deformation module
oz [kPa} wvertical stress at the top of layer ;
Y [-] factor of safety that indicates the

2-Asphalt Layers (Asphalt Packer)

2,633(1g E+1)
N=10 W0 (10)
where;
N [] number of load cycles
E [MN/m2] E-Modul at the bottom of asphalt
packet
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or [kPa] bending stress at the bottom of asphalt
packet
¥ [-] factor of safety that indicates the criteria of
safety

The last formula calculates safety criteria based on
the cracks at the bottom of asphalt packet. The
stiffness of asphalt mixture is extremely low at high
temperatures, Damage condition is corresponds to
factor of safety y =1.0. When value of y is too high
this means that the section is more safe and when it is
less than 1.0 it means that the section isn’t safe.

ANALYSIS OF RESULTS

J-Vertical Stress at bottom of Asphalt Layer
Figures 2 and 3 show the relation between vertical
stress at the bottom of asphalt layer and the
horizontal distance (radius) from Ioad center for
different pavement sections at -5 °C and 45 °C
respectively. It should be noted that at —-5°C this
relation isn't clear up to 20 c¢m radius. The cause is
disturbance through loading and low stiffness at the
edge of the loading area. Vertical stress goes almost
constant and then decreases with increasing the
horizomtal distance for all pavement sections.

On the other hand, at 45°C, vertical stress decreases
rapidly with increasing the horizontal distance.
Vertical stress reaches zero at a radius of 0.60 m for
Section 1. This stress increases with increasing
pavement thickness up to 1.30 m for Section 4. The
loading area on base course becomes always smaller
with  increasing pavement temperature and
consequently vertical stress markedly increases. Thus
at 45 °C, vertical stress on base course of Section 1 is
about 10 times higher than that for Section 4.

45

f\.\;— Plkn Fack

512 13 15

0 015 a3

Radius [m]
Fig. 2 Vertical stress at bottom of asphalt layers
versus horizontal distance for different pavement
sections at -5 °C
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e
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2
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=
g =
E 180
100 4
503
of ot bt

V] 0,15 Qa 045 1] 075 09 105 12 138
Radius [m]

Fig. 3 Vertical stress at bottom of asphalt layers
versus horizontal distance for different
Sections at 45 *C
2-Radial Stress at bottom of Asphalt layer
From Figs.4 and 5, it should be noted that the
bending stress decreases significantly with increasing
thickness of asphalt packet. Radial strain at bottom of
asphalt packet takes the same shape of radial stress
because the linear-clastic model was used for its
calculation.
Maximum radial stress occurs at load center and
reduces with increasing the horizontal distance. At
load center, radial stress is negative (tensile stress)
and changes to positive with increasing the distance.
The changing point from —ve to +ve depends upon
pavement temperature. This point lies at a distance of
about 0.45 m at -5 °C and reduces to about .20 m at
45 °C pavement temprature.

3-Vertical Stress at Top of Base Course

Vertical stress at iop of base course is a resuft of
wheel load distribution on a larger area depending on
thickness and stiffness of surface asphali layers. Fig,
6 shows the relationship between vertical stress and
pavement temperature for all pavement sections.
Concerning these groups of curves, the following
observing can be noted. The increase in vertical
stress by increasing pavement temperature is very
low up to 20 °C, after that vertical stress increases
significantly with increasing pavement temperature,
The highest increase of vertical stress is registered
for Section 1. The influence of increasing pavement
temperature on vertical stress for Section 4 is very
small, this is attributed to the extensive height of both
asphalt layers and subbase of this section.

The relationship between radial stresses at top of
base course with horizontal distance (radius) is
shown in Fig. 7 for all sections at 45°C. From this
figure it can be noted that the radial stress decreases
very rapidly with increasing horizontal distance from
load center. The difference of radial stress for
different sections is very small at a horizontal
distance more than 0.30 m from load center.
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Fig. 4 Radial stress at bottom of asphalt packet with Fig. 7 Radial stress at top of base course versus :
radius for different Sections at —5 °C. horizontal distance for different pavement

. o |
Radius [m] sections at 45 °C

0 015 03 045 06 07 09 1B 12 13/ 15 2.4 Pavement Deflecticn

1000 . . . . :
Fig. 8 illustrates the difference of max deflection
0 * with pavement temperature as a function of axle load ?
for Section 4. It is clearly noted that the deflection
= -0 increases with increasing pavement temperature and
S for increasing axle loads. The difference in maximum
E' 2007 deflection according to the variation of axle loads :
| increases with increasing pavement temperature.
- Moreover, the increase of deflection that meets the :
'—'.E 4000 | = i5C increase of pavement temperature can be neglected !
& e Sec 2 450 up to 10 °C, after that the increase of deflection is !
2 ptol !
5000 1 83 45°C more significant. :
= Secd 45°C ‘
5010 -
Fig. 5 Radial stress at bottom of asphalt packet with E 045 ::-ijig: P=Axle foad _ ;
radius for different pavement sections at 45 °C = 040 o Sacd, P=1151 ;
BOQ e s : N o N - L s :
-+ Sec1 § °-Sacd, P= 7.0t K i
-+ Sec2 sox ;
- % 030 :
~ 0751
= - E
o, A0 ]
- E o2
o |
§ 20 gEq Q15
% Q10
8 = 005 g
5 o
-~ W : M0 5 00 5 & w 7| o o4 45 R
e ————" Temperature [°C]

g T T T

0 5 o0 5 15 1 B 0 B 4 &5 K0 Fig. 8 Maximum deflection versus temperature as a

function of axle load for Section 4
Temperature {°C]

Fig. 9 presents the variation of max deflection
according to changes of pavement temperature and
contact pressure. [t may be noted that the increase of
pavement temperature has a significant influence on
max deflection. For example, increasing pavement
temperature from 25 °C (as a normal temperature) to

Fig. 6 Vertical stress at top of base course ( at load
center) versus temperature for different

pavement sections
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50 °C leads to an increase of max deflection about
200%, Moreover decreasing pavement temperature
from 25°C to 10 °C leads to decrease of max
deflection about 70%.

On the other hand, the difference of maximum
deflection for the three different contact pressures
can be negiected up to 25 °C, then the difference
increases with increasing pavement temperature.
Increasing contact pressure from 810 kPa to 1000
kPa leads to an increase of deflection only about 6%,
this means that the influence of contact tire pressure
on pavement deflection is very small compared to the
influence of pavement temperature.

oV J—

. ¢
% Pt: tire pressure

-4~ Se 4, ot=1004 KPa

050
-0.25 l
020
0.45 1
8104

045 |

—

el I—
-10 -5 00 5 0

———

15 20 25 0 H 4 45 =

Temperature [°C]
Fig. 9 Maximum deflection versus temperature as a
function of contact pressure for Section 4.

2.5 Vertical Strain at bottom of Asphalt Packet
The relationship between vertical strain at bottom of
asphalt layer and pavement age for different
pavement sections is shown in Fig.10. 1t should be
noted that vertical strain increases with increasing
pavement age, Max vertical strain occurs in the first
year of pavement age, this returns to the densification
of asphalt layers under wheel loads. Also, from the
above figure, the relation could be divided into two
phases, first phase (rapid phase), that occurs in the
first year, and second phase (stable phase). In the
second phase the rate of strain (deformation) is lower
than that in the first phase, this rate is faster for
Section 1. For Section 4, the rate of deformation for
the first phase is 1.0x10-2, while it is 3.1x104 for the
second phase. This means that the rate of vertical
deformation of second phase is about 3% of the first
phase.

2.6 Vertical Strain at Top of Base Course

Fig.11 shows vertical strain at top of base course
versus pavement age for different pavement sections.
From this figure it can be noted that the lowest
vertical strain is obtained for Section 4, since it has
highest thickness of both asphalt layers and subbase
course. The rate of vertical deformation for this
section is nearly constant during 30 years of
pavement age. Section 2 gives two stages of vertical

272

Vertical strain [0/001

F

Vertical strain 10/001

deformation, first one is rapid deformation stage,
while the second is stable stage. For Section 1,
vertical deformation divides into two stages and the
rate of increase of vertical deformation is significant
i both stages,

0,040

0ms |
o000
05
D0 4
015 -
o010

0005 +

J

0,000 . . .
o 5 10 15 0 = 0
Pavement Age, Year

Fig. 10 Vertical strain at bottom of asphalt layers for
different pavement sections

g

i 0

| 0,00015

 0.00010 4

~— ot —

10 15 2 25 30

o
(5]

Pavement Age, Year

Fig. 11 Vertical strain at top of base course versus
pavement age for different sections

2.7 Vertical Strain at Top of Subgrade Layer

The relationship between vertical strain at top of
subgrade and pavement age for different pavement
sections is clear in Fig. 11. From this figure it can be
concluded that this relation is almost similar, That
presents the vertical strain at bottom of asphalt
layers, yet here the strain is larger. In the second
phase the rate of strain (deformation) is lower than
that in the first phase for all pavement sections. The
highest rate of deformation for the two stages is
obtained for Section 1 and the lowest rate for Section
4. The rate of deformation of Section 4 is nearly
constant for the second stage.
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2.8 Total Surface Peflection (y=1.0). For Section ! (without subbase), safety
; 2.8.1 Effect of Axle Load criteria lies under the damage condition for both
[ In this paragraph, the effect of axle load on the total asphalt course and base course. :
i surface deflection will be shown. Fig. 12 shows total Also, it may be concluded that the pavement sections "
i' surface deflection at load center versus pavement age 3 and 4 achieve high safety criteria for 30 years !
. as a function of axle loads for Section 4. Form this design period and consequently the thickness of |
i figure it is ciearly shown that with increasing axle asphalt layers could be reduced. On the other hand, f
i loads total surface deflection increases. In the pavement of Sectionl isn’t acceptable for 30
i comparison fo the standard axle load of European years design period without increasing the layer
Union, 11.5 ton [1], with increasing axle load to 15.5 thicknesses.
ton surface deflection increases about 130% after 30 ;
years, while with decreasing axle load to 7.0 ton, 50 ?
surface deflection decreases about 140% during the 45 :
same period of pavement age. '
. 40
2.8.2Effect of Contact Pressure 351 .
The relationship between total vertical 304
deflection at pavement surface and pavement age asa ¢ 25 '
function of tire contact pressure will be studied inthe £ ”
present research. This relation is clearly shown in ¢ 20
Fig. 13 for section 4. From this figure it can be noted E 151
that Increasing tire contact pressure leads to an & "+ Secd, pi=i004
8 101 -#-Sac 4, p=Bi0vpa

consist of two stages, the first stage happens in the

increase of total surface deflection. The curves 5] +-Secd, e i

first year and the second stage in the remaining 00 . . . . i ;
pavement age. Increasing tire contact pressure from 0 5 10 15 0 5 0

810 kpa to 1000 kpa leads to an increase of surface Pavement Age, Year

deflection about 70% at the end of first stage and :
about 130% at the end of second stage. Fig. 13 Deflection at pavement surface versus i

pavement age as a function of contact
pressure for Section 4

60

50

-

el |

100- .
B S
s.o‘l///_ .

401

—_
E
E
£ .2
£ 5 i
5 a0 —Sacd, 1550 =
: = ~+Sccd, 135¢ &)
! g8 - Sec4, 115t E
2 Koo | &
i 8004, 701 175
! 0o * - . T T .
0 5 10 15 20 25 20

Pavement Age, Year

Fig. 12 Deflection at pavement surface versus
pavement age as a function of axle load for Section 4.
o Fig. 14 Safety Criteria for different pavement

2.9 Safety criteria sections
2.9.1 Safety Criteria at Different Pavement Sections 2.9.2 Comparison of Different Axle Loads

Safety criteria of different axle loads for Section 4 is
Safety criteria was calculated according to Equations shown in Fig.15. In general, safety criteriaa reduces
9 and 10 for different pavement sections. Fig.14 with increasing axle foad. For example, safety criteria
shows safety criteria of different pavement sections. decreases 11.0% with increasing axle load from 11.5
It is clearly shown that Section. 4 has the highest ton to 13.0 ton.
values of safety criterias. By decreasing the layers
thickness, safety criteria decreases. For sections 2, 3
and 4, safety criteria lies above the damage condition
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Safety Criteria

Axle load [ton]

Fig. 15 Safety criteria for different ax!e loads of
Section 4

2.9.3 Comparison of Different Tire Contact Pressure
Fig.16 shows the safety criteria for various contact
pressures of Section 4. It should be noted that safety
criteria increases with decreasing contact ftire
pressure. Effect of variation of tire pressure on safety
criteria isn’t significant compared to the influence of
axle load variation. For example, increasing contact
pressure from 810 kPa to 1004 kPa leads to an
increase of safety criteria less than 3% for asphalt
layers.

Safety Criteria
i

10
: ;
0,04 s
Sec4, T Asphalt
Pt=10D4 Secd, -
PL=8lo  Secd,
P1=670

Fig. 16 Safety criteria for different tire contact
pressure of Section 4

3. CONCLUSION

The main objective of this paper is to evaluate four

pavement sections under different conditions, These

conditions are axle loads, tire contact pressure and

temperatures

The following points could be observed:

1- At load center, radial stress is negative (tensile
stress) and changes to positive with increasing the
horizontal distance. Changing point from —ve to

B
1

L=
[

Subgrade

+ve depends on pavement temperature which lies
at a distance of about 0.45 m at -10 °C and
reduces to about 0.15 m at 45 °C pavement temp.
2-The increase in vertical stress by increasing
pavement temperature is very low up to 15 °C,
after that vertical stress increases significantly
with increasing pavement temperature. The
highest increase of vertical stress is registered for
Section 1. The influence of increasing pavement
temperature on vertical stress for Section 4 is very
small.

3-Surface deflection increases with increasing
pavement temperature and/or increasing axle load.
The difference in max deflection according to the
variation of axle loads increases with increasing
pavement temperature. The increase of deflection
that meets the increase of pavement temperature
can be neglected up to 5 °C
The difference of max deflection for the three
different contact pressures can be neglected up to
25 °C, then the difference increases with
increasing pavement temperature. {ncreasing
contact pressure from 8§10 kPa to 1000 kPa leads
to an increase of deflection about 6%
Vertical strain increases with increasing pavement
age. Max vertical strain occurs in the first year of
pavement age. Varying flexible pavement
responses as strain and deflection with pavement
age could be divided into two phases, first phase
(rapid phase},that occurs in the first year, and
second phase (stable phase). In the second phase
the rate of deformation is lower than that in the
first phase

Total surface deflection increases about 130%
after 30 years with increasing axle load from 11.5
ton to 15.5 ton, while with decreasing axle load
from 11.5 ton to 7.0 ton surface deflection
decreases about 140% at the same period of
pavement age
Increasing tire contact pressure from 810 kpa to
1000 kpa leads to increase of surface deflection
about 70% at the end of first stage and about
130% at the end of second stage
Safety criteria reduces with increasing axle foads
as well as with decreasing pavement thickness,
while variation of tire pressure on safety criterias
isn’t significant.

Finally, from the above results, it can be
concluded that FE-program FENLAP can be used
successfully to calculate the flexible pavement
responses and to evaluate the behaviour of
pavement sections under different conditions of
pavement layer thickness, axle loads and tire
contact pressure. This program offers linear and
non-linear calculations.

Ln
]

~J
1

=]
]

pe]
h
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