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Abstract— Long-term performance of pavements is dependence on several aspects including design and method of construction,
vehicles loading and environmental conditions along their service life. The pavement response to these aspects is mostly based on the
stiffness characteristic of the materials. The most significant stiffness property is the resilient modulus that is based on the strain
under loads, and several factors include roughness of road profile, soil property, soil type and stress state. This study focuses on the
simulation of the pavement performance by considering pavement material and vehicle characteristic, road roughness, and
temper ature variations. The vehicle-road interaction is the main focus. It includes analysis of the integration of damage consequence
by the static and dynamic loads of the vehicle fleet on the structural variability of the pavement. Meanwhile, other factors such as
temperature influencing the modulus degradation of the bituminous material is also included. As a result, all factors were
significantly contributed to the life of the pavement.
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and base layer. Other than that, numerical analysis method

I. INTRODUCTION also used to analyze the relationship between stress-strain
and deflection to fatigue and rutting failure [10]. Vehicles
load and tire pressure were concluded as the factor caused by
OIfa|lure instead elastic modulus of the layer materials. Using
this method, pavement structure was design by varying the
modulus of each material and layer thicknesses.
d The PPM in this study contains a step of predicting the
primary response from the loads, determine stiffness
modulus, examine damage mechanisms and finally
accumulate the level of pavement damage. This is the last
ptep, once the failure mechanism was achieved. Otherwise,
it ends at the step of degrading the elasticity of the
bituminous material. This model is capable of predicting
rllgngltudmal roughness, fatigue cracking and rutting of a
related to field performance [1]-[8]. pavement consisting of an adjacent layer, an unbound

Currently, mechanistic-empirical design approach has subbase layer, and subgrade. Generally, to simulate the
been developed which consider the changes of climate andi€teérioration over time, the model makes use of an
water content in the road structure and sub-grade throughoutCrémental recursive procedure; that is, the output from
the pavement life [7]-[9]. The Enhanced Integrated Climatic 3¢ time increment becomes the input for the next time
Model (EICM) was designed to generate patterns of rainfall, Ncrement. . _
and solar radiation. It is also taking into account the drainage _Meanwhile, Collop in the year 1994 was developed a

of the base layer in measuring the amount of water thatmOdugJS degradﬁtion model llusdingh l:c)jack—ca}lcula;ion
flows into the subgrade by infiltration from the road surface procedures [4]. The ARRL supplied the data of surface

The analysis of pavement structure is complicated as it
involves many factors include an external variation of tire
loads, load pressures, material properties, climate, an
environment. It is more complicated as involves multilayer
system. The studies on Pavement Performance MB&aY
have been performed since the 1980s involved analytical an
mechanistic procedures [1]. The analytical method is capable
of calculating fundamental parameter such as stress, strain™
and deflection in a multi-layered system when subject to
external loads, while the mechanistic procedure is capable o
translating an analytical calculation of pavement response
into performance. Ultimately, the concern is not with
stresses and strains but with how these stresses and strai

2386



deflection. In his model, the asphalt modulus degradation The N; is some loads to initiate fatigue crackimgjs tensile
law is a correlation between the modulus of elasticity of the strain under the bituminous layer, and and k, are
bituminous material and fatigue. The inverse procedure wasconstants. Also, permanent deformation occurs when
used to get the stiffness modulus that provided a surfacematerial from under the wheel path of a truck flow to form a
deflection that suit with the measured surface deflection. groove or rut. The general correlation between rutting and
Further review of back-calculation procedures and model vertical strain on top of the subgrade is as follows:
developments can be found in Collop study [4]. The
correlation between the elasticity value of the asphalt N, = ky(e)*s 5)
concrete and fatigue cracking is defined as:
The N, is an allowable number of vehicles to failurgjs
Em _ Em compression strain on the subgrade laygrand ks are
ES, Exp {lo‘ge (E%) D}D =1 (1) consliants. The values kf andks c:gn be caliygrated to match
the field observations. The valuelgfvary from 1.85 to 7.14
En_ Emy p>1 (2) is based on the layer design and the test conditioks A
E Em value equal to 3.57 has been used [1Bjaluation of
pavement response to vehicular loading is an essential
consideration to predict the most accurate pavement
performance as well as to guarantee optimum performance
since the design life of the pavement. The Peak Influence
function (PIFM) and Influence function method (IFM) will
be used in this study based on the previous study [14]-[16].

The E/Ew is the decreasing in modulus of elasticity of
the asphalt concretd) is an accumulate fatigue cracking
damage, (E/Emngc is a constant, that is, the level of
modulus reduction that correspond been reacBed.). It
may be equal to 0.2 [4]. Using this model, fatigue of the
bituminous material is calculated using the effective stiffness

X ; The pavement condition and material properties griiylu
mo_dul_us. The strain at the base of the asphalt '?‘Y?‘r is used a(§1ange throughout the lifetime as the pavement is subjected
an indicator of fatigue that was assumed to be initiated at the,

base course and propacates slowly uoward to the roa(ilo a succession of various magnitudes of load pulses and
surface propag y up arious time intervals between loading pulses. Moreover, it

The resilient modulus defined as a function of stress IeVeldepends on the details of the traffic loads, climatic variation,

: - . . a variation of the pavement structure and the material
is a common characteristic that is widely used for the P

analysis and design of road structures recently. Therefore, i roperties in time. It has been shown that the damage caused
y 9 y- ' by each magnitude of load pulse at various time intervals can

IS t()aslsentlal to e\I/aILér_:\te the stlrlessesthmob!llzt_e]g W':hf'n troadbe predicted by the results of simple loading test, according
sub-layers upon loading as well as other significant 1actors. ., o - jine 5y hypothesis, such as Miner's rule [17]. This

Conventionally, the resilient .moqmus IS an Eengineering giatistical law can be applied irrespective of the pavement
property evaluated by th? Californian Bearing Ratlo (C.B.R)' course or the distress mechanism involved, cracking or
Currently, several analytical models for evaluating resilient ermanent deformation. The parameferrefer;ed o as
modulus are focused on stress-dependency. The behavior ccumulation of damagé varies between 0 and 1. ibre®

granular soils has been found to vary primarily as a functionfor the undamaged material apet1for failed material
of the bulk stress, while the applied deviator stress is found '

to be more critical for fine-grained soilghe optimum PO
moisture content of a granular layer is recorded to be b= Zi=1m (6)
between 6 and 9%. Applying these values, the optimum . 4
resilient modulus of granular mixes can be calculated using The N® is the number of loads at a given strain level,
the following equation [7]; N is the number of loads to failure at that strain level, and
j is the several strain levels.
Mpgop: = 2555CBR6* ()
[I. MATERIAL AND METHOD
The CBRvalue is determined by correlating the moisture- . . .
density andCBR curves [13]. Poisson ratio for unbound A. ag‘#txg’ggm:\;:mem Performance Model using
material approximately from 0.3 for crushed material to 0.4
for gravels or sands [14]. Other than that, Widodo et al. The simulation work followed the flowchart as illustrated
noticed that CBR value may determine using bearing in Fig. 1. As shown in the figure, in overall, tR€M used
capacity equation without considering confining pressure of an incremental-recursive procedure to simulate the damage
the soil propagation over time. The output from each time increases
Cracking of the bituminous layers is caused by a tensile recursively as the input in the next time increases. The
strain that is developed in bound layers after several loadshcremental process is applied to individual points along the
pass and Continuous]y propagated throughout the bituminouéongitudinal road. The simulation starts with prOViding road
layers. Other than that loads cracking also influenced by Profiles which interact with the wheel loads and a dynamic
temperature variations and construction method. The load were generated at this stage. Other than the wheel loads
correlation of fatigue life and the tensile strain is as follows: the speed of the vehicle is required. The cycle is based on a
time-stepping algorithm that requires repeated application of
Ny = ky(e0) "2 (4) force to the surface, updates in temperature, recalculating the
critical response as well as, damage mechanism. Thus, the
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accumulation of damage is computed to degrade thestructure, drainage pipe was installed at the left edge side.
asphaltic concrete stiffness modulus and road profile. ThisHowever, for predictingPPM without precipitation, this
applies to all cases. For that purpose, a computerdrainage pipe is omitted. The water flow was simulated
programming was developed using MATLAB software for using the finite difference method. Thus, the cross-section of
simulating the performance of the pavement from the the pavement structure was discretized into several spaces
beginning of trafficking until the roads fail. distanced. The diameter of the loading area is derived from
the tires is 0.3 m, which means that several points on the
surface are loaded and degrade throughout the time of

simulation.

C. Material Characterization

—@ The environmental factor considered in tR@M is a
: Vehicle model temperature that may affect the elasticity of the asphaltic
Thitame Wheel ox| }*— material. Climate affects the performance and mechanical
+ Pavement layer properties of pavement components and to pavement
‘ Combine r‘_ model structures ability to withstand traffics forces especially from
Update ' good heavy vehicles. The materials used in the pavement
Temperature Fatigue primary structure were based on the JKR/SPJ/2008, a Specification
— T ] response I for Road Work_s in Malaysia [18] and Manual of Pavement
Rutting primary B Design (Technical Order (Road) 5/85 [Amendment_ 2013]
respanse ) [19]. Table land Table Il gives the material properties that
= have been used in the pavement structure model.
i :
i falipue TABLE |
Rum::q:;mage damage model MATERIAL PROPERTIES
v l Parameters
Surface deformation Mgt " Volume of void {v)=5 %
at each point along I, a;im & | Volume of bitumen\(b)= 7.5 %
the road d?.;damat - '§ Penetration of the bitume(Ri)= 60 %
e g' Temperature varies
l ¢ 8 | CBR value CBR of sub-base layer = 60 %
No H Fail2 m £ | Optimum moisture content = 8 %
_’é CBR of subgrade soil =5 %

Optimum moisture content =12 %
The thickness of the surface bituminous material= 0.2 |m

The Poisson ratio of the surface bituminous material
i ~0.35
‘qc: @ The thickness of base layer = 0.2 m
Fig. 1. Pavement Performance Model g g The Poisson ratio of base layer material = 0.4
P 2 The thickness of the sub-base granular material = 0.2lm
(a7

The Poisson ratio of the sub-base granular material =|0.4

B. Road and pavement discretization

Truck twell

All the parameter values are constant throughout the
simulation except the temperature which ranges frofC 27
1 to 30°C; that is the monthly mean temperature from daily
temperature data ranges of 2C7to 34C. The flexible

Asprolt concrete pavement used consists of 0.2 m bituminous layers over a
I emaniad by T 0.2m unbound sub-base. The thicknesses are the general
S ——— Y thickness used for road construction in Malaysia that is
Eage pipe. D Suvgrade o based on the Standard and Construction Layer thicknesses
(JKR/SPJ/2008-S4).

The loads are applied in the circular area. Each layer has
infinite width while the thicknesses are finite except for the
subgrade layer. Every layer is homogeneous, linear elastic

Fig. 2 shows the schematic figure illustrating the @nd isotropic, characterized by elastic modulus and
longitudinal road space distance and cross-sectionalPoisson’s ratio ranges from 0.3 to 0.5 for non-cohesion and

pavement structures as well as space cells for finite COhesive soil respectively. [20]. A typical value was taken to
difference method for PPM predictions. A 500 m be 0.4. The Poisson’s ratio of the asphaltic concrete, sub-

longitudinal road profiles were discretized into several block base and subgrade are 0.35, 0.4 and 0.4 respectively.
spaces with equal width and length. For along the road

Fig. 2 Pavement Structure
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Bitumen grade 60/70 was used, and the percentage volumé. lteration

of the bitumen is about 7.5%. The simulation starts by characterized the road length and
pavement structures. The length of pavement surface is
TABLE Il divided into many equally spaced subsections of 0.1 meters.
PAVEMENT PROPERTIES VARIATIONS The incremental process is applied to the individual points
[ROAD 1 USING THE VALUE IN BRACKET] along the longitudinal road.
Thickness | Air void, | Binder, M odulus
L ayer
h, (mm) Vo (o6) Vo, (%) (GPa)
180
Asphalt 150 ) 4
concrete (200) 6 6 160/
layer 250 8 (8) =1
300 10 10 140¢
2—=Y. 15 S
g&f‘)?k;’;as; 200 - - E,=0.0XF, £ 100}
E2:0.01E1 z 80
5 I
Subgrade| ; - E, (CBR-5%) g
Soil z 60©
) 40t
D. Vehicle Model
A linear ‘quarter-truck’ model has been used traveling 20¢
along 100 m length of road with varying levels of roughness. 0
Detail of the quarter truck model was referring to previous 35 45 55 65 75 8 95 105 115 125
work [21]-[23]. The road profiles as shown in Fig. Three are Vehicle speed (km/h)
used. The height of road profile is representing pavement Fig. 4 Daily number of vehicles versus speeds
roughness. The sample interval for all road profiles is 0.1m,
and International Roughness Index is 2 for all profiles. The
vehicle data as shown in Fig. 4 has been used. The tota _* fiﬁ ‘
vehicle that considered in this study is 1200 vehicles, and the _ 2 2} 47/"'0 R ots ﬂ.;; ]
: i )
speed was assumed to be varied. Overall vehicle speec 28 % i-ﬂﬂh‘“&f‘f {VM ‘1 M@Wﬁ’fr A
ranges from 47 to 120 km/h with the dominant at 75 km/h. E?g, &
The dynamic load generated by the single tire vehicle model E»ﬁ”’
that responded to the road profile was applied to the road 2 = o T - -0 o =
structures. The diameter of the contact area of the load Time (day)

applied equally to 300 mm. Fig. 5 Daily temperature
E. Climatic Data Dynamic tire forces of the vehicles traveling along the
The climatic data were obtained from the Department of road are generated using time domain vehicle simulation.
Meteorology Malaysia for the year 2009. This includes The dynamic tire forces are then combined with primary
hourly temperature and rainfall intensities. The temperatureresponse influence functions to get a response at all points.
and rainfall data were managed systematically and The pavement response is calculated using the linear elastic
summarized in a computerized database. Statistical analysisheory. The tensile strain just below the asphaltic layer and
was performed to measure monthly averages and standardompression strain on the sub-grade layer are computed at a
deviations. The daily average temperatures are given in Fig.ocation directly below the mid-point of the full area from
5. It shows that the temperature ranges fron2@ 30C. each loading condition by changing the quarter-truck model
properties. The first response histories are then transformed
. . . . . - - into two damage mechanisms that are, fatigue and rutting
mad 9\ “’adgroam using determined damage model.
/ The number of allowable cycles to failure is used to
& determine the increment of damage at discrete points along
the road due to load passes. For each time increment, the
truck-road interaction simulation program was run for each
type of truck model. The increments of damage from tandem
; and tri-axles are computed by multiplying the increment of
W ] damage from a single axle by two and three, respectively.
S T I A e A B i w0 The.totgl monthly increment of damage was calculated by
Longitudinal distance (m) multiplying the increment of damage from each axle by the
, , monthly number of axles, respectively. Following that, the
Fig- 3 Road Profiles accumulation of total damage at discrete points along the
road from all vehicles was then computed using Miners Law.

o

o

{32
T

Displacement (m)
o

S
o
ol
S =
QD
o
w
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Using the results, the asphaltic material modulus is degradedoads that have an IRI= 2 which remain for approximately
to reflect fatigue damage. The new asphaltic layer elastic11.6 to 12.1 years.

modulus was then determined for the next time increment.

Consequently, it is clear that the initial IRl of the road

Meanwhile, the road surface profile was updated to reflect significantly influences pavement life [24], [25]. The

the rutting damage.

I1l. RESULTS ANDDISCUSSION

A. Prediction for different road profiles

number of cycles leading up to failure and the failure
mechanism of the roads are all given in Table Ill. The failure
mechanism that dominates all road types is rutting. The life
amongst the roads with an IRI=2 varies between
approximately 1.6% and 6.5%. However, the percentage

Fig. 6 shows the whole life pavement performance of road differences increase when comparing the average cycles
1 to road 9. As shown in the figure, Roadl to Road 6 is thewith IRI= 2, IRI=2.5, IRI=3 and IRI= 3.5. They are
road profiles generated with IRI=2 and the IRI for Road 7, estimated as 10.5%, 19.7% and 27.7%, respectively. Also,

Road 8 and Road 9 are 2.5, 3 and 3.5, respectively.

for all roads, the cumulative fatigue at failure is lower than
approximately 0.4.

1 T
ogf — Roadl . TABLE Il
Y Road 2 | MODESOF FAILURES
' — Road 3 Road 9
‘if07* ——— Road 4 1 . Cumulalive
2 06l —— Roads Road 8 | Road name Number of Failure fatigue at
s Road 6 axlestofailure | mechanism failure
2 05} o2 Road 7 i condition
Soa : Road1 3997177
S Road 13 Road 1to 6
S 03— Road14 1 Road2 3998323
021 ’ Road3 3998652
01F 1
. ‘ Road4 3816169
o 05 115225 3 35 4 45 Road5 4062323 Rutting 0.38-0.4
Number of cycles X 106
Road6 3966249
(@
005 Road7 3557517
Road8 3193746
002+ 1 Road9 2872378

mm

=0015-

] Also drawn in the figures, more fatigue occurs after

cumulative rutting of 0.02 m. This is due to generated rutting

on the pavement increasing the loading undulation on the
surface in turn, increasing the response in the pavement
(tensile strain at the bottom of the asphaltic layer) and thus,
7 accelerating pavement damage. It can be seen from the
figure that for Roads 1 to 6 that are IRI equal to 2, pavement
fails because of excessive rutting after an approximate range

o

o

=
T

Cumulative rutting

0.005f

Number of s 4 between 3.8 million and 4.1 million load passes. However,
X0 for other roads, the pavement would take approximately 3.6
(b) million, 3.2 million and 2.9 million load passes to fail. This

is for Road7, Road8, and Road9, respectively.
In conclusion, the life of a pavement is significantly

The figures show the cumulative road damage progression@ffected by the initial roughness index. Roads with a
starting from zero defects up until the road’s failure. different profile but the same initial IRI= 2 do not have any
According|y, every 36,000 Cyc|es are equiva|ent to one Significant variation in pr8diCt8d “fe, that is lower than
month’s period of trafficking and. At the beginning of the 6.5%. However, there is a preferably linear decrease of the
loads, cumulative rutting was gradually increasing and Pavement's life from approximately 9.2 years to 8.3 years
thence automatic accelerated fatigue progression afterWhen the initial IRI value is increased from 2 to 2.5. Thence,
approximate|y 1/3 of the pavement life. Four million Cyc|es when the initial IRl increases to 3, the life will shorten to
are equivalent to 9.3 years of trafficking. As shown in the about 7.4 years and 6.7 years when the IRI=3.5.
figure, roads with IRI equal to 2 remain for more cycles than
those with a higher IRI approximately more than 3.9 million
to 4.1 million. In apart, the road with the IRI=3.5 endures for This section aims to determine an efficient time step that

up to 2.9 million or 8.36 years before it fails compared to could reduce running time while maintaining accuracy. For
that purpose, the incremental damage was simulated

Fig. 6 Cumulative damages, (a) fatigue and (b) rutting

B. Damage Propagation as a Function of Time Increment
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following a monthly evaluation for up to a year. The input, temperature. Thence, the higher asphaltic surface
therefore, included temperature, and several groups oftemperature will lower elastic modulus of the surface layer
temperature data were obtained statistically, i.e., mean andand in turn, increase the critical strains in the pavement, also
standard deviation. Otherwise, monthly axle numbers wereaffecting an increment in damage progression. It is also
determined and were constant for all cases. noticed, time increment is one of the factors that should be
Figure 7(a-b) shows the cumulative damage when seriously considered for predicting pavement life.

different statistical temperature evaluations are used. To

measure the accuracy of the simulation, the cumulative ACKNOWLEDGMENT

m_onthly damage rgsults from the simulations are compared The authors would
with the cumulative hourly damage. As shown, the
cumulative rutting and fatigue damage using monthly
vehicles and monthly temperature averages is significantly
lower than the cumulative rutting and fatigue using hourly
vehicles and temperatures. Alternatively, using the monthly [l
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