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ABSTRACT — The environment, traffic loading, material properties and
construction practices are main factors influencing pavement performance.
Traffic loading with different wheel configurations is simultaneously moving
on highways. Moreover, the pavement boundary conditions affect pavement
behaviour. To predict pavement responses and performance, traffic loadswith
different characteristics are considered to estimate stresses and defor mations
through pavement. These responses in case of layered pavement system are
less than those obtained for the ideal homogeneous case depending upon the
stiffness of the layers. Semi-analytical solutions are available to analyze the
behaviour of elastic layered pavement subjected to traffic loads. For more
complex cases of layered pavement or loading conditions, it is necessary to
perform numerical analysis using finite element technique. In addition, most
of pavement materials do not linearly perform under the action of traffic
loading. Therefore, linear and non linear analyses were preformed for first
series of the investigation, which take in account the effect of tyre pressure,
axle load, asphalt layers rigidity and pavement layers properties. Also, the
influence of state of loading, tyre type and some boundary conditions on
pavement responses is considered in the second series. Furthermore, for
moving traffic loads, the effects of viscous damping, and load frequency on
the deflection and stress have been investigated. In this paper, the ANSYS
programs version-8 and version-10 are used to analyze in three dimensions
the behaviour of layered pavement systems under static and moving vertical
loads and to obtain stresses and deflections through it considering the
realistic properties of the pavement layersindicating load transmission issues
for a wide variety of materials stiffness. In this research, the pavement is
modeled as a multilayered elastic system composed of a subgrade assumed to
be an infinite medium upon which layers of finite thickness infinitely extended
horizontally are laid. Discussing and analyzing of obtained results are
presented and the main conclusions are drawn out.

1. INTRODUCTION
The pavement performance is influenced by factach sas material properties, the
environment, traffic loading, and construction pi@es. Also, pavement damage may
be caused by vehicle characteristics, axle load wainelel configuration. Pavement
responses are affected by both load and tyre pesBut, the load has a greater effect
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than tyre pressure. The effect of increased tyesqure is significant in the asphalt
surface layer in terms of vertical compressive sstes, and the magnitude of the
maximum tensile strain at the bottom of asphaleBager increases with the increased
tyre pressures. Further more, tyre type, axle lcamal axle configuration have
significant effects on those responses. When theced strains due to external loads
are relatively small, stresses and deformationsisuelly estimated using the theory of
elasticity. Semi-analytical and analytical soluBomre available to analyze the
behaviour of elastic layered pavement subjectedsudace loads. In solutions
concerning the analysis of layered pavement systarder traffic load, the pavement
layers are considered as homogeneous, linear eelastitropic and the loading is
considered as static. These methods such as Besgsnone work reasonably well if
the pavement system behaves as a linear elastensy$he stress and deformation
distributions are symmetrical with respect to tlegtical axis of acting load at any
depth below the surface. When the soil mass cansistayered strata of finer and
coarser materials or non-isotropic soils, the Bm&sg) equations may not provide
reliable solution. Modified form of Boussinesq'auation considers equivalent height
of pavement layers, which assumed that the pavefagats are acting as a single
homogeneous incompressible layer and stiffnessrfattiayers was derived. Then the
vertical stress in subgrade can be obtainedhe solution according to two-layer
system, the total surface and interface deflectaamsbe obtained. Burmister provided
analytical expressions for stresses in three |aastic systems, which had been
expanded by Jones and Peattie. In recent yearsisnroéaumerical techniques such as
the finite element method for pavement analysisused. In 2-dimensional finite
element analysis of multi-layered pavement, twoatrehs and two charts were
developed. The first is used to obtain the relatitress at subgrade with respect to
applied one at pavement surface with respect ttotiakequivalent height of pavement
and the second is used to compute pavement sutédieetion beneath the center line
of applied load with respect to the similar heighi.3].

In the real situation, heterogeneous pavement daypehave far from such ideal
conditions. Pavement materials are not behaving lmear elastic manner and the
materials behave non-linearly. For relatively thaphalt construction, linear elastic
theory for a wheel load may be valid, where fonthsphalt construction the non-linear
characteristics of the granular layers and soilidate the response to wheel load, non-
linear analysis is required. Therefore, the prambection of material properties is very
important to improve the prediction of those bebavs [7].

Wheel load stresses and deflections have often locatulated using static load
conditions, however, moving dynamic loads inducescal wheel load stresses and
deflections. The primary response parameters ofpdmement depend on vehicle
speed. The moving load produces a higher defleetidhe top of the subgrade than the
static loading with non-linear pavement materibkdisaddition, dynamic effects are less
pronounced for the stiffer pavement structuresshuple relations between static and
dynamic displacements exist, but a general trendeofeasing dynamic/static surface
deflection with increasing frequencies is appar&ttess pulses develop within the
pavement layers due to a truck wheel moving orrdlad. The pulse duration increases
with decreasing the vehicle speed and the magniftittee pulse gets smaller when the
depth increases since the load is distributed targer areas. The pulse shape varies
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largely when the speed changes. Moreover, the shhple stress pulse becomes
asymmetric when the depth increases, especiallhigit speeds. The change in
deflection with speed is not largely affected bg #xle spacing, or pavement stiffness.
With a harmonic variation on the moving axle loattee maximum deflection and
stress increase with increasing load frequencyidersd without viscous damping.
But, with viscous damping, the maximum deflectiom atress tend to decrease with
increasing load frequency. The granular layers smitl dominate exhibit hysteretic
behaviour to moving wheel load and material dampaip of 5 % were specified for
all layers including the surface layer [14-20]. Tiwite element method provided a
better solution in analysis of pavement of comgermetry, boundary conditions and
materials with considering traffic loading as a tistaloading, while for the
heterogeneity, non-linearity and orthotropy cormuitiof the pavement structure
incorporating of traffic loading as a dynamic laagliis still in its early stages of
research.

This paper illustrates the usefulness of the fialeanent method in the analysis of
multilayer pavement systems subjected to diffetgpes of loading simulating axle
loads with different wheel configurations as aistdly effect or traveling at different
speeds. In this research, the ANSYS programs ve&siand version-10 [21] are used
to analyze the flexible pavement as a finite elemmaandel, with defined boundary
conditions and to investigate the effect of loadivigen combined with linear and non-
linear characteristics of pavement materials oflélyers. Also, the effect of different
cases and state of traffic loading, effect of sdmoendary conditions on the stresses
and deformations through the pavement are invdstiga

2. THREE-DIMENSIONAL FINITE ELEMENT ANALYSIS OF
MULTI-LAYERED FLEXIBLE PAVEMENT

For 3-dimensional analysis of pavement structungoof homogeneous materials, it can
be efficiently used for the analysis, are ANSYSdPams Version-8 and version-10
[21]. This software is used in this research stémlyelastic linear and non-linear
behaviour of pavement materials under various lgadonditions. The tyre type with
different wheel configurations is selected for paeat analysis as given igs. 1 and

2. For first series of analysis of pavement strustuhe effect of dual wheel with
different tyre pressure, static axle load, and akgayers stiffness are conducted. For
second series of analysis of pavement structuees,effect of tyre type, pavement
boundary condition and state of traffic loading iareestigating.

2.1 Pavement System Under The Effect Of Static Wheels.

2.1.1 Case of elastic-linear characteristics of pavement materials

For analysis of pavement structure, the layerkii@sses in the pavement model have
been chosen such that they are close to thosee aXilsting pavement. The pavement
structure selected for this study consists of 50 ofirdense graded asphalt concrete
surface course and 50 mm thick binder course, a &0 thick granular crushed
limestone layer as the base course, a 250 mm dfiigkavel-sand soil as the subbase
course and a subgrade (silty soil) at the bottohe €onfiguration for the structure
used in the analysis is illustrated Fig. 3. The material characteristics used in the
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analyses, considered to be representative of thieuslayers in the selected pavement
structures, are summarizedTiable 1.
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Fig. 2: Wheel configuration considered in analysis as &ingpload.

To analyze the pavement system showRii 3, the pavement is modeled as a finite
element model, using ANSYS Program Version-8. Tlevement configuration
selected for calculation is shown ig. 4. The pavement block is modeled with
SOLID45 brick elements quadratic with 8-node. Thement has three degrees of
freedom at each node: translations in the nodg and z directions and rotation are
not allowed for all nodes [21]. The finite elemanbdel representing the pavement
considered in this analysis, and mesh generat®slawn irFig. 5.

The boundary conditions are defined at the nodesrevithe displacements in
horizontal and vertical directions can be restrdin€he following conditions are
applied with reference teig. 4, when defining the boundary conditions.
e The vertical displacements of the nodes on theobotilane (plane ABCD) of
the model are fixed.
* The plane ADGF is considered as plane of symmettwéen the two wheels,
thus the orthogonal displacements to the plangreneented.
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e The plane ABEF is considered as vertical planeipgdbrough midway of one
wheel, thus the orthogonal displacements to theeptaie prevented

31.5¢cn
2 KN: OKN
i
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Asphalt surface layer, 5 c 4 :
Asphalt layer, 5¢ t .
Base course, 15 I
Subbase course, 25
4
Subgrade, infini
v

Figure 3 Pavement configuration

Table 1: layer thickness and elastic material properties used for analysis.

Layer Material Thickness,| Unit Weight,| Young’s Poisson’s
cm kg/m® Modulus, kg/cnt | Ratio
1 Surface layer 5 2400 10000-30000 0.4
2 Binder course | 6 2350 5000-15000 0.4
3 Base 15 2200 1500 0.3
4 Sub-base 25 2000 1000 0.3
5 Subgrade infinite 1500 200 0.45
G H

A

Fig. 4: Pavement configuration Fig. 5: Three-dimensional view of
used in the analysis the finite element model.
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This configuration gives more realistic represdatabf the pavement, and the load is
also repeated on either side of the symmetry bayndde analysis is run in a plane
strain configuration. In this type of analysis, toading is applied as traffic static
loading of axle equal to 80 KN applied through aldwheel assembly spaced by
31.5 cm. The 20 KN wheel load is assumed to beotmify distributed over the
contact area between each tyre and pavement. Acgmtessure equals to 570 KN/m
(tyre pressure of commercial vehicle) is assumed,5.77 kg/crh The contact area
can be represented by two semicircles and rectasgiihown in Fig. 6. This previous
shape is converted to a rectangle as suggeste@fy7R having an area of 0.5228L
then the contact area has the dimensions of 2A& .

Due to symmetry, the pavement under a half whesl Ie considered in the analysis.
A pavement block under half wheel load, having agth of 183.6 cm, width of
131.35 cm, and a depth of 300 cm, is considerednmranalysis as shown Hig. 4.
The effect of increasing contact pressure is coteducTherefore, another contact
pressure of 8.44 kg/ énon the same selected contact area is used foysimal
Furthermore, the effect of increasing axle load wasglied. Thus other runs were
performed for a model representing the pavemedéeuthe effect of an axle loads of
9.3-13.6 ton for contact pressure of both 5.77 &dd kg/ crfi and pavement block
under half wheel load, having a length of 191.1asmd width of 152.9 cm, and a depth
of 300 cm, are considered.

— -
[{e] (o]
o o
| |
0.4L o 0.87121 ‘
Fig. 6a: contact area between Fig. 6b: Equivalent contact area.

tyre and pavement surface.

2.1.2 Case Of Elastic-Non Linear Characteristics Of Pavement Materials

The behaviour of unbound pavement materials with #sphalt layer is certainly
nonlinear and stress dependent, even at low trsfifesses. For pavement analysis, a
nonlinear finite-element model with stress depengés suitable for calculating a
reduced horizontal tension in the bottom half obaund aggregate base layers. It is
also noted that the effects of nonlinearity and vheying stress-dependent modulus
and Poisson's ratio, especially in the base lagerdd be substantial [12].

Therefore, the finite element computer program Al$S¥ogram Version-8 was used
for pavement analysis considering the non lineaoitythe pavement materials. The
Durcker-Brager yield criterion is used in this stuas a simple pressure dependent
failure criterion. It can be viewed as a smoothragimation to the Mohr- Coulomb
criterion. Since the values of ¢ (cohesion) amate determined by using conventional
triaxial compression tests, they are different frimose determined under plane strain
conditions. The value of Drucker Brager constamtloa expressed as [22]:
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tan ¢
JO+12tan? ¢)

wherea = angle of flow (the inclination of yield surface)
¢ = angle of internal friction

The values of cohesion, angle of internal frictaowd angle of flow in addition to the
initial values of Young's modulus and Poisson'sosafor different materials used in
the analysis for non linear behaviour of pavemegeits are assumed and shown in
Table 2 [7, 14 and 22]. The pavement structure, configonaand loading conditions
selected for calculation; finite element mesh draoundary conditions are similar as
in the case of linear analysiBigs. 3-5). The 3-dimensional analysis is run in a plane
strain configuration. The pavement block is modelgth SOLID45 brick elements.

tan a =

@)

Table 2: layer thickness and elastic material properties used for non linear analysis.

Layer| Material Initial Young's | Poisson’'s  C, Friction | Angle of
Modulus, kg/cri| Ratio | kg/en? | angle,p | flow, o

1 | Surface layer 10000-50000 0.35-04 2540 3035 0 1
2 Binder course¢ 5000-15000 0.4 2 35 10
3 |Base 850-1500 0.3 0.01-0.4 55 14

4 | Sub-base 500-1000 0.3 0.03-p.345 12

5 | Subgrade 100-200 0.4 0.1-1.0 20 2

The vertical stress o, load step increments curve

To check the accuracy of the used progreigure 7 shows the relationship between
the stress, and the increments (load steps) of equivalenisiwbeel load at specified
point (at surface) through the center line of duhkel load assembly obtained from
linear and nonlinear solutions using the ANSYS paog The nonlinearity solution
performed using Drucker Brager criterion is compalg linear solution. The linear
solution assumed that there is no yield serfatd then the behaviour miterials is

7

——non linear solution

6 1 | —=— linear solution /

5 4

The stress o, (kg/cmz)

(0] 20 40 60 80 100 120
Percent of load step

Fig. 7: The linear and non-linear solutions of selected flexible pavement.
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always elastic. But in non linear solution, thelgisurface is assumed as Drucker
Brager criterion. Therefore, if the stress actorgthe material is inside the yield
surface, the partial solution is linear followed bgnlinear solution due to the
hardening of material where the yield surface egpdrisotropically until it fails.

2.1.3 The Effect Of Tyre Type On The Behaviour Of The Pavement

For study the effect of tyre type (wheel configwas) on the behaviour of the
pavement system, another pavement structure, wtneisists of 10 mm of dense
graded asphalt concrete surface course (E = 509afrk p = 0.35,¢ = 30, ¢ =
40 kg/cnd), a 200 mm thick granular crushed limestone lagthe base course (E =
850 kg/cm, u = 0.3, = 55, ¢ = 0.4 kg/cA), a 200 mm thick of gravel-sand soil as the
subbase course (E = 500 kgfem= 0.3,¢ = 45, ¢ = 0.3 kg/cA) and a subgrade at the
bottom (E = 100p = 0.35,¢ = 20, ¢ = 0.1 kg/cf) was selected as shown¥fiy. 8.
Tyre types considered in analysis are showRign 1. In this study, three tyre types
were used; an axle single-tyre, dual-tyre spacedBh$ cm and dual-tandem tyre
group spaced by 31.5 cm by 122 cm. The pavemeasssmed subject to a static
traffic loading of an axle equal to 80 KN with aifenm pressure of 570 kpa within
each tyre. Three dimensions finite-element modg@hgiIANSYS Program Version-10,
is utilized to simulating loads and pavement stritest The load was applied in 100
increments. The pavement block is modeled with $045 brick elements quadratic
with 8-node [21].

4$(N
R AAAANSALSAS
Asphalt surface layer, 1(m I
Base course, 20 ¢ !
|
Subbase course, 20 !
l
Subgrade, infini |

Figure 8 Pavement structure for analysis.

The simulation and analyses were conducted foewifft tyre types given iRig. 1.
Because of symmetry, only 1/4 of the contact aseanalyzed. In the first type of
analysis, single axle single-tyre, the pavementigaration selected for calculation is
shown inFig. 9. The finite element model representing the pavénzem mesh
generation is shown iRig. 10. In this type of analysis, the tyre-pavement conéaiea
caused by an assumed 40 KN wheel load (single-tgrepnsidered and its shape is
assumed as rectangular area with the dimensior#®2 afm by 32 cm. A pavement
block under wheel load, having a length of 311 width of 316 cm, and a depth of
350 cm, is considered for the analysis. The boyndanditions are defined at the
nodes where the displacements in horizontal anticeédirections can be restrained.
The following conditions are applied with referenimeFig. 9, when defining the
boundary conditions:
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e The vertical displacements of the nodes on theobotilane (plane ABCD) of
the model are fixed.

e The plane ABEF is considered as plane of symméngugh midway of wheel,
thus the orthogonal displacements to the planpraented.

* The plane ADGF is considered as vertical plane ipgsthrough midway of
wheel, thus the orthogonal displacements to theepéaie prevented .

H

A
Fig. 9 Pavement configuration used Fig. 10 Three-dimensional view of the
in the analysis (single-tyre). finite element model (single-tyre).

Group Simulation

Two analyses were conducted to investigate thectsffef group configuration shown
in Fig. 2 on the behaviour of pavement system. The firstyaiglinvolved a single-
axle dual-tyre configuration, shown ifig 2b, with a 40-KN load (20 KN per tyre),
while the second analysis involved a dual tandenfigoration, shown irFig 2c, with

a 40-KN load (10 KN per tyre). In both cases, aify of the geometry was analyzed.

2.1.4 Effect Of Boundary Conditions On Pavement Responses

The shoulder or retaining wall is constructed twréase the stability of pavement. The
shoulder sometimes is failed due to environmentcgff sliding and materials

shrinkage. To investigate the effect of boundargditions on pavement responses,
pavement under the effect of static loads is matlele a three dimensions finite-
element model, using ANSYS Program version-10. & luases reflecting the selected
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boundaries are assumed. The first case considaeedight adhesion between the
pavement and shoulder, while the second case adstiraecrack along the vertical
plane between the pavement and shoulder. The d@hatysis is performed to consider
shrinkage crack or failed shoulder to the top lefesubgrade. In these analyses, the
pavement is subjected to a traffic loading of thens considered axle wheel load
(single-tyre) with uniform pressure as given in ecad static state. Because of
symmetry, only 1/4 of the contact area is analyZdwtrefore, a pavement block under
wheel load as given in Fig. 9 is considered for dhalysis. The following boundary
conditions are applied.

» The vertical displacements of the nodes on theobotilane (plane ABCD) of
the model are fixed.

* The plane ABEF is considered as plane of symméirgugh midway of
wheel, thus the orthogonal displacements to theepsaie prevented.

* The plane ADGF is considered as vertical planeipgshrough midway of
wheel, thus the orthogonal displacements to theepsaie prevented.

* The horizontal displacements of the nodes on thiece¢ plane (plane BCHE)
of the model are partly and/or completely fixedatiect the above mentioned
handled cases.

2.2 Pavement System Under The Effect Of Moving Wheels.

The analyses were conducted by simulating "movingtis at different speeds (two
different vehicle speeds were used 2.5 km/hr and 60 km/hr); and characterizing the
viscous behaviour of pavement materials. Diffene@htel configurations as moving
loads are considered in the analyses showigin2. In this study also, an axle single-
tyre is used to reflect the effect of moving whieeld on the behaviour of the pavement
system comparison with the similar static wheele Ttp surface is considered as free
from any discontinuities and the interfaces betwksmrs are considered as fully
bonded and rough. A finite-element model is usedamalyze flexible pavement
subjected to a moving wheel as vertical loads.

Single-Axle Single-Tyre Simulation

The finite-element discretization of a multi-laypavement system selected for
calculation due to moving wheel loads is showrFign 11. This configuration gives
more realistic representation of the pavement,thedoad is also repeated on either
side of the symmetry boundary. The pavement blsakadeled with SOLID 45 brick
elements quadratic with 8-node and element Solshilfised to simulate the moving
wheel with properties as rubber material. In thyiget of analysis, the pavement is
subjected to a moving vertical traffic loading @ axle single-tyre) as shown in
Fig. 2. The rectangular contact area is assumed, havirgges of 22 by 32 cm and any
change in the shape during load variation is negtedBecause of symmetry, only 1/2
of the contact area is analyzed, as indicatedign 11. In the analysis, a single-tyre
load was assumed to travel along a straight pathx{¥) at constant prescribed speed,
ignoring the effects of the dynamic behaviour & tkehicle. The amplitude variation
of the moving loads considered in this study inelicharmonic variation. Several
analyses were conducted to investigate the effdctemping, frequency and vehicle
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speed due to tyre pressure on the behaviour opévement system, assuming the
material properties indicated in previous item Z.Be following boundary conditions
are applied.
» The vertical displacements of the nodes on theobotilane (plane ABCD) of
the model are fixed.
« The plane ABEF is considered as vertical planeipgshrough midway of
wheel, thus the orthogonal displacements to theepdaie prevented.

B
Fig. 11 Three-dimensional view of the finite element model (single-tyre).

3. PAVEMENT ANALYSIS RESULTS AND DISCUSSION

The results of all of the analyses obtained in nimeled pavement structures are
presented. These results are given in the sequendgch they were accomplished to
illustrate the process used to arrive at a propemkedge of predicted performance of
pavement structure. The effect of pavement depthdeftection and stress was
determined. The responses obtained at planes oheymmand through C.L. of wheel

at surface and layers interface and subgrade aaé/zad and described in the
following sections.Figure 12 shows the locations at which deflections and s&®s

were determined, analyzed and described in theviatlg sections.

Locations

82 Egrsfé‘ Csurfa. i Asphalt Concrel
Base

At subgrad > Sut-bast
Subarade

Figure 12 Pavement surface locations at which deflectionsireks were determined.
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3.1 Case Of Elastic-Linear Characteristics Of Pavement Materials

The effect of pavement depth on deflections anésse&s due to tyre pressure
(8.44 kg/cri) were presented iRigs. 13, 14. From these figures, it is noticed that the
deflection and stress decrease as pavement deptfages. The deflection and stress at
plane of symmetry (x-axis) decreases as the distahplane of symmetry increases
depending on pavement depth and on wheel assembligaration for shallow ones.
The stress at shallow depths through C.L. of wliegreater than that at plane of
symmetry "y-axis" (C.L. of wheel assembly configioa).
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Fig. 13: Deflection of pavement surface and at depth of 50 cm through x-axis .
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Fig. 14: Vertical stresses at depths of 10 and 50 cm through x-axis.

The maximum vertical stress at depth 50 cm usirgdlyfi Boussinesq's equation and
modified one according to Ref. [10], secondly 2-Dalgsis Ref. [8], reached

-0.30 kg/cr, while it is equal to -0.39 kg/chvaccording to the present analysis, i.e.
exceeds by 30 % of that obtained according to colsyacases. Also, the maximum
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surface deflection obtained using 2-D analysis derivative relation given in Ref. [8]
equals 0.188 crwhile it reached 0.17 cm according to the presaatyais i.e. less by
10 % of that according to the 2-D analysis. Theseiadions may be attributed to
dimensional effects of considered model and coraees.

3.2. Case Of Elastic-Non Linear Characteristics Of Pavement Materials

The deflection due to tyre pressure decreases \asm@mt depth increases for non
linear performance of pavement materials as predem Fig. 15. Also, these
deflections under loading zone at shallow depthsradse depending on resulting
equivalent wheel at pavement depth. The value téctéon and stress considering non
linearity are larger than those obtained from Imaaalysis as given iRigs. 15, 16.
Considering non linear analysis, vertical stregshesugh C.L. of tyre are larger than
those through C.L. of dual wheel assembly "y-a®'Shallow pavement depths, but
the differences are not significant at large deptfisen dual tyres act as a unit load.
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—m—7=0, non-linear
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Fig. 15: Comparison of linear and non linear deflections of pavement surface and at
depth of 50 cm through x-axis.
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Fig. 16: Comparison of linear and non linear vertical stresses (S,) at depths of 10 and
50 cm through x-axis.
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The different stresses(S,, S,) at the bottom surface of lower surface layersta@wvn

in photos given iphotos 1a-1c in Appendix. So, the maximum shear tensile stress
reached 1.4-1.86 kg/émwhile the vertical compressive stress is equa.®® kg/cm

but, vertical compressive stress reached 0.56 Kgatraubgrade surfagehoto 1d in
Appendix. Photo 1e in Appendix illustrates that the pavement respsnakmost
happen within semi-conical zone and sharply deedtdsneath surface layer and
extends to 2-3 times of wheel breadth roundly.

The amount of tyre pressure effect on pavementoresgs considering non linear
analysis was performed. The increase of tyre presfom 5.77 to 8.44 kg/cm
increases the deflection and stress through pauefoemoth linear and non linear
analysis as shown iRigs. 17, 18. The pavement surface deflection is affected by
wheel position as given ifg. 17.

0
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0.1
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—e—Vy=0,2z=0 cm, p= 8.44 kg/cm”2
-0.25

—a—y=0,z=0cm, p=5.77 kg/cm”2

034 —a—Yy=0,z=50 cm, p= 8.44 kg/cm”"2

—«—y=0,2z=50 cm, p=5.77 kg/cm”"2

-0.35
Distance, cm

Fig. 17: Comparison of non linear deflections of pavement surface and at depth 50 cm
through x-axis due to different tyre pressure intensities.

Vertical stress, Sz kg/cm?

06 —e—Yy=0cm, z=50 cm, p= 8.44 kglcm”2
1 —my=0, =50 cm, p=5.77 kglcm”2

0.7 -
Distance, cm

Fig. 18: Comparison of non linear vertical stress at depth of 50 cm through x-axis due
to different tyre pressure intensities.
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The effect of wheel magnitude ranging between &@ 8.3 t with the same tyre
pressure on pavement responses was performed. @fhectibns at surface and
through pavement increase with increasing the nadmiof wheel load in spite of
contact pressure equality as showrfign 19. Also, the stresses through the pavement
were increased owing to increasing wheel load asnginFig. 20.
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Fig. 19: Comparison of non linear deflections of pavement surface and at depth of
50 cm through x-axis due to different wheel loading.
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Fig. 20: Comparison of non linear vertical stress pavement depth of 50 cm through
x-axis due to different wheel loading.

The surface layer rigidity effect on pavement res@s due to tyre pressure equal to
5.77 kg/cm was conducted considering non linear analysis. déféection through
pavement decreases with increasing of surface kgielity depending on pavement
depth as shown iRigs 21-23. So, the deflection through x-axis reflects theuting
equivalent wheel load through pavement and theltregudeflections are similar as
those of Boussinesq's results.sn (E = 30000 kg/crﬁ E,= 15000 kg/crﬁ $=5Nn

(E, = 20000 kg/cth E, = 10000 kg/cf), s« = sn (E, = 10000 kg/cth E, =
5000 kg/cr)).
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Fig. 21: Comparison of non linear deflection of pavement surface through x-axis for
different surface layer rigidities.
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Fig. 22: Comparison of non linear deflection at pavement depth of 10 cm through x-
axis for different surface layer rigidities.
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Fig. 23: Comparison of non linear deflection at pavement depth of 50 cm through x-
axis for different surface layer rigidities.

For non-linear analysis, the vertical stress attliepO0 and 50 cm through symmetry
axis through (x-axis) is larger in case of lowerface layer rigidity especially through
small depths as shown figs. 24, 25. On the other hand the tensile stress (tangential
stress) is large through the load acting zone high surface layer rigidity as given in
Fig. 26. It may be owing to layer stiffness increasing &sdroportioning with lower
layer.
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Fig. 24: Comparison of non linear vertical stress at pavement depth of 10 cm through
x-axis for different surface layer rigidities.
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Fig. 25: Comparison of non linear vertical stress at pavement depth of 50 cm through
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3.3 Effect Of Tyre Type On Pavement Responses

The deflections and vertical stresses through glafesymmetry (y-axis), at subgrade
due to different axle types as static load wereiokd as presented FKigs. 27, 28.
From these figures, it is noticed that the largedties of deflection and stress are
obtained due to single tyre, while the smallestsamlgtained when using dual tandem-
tyres. This may be attributed to the variable thstion of axle load at pavement
surface. The maximum deflection at depth 50 cmgusingle tyre is 0.141 cm, while it
is equal to 0.106 cm due to dual tandem tyres. Als® maximum stress obtained due
to dual tandem-tyres equals 0.067 kgfcwhile it reached 0.135 kg/ énfior single-
tyre, i.e., the maximum deflection caused by theldandem configuration was
approximately 27 % less than that caused by thglesityre, while the vertical stress
due to single-tyre reached 150 % of that causatdgual tandem-tyre configuration.

The deflection, cm

——single-tire

—s—dual-tires

-0.14

——dual tandem-tires

-0.16
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Fig. 27: The deflection at subgrade through plane of symmetry (Y-axis) due to different
wheel configurations.
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Fig. 28: The vertical stress at subgrade through plane of symmetry due to different
wheel configurations.
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The vertical stress at the bottom surface of AGlag shown inFig. 29. So, the
maximum compressive and shear tensile stressesredalue to single tyre, while the
smallest stresses happened due to dual tandem Tyreefore, it is expected that the
more damage will be accomplished with trucks ofyrtyres than those with dual
tandem tyres.
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Fig. 29: The vertical stress at lower surface of AC layer through plane of symmetry
due to different wheel configurations.

3.4 Effect Of Boundary Conditions On Pavement Responses

The deflections through plane of symmetry (x-axes),subgrade due to different

situations and/or adhesion between pavement anddsrovere obtained as presented
in Figs. 30. From this figure, it is noticed that the deflectiin case of non complete

adhesion between the pavement and shoulder ani daeulder failure is higher than

that obtained with tight adhesion of pavement armalikler or in shoulder presence in
the good case. This may be owing to shoulder stnening effects on pavement

performance, which increase road stability.
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Fig. 30 The deflection at subgrade through plane of symmaetder different
boundary conditions.
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3.5 Effect Of Moving Wheel As A Harmonic Loads On Pavement
Responses

The shape and the maximum amplitudes of the resgormdong the moving
coordinates do not necessarily occur at the same tiue to the moving harmonic
loads. When there is viscous damping, the maximeftections are smaller than those
without viscous damping as shownHRiy. 31. Also, with damping, frequency has a
substantial effect on stresses and deflectionsves gn Figs. 32, 33. Figure A2 in
Appendix illustrates how the pulses due to moviegigle transmitted through the
pavement. The vertical stress on subgrade is signily affected due to vehicle
motion as given irFig. 34, but the deflection increases with small amouningwo
increasing vehicle speed as showim 35.
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Fig. 31: The deflection distribution at subgrade through plane of symmetry due to
different damping factor for load frequency = 10 Hertz.
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Fig. 32: The vertical stress distribution at subgrade through plane of symmetry due to
different load frequency.
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Fig. 33: The deflection distribution at subgrade through plane of symmetry due to
different load frequency.
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Fig. 34: The effect of vehicle speed on vertical stress at subgrade through plane of
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Fig. 35: The deflection at subgrade through plane of symmetry due to different vehicle

speeds with load frequency = 10 Hertz.
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10.

11.

12.

13.

[1]
[2]

[3]

5. CONCLUSIONS
The surface deflection and stress at shallow deptteugh C.L. of wheel are
slightly greater than those at C.L. of wheel asdgndonfiguration, but the
difference is negligible at large depths.
For linear and non linear analyses, the deflectinththe stress due to tyre pressure
through pavement decrease as the depth from tfecsuncreases.
The deflection curves through pavement depth reflee concept of the resulting
equivalent wheel load, which the assembled duaklghmay act.
For linear analysis, the maximum vertical stresoeding to the present analysis is
equal to 130 % of that obtained according to thelifrexl Boussinesq's formula or
by the 2-D analysis, while surface deflection issldy 10 % than that obtained
from the 2-D analysis.
The pavement responses almost happen within deficenical zone and sharply
decrease beneath surface layer and extend ton2e8 tf wheel breadth roundly.
The values of deflection and stress consideringlimearity are greater than those
obtained from the linear analysis.
For non linear analyses, the increase of tyre presscreases the deflection and
stress through pavement depending on pavement ésptctially under the load
acting zone. Those responses increase with inag#se magnitude of wheel load
in spite of contact pressure equality.
The increase of surface layer rigidity decreasesréisulting deflection and stress
through pavement. Therefore, it is desirable tecedurface layer of high quality
and with enough thickness to resist tensile steeegposed to the bottom surface
of lower asphalt layer
The primary response parameters (deflection aedsts) of the pavement caused
by the dual tandem configuration were the smattest those caused by the other
tested tyre configurations. So, it is advisableemommended to increase the axle
load with dual tandem-tyres of traveling truck.
It is desirable to support pavement with shoulderslecreases the deformation,
and stresses through pavement and early prevdatlitse.
The deformations and stresses increased with isioigdoad frequency and the
pulses transmitted through the pavement causegltaiamage of its materials.
The moving wheel produces a higher deflection ttten static loading and an
additional contribution to deflection was noticelhwincreasing speed.
The current practice of pavement analysis usingcdt@ads can underestimate the
maximum deflections and stresses, and the resytawgment design can be less
conservative
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Appendix
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WODAL SOLUT ION

STEF=1

SUE =15

T IFTE=100

== (AL =y ]

RIWE=0

DEC =_ 155337

S =— _ 5577635
PO =— 01053

photold: $ at Z=50 cm

- .ES77ES - 2E1E2 —.214549% - 19z01% - 0714:7
- .49647F —-. 27524 - E52505 - d1zzEE

SuE =Y L L

TIME=z1_751

=2 [&FE])

RITS=0

DEC =_05z23z3

SHMH =-1.353

S =_1&83

photole: $trough p:
-1.4354 -1. 456 -1.01z2 —-. 5402538 -.0BET452

-1.7&2 -1.&% -.?7ES1L - . 2024906 R}

Fig. Al: Non linear stresses at bottom of surface layer and through pavement.

Fig. A2: The deflection pulses distribution through pavement due to a moving tyre
with load frequency = 5 Hertz
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