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Chapter (1)
Introduction

There are many methods to design pavements, which depend on
opinions regarding suitability of design, which vary from local to
local.

Materials that are -available for construction of pavements have
major influence in design. The design of airport and highway
pavements involves a study of soils and paving materials, their
behavior under load, and the design of pavement to carry that
load under all climatic conditions. All pavements derive their
ultimate support from the underlying subgrade. -

Flexible pavements were classiﬁed by pavement structure having
relatively thin asphalt wearing coarse with layers of granular base

and subbase, being used to protect the subgrade from being over

stressed.
The goal that must be satisfied by any design method is to
achieve the most economical section that will serve the analysis

period with acceptable serviceability.
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A flexible pavement is a type of pavement design was primarily
based upon empiricism or experience. In the design of flexible
pavements, the pavement structure is usually considered as a
multi-layered elastic system. The material in each layer is
characterized by certain physical properties.

Rigid pavemenfs consist of thin slabé of Portland Cement
Concrete (PCC) poured on subgrade or base-course. Because
of its rigidity and high Modulus of Elasticity, concrete pavements
tend to distribute the applied load over a relatively wide area of
subgrade. Thus the slab itself supplieg the major portion of the
structural capacity, this is on the contrary of flexibie paixements,
where the strength of the pavement is brought by building up
relatively thick layer of subbase, base and surface.

Thin layer specialized of the single high performance cement
concrete of rigid pavements on _the contrary of thick multi layers
of flexible paverﬁénts (asphalt layer, base & subbase layers), as
shov:.(n in ﬁgﬁres (1.1,1.2). Where a thick layer of riéid pavements
needs when we using an ordinary concrete instead of the thin

one of high performance concrete.
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The major factor that is considered in the design of rigid
pavements is the strength of the concrete itself, where the
variation of subgrade or base strength have little influence on the
structural capacity of the pavement. Stresses in rigid pavements
can result from several cases including volumetric changes in the
subgrade and /or subbase, restrained, temperature, movement
caused by changes in moisture and wheel load. 3

The existing methods for desiéning rigid pavements depend..c;;
empirical formulas. These formulas deal with the analysis of rigid
pavements, the stresses include factors that may be placed in
several categories, including restrained temperature and
moisture deformations and externally applied loads, and voiume
changes of the supporting materials including frost action, and
continuity of the subgrade support through pumping.

The purpose of this thesis is to derive a theoretical model for the
thickness design of rigid concrete pavements using High
Performance Portland Cement Concrete.

The basis of this research is dependent on a stress-strain
analysis for three-dimensicnal finite elemen_t analysis of rigid

5\

concrete pavements,
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Different variables are considered as input values for the
proposed model; as soil classification of subgrade modulus of
rupture  (MR) for Portland Cement Concrete, California bearing
ratio test (CBR), modulus of subgrade reaction (k), modulus of
elasticity -(E), traffic volume (number of repetitions of 18 Kip.
Single axle load), temperature, and concrete compressive
strength (fc) which depend on the use of high performance

concrete  characteristics with or without supplementary

cementitiouse materials. The dimensions of the proposed

theoretical model are presented in the fallowing chapters, chapter

(2) deals with the history of the rigid pavement design, by
pointing out on all contributing factors which deals with rigid
pavement design and analysis, it also include the state of the art
in that regard. Chapter (3) gives a short summary and several
methods of analyzing rigid pavements.

Chapter (4) deals with methodology of working and finite elément
method for analysis of rigid concrete pavements.

Chapter (5) deals with mode! formulation and analysis and
regression to get the required formula.

Chapter (6) gives conclusions and recommendations.
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Chapter (2)
Literature review
Introduction

Until now there has been a very little research done which deals
with 3D finite element modeling of rigid pavements which does
not reach to a final concluding model, however several research
papers discussed this issue and will be presented in this chapter.
San Helwany &Joe Leidy deal with Finite EIerﬁent Analysis of
Flexible Pavements. They used an analytical model to calculate
primary response load equivalent factor, utilizing deflections
based or strain based equivalency factor methdds. The method is
capable of simulating the observed responses of Pavements
subjected to axle loads with different conﬁgu'rations and axle
loads travelling at different speeds. A variety of miaterials
constitutive models such as linear elastic, nonlinear elastic, and
viscoelastic are employed in the analysis to describe the behavior
of the pavement materiails. Finite Element modeling of

pavements can be extremely useful, because it can be used
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directly to estimate primary response parameters without
resorting to potentially costly field experiments.
This study illustrates the benefits of such methed in the analysis
of three layered pavement systems subjected to different types of
loading. This method was able to simulate the observed
responses of pévements subjected to axle Ioads-of different tire
pressure, axle loads of different speeds.

e Donald D.N. GEOFFRQY .P.E are discussed the thin

surfaced pavements, they recommend for continuing the

studying of three dimensional finite element modeling for rigid

concrete pavements. Donald reached to a conclusion that
there is no a thin surfaced pavement structural or thickness
design methodologies suitable for use in the United States.
Consideration should be given to modeling any effort of this
nature on some of the very successful prograrﬁs provided by
the technology tra;{sfer center. AII the procedﬂres currently in
use are‘ adoption of the Corps gf Engiheer’s Method that had
its beginning as an airfleld pavement design during World War

Two. ((5), Synthesis of highway practice 260 /thin surfaced pavement.)

A\
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e The conference held in the Embassy Suites Hotel,
Charleston, West Virginia on November 8-10/1998 discussed
3D finite element modeling for pavement design and analysis.
The conference recommends continuing research & study of
three dimensional finite element modeling for rigid pavement

analysis and design. ((1), 3D finite element modeling for pavement

analysis and design.)
+ The sec;md international symposium 3D finite element for
pavement Analysis and Design and Research which held
between 11-13 October 2000 in Charleston west Virginia,
Embassy suite hotel. The steering committee invited authors
to submit original contributions that describe the development
and /or application of 3D finite element modeling in any area
related to highway pavements or airports unway, the
following topics were welcomed:-
& Response and or performance modeling of flexible, rigid or
b. Composite pavehent or airport runway.
c. Development / verification of 3Dfinite element software for

pavement.
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This symposiumn aims to provide an exchange of ideas between
practicing pavement specialists and researchers, in this respect
the symposium presentation will not be limited to theoretical and
experimental research, but will be extended to presentation of

field problems presented by highway and airport runway

engineers.

Worldwide developments in the field of using 3D finite element in
investigating pavement structural problems and developing new

design techniques were discussed. ((1), 3D finite element modeling for

pavement analysis and design.)

e Banan R. Jadallah & Fawz K. Kobari discuséed Fegsibility
of Finite Element Modeling in the Design of Flexible
Pavements, They reached to a conclusion that the stress
distribution below the lcad decrease as the pavement
thickness increases. Also an increase in the number of

i repetition of the load will bring an increase in the severity of

deflection problem, which in its role needed more thickness in

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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some variables as the number of repetitions of loads and

madulus of subgrade reaction. {(13), Transportation Research Record

0. 1629 (design rehabilitation pavements 1998).)

s Gutierrez PA. Canov.as MFACI made an experiment program,
which has been carried out to establish specifications for
constituent materials of high performance concrete (HPC)
mixtures.

Many general recommendations can be found in the bibliography,

but not enough to determine precisely how to specify cement,

aggregates and admixtures for high performance concrete,
cerﬁent has to be selected not only according to its strength, but
also its water demand and setting time. Suitable aggregates are
those having good mechanical properties, controlled by the loss
angles coefficient, in addition, water demand of the aggregate

must be low. ((6), ACI Materials Journal, September- October /1996.)

e Bowser JD Krause GL. Tadrose MK. discussed Mechanical
Properties of High Performance Concrete, they reach to a

developed information about mechanical properties of high

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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performance concrete, high-performance concrete with 56- day
compressive strength of 65 to 120 Mpa. with or without silica
fume, were studied , results and discussion are presented
regarding compressive strength gain with time, effect of type

cement , effect of drying, specimen size effect, static modulus

of elasticity, 'poison's ratio, tensile splitting strength and

modulus of rupture.

This next chapter deals with all factors related to rigid pavement
variables and gives a notation for relation of the thickness of
rigid pavements and determines these factors. Also it discuss_

the basic principles of rigid pavement analysis and design. ((8),

Journal of Transportation Engineering, September-October)
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Chapter (3)

Rigid Pavement Design

3.1 Introduction

The calibrated mechanism design procedure involves the
application of structural models to calculate pavement responses,
the development of distress models to predict pavement

distresses from structural responses and the calibration of the

predicted distress with the observed distress on in-service:

pavement. The structural models for rigid pavemenTt analysis are
more advanced than the distress models. Several finite element
programs can be used as structural models, but most of the
distress models are regression equations derived empirically with
a large scatfer of data. The major types of distress to be modeled
include fatigue cracking, pumping, faulting and joint deterioration
for jointed concrete pavement and punch-outs for continuous
reinforced concrete pavement. T? accurately analyze rigid
pavements, the structural models used must have the follovﬁng
capabilities: -

e To analyze slab of any arbitrary dimensions.

All Rig'hts Reserved - Library of University of Jordan - Center of Thesis Deposit
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+ To analyze system with two layers (slab and subbase),
either bonded or unbonded with the same or different material
properties.

* To analyze slab system with either uniform ar non-uniform

support, hence the loss of support due to erosion or other

causes can be taken into account.

» To analyze slab system on either liquid or solid subgrade.

. To analyze multiple slabs with load transfer across the joint.

e To COnéider slab warping and curling simultaneously with
load response.

* To analyze slab with variable crack spacing for design.

» To analyze slab with any arbitrary loading conditions
including single or multiple wheels, variable tire pressure and
loads applied at arbitrary assigned distances from cracks,
joints, or slab edges.

o To an‘a!yze pavement systems with arbitrary shoulder
condition irilcluding asphalt shoulders, tie concrete shoulders,

and extended driving lanes with asphait or concrete shoulders

beyond the extended slab.
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* To analyze system with non-uniform slab or shoulder

thickness.
The fatigue cracking models are similar to flexibie pavements, the
accumulation of fatigue damage can be expressed as a
summation of damage ratios defined as the ratio between
predicted and ailowable number of load repetitions. However,
instead of relating to tensile strain, the allowable number of load
repetitions is related to the stress ratio, which is the ratio between
the flexural stress and the modulus of rupture. The fatigue of
concrete can  cause both transverses cracking, which initiates at
the pavement edge midway between transverse joints, and
longitudinal cracking, which initiates in the wheel paths at
transverse joint, usually at the wheel path nearest the slab

centerline. Due to lateral distribution of traffic, wheel loads are not

. applied at the same location, so only fraction of the load

repetitions need to be considered for fatigue damage.

((11), PRINCIPLES OF PAVEMENT DESIGN.)
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3.2 Subgrade modulus

As a slab deflects under load it induces reactive pressure
between the slab and supporting medium.

It is commonly assumed that the amount of reactive pressure

bears a direct linear relationship to the magnitude of deflection,

the degre;e of résistance offered by subgrade depends upon its
stress- strain properties. The modulus of subgrade reaction (k)
has been often refered to as the spring constant and it is
determined by means of the plate-bearing test.

Typical values are in the range, which are justified for design of
highway pavements as shown in tabre_.(3.1):

Table (3.1) modulus of subgrade reaction (k) in pound per cubic

inches (pci).
~Plastic clays 50-100
Silts and silty clays 100-200
Sands,‘ciayey gravels 200-300
Gravels >300
CTB or ATB >400
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The thickness of highway concrete pavement is relatively
insensitive to the modulus of subgrade reaction (k).

Easily we can get the approximate value of modulus of subgrade
reaction (k) by using the nomograme shown in Fig (3.1).

((11), PRINCIPLES OF PAVEMENT DESIGN.(12) Feasibility of Finite -Element

Modeling in the Desigh of Flexible Pavement )
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3.3 Fatigue criteria

Fatigue criteria is a failure criteria which is used in rigid pavement
design that can be expressed in terms of allowable horizontal
tensile stresses or strains at the bottom of the pavement layer.
Research includes the results of an analytical study of the effect
of t;ire loads on a thin layer of a rigid pavement, and the strain
induced in pévement structure is evaluated. In this theoretical
model the adoption of fatigue cracking criteria (phenomena of
repetitive load- induced cracking due to a repeated stress- strain
level below the ultimate strength of the material) was made as a
failure criteria. This type of failure is referred to in terms of the
horizontal tensile strain or stress at the bottom of the rigid

concrete layer.

({(11), PRINCIPLES OF PAVEMENT DESIGN,(12) Feasibility of Finite -Element

Modeling in the Design of Flexible Pavement, (13) Transportation Research Record

no. 1629 (design rehabilitation pavements 1998).
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3.4 Existing Methods of Rigid Pavement Design
Most of rigid pavement design metheds for highway have a
bases with varying degrees of empiricism that have developed

from each individual design agency correlating to their design

method.

3.4.1 AASHTO Road Test

American Association of State Highway and Transportation

Officials (AASHTO) road test has primary a purpose to determine

_the effect of the traffic upon the performance of concrete
pavement. The experiment was setup as a factorial study in
which a pavement of varying thickness was constructed and
trucks having both single and tandem axles were run over them.
The most important outcomes of AASHTO research: project
dealing with pavement serviceability and thé relationships
between change in serviceability and repetitions of load.
Equations Were developed which relate repetition of load to
change ih serviceability index.

The basic equations for concrete pavement design, which was

developed by the AASHTO road test, are as follows: -

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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B= 1+4363(L1+L2)% eq. (3.1 )
(D+1 )8.46L23.52
P = 10°%(D+1)"%1 235 eq. (3.2 )
(L1+L2)%%2

Where: B = slope of line of chart of relation between repetition
of load &the serviceability index.

P = serviceability index (between 1&5).

L1 = single or tandem axle load (kip)

L2 = no. of axles in group.

D = thickness of concrete pavement (in)
A solution was prepared in the form of a nomograph chart; which
relate all variables of design with the thickness of rigid concrete

pavements as a substitute for using equations as shown in figure

(3.2).
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Design of Pavement Structures
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The thickness of rigid pavement slab using AASHTO guide, is
obtained through nomograph from the input variables which are:
traffic load (in Equivalent 18 kip single axle load in repetitions),
concrete working stress in pound per square inches, concrete
modulus of elasticity, and modulus of subgrade reaction in pound
per cubic inches (pci). The nom?graph solves the equation:

Log (w18)=7.35log(D+1)-0.06=log( 4.5-Pt) / (1+1 624E7)
3.0 3 (D+1)>

+(4.22-0.32Pt).log((ft/215.63J)*((D°™-1.132)/
(D®7218.42/ (E/K)°5))). eq. (3.3)
Where:
W18: 18 kip equivalent single axle load repetitions

D: slab thickness in inches

Pt: serviceability index (1-5), 2.5 is used here

Ft: concrete elastic modulus in (psi) =Sc/FS;
Where: Sc: mean concrete modulus of rupture (psi),

FS: factor of safety
J: transverse joint modulus of subgrade reaction or load
transfer coefficient (pci)

Ec: concrete modulus of elasticity (psi)
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K: modulus of subgrade reaction (pci), when using base
coarse then the combined modulus is used.

Cd: drainage coefficient

As an example by application on nomographs:

If :-

k =72 pci

Ec = 5E7 psi

Sc =650 psi

J=32

Cd =1

So = 0.29 (overall standard deviation)
R = 85% reliability

Psi = 4.2-2.5 =1.7 (design serviceability loss
W18 =5.1E6 (18 kip ESAL)
Solution: D=10 inches

({11), PRINCIPLES OF PAVEMENT DESIGN,(12) Feasibility of Finite —Element

Modeling in the Design of Flexible Pavement,(4) Journal of Transportation Engineer,
November &December /1998).
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3.4.2 Maryland Road Test

It is a research project setup by the interregional council on
highway transportation in year 1948 to study the effect of various
wheel loads onrigid pavement performance. _The purpose of the
testing program was to determine the relative effect of various
axle load and g_:ohﬁguration on distresses of rigid pavements. The
loads which where used were 18,000 and 22,400 pounds on
single axle or 32,000 and 44,000 pounds on tandem axle. The
results of testing program indicated that the progress of cracking
~ was definitely related to the occurrence of pumping.

({(11), PRINCIPLES OF PAVEMENT DESIGN.)
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3.4.3 Portland Cement Association method (PCA)

The basis of Portland Cement Association design method is.

stress analysis techniques, which developed by Westergard, in
which the thickness is dependent upon magnitude and number of
repeated loads, and modulus of rupture or the modulus subgrade
reaction. .

The thickness of concrete pavement is relatively insensitive to
the modulus of subgrade support. In the Portland Cement

Association procedure use the stress ratio to account for fatigue

of the concrete pavement (stress ratiois defined as the ratio of

the actual stress in the pavement to the modulus of rupture). .

Design by the PCA methed is accomplished through the use of a
worksheet, tables, and nomographs. Design by this methodis
accomplished by trial and error. An assumed slab thickness is
checked for both allowable fatigue and allowable foundation
erosion, the inpUt variables of PCA method are: traffic volume
(repetitionsj, load safety factor, and 28-day concrete modulus of
rupture, subgrade modulqs, transverse joint design and the
presence or lack of concrete shoulders adjacent to the traffic

lanes. (11,12,4)
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3.4.4 Ever FE (Ever Finite Element method)

Ever FE is a rigid pavement of three dimensional finite element
analysis tool, Inwhich the rigid pavement analysis program Ever
.FE has been developed, in an attempt to make three dimensional
finite element <analysis, more assessable to users in abroad
range of setting, which makes it simple and practical to explore
the effects of various factors on pavement behavior and to
perform parametric studies to evaluate different designs_.

This tool (ever FE) was formulated the basic relétionships
- between stress and displacement across a discrete crack based
on the representation of concrete as constituted by two separate
materials; the cement and the aggregate which idealized as
obeying a rigid - plastic stress- strain low. For the sclution of the
system equ.ilibriurn equations, Ever FE employs a high-
performance multi grid preconditioned strategy; which is much

more efficient: than conventional direct solution methods in terms

of both computational time and memory use. This permits

realistic three-dimensional models to be run on modest deskiop

computer using Ever FE. ((13), Transportation Research Record no. 1629

(design rehabilitation pavements 1998),

’
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3.5 A comparison of two rigid pavement design methods

A comparison of design of a rigid pavement slab by the ASSHTO
method and the PCA method has been presented, the required
slab thickness over. arange of trucks volumes and axle weights
has been compared as well as the change in slab thickness with
subgrade modﬁlus. When comparing required slab thickness,
one method did not consistently give larger volumes over the
entire range of traffic volumes and axle weights. In general, the
PCA method produced thicker slabs in the high categories while
the AASHTO slabs in the categories with high volumes. The PCA
fatigue model allows an unlimited number of load applications if
the concrete stresses are less than 45% of the modulus of
rupture. If slab has been designed for high volume, additional
volume may not cause a change in the design thickness. This
could explain why two load categories, the slab thickness
obtained by the PCA method for doweled joints is not very
sensitive to .the number of load applications. The rate of reduction
of slab thickness for increasing subgrade modulus was found to

be consistently greater than the PCA method. ((13) Transportation

\

Research Record no. 1629 (design rehabilitation pavements 1998).
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Chapter (4)
Methodology
4.1 Thesis Significant

Existing methods for rigid concrete pavement design depend on
empirical formulas, which are in turn dependent on regression
analysis. :

The objective of this research is to derive a theoretical simple
model to solvé the issue of determination of the thickness of rigid
pavement for a given condition, in parallel to the practical design
rhethods. As an example, AASHTO design procedure for rigid

concrete pavement is based on the AASHTO Road testas a

pavement performance algorithm.

4.2 Methodology

The method used for the purpose of developing a model, which
solves the ‘problem of thickness of rigid highway pavement, is the
three dimensional finite element analysis. The finite element
model described here will simulfate the rigid p_avement in the field

A
considering the constraints of the available resources; software
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(SAP 2000 program), and developing failure criteria. The
selection of a finite element for the purposes of this research
depends on the kind and type of load, boundary conditions, and

materials characteristics.

The members that are thin with a limited dimension in the third
direction, (Z direction; the thickness or depth of the roadway of

the rigid concrete pavement), compared with the members

dimensions in the other two directions, X direction which is mainly '

the width of the road way pavement) & Y direction which

represents the length of the roadway pavement)).

In order to limit the approximation during the solution of

differential equation into a finite element program, the size of the

three-dimensional element and the aspect ratio must be

considered as small as possible (up to the certain limit) to

maximize the number of nodes which maximize the number of

finite elements of the rigid concrete pavement tdrthe capabilities
available in SAP 2000 program. The edge condition of rigid
concrete pavement is chosen as being fully restrained as an ideal

condition, which assumes the existence of stabilized shoulders,
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and also the case of unrestrained conditions when displacement
is allowed, but real condition is represented by a combination of
both cases.

The materials used are high performance concrete with or
without adding supplementary cementitiouse materials to get a
thin layer of riéid concrete pavement with comparison of normal
concrete or non high performance concrete which need un-
economical thickness for the layer of rigid pavements.

The goalis to conduct a method depending on three-dimensional
finite element for a thin layer of rigid pavement, by depending on
the strength of concrete and the modulus of subgrade reaction, in
addition to the applied vehicular load. The Portland Cement
Concrete can be strengthen by usihg high performance concrete,
by adding supplementary cementitiouse materials and small iron

segments.
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4.3 Finite Element method

The Finite Element method is a tool of research of design and
analysis, it is a numerical technique which gives an approximate
solution to differential equations that modeled problems arising in
physics and engineering.

The finite element method has become a powerful tool for the
numerical solution of wide range of engineering problems.
Application range .from deformation and stress analysis of
automotive, aircraft, buildiné, and bridge structures to field
analysis of heat flux, fluid flow, magnetic flux seepage, and other
flow problems.

To defined any problem in the finite element, it is modeled by
dividing it into an equivalent system of smaller bodies or units,

which called (finite elements), internal connected at points

- common to two or more elements (nodal points or nodes) and for

the boundary lines and/or surface (mesh).

| .
In this technique, instead of solving the problem of the intire body
in one operation, it formulates the equations for each finite

element and combines them to obtain the solution for the whole

body.
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The solution of structural problems typically refers to determining
the displacement of each node and the stresses within each
element, making up the structure that is subjected to applied
load.

After the advancement in computer technology, | complex
problems can be modeled with relative ease. Several alternative
configurations can be tried out on a computer before the first
prototype is built. All of this suggests that the need to keep space
with these developments by understanding the basic theory,
modeling technologies and computational aspects of the finite
elements method. in this method of analysis, a complex region
defining a continuum is discretized into simple generic shapes
called Finite Elemen_ts. The material properties and the governing

relationships are considered over these elements and expressed

in terms of unknown values at element corners. An assembly

process, duly considering the loading and constraints, results in a
set of equations, solution of these equations gives us the

approximate behavior of the continuum.
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4.3.1 Finite Element Formulation

Several factors affect and support the choice of the finite element
technique and form of the basis of this model. Finite glement is
an updated analytical method that has approximately accurate
results. Many researchers are working nowadays using this
method to modify their old results. The finite element model will
simulate the rigid pavements in the field considering the
constraint of the available resources.

The major considerations in any finite element mode! are the
selection of element type, kinds of loads, boundary conditions,

and material characteristics.

4.3.2 Element type

Element type is an important factor in the analysis 'by finite
element method since there are frame element, shell element,
Asolid element, solid element, and plate element as shqwn in
figures (4.1,4.2,4.3).

In this research the shell element is adopted since the kind of

stresses govern the kind of finite element to be adopted, where
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the existing stresses her is compressive stresses, also thereis a

need to thin layer in rigid pavements as figure (4.3).
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Solid Element

\ Face 5

Eight-Node Solid Element g X Global
Coordinates

Solid Element Stresses

Fig. 4-1 Solid Element Stresses
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Asolid Element

o Required Joints
o Opticnal Joints

Face 3 . 8 8

Face1 13 Face 1 r
Four-to Nine-Node Three-Node
Quadrilateral Element Triangular Element
A I 512 A 512 A ‘]‘ 512

812 812 812

!
e—\} _, s11 I<—} | S11 I‘(—} S11

- e T

P X (1) P Y1) e - Z(1)
r46)] x@ Y(3)

Global Coordinates

Plane and Asolid Element Stresses

SINT = F intermediate
SVM =V{t/2[{SMAX - SINT)*2+{ SMAX - SMIN}AZ+( SINT - SMIN}A2]}.

Also See: Von Mises Stress

Fig. 4-2 Plane and Asolid Element Stress )
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Shell Element

Face 6: Top (+3 face)

Four-Node Quadrilateral Shell Element Three-Node Trizinguiar Shell Element

F-MIN
= M
\ Axis 2 N F-MAX

Forces are per unit ’ i A
of in-plane length .
F22%\F12

B . - Positive shear feorces and stresses
s /\ F11 \ acting on positive faces
~ =54 point towarrd the viewer
s A .

Plate Bending and Twisting Moments

Fig. 4-3 Shell Internal Forces

FINT = F intermediate )
FVM =I[TZ[FRAX - FINT)"2+] FRAX - FRIN)"2+] FINT - FAIIR)*22]3.

Also See: Von Mises Stress

A Face 5: Bottom (-3 face) Adsd
4 Azxis
Axs 2 [Face2 ¢
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4.4 About SAP 2000 software program

SAP 2000 is the latest and most powerful version of the well-
known SAP series of structural analysis programs.

SAP 2000 features powerful and completely integrated modules

for design of both steel and reinforced concrete structures. The

.program provides the user with options to create, modify, analyze

and design structural models, all from within the same user

interface. The program provides an interactive environmentto-

which the user can study the stress conditions, which make
appropriate changes sucﬁ as: mgmbe_rs size revision, and update
the design without reana}yzing the structure,' members can be
grouped together for design purposes. The output in both
graphical and tabulated formats can be ready displayed and
painted. The program is structured to suppdrtawide variety of
design codes for automated design.

The design is'based upon the set of user specified loading
combinatidn, However the program provides a set 'bf default
loads combinations for each design code supported in SAP 2000.
if the default load combinations are acceptable, no definition of

additional load combinations is required. The presentation of the
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output is clear and concise, the information is in a form that
allows engineers to take appropriate remedial measures in the
event of member overstress, backup design information
produced by the program is also provided for convenient
verification of the resuilts.
SAP 2000 structural analysis program offers the following
features: -
. » Static and dynamic analysis.
o Linear ar;d nonlinear aﬁalysis including seismic analysis.
¢ Vehicles live load analysis for bridges.
e P-delta analysis.
e Frame and shell structural elements including beams,
columns, truss, membrane, and plate behavior. |
¢ Two and three-dimensional and axisymetric solid element.
+ Nonlinear link and spring elements.
e Multiple cobrc_:linate system. - |
) v
¢ Many types of constraints.
o A wide variety of loading options.

e Alpha numeric labels.
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e large capacity.

e And highly efficient and stable solutions algorithm.

SAP 2000 creates design output in three major different
formats: graphical display, tabular output, and member specific
detailed design information.

The graphicél display of design output includes input and
output design information.  Input design information includes
design section label, k-factors, and live load factor and other
design parameters. The output__ design inforrﬁation includes
longitudinal reinforcing, shear reinforcing and column capacity
ratio. The tabular output can be saved in a file or printed, the
tabular output includes most of the information, which can be
displayed, and this is generated for added convenience to the
designer.

The member specify detailed design information shows the
detailed of the calculation from the designérs point of view, it
shows -tf"le design forces, design s_ection dimensions,
reinforcement, and some intermediate résuits for all the load
combinations at all the design sections of specific frame

member A
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Chapter (5)
Model formulation and analysis

5.1 Introduction

The section type, specified by the parameter type determines the
behavior modeled by the corresponding element.
A shell section is a set of materials and geometric prope;ties that
describe the cross section of one or more shell elements and are
assignéd to the element. |
Section type has one of three types as:
e Member Type; pure membrane behavior, only the in-plane
forces and the normal drilling moment car: be supported.
« Plate Type; pure plate behavior, only the bending moments
and the transverse force can be supported.

« Shell Type; full shell behavior, a combination of membrane

and plate behavior, all forces and moments can be supported.
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5.2 Material properties

The material properties for each section are specified by the
reference to a previously defined material, the material properties
used by the shell section are the modulus of elasticity (E) and

poisons ratio (p) to compute the membrane and plate stiffness.

5.3 Thickness

Eacﬁ section has a constant'membrane thickness and a constant
bending (t»), The membrane stiffness for full shell and pure
membrane sections.

The element volume for the element self-weight and mass

calculations, the bending thickness (tm.) is used.

The plate- bending stiffness for full shell, and pure —plate section.

Normally these two thicknesses are the same and (tn) only need

to be specified. ' -
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5.4 Joints and degree of freedom

The joints play a fundamental role in the analysis of any
structure, joints are the points of connections between the
elements, and they are the primary locations in the structure at
which the displacements are known or are to be determined the
displaeement components (translations and rotations) at the joint
are called the degrees of freedom.

5.5 Element type

The rigid pavement of roadway section, which used for applying a

finite element analysis on it, is about 24 ft x24 ft with different

various thickness divided to small plate parts-to the limit that can

be accepted by SAP 2000 program analysis. The principle
stresses, which can be converted to horizontal strain (eh) by
applying Hooks law.

eh=_1 (s1-u(s2+s3)) eq.(5.1)

Where:

eh: harizontal strain or critical strain which depends on

fatigue criteria.

E: is resilient modulus of concrete layer.
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p: Poisons ratio of concrete material
s1,82,s3: principle stresses in X,Y&Z directions
The tensile strength test usually shows a large scatter, a number
of equations have been proposed in the literature. The following
expressions given in the ACI code (14.15) may be used to obtain
the lower bound‘estimates: -
Principle tensile strength = 0.4 (fc)?®
Flextural tensile strength = 0.6 (fc)®>
Where: - fcis expressed in terms of Miga Pascal (M Pa.)
Tables (5.1,5.2) define the critical strain of su_bgra_de and rigid
concrete layer, which will be used to find the suitable thickness of
rigid concrete pavements by trial and error in solving thickness.
Using elastic theory computation, a relationship between the ratio
of vertical subgrade strain at a given wheel load ehg was
- developed to vario_gs'loads.
Table (5.1). defines the criteria relates the allowable strain ehS
value (ehg =240FE-6 infin) for a given number of 18-Kip axle load

repetitibn, it should be noted for this criteria that:

e It assumes that assurance against deformation will be
A :

comparable for all traffic volumes.
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¢ The development of limiting tensile strain criteria for fatigue

cracking was based upon an analysis of existing fatigue

results coupled with the theoretical results of the control.

section.

Fatigue data developed by Dorman & Metcalf where
extrapolated Ato determine the allowable strain for a single load
application.

Using linear relationship to interpret the analysis of predicted a
stress- strain result to pavement structures for varies désign
ESAL, in between these limits. Variable adjustments inthe
thickness requirements for deformation are made these noval
adjustment loads to the result that a greater degree of
deformation may be allowable as the traffic volume is

decreased.
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Table (5.1) Limiting subgrade strain -

53

Traffic No. of 18kip | Wheel ehN/eh9 | ehN
curve ESAL load (kip) | in.fin. (accepted
repetition strain (in.))
A S5E3 255 2.837 6.809E-4
7.8A1 E3 . 245 2.726 6.542E-4
1E4 24 2.664 6.394E-4
! 1.56E4 23 2.553 6.127E-4
I 3.12E4 <~ 1214 2.381 5.714E-4
SE4 204 2.263 5.431E-4
1l 6.25E4 19.9 2208 | 5.299E-4
1ES 18.8 2.091 5.018E-4
v 1.25E5 18.3 2.038 4.891E-4
V 2.5E5 16.8 1.863 4.471E-4
Vi 5E5 15.2 1.680 4.056E-4
Vil 1E6 13.7 1.518 3.643E4
VI 2EB 12.1 1.346 3.230E-4
IX 4E6 10.6 1.172 2.813E-4
5E6 2.681E4

10.1

1.117
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Traffic No. of 18kip | Wheel ehN/eh9 | ehN
curve ESAL load (kip) | in.fin. (accepted
repetition strain (in.))
X 8E6 8.0 1.000 2.400E-4
1E7 8.5 0.944 2.266E-4
Xl 1 .éE? 7.5 0.824 1.978E-4
Xl 3.2E& 59 0.654 1.570E4
5E7 4.9 0.543 i 1.303E-4
1E8 3.3 0.371 0.899E-4

from Havens, Deen and Southgate.(11,12)

All Rights Reserved - Library of University of Jordan - Centér of Thesis Deposit



53

Table (5.2) Limiting concrete tensile strains

Traffic No. of 18kip | Limiting concrete tensile strain (in.)
curve ESAL Concrete compressive strength psi.
repetition 3000 3500 4000 5000
IA S5E3 3.68E4 |492E4 |603E-4 |7.03E-4
7.81E3 3.37 455 |564 |662
1E4 3.2 4.36 5.43 6.4
| 1.56E4 2.91 4.03 5.08 6.03
Il 3.12E4 2.5 3.57 4.58 5.5
5E4 2.27 3.28 426 517
I §.25E4 217 3.14 4.11 5.0
1E5 1.96 2.89 3.82 47
v 1.25E5 1.87 2.78 -3.69 4.56
V 2.,5E5 1.62 2.46 3.22 417
V1 SE5 ‘ 1.4 2.18 3.0 3.81
Vi 1E67 1.22 1.94 2.71 3.48
Vil 266 1,05 172|245 [3.18
IX 4EB 0.91 1.52 2.2 2.89
5EB 0.87 1.46 212 2.8
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Traffic No. of 18kip | Limiting concrete tensile strain (in.)
curve ESAL Concrete compressive strength psi.
repetition 3000 3500 4000 5000
X 8E6 0.79 1.35 1.97 3.63
1E7 0.75 1.29 1.91 2.56
X 16E7 068|116 [178 | 241
Xl 3.2E& 0.59 1.06 1.61 22
5E7 0.56 0.98 1.5 2.07
1E8 0.46 0.87 1.36 1.9

from Havens, Deen and Southgate (11,12)
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5.6 Applied load and the required data

In order to formulate a model, there is a need to change the
dynamic load to an equivalent single axle load. And, in tumn it
must be changed to a vehicle loéd, which defined in lists through
the software. These vehicle loads are given in a lot of styles as
shown in ﬁgurés (5.1,5.2) by using the existing template in the
software (plate type) with the need for data as follows:

Number of spaces along X direction =12 spaces

Number of spaces along Y direction =12 spaces

Space width along X direction =24ft, width of two lanes.
Space width along Y direction =24ft, length equal to the width
of two lanes to be squared section.

Middle- strip width along X direction = 12ft
Middle strip width along Y direction = 12ft
This can be shown in fig. (5.3a, 5.3b).
This mean that- the dimensions of the model is =2;1x24 ft2, and it
has 144 ﬁnite elements, and 169 points or nods which r_,eprese;n
as the springs compressive forces as shown in ﬂg. (5.3a, 5.3b).
By using a defined list to specify the materAiaIs specifications of

\
existing subgrade and the concrete which may be used.
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These specifications as mass per unit volume, weight per unit
volume and modulus of elasticity (E), the value of poisons ratio
(1), and all other specifications of the two mentioned materials.
Also the section itself must be defined as a shell sectionof a
plate type with variéble thickness, choosing this type of element
(shell element) is due ;to the kind of stresses established in rigid
concréte layer, which is only compressive stresses. And in turn
determined by trial and error method for each section. Also
defining static loads if it exists by defining the dead load of the
cqncrete pavement itself,

Also dynamic load must be defined by using standard vehicles as
shown in figure (5.1) and by changing it tq the equivalent 18 kip.
Single axle load, which adopted in other method of rigid
pavement design and analysis.

Thus our model is resulted from using standard loads, which
clarified in SAP2000 spthare,

In parallel, we could use a point load instead of standard vehicles
to represent the applied load. Using point load representation to
the applied load is amore conservative method, which means that

the thickness getting from the point load repre%entation is greater
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than that of the standard vehicles for the same variables of
(ESAL, k, and fc), which due to neglecting overlapping stresses
due to other tire in the same axle.

As the data is collected the design thickness of rigid pavement
is achieved and relating the input data of modulus of subgrade
reaction (k), number of equivalent single axle load in repetitiohs
(No. E.S.AL), and the compressive strength of concrete
(crushing force (fc)), to the required thickness (t) which resulted
from applying the finite re]ement method on the SAP 2000
software. _

By running the SAP 2000 program with different values of the
selected variables to achieve the design thickness for each
alt@rnative of variables, the resulted data can be gathered as
shown in table (5.3), page (70).

. To formulate the proposed model a linear regression analysis is
perfdrmed, this'regrgssi.can can be done by applying (SPSS)
software with the res"ult_ed thickness of concrete rigid pavement

design from finite element method.
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Fig. 5-1(continued) Standard Vehicles
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(1) Allioads are point loads or uniform line loads acting on the Lane center line
(2) Any ofthe point loads or uniform line loads maﬁr be zero

(3 The nu-mher of axles, n, may be zere or mote

(4) One of the inter-axle spacing_s, do through o, may vary overa specified range

{3y The locations of leads px, pm, and pxm are arbitrary

Fig. 5-2 General Vehicles

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



65

The general vehicle may represent an actual vehicle or notational
vehicle used by a design code. Most trucks and trains can be
modeled by the SAP 2000 as general vehicle.
The general vehicle consists of {n) axles with specified distances
between them. Concentrated loads may exist at the axles,
uniform loads may exist between pairs of axles, in front of the first
axle and behind of the last axle. The distance between any one
pair of axles may vary over a specified rangé, the other distances
are fixed. The leading and trailing uniform loads are of infinite
extent. Additional floating concentrated loads may be specifiad
that are independent of the position of the axle.
Because the applied loads never decrease the severity of the
computed response, a longer vehicle that includes the same
loads and spacing as the longer vehicle captures the éﬁect of a
shorter vehicle. Only longer vehicles need to be considered in
such cases.’
To define a vehicle you may specify; -
e (n-1) positive distance (d) between the pairs of axles, one
inter-axle distance may be specified as a range from (d min. }to

(dmax.) Whefe O< (d min.) < dmax)

4
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e (n) Concentrated loads, (p) at the inter-axle load and the

trailing load.
e Floating concentrated loads; either :-
- A single floating load (py) for all response gquantities, or
- A pair floating load: |
- Load (pm) for span moments i_nr the lane element.
- Load (pxm) for all response quantities except span
moments in the lane element.
« whether or not this vehicle is to be used for:-
- Negative moments over the supports in the lane elements.
- Vertical forces in interior pairs and or interior support.
- Response quantities.
These parameters are illustrated in fig. (5.1), (5-2) pages {(60-64).
When vehicle is applied to a traffic lane, the axles are moved
along the length of the lane to where the maximum and minimum
values are produced for every response quantity in every

element, usually this location will be different for each response

quantity.
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1| 13| 25| 37| 49 61| 73| 85 87| 109 121| 133
2| 14| 26| 38| 50| 62[ 74| 85| 98{ 110} 122| 134
3| 15| 27| 39| 51| 63| 75 87| 99| 111| 123| 1354
4| 16| 28| 40| 52| 64| 76} 88] 100 112} 124| 136
5l 17| 29| 41} 53| 65 77| 89| 101| 113| 125 137
6| 18| 30| 42f 54| 66| 78 90| 102 114} 126| 138
7| 19| 31{ 43| 55 67/ 79 91| 103| 115 127| 138
8/ 20| 32| 44] 56| 68| 80| 92| 104| 116| 128 140
9| 21| 33| 45| 57} 69 81| 93| 105 117| 129 141
10| - 22| 34] 46| 58] 70| 82| 94| 106} 118| 130| 142
11| 23| 35| 47| 59 71| 83| 95[ 107| 119| 131} 143
12| 24| 36| 48| 60| 72| 84| 96| 108] 120} 132] 144

Fig.{(5-3a) Shape of Rigid Pavements &numbered finite

elements

\
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Finite Element method allowed the displaced shape of the
system to be viewed as a wire frame in three dimensions, fig.
(5.3a, 5.3b) on pages 67 & 68 shows the finite elements of rigid
pavement and the displaced shape of the current model
subjected to axlé loading. Note that the slab here is !ifted off the
base layer.

Several options are available to the user when viewing the
displacement. The displaced and / or undisplaced shapes of any
combination of the slabs may be viewed, as usually the displaced
and f or undisplaced shapes of the subgrade.

The graphical user interface in finite element in SAP 2000
allowing users to rapidly and intuitively generate and solve finite
element models of rigid pavement systems and interpret their
results.

The efficiency aﬁd ease of use of the graphical user interface
"' allow users' to easily test different designs, perform parameters

studies, and analyze as built or retrofitted configurations.
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5.7 Running SAP2000 for rigid pavements thickness

Taking all the above variables mentioned into account in

designing the thickness of layer of rigid concrete pavements.
These variables are:

1. Equivalent 18 Kip single axle load (ESA),

2.  Modulus of subgrade reaction (k),

3. The compressive strength of concrete (fc),

Then runﬁing the SAP 2000 program to get the required

thickness of rigid pavément design, by usi'ng Finite Element

Method with trial and error method to determine the thickness of -

the layer of rigid pavements, as shown in table (5.3).
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Table (5.3) the resulted thicknesses by running SAP 2000

software.

singte axle loat

(repetition

o o (et

|thickness by F.E

T( theneeded -

100000 o 3000 5
100000 100 4000 45
100000 100 5000 ]
100000 100 7000 35
250000 100 3000 7
250000 100 2000 55
550000 100 5000 25
250000 100 " 7000 4
500000 100 3000 7
500000 100 2000 65
500000 100 5600 55
500000 100 7000 5
750000 100 3000 75
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(compressive
concrete (psi)) :
750000 B fool 4000 7
750000 100 ~ 5000 5
750000 100 7000 4.5
1000000 - 100 3000 8
1000000 100 4000 7
1000000 100 5000 6
- 1000000 100 7000 55
2500000 100 3000 8.5
2500000 ‘iOO 4000 7.5
ZSOQOOO 100 5000 6
2500000 100 7000 5
5000000 100 3000 9
5000000 100 4000 8
5000000 100 5000 7
5000000 100 \ 7000 6.5
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E__SAL*—'F: uivalent. 18 kip# |K modulus. of;
single axle load (compressive
Gég
concrete (psi)) :
1qo00000 003000 0
10000000 100 4000 9.5
10000000 700 5000 9
70000000 100 7000 85
100000 200 3000 45
100000 200 2000 4
700000 200 5000 7
700000 200 7000 35
500000 200 73000 8
500000 200 4000 6
500000 200 5000 5
500000 200 7000 4
1000000 200 3000 7
1000000 200 4000 65
7000000 200] .~ 5000 6
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ESAL equivalent:

18 kipr

K modulus. of

reaction (pci

200

1000000
5090000 200 3000 9
5000000 200 4000 8
5000000 200 5000 7
5000000 200 7000 6.5
10000000 200 3000 10
10000000 200 4000 S
10000000 200 SQOO 6.5
10000000 200 7000 7.5
100000 300 30000 5
100000 300 4000 4
100000 300 5000 3.5
100000 360 7000 3
500000 300 3000 7
500000 300 4000 6

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit




75

ESAL equivalent 18'kip.-{K modulus.of - the needed-.
singlé axisoad -k (compressive " fhickness by F.E
method (inchy)

500000] ] =V A

500000 300 7000 4

17000000 300 3000 8

1000000 300 4000 6

1000000 300 5000| 5

1000000 300 7000 2

5000000 300 3000 9

5000000 300 4000 8

5000000 300 5000 65

5000000 300 7000 6

10000000 300 3000 10

10000000 300 4000 85

10000000 300 5000 BE

10000000 300 7000 7

100000 200 . 3000 5
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IKmoduius of
100000 o0 4000 ~Z
100000 400 5000 y
100000 400 7000 3
500000 400 3000 7
500000] 400 4000 5
560000 400 5000 A5
500000 400 7000 2
1000000 400 .. 3000 7
1000000 400 4000 6
7000000 400 5000 5
1000000 400 7000 35|
5000000 200 3000 g
5000000 400 4000 8
5000000 400 5000 7
5000000 400 B 7000 6
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10000000

(repetition method (inch)) -
10000000 200 3000 10
10000000 200 4000 )
70000000 200 5000 85
200 7000 65|
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High performance high —strength concrete (HPHSC) is defined as
concrete that meets special performance uniformity requirements
that cannot always be achieved by using only the conventional
materials and normal mixing, placing, and curing practices.

High- performance requirements may include ease of placement
and compactioh without segregation, enhanced short — term and
long- term mechanical properties.

High — performance concrete is usually proportioned with low

water to cementitious materials ratio, and has a high compressive -

strength in the range of (3 to 15 Ksi.).
The supplementary cementitious materials may include blast
furnace slag, fly ash, or silica fume, which are used either as

cement placement or additives to the concrete mixture.

All Rights Reserved - Library of Univ
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5.8 Regression analysis for thickness design

To find a statistic that measures how well, a multiple regression
model to fit a set of data, we use the multiple regression
equivalent of R? , the coefficient of determination for the straight
line model, the definition of the multiple coefficient dependent on
determination ;_of R? , which relating to a squares of data

relationships as:-

Rz =1-; i— esi_)__2
g yi-y)

- Where: - pel

Vesi IS the predicted value of y for the model
Also the F static for testing the utility of the model.as: -
F= Rk
(1- RH I(n- (k+1))
Where
n:- numbér of data points

k :- number of parameters

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



By using the above data as input dataon SPSS program for a

linear regression analysis the following is done: -

Reqression

Variables Entered/Removed

Model Variables Entered Variables [Method

Removed

1 Compressive strength of concrete . Enter
pavement (psi), |

moduius of subgrade reaction (pci),

and no. of equivalent single axle load

(repetition)

Where dependent Variable is the required thickness of rigid

concrete pavement expressed in inches.
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Mode!l Summary

Mode! | R |R Square| AdjustedR Std. Error of the

Square Estimate

1 923 | .852 .847 7333

Predic_tors: (Constant), Compressive strength of concrete
pavement (expressed in psi), modulus of subgrade reaction
(expressed in pci), and no. of equivalent single axle load
expressed in repetition. Whére R? is a sample statistic that tells
us how well the model fits the data, and thereby represents a
measure of the adequacy of the model. if R? =0 implies complete
lack of fit of the model to the data, and if R =1 implies a perfect
fit with the model passing through every data point, in general,
the larger the value of R? means the better the data fits in model.
The error comp__oneht is normally distributed and the assumption
is most important when the sample size is small, the mean of

standard error (Sig. column in table page 82) is zero.
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ANOVA
Model Sum of Squares| df |Mean Square F Sig.
1 |Regression 272.605 3 90.868 169.001( .000
Residual 47.316 88 538
Total - 319.921 91

Predictors: (Constant), Compressive strength of concrete
pavement (expreséed in psi), modulus of subgrade reaction
(expressed in pci), and no. of equivalent single: axl.e load
(expressed in repetition).

Where F= R*/K
(1- R/(n-(k+1))

Where n is the number of data points and k is the number of

parameters in the model.

The F statistic test becomes large as_the coefﬁc_ient of
determination R? becomes large. |
Dependent Varialble; the required thickness of rigid concrete

pavement (expressed in inches)
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Unstandardized Standardized t Sig.
Coefficients Coefficients
Model B Std. Beta
Error
1 (Constant) 8643 ..303 28.515 1000
no. of 3.988E-07 000 772 18.753 000
equivalent
single axle load -
(repetition).
modulus of | -2.24E-03 |001| -139  |[3.376 [001
subérade
reaction (pci)
Compressive -6.38E-04 1001 -.506 -12.341|.000
strength of
conc_:rete
1. pavement (psi)

Where the dependent Variable is the required thickness of rigid

\

concrete pavement (expressed in inches).
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Where t is the statistic values related to the mean of standard
error (Sig. col.) where when the value of the mean of standard
error becomes small or equal to zero then the values of (t) and
the resulted coefficients are approach from the exact values.

This table determines the coefficients of independent variables of
the equation: - |

Y =Bo+B1 x1 +B2 X2 +Baxa + ... *..,

Which determine the equation relating the above variables to the
thickness of Tigid concrete pavémehts. These tables are
determined by SPSS with applying the least square approach. _
Depending on the output of linear regression analysis tables of
SPSS software for the designed thickness of rigid concrete
pavement as above, which depends on the chosen independent
variables (k, ESAL, fc), the following linear equation is developed

as. -

T=8.643 + 3.988 E-07 (ESAL) ~2.24 E-03 (k) -6.38 E-04 {fc)
Where: -
T: the required thickness of rigid concrete pavement

(expressed in inches)

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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ESAL: - the equivalent 18 kip. Single axle load

(expressed in repetitions)
k:- modulus of subgrade reaction (expressed in pci)
fc:- compressive strength of rigid concrete or crushing
force of concrete (expressed in psi).
This equation is logically related to choosing three dependent
variables, which means that the required thickness of rigid
concrete pavement is directly relate_d to the applied vehicle load
(as the no. of equivalent 18 kip single axle load increase then the
required thickness increase). Butitis inverslety related to the two
other variables, as modulus of subgrade reaction and
compressive strength of concrete increases, -then the required
thickness decreases.
This equation points that the most sensitive factor in determining
the thickness of rigid concrete pavements in this formulated
equation, is the modulus of subgrade reaction (k), which is an
effective factor in determining the required thickness of;‘concrete
pavements. This means that if a treatment added to subgrade
layer as spraying a new layer of selected material or base course

\

materials, (increasing the value of modulus of subgrade reaction,
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or improve the subgrade) then a decrease in the required
thickness will occurs.

Secondly the compressive strength of the cemented concrete is
effecting on determine the thickness of rigid concrete pavements.
This means thét by increasing the compressive strength of
concre“te, by using small pieces of iron or metals or using
cementatious materials, the required thickness of rigid concrete
pavements will decrease.

Finally the third .factor affecting the formulated equation in
determining the required thickness of rigid concrete pavements is

the load or equivalent 18 kip. single axle load.

5.9 Model Calibration

By comparing the theoretical model developed with the other
i

existing models as AASHTO design method, the following results

shown in table 5.5 express the comparison.
/
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Table (5.5) model calibration

ESAL(rep.) - K{pci) “ Fc(psi) : Thickness + Thickness (in) |

(in) by F.E® | by AASHTO

100E5 100 73000 - 656 6

50065 200 3000 65 8
100E6 100 3600 63 &5

50066 300 3000 8.1 12
"100E7 100 3000 105 14 ’

(a). by applying Finite Element model és foliows :-

T =8.643 + 3.988 E-7 (ESAL) -2 24E-3(k) -6.38E-}(fc)

From theseidata we note that the thickness resulted from Finite
Element method, is greater than or approach to that of the
thickness resulted from AASHTO road test method for small
loads, on the contrary, the Finite Element method thickness is
less than that of AASHTO road test method for large and heavy
loads, as shown in fig. (5.4).

Since Finite Element method for the thickness design of rigid
concrete pavement is considered econoniical method for

designing roads with heavy axles which needé“a less thickness of

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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rigid concrete pavements than other methods, especially in large
and heavy trucks which need large thickness.

The difference between the curves of Finite Element method and
AASHTO method are clarified in fig. (5.4), which shows_ that
these difference’s reach to 35% less than that needs by using
AASHTO m__etho-d especially when the road is designed for heavy

trucks and large vehicles.
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Chapter (6)
Conclusion and Recommendations

Depending on the results of research the following can be

- concluded: -

1. Three Dimensional Finite Element Method for the thickness
of a thin layer of rigid concrete pavement is an economical
method to simulate the thickness, which need a large
thickness of pavements for heavy traffics and loads and large
trucks, but for relatively light traffics the AASHTO method still
the economical cne.

2. Using selected materials or basecourse materials layer
over subgrade face under the rigid concrete, improves the
behavior of concrete layer and decrease the required
thickness of rigid concrete pavement, to be more economical
than constructing a rigid concrete layer directly on existing
subgrade, especiall.y when thé subgrade material are very
bad materials as clay 6r silty clay, thus changinlg materials of:
the face of subgrade with good selected material or with
basecourse is encouraged before constru;ting rigid concrete

\

pavements layer.
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3. Using good materials of concrete or using small iron
segments or pieces in concrete mixture reduces the thickness
required, since using additives which strengthen the concrete
by increasing the resistance force of concrete fcare more
economical in designing rigid concrete pavements.

4. Thesé dat.a and the predicted formula, which resulted from
regression analyses are for plain concrete, without using any
steel reinforcement

e From the above conclusions the recommendation is to
continue the research of three- dimensional finite element of

rigid pavement by using steel reinforcement.
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These appendix form a sample for output tables of Finite Element
for rigid pavements design by running SAP 2000 software, also

clarifies the matrices of computer solutions.
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