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CHAPTERFTT¡E

ANAI.,YSIS OF DEFLECTION DATA

5.1 GENERÄL

An import¡nt task in this study was the analysis of deflection data collected with the

FWD. In Ctupta 3 an overvier¡¿ of differeüt models for analyzing elastio layered systems was

given. It was also mentioned that many computer algorithms are available at present. One

deficiency with all the available computer algorithms is that they oannot consider anisotropy

of the matedals. Many theses have been w¡itten with some algorithm which would meet the

quest ofthat particular researcher but would not be generalised or versatile enough to me€t

other requirements. Theref,ore, it was srggested that a general-purpose finite-element method

(FEM) is best suited for the analysis of pavement systems. Two finite-element programs

available with the University of Manitoba m¿in&ame computer were not suited for this study,

since they would have required extensive modifications and rewriting source codes to

consider non- homogeneous, nonlinear or anisotropic behaviour. For this study the ûnite-

elernent method chosen was the Æ.ISYS system developed by Swanson Analysis System Inc

(SASI) ofPhiladelphia in the USA AI{SYS is a commercial general-purpose ñnite-element

program which can be used for a variety of problems in applied mechanics including the

layøed elastic models for pavements. One can use it for modelling the simple homogeneous,

isotropio elastio solid or add in any other features such as non-homogeneity, anisotropy, non-

linearity, plasticity and yield criteria and even temperatue-dependent material properties.

Even though Al.lSYS is a commercial progranl and hence its source code is not available to
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its users, it provides enough flexibility that user-defined parameters can be input into the

system. There are other simila¡ commercially available finite-element programs. However,

ANSYS wæ chosen for this study because it was readily available within the university with

the Department of Mechanical Engneeriog.

5.2 TEATI'RXS OF AìTSYS FINTTF-ELEMENT PROGRAM

5.2.1 Generel

ANSYS is a self-contained, general-purpose finite-element method having many

capabilities. Fig. 5.1r, which is reproduced ûom the Al.ISyS user manual, shows some of

these capabilities. Most of these capabilities are in modules which a¡e invoked with simple

commands. Like many other good finite-element methods, ANSYS has, in general, three

stages as shown in Fig, 5.2:

l. Pre-processing;

2. furalysis;

3. Post processing.

A fourth stage which uas used in this snrdy is the OPTIMIZA'TION module. Fig, 5.2 shows

the tasks or activities that are undertaken in each of the th¡ee main sub-processes. The

optimization module preserves the parameters which a¡e speciñed as fixed by the user and

va¡ies the rest to anive at the solutioq within the constraints prescribed. The basio principles

of optimization as used by AI.ISYS are discussed in a little more detail later in this chapter.

Fig. 5.3 shows a generalized flow chart giving the process€s under the AÌ.iSyS

progranl obviouslg for layered elætic analysis of pavement structures only certain paths on

I All figures and Tables are incruded in the Appendices at the end ofthe chapter.
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this figure will be relevant or ofinterest. Two such subsystems ofanalysis procedures which

could be olinterest ue shown in Fig. 5.4 and Fig. 5.5. The subsystem used in this study is the

one shown in Fig. 5.4 with the addition of the optimization module. Fig. 5.5 shows the data

flow in the solution of a simple linear or non-lineæ dynamic analysis.

5.2.2 Basic Theoretical Concepts in Ansys

As diso¡ssed in Chapter 3, the finite-element method is essentially an approximation

of the original real problem. The structure is divided into a number of elements which are

interconnected at a finite number ofpoints. Ifthe force-displacement relationships for each

of the elements can be formulated then the force-displacement relations for the enti¡e

structure can be assembled in the form of matrices of the type shown in Eqn. (10) in

Chapter 2. This matrix relates the stress and strain at any point in the structure using the

material properties. These material properties are given by the modulus ofelasticity and the

Poi$on's ratio. As has been discussed in great detail in Chapter 2 there will be two materia¡

constånts (E and p) for an isoüopio solid and five for cross-anisotropio solids @, 4, t *, tt*

and G,o). Ilaving defined the element geometry and the material properties the next step is

to define the boundary conditions and the applied loads and disptacement conditions.

kr mat¡ix formulation the basic equation relating force and displacement for the static

tKl (u) - {r*} * {rn} + {rJ + {F..) - {F.J

analysis in ANSYS is:

where,

(1oe)



sum of element stiffiiess matrices (total stift:ess matrix)

applied load force vector (concentrated point loads)

applied element thermal vector

applied element preszure veclor (uniformly distributed loads)

applied element body force vector

applied element elastic load vector (secondary forces due to non-

tinearity) and

displacement vec'tor

úr this study, thermal properties, body forces and non-linea¡ities were not considered

though ANSYS is capable ofhanclling these cases. Also, the applied load is considered to be

uniformly disüibuted. Therefore, the terms {F*}, {Fo}, {F,.}, and {F"} will vanish. Thus

Eqn. (109) will reduce to:

trl{u} = {rn") (loe a)

finiteælement prograrn usrally starts with the formulation of the matrices for all the elements.

Then using matrix algebra the matrices are manipulated so that as many matrix elements as

possible can be re.duced to zero. This helps reduce the computation tirne. This process is

shown in Fig. 5.4 a¡ "wavefront solution" and "triangularized stiftress matrixn. Equations of

the type ofEqn. (109a) give rise to ¡ set of simultaneous equations, ai¡ many as there are

elements. When these equations are solved for the known boundary and loading conditions

in such a way that at all nodes the equilibriurn and compatibility conditions are satisfied, a

solution for the problem at hand hæ been found. By substituting the solutions in the
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individual element mafices, diqplacements, stresses and strains at every point in the struoture

can be obtained (shown æ "back substitution" in Fig. 5.4).

5.2.3 Element Library

It was mentioned earlier that the finite-element model is an approximation to the real

structure. The approximation is achieved by breaking down the structure into an assembtage

of smaller elements connected at a number of nodal points. Therefore, in order that the

behaviour of the assemblage would Íuly approximate that of the real structure, it is important

that the individual elements are propuly characterized. The formulation of the stiftress matrix

will depend upon the type of element. For instance, a two dimensional plate cannot be truly

represented by elements carrying axial loads only; nor will a prismatic flexural element be

appropriate to represent a pinjointed truss. Thus all finite-element programs carry an element

library. The element library contains different types of structural elements and information

about how to define their geometry, their stiftress material properties and the degrees of

freedom. Such information is the shape f.rnctioq stifrress mabices, degrees of freedor4 stress

or strain parameters etc. in source code. This information is not transparent to the user, but

the program accesses that information once a certain element type is specified. Fig. 5.6 shows

a partial liS of the library of elements canied by ANSYS. It is not necessary that a structure

should contain only one type of element. It can be an assemblage of many different types of

elements. The only oaution is that they are all properþ defined.

In the Aì.ISYS prog¡arn diferent types of elements are called by a nomenolature

STIF4 where n represents the library identification number. For example, referring to Fig. 5.6,

STIFI represents a spar element in a plane. The deformed geometry ofsuch an element is
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completely defined by the two component displacements U, and U, in the Cartesian

coordinate system. U, and U, are the two degrees of freedom @OF) for such an element.

Iig. 5.6-B explains the characteristics ofthe different STIF elements and what features of

such elements can be handled by AI.TSYS at the present stage of development. Fig. 5.6-A

shows some elements (STIF 45, STIF 64 and STIF 4Q which canbe used if one hæ to model

the pavement as a th¡ee-dimensional solid.

5.2.4 Representation of Pavement Structure

Pavement structure is generally represented as a semi-infinite elastic continuur4

layered or homogeneous. In most cases the problem can be analyzed as a plane strain

problem. Howwer, the loading on a pavement is over a finite area given by the tLe foot-print.

Thus, while the geometry of the pavement is a two-dimensional plane, the loading would

sfictly make it a thredimensional solid. However, wheel loads are generally assumed to be

circular having an axis of symmetry in the vertical di¡ection. Thus the pavement structure can

be represented by an axi-symmetrical solid, which is a plane strain problem.

The most appropriate element in the ANSYS element library to repressnt suoh a

structure would be STIF42 (see Fig. 5.6a). This is a two dimensional, isoparametrio etastic

sotd having two degrees of Êeedom Q and U, þlanar struú'ture). Fig. 5.6 shows the features

tlat can be possibly handled by AIISYS using these elements. For instance plasticity can be

hanctled, Thus ifthe complete stress-strain curve for the component materials can be defined

(see Fig. 5.7 for examples) then the deform¿tion of such elements can be computed. For

pavement materials, partiorlarly the unbound m*erials, one oan prescribe a yield criterion and

ens¡¡e that srce'sive deforrnations do not occr¡r. Theoriæ ofelasticþ generally æsume small
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displacements so tiat the principle of superposition can be valid in many analyses. However,

in pavement materials one might be occæionally interested in analyzing the structure under

large deformations, With STIF42, ANSYS can handle such an uralysis. Some earth materiats

are stress- stiffening.

According to Fig. 5.6 STIF42 will permit incorporation of such material properties.

Therefore, in this study the pavement structure was represented as made up of STIF42

elemexts and an axi-symmetrical formulation was used. Because of the importance of STIF42

to this thesis, and in the opinion of the author to the analysis of pavements by ANSYS, the

complete theoretical development of STIF42 as described in ANSYS "Theoretical Manual,'

is included as an appendix to this chapter (Appendix 5-I).

5.2.5 OptimizationModule

Optimization as employed by ANSYS is a programmed nathematical technique which

integrates the analysis procedures ¡nto an ¡terative search procedure to find the minimum

value for a specified parameter srbject to c€rtain us€rdefined constraints. For example, if one

\¡rere to use ANSYS to dæigr a beam for minimum weight, subject to oertain boundary and

loading conditions, and subject to oertain limiting stresses and physical dimensio¡s, AI.ISYS

would go through the analysis part first and determine the stresses in terms of the physical

geometry of the beam. In the second part it would start an iteration process by which the

dimensions would be chosen within the constraining conditions of size and stress until finally

a least vreight design would be obtained.

In the above o<ample, the objective is the lesst veeight design. For a simple bean¡ the

weight can be oçlicitly witten in terms of its physical dimensions and mass density. Such a
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fi:notion forms the OBJECTIVE FLINCTION. Similarly, the stresses can be computed in

terms of the physical dimensions. The restrictions one places on these stresses and the

physical dimensions are called the CONSTRAINT EQUAfiONS. For the beam example

both the objective function and the constraint equations can be explicitly written as functions

of the physical dimensions of the beam. The physical dimensions form the DESIGN

VARIABLES. The determinant to change and try diferent combinations of dimensions

within the speciûed limits is the state of stress at various points in the beam. The stresses are

called the STÄTT VARIABLES.

This example illustrates that in running an optimizâtion module one should define four

essential components:

1. The OBÍECITYEFIINCTION.

2. The CONSTRÄINTS within which the system should seek an optimal

solution.

3. The DESIGN VÄRIÄBLE which is the independent variable which should

be modifed in each iteration cycle, and

4, The STATE VARIÄBLE which is the outcome of the analysis in each

iterative cycle.

In the example of the bearq all of these can be explicitþ written in terms of the design

variables. Thug the optimization will converge to a unique value. However, in many problems

for which one would seek a finite-element approximatio4 explicit relationships do not exist.

In suoh a case the optimal solution will lie within a space bounded by the surfaces ofthe

objective frrnction plang and the s¡rfaces bounded by the design variables and st¿te væiables.

By repeated optimization one c¡n then arrive at a point in the surface where the gradient of
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the objective fi¡nction is minimum. The eoncept of optimization as applied in ANSYS is

illustrated in Fig. 5.8.

In the above discussion, it has been tacitly accepted that one is always seeking the

minimum value for the objeclive fi:nction. The ANSYS optimization module will always

seek the minimum value. Therefore, when using this modulg one should write the objective

fi¡nction in such a way that the minimum solution is the appropriate one for the problem at

hand.

5.3 MODEL GEOMETRY FOR TEE PA\IEMENTS AIIALYZEI)

Fig. 5.9 shows the photograph ofthe finiteælement mesh generated for the pavements

in this study. Fig. 5.10 shows a hard copy printout of the mesh. All mesh elements were

specified as rectangular. The mesh is finer near the load and becomes coarser as one gets

fa¡ther and farther away Aom the load both vertically and horizontally. Because ofthe large

amount ofdata to be analyzed, a generio type ofmesh generation code was written to build

the ûnitøelement model.

5.3.1 Horizontal Direction

In heavy pavement structures, such as airfield pavements, the deflection bowls are

usrally læge. Therefore, the vertical boundary of the model should be sufficiently far away

from the load point so that the model can predict the ¡eal load distributing capacity of heavy

pavements, This was also confirmed when some of the 1985 data was analyze.d using the

ISSEM-4 program. Also Êom these initial re,ç¡lts it wæ decided to have the vertical boundary

at twice the distance ofthe last sensor ûom the load point. At this boundary, only verticat
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movements are possible, but no horizontal movements. Twenty five node points were

specified within this distance. Four ofthese nodes were under the loading plate, the next

swenteen between the outside edge ofthe plate and the læt sensor and the rest between the

last sensor and the outer boundary as determined above (see Fig. 5.10).

5.3.2 Vertical Direction

I¡r the vertical di¡ection tle number of elements and the node points depended on the

structure. Generally the asphalt layer had an element height approximately equal to 40 or

50 mm. This was done to reflect general construction practice in the past where the lift

thickness of the asphalt zurface layer would be between 40 and 50 mm. Similarl¡ for the

granular material the specifications, generall¡ called for compacted thicknesses of 150 to

200 mm, Therefore the mesh generation called for an element height in this range. The

subgrade was always divided into 1.0 m thick layers and there were always ñfteen layers in

the zubgrade. This amounts to as$ming the thickness of the "semi-i¡finite" layer to be 15 m.

5.3.3 BoundaryConditions

Along the axis of symmetry and the vertical outer edge only vertical movements are

possible. At the boftom of the fifteenth layer in the subgrade a rigid bottom was assumed.

Thus there would be no movements at all st this boundary. The top horizontal boundary is

a free surface. The choice ofthickness ofthe semi-i¡fnite layer was made after some trial

runs with the model trying to reproduce res.rlts published by Gerard (1968) and Bhattacharya

(1968). Fig, 5.1 I shows the rezults ofthese trial computations.



5.3.4 Loads

The final step in building the ûniteelement model is to speci! the loads. Only vertical

srface loads applied over a circulæ a¡ea centred on the axis of symmetry were considered.

The load was specified æ a uniformly distributed pressure equal to the applied FWD load. It

was assumed that no shea¡ fo¡ces exist between the loading plate and the surface of the

continuum.

5.4 USER-DEFINED PARAMETRIC CODING FOR PROBLDMDEFI¡ÛTTON

IN ANSYS

The main ANSYS program has three firnctions, to:

l. Create the model geometry as directed by the user or automatically under the limits

specified by the user;

2. Run the analysis. This includes the formulation of matrices, triangularization ofthe

matrices and solving the matrix equations;

3, To do specific post-analysis manipulation. This includes collecting the results, such

as stress, strai4 and deformations, at any user specified points and displaying them

as graphs, charts, tables etc.

All these f¡nctions are cont¿ined in individual modules held in the AI.ISYS program library.

The input directing the program to pe¡form its ñ¡nctions must be created by the uær by

issring the individual commands, ifthe user is solving the problem interactively, or through

a set of macros if the program is run under a batch mode. Appendix 5-tr shows the coding

use.d in running Aì.ISYS. Fig. 5. 12 is a flow chart which shows how the dife¡ent modules

are invoked in sequencg to exec.r¡te AIISYS for this thesis. It is not the intention here to
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diso.¡ss individual Aì{SYS commands, but merely to demonstrate how the diferent modules

are built up and joined into a macro so that these can be submitted as batch ûles to a

computer for processing, as shown in Appendix 5-tr. The ANSYS program was run on a

VAX-4.0 mini computer housed in the Ðepartment of Mechanical Engineering of the

University of ldanitoba.

5.5 LAYERED PAVElVÍENT SYSTEMS AT TEE DITTT,RENT SITES

The example shown in Àppendix 5-tr is for a specific site and shows the coding for

a threlayered pavement (AC, Base and Subgrade) with four loading conditions. However,

this is not the general cæe with all the sites presented in this thesis. Table 5.I shows the tayers

at the different sites and the layered approximations used, In general, the pavement y¿ait

represented as it was built (see also Table 4.2 to 4.6 in Chapter 4). Since airfield pavements

are usually built up as the need a¡ises this resulted in systems with up to six layers, In the

literaturg one often finds statements that there is no special advantage in idealizing the

pavement as more than a three- or fourJayer system. While this is true for homogeneous

pavements, it becomes necessary to have the capability of analyzing a truly nnJayer" system

such as the pavements analyzed in this thesis. Often the layers were so contrasting in their

material properties thar it would not have been possible to find a reæonable equivalent layer

thickness by any ofthe methods described in Chapter 2.
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T¡ble 5,1 Layered System Approrimation at Different Sites

Site Date
Built

Date
Tested

Age
Yrs.

Analysis
System

Subgrade
(usc)

BRAI.IDON 1983 1985 2 3L4P CL-ML

ÏHUNDER
B.A.Y

1984 r985 I 4L4P SP-SM-ML

ST. ANDREWS 1968 1988 20 3L 3P CH

REGINA tg't9 1988 9 5L 3P CH

SASKATOON tg't6 1988 12 6L 3P CL-CH

Note: For the analysis system 3L 4P means e tkeeJayer system with 4 loading cases was
analysed.

It should be mentioned here that the use ofa general-purpose finite-element prograrq zuch as

AIISYS, proved to be advantageous in the analysis of composite pavements. For examplg

when it was attempted to analyze composite pavements, in which a rigid layer was overlain by

a more flexible layer, using the ISSEM-4 program the program would often fail because of the

proximity ofa "rigid bottom" to the surface. In a general-purpose finite-element program this

does not sppear to be a problem. In fact the program helped to vizualize the effectiveness of

a rigid layer at different levels in the pavement structure in distributing the load. This will be

discn¡ssed in the ne:<t chaptø where results ofstress analysis are presented. It is submitted that

this might prove to be a usefi,¡l tool in overlay desþs.
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5.6 METHODOLOGY OF ANALYSß

In the previous stctions the reasons for the choice and use ofthe AI.{SYS ûnite-element

program for the analysis of pavemarts by the layered elætic theory were given. In this section

the natu¡e ofthe solutions to the problems and the criteria which were used to choose one or

other of the solutions a¡e discussed. In Chapter 6 the actual results are presented and

discussed.

5.6.1 Solutions to the Layered Elastic Problem

In Chapter 2 it was mentioned that the layered elastic system has no unique solutiorl

This is because the problem is bæically indeterminate. The more the number of layers, the more

indeterminâte is the problem and hence the less unique are any solutions. Many combinations

of the layer moduli can be found to yield the same deflection basin. It is then a matter of

judging which combination of individual layer moduli is the most plausible. Therefore the

o<pe¡ience ofthe e,ngineer analyzing the problem becomes very important. It also becomes very

important that the behaviour ofthe materials is well understood. However, when one is dealing

with materials s¡ch as æphaltic concrete or earth materials, this beoomes a very difrcult, if not

ahogethu imposible, task Added to that, the solution appeårs to depend on the criterion used

to judge the goodness ofût be¡ween observed and theoretical deflection basi¡s. Si¡nilar

observations were made independently by Sivaneswaran et al. (1991).

As far &s the author is aware of most of the back-calculation procedures aim at

matching the maximum deflection (at the centre of applied load) as the criterion for selecting

the layer moduli. Some other methods (e.g. ISSEM-4, SENOL) aim at matching deflections

at discrete points (usually the sensor pointq because these a¡e the only points of certainty) as
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a øiærion for a good fit. Howwer, it is s¡bmitted that the volume of the deflection basin would

form a better criterion to calculate the layer moduli.

The concept that the shape of the deflection basin is a unique characteristic of the

pavement is not an ørtirely new concept. Væwani's and Majidz¿deh's concept of rigidity fac{or

(Vaswani, l97l; Majidzadelr, 1982), already established this fact. Hoftnan and Thompson

(1982) also presented some evidenc€ to this effect. However, a back-calculation method using

this concept has not been presented so far. The method presented herein is not the ultimate

development either. There are still sigrrificant improvements to be made. Ltuitively, the

deflection bæin is the response of the pavement to an applied load at a given time with a certain

combination of material properties.

In fact, it is the work done by the energy absorbed by the pavement from the total

energy delivered to the pavement by the falling weight (in case of FWD) or the periodic load

generated by other loading devices (e.g. the Dynaflect) that defines the deflection bowl. This

capacþ to absorb energy is a function ofthe material properties, most notably the dynamio

moduli and the damping cha¡acteristics of the pavement materials. If resilient modulus, æ is

generally understood by pavement engineers, can be accepted as a surrogate to this dynamic

modulus then the volume ofthe deflection basin can be used to calculate the resilient moduli.

Normally, plane strain conditions or axi-symmetry is assumed. Therefore deflections are

measured only along one line tacitly æsrming that the deflections along any other line radiating

ûom the load point would be identical2. As an initial attempt to use the concept the follow¡ng

This was why it was felt it was unfortunate (see p. l7l) that in the 1985 test series
even though deflections were measured at ûve different points on a ci¡cle a¡ound a
given station they were not measured radially. Such a measurement would have
permitted the calculation of the ac'tual deflection bæin.
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procedure was used.

It was assumed that the model was either isotropic and homogeneous or was cross-

anisotropic and homogeneous. It will be emphæÞed that non-homogeneity can be very easily

handled by the model presented here and by the AÌ,ISYS program. However, this will be left

to future evaluation and rese¿rch. In this thesis, it was attempt€d to simply determine a oriterion

that would lead to better ¡esults when back-calculating FWD data. Using the seed values,

ANSYS would calculate the deflections at the sensor points. Then the optimization modute

would be called and AIISYS would be directed to optimize the modulus values by the

following tluee criteria:

l. UAREA' of the deflection bæin;

2. The maximum defection at the centre ofthe load; and

3. The Root Mean Square (RMS) value of the deflections at the seven sensor

looations.

1. rtaRx!.Aü of the Deflection Brsin

The a¡ea of the deflection bowl was calculated by the trapezoidal rule using the

deflection ordinates at the sensor locations. Thus the a¡ea became:

A= l/2x (Ur -UuJx (4 - 4.,)

where, the Ujs and the ('s are the deflections and the distance from the centre ofthe load

respectively ofthe i6 senso¡. The program would calculate the square ofthe diference in the

areas from the me¡sured deflections and the calculated deflections after each valid iteration

(feasible solutions) in the optimization loop. It \¡¡as necessary to calculate the square ofthe

differences in the a¡ea so that the objective funciion was a positive quantity and hence a



295

minimum value could be found. It might be recalled ûom the earlier section that ANSYS

always minímiz¿s the objective f.¡nction.

2. M¡¡imum Deflection

For this criterion the square of the difference between the calculated and measured

deflection under the load is the objective function. AgairL the square ofthe difference was used

so that the objective function was a positive quantity and ANSYS could seek a minimum

value to ûnd an optimal solution.

3. Root Mean Square (RMS) Value of Deflections

The RMS value is the sum of the squares of the differences between the observed and

calculated deflections al the seven sensor locations. Once again the squared value vyas needed

to have the objeøive fi¡nction positive. This is similar to the SENOL or ISSEM-4 progfaÍx¡

where the deflection bov¿ls are required to match at discreet points in addition to the point

under the load. RMS values were used in an optimization technique suggested by

Sivaneswaran et al. (1991).

It should be recognized that both the I'ARFA', method and the RMS method use the

entire deflection bowl in an attempt to find an optimal solution. Therefore, based on the

discussions in the previous sections, these are i¡herently better criteria than the one where just

the maximum deflections a¡e matohed. The nAREAo method would be even better if I curve

fitting program (such as the one used by ISSEMa) were used prior to invoking AIISYS.

ISSEM4 attempts to ût a curve through the measured points by a smoothing function that

considers the ordinates at every 30 mm. Thus a tight fitting smooth curve for the deflection
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bowl can be obtained. In ñ¡ture developments ofthe concepts developed in this thesis this

should be explored.

AìÍSYS continued the optimization loops until one of the following criteria was met:

1. The solution had converged and therefo¡e an optimal solution has been reached;

2. ANSYS had run through the specified numbet ofloops requested by the user regardless

ofwhether an optimal solution had been found or not;

3. The default limit for the number of loops had been reached regardless whethe¡ an

optimal solution had been reached. This number is 50 for the system at the University

of Manitoba. In such a case, the user has the option to choose the best (N + 2)

solutions out ofthe 50 and re-sta¡t the optimization subroutine, where N is the number

of design variables in the problem. This would lead to another set of 50 solutions,

excluding the sets already rejected or to convergence. Ofcourse, one has to weigh the

trade-off between computer time and the gain made by ûnding a near-true optimal

solution;

4. The objective func.tion showed constant oscillation so that an optimal solution wæ not

feæible.

An example ofthe output from ÀI{SYS optimÞation loop is shown on the next page.

In the solutions presented in this thesis, the number ofloops varied mostly between 16

and 28 while there was a signiûcant amount of calcr¡lations that used up the 50 loop limit. Only

in a very few oases a second 50Joop routine veas attempted. It will be shown later that the

modulus per se, is not a high-sensitivity quantity in pavement analysis so that one should not

over-emphasÞe the need to find a very precise value for this quantity.



297

EXAMPLE OF PARTTAL Ä.NSYS OUTPUT AFTER OPTIMIZATTON LOOPS

SET 36 sEr 37 sEt'30 SET 39 SET 40
(FEÀSIBI,E) (FEÀSIBI,E) (FEÀSIBLE) (FEÀSIBLE) (FEÀSIBLE)

Eyl 70r6.38
EYz "ì094,20
EY3 1913 . 19
EY4 489.723
Evs 130. 682
EY6 15?.137

ÀREÀ 798.746

sEl 41

EYI 7994.98
Evz 5200.72
EY3 1415. 93
EY4 295,237
EYs r30.813
EY6 1?1 . 103

7099.18 7200,43
7170.79 3665, â1

6826,22
5562 .68
27 82,t0
305.838

130,755 r30.726
r77 .7 44 1?9. 913

4009.51 40s2.99

1887 .7 4
490.rr7
130.800
160.355

18 95 .35
298 .822
130.?44
r73,77 !

6645,22
1050.52
1883.06
303.295

R4 1.58309 1.53184 L,79652 2.52130 2,41922
R5 2,33054 2.28442 2.3096? 2,29973 0.782592
Nl''vl 0,154949 0,229203 0.153660 0.1539?4 0,154030
NUv4 0.29191? 0.398634 0.398963 0.399104 0.398965
N('vs 0.438754 0.438854 0.3236t4 0.332384 0.440269
NUH4 0.291917 0.398634 0,398963 0.399104 0.398965
NUHS 0.438?54 0.438854 0.323614 0,332384 0,440269
TENS 0.0000008+00 0.000000E+00 0,0000008+00 0.000000E+00 0.000000E+00

155.658 r70.406

sEr 44 SEl 45
(FEÀSIBLE) . (FEÀSIBLE) (FEÀSIBLE) (FEASIBI.,E) (FEÀSIBLE)

15164.4

sEr 42

'17 53 .67
699s. 80
ls62.95
489 .7 23
130.820
158. 353

4693.31

SET d3

9396.54
7019.66
2108.0?
492 ,rlz
r30 ,7 67
152.359

6998. 18
20 9?. 00
489.729
130.?65
r50,227

?088.75
2068.05
AgL,696
130. ?28
147.883

R4 1.845?2 2.54200 t.27023 1.00{11 1.06219
R5 2,32206. 0.851659 0,74041.7 0.783059 0.831846
Nt'vr 0,154239 ' 0,17L258 0.1?1635 0.162808. 0,154586
Nt,v4 0,290501 0.39905!i 0.399025 0.280?58 0.398900
Nt,vs 0.440430 0.326193 0.430304 0.329002 0.438381
NUH4 0.290501 0.399059 0.399025 0.280?58 0.398900
NUHS 0.440430 0.326193 0.43830¿ 0.329002 0.438381
ÎENS 0. 0000008+00 0. 000000E+00 0.000000E+00 0. 000000E+00 0. 0000008+00
ÀREÀ 12011.6 1?46.88 988.646 2t7.066

SET 46 SET 4? SET 48 SET 49
(FEÀSIBLE) (FEÀSIBLE} (FEÀSIBI.E) (FEÀSIBLE)

Eyr 6990,47 6961,79 1040,82 5430.69
EYz 7064,67 7054,2r ?115.86 6't92,16
EY3 2602.98 2685.87 2259,12 266L,75
Ey4 491,?39 489.287 488.910 493,8A9
EYs 130,?82 130.660 130,?68 243,4L5
EY6 t52,607 153.749 151.055 138.36?
R4 1.14850 1,15728 1.12166 r,42554
Rs 0.748720 0,1az?ss 0.?4558? 0.746974
NWr 0.164895 0,764?43 0,163184 0.177806
NUv 4 0,282499 0,286426 0.399134 0,387222
NUV5 0.330806 0.439943 0,329284 0.314995
NUH4 0.282499 0,286426 0.399134 0,3.8',1222
NUH5 0.330806 0,439943 0,329284 0.314995

2941 .75

sEl 50
(FEÀS IBIE)

7 439 .7r
5?84.13
2611.05
492.t98
243,267
136,018
r,L3267

0. 74 05? I
0. 15 8 352
0.383929
0 , 43L424
0.383929
0 ,43t424
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5.6.2 Model Definition

In Chapter 3, the requirements for a finite-element model to represent pavement

strucúr¡res were given. Two models were analyzed in the ounent work:

l. A homogeneous, elastic, isotropio model. In this model all layers were assumed to be

isotropic;

2. A homogeneous, elastig øoss-anisotropic model, In this model all layers except bound

layers (asphaltio concrete, ?ortland cement concrete and stabilized layers such as the

econocrete layer in Brandon) were assumed to be cross-anisotropic.

While all stations at all the test sítes were analyzed by the cross-anisotropic model, only five

stations from each site were analyzed by the isotropic model for comparing with the cross-

anisotropic solutions.

s.6.2.1 !e@$
Table 5.1. in Section 5.5 lists the layered systems that ì¡/ere analyzed for the pavements

at the diferent test sites. As shown in Table 5. t. the maximum number of layers used in this

thesis is six. The program has no constraint regarding the number of layers. However, increæe

in the number of layers, particularly in the zubgrade materials or at greater depths offers no

special advantage. On the other hand, if starkly contrasting materials are present within 15 m

of the zurlace they should be preferably treated as different layers. The layers were subdivided

to rouglrly conespond to construction practice (compaction-lift thickness, diferent type offill

materials, etc.). This will be also usefi.¡l if stress-dependency is to be inoluded.
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5.7 INPUT FOR OPTIMIZATION LOOPS

One ofthe distinctive featues ofthe analyses presarted in this thesis is the optimization

procedure. This is not to be confi:sed \¡rith the iteration procedures available in many al-

gorithms, including ANSYS. It will be recalled that the optimization routine tries to find the

minimum value for the objective function withi¡ the conshaints specifed by the user. Thus one

can restrict the program not to seek solutions for material properties which a¡e not generally

found at a site or in a region or which do not co¡respond to the construction history of a

project. The latter will be of interest if one is investigating a failure or problem areas, or

evaluating a pavement for structural input into a pavement management system. In this

investigation some of the material properties were available ûom original construotion records

kept by Transport Canada. Combining these with the general ranges found in the literature,

partiarlæly in the study by Emery (1983) for Ontario Mnistry of Transport¿tior\ the following

limits on the material properties were set for the optimization routine:

Limits on Moduli Values

Asphaltic Concrete:

G¡anular Base:

Granular Subbase:

Silty Sand to Sandy
silt (ML, sP, sM):

Silty Clay to
Clayey Silt (CL):

Plastie Clays (CIf
(Stif to firm):

1,000 - 10,000 MPa

200 - 600 MPa

120 - 250 MPa

80 - 200 MPa

50 - 150 MPa

80 - 200MPa
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Plastic Clays (Ctf
(soft):

Portland Cement
Concrete:

Eoonoorete:

Limits on Poisson's Rstios

Asphaltic Concrete:

Portland Cement
Concrete:

Granular materials:

Fine-grained sub-
grade materials:

35 -120 MPa

25,000 - 50,000 MPa

10,000 - 20,000 MPa

0.20 - 0.30

0.15 - 0.25

0.30 - 0.40

0.35 - 0.48

It should be noted that in many finite-element progfams, including ANSYS, the

Poisson's ratio cannot be 0.5. Saturated clays, which are virtually incompressible, and hence

have a Poisson's ratio of nearly 0.5, can be modelled in AIISYS by a fluid element called

STIF79 or STIF8O. However, in this analysis it was decided to retain the STIF42 element

tfuoughout the analysis and not to let the Poisson's ratio approach the value of 0.50.

Anisotropy ratios in unbound layers were asnrmed to vary between 0.5 and 5.0. Bound

tayers were assmed to be isotropic regardless of whether one used the isotropic or the cross-

anisotropic model. Anisotropic ratio is defined as E"lEu.

The desþ variables for the optimization routine were the different layer moduli. The

state variables were the pavønent response which were the s¡rface deflections, stresses, strains,

and deformations at different points within the pavement structure.

Another feature in the optimization routine was to restrict the tension in the unbound
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layer to zero. This was to ens-rre that during the analysis the unbound materials do not develop

tension. The number ofoptimization loops were between 16 and 50. The program was asked

to sort the solutions in an ascending order i.e. from minimum to maximum value of the

objective firnction. From this sorted set, the top five solutions were picked as giving the most

probable range oflayer moduli fo¡ that station. The corresponding deflections and the stress

distributions for these flve solutions were also printed out. These calculations are repeated for

all the th¡ee chosen criteri4 namely:

l) rraRFArr of Deflections Basin;

2) Maximum Deflection;

3) RMS value of Deflections,

The analyses and the results are presented and discussed in Chapter 6.
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CHAPTER SD(

RESI]LTS AND DISCUSSIONS

6.1 GE¡TERÄL

In the previous two chapters the main work undertaken in this investigation was

described. Chapter 4 described the field tests and presented the results obtained from this

phase. Chaptø 5 presented the analysis procedures used to back-calculate the FWD data from

the five aþort sites. It was mentioned that the analysis was carried out \Hith a general

purpose finite element prograrq ANSYS, available at the University of Manitoba. One of the

distinctive fe¿tu¡es ofthe analysis was the use of an optimization routine available within the

ANSYS program, The features of ANSYS and the optimization progtam were described.

Some examples of input to and output ftom the Al.fSYS analysis were presented.

This Chapter presents the selected res¡lts ofall the analyses for each site and discusses

thern Conclusions a¡e drawn from these re,s,¡lts. Thase conclusions are again summa¡ized and

preænted in a comprehensive form in Chapter 7 together with directions for future research.

The volume of data collected from the ûve aþorts was quite large. Table 6.lr gives the

stations tested types ofanalyæs done and the format ofresults preænted. The results for all

the individu¿l stations for different loads at the diferent sites would form too buþ a volume

to be included under one chapter. Thøeforg they are bound as Volume 2 ofthis thesis. In this

ctlapter only some o<amples and srmmary sheets are included and will be referenced. For t}te

Exeept for Table 6.3 all results in the form ofTables, charts and graphs are included
in the ditrerent Appendices to the chapter. A list ofAppendices, figures and tables will
be found at the end ofthe chapter.
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reader v/ho would like to peruse the detailed results or the mass of ¡aw data these ere

available in separate volumes.

6.2 GEIYERAL SCESME FOR TEE PRESENTATION OF AITALYSES

AND RESITLTS

As shown in Table 6.1 a cross-anisotropic analysis was run on all stations at all sites.

The number ofoptimization loops were between 16 and 50. The program was asked to sort

the solutions in an ascending order i.e. from minimum to maximum value of the objective

fi¡nction. From this sorted se! the top five solutions were picked as giving the most probable

range oflayer moduli for that station. The conesponding deflections and the stress distribu-

tions for these five solutions were also printed out. These calculations are repeated for all the

three chosen øiteri4 namely:

1) UARFA' ofDeflections Basin;

2) Maximum Deflection;

3) RMS value ofDefleotions.

Appendix VI- I shows examples of suoh rezults for one arbitrarily selected station each site.

Volume 2 of this thesis contains all the results for all the stations at all the sites for all the

loading conditions for both isotropic and cross-anisotropic models. From these tables the

average moduli are extrac.ted and summarised in another table such as shown in Àppendix

VI-3. For oross-anisotropic model" in ¿ddition to the values of the layer moduli, the

anisotropic ratios were also computed and a¡e also preænted in the tables in Appendix VI-3.

The results are also presented graphically. The following results are shown graphically:

l. Deflection basins by the tluee criteria for all the stations and for all the load steps.
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These are shown both for cross-anisotropic and isotropic models. (Appendix VI-2);

2. Modulus profile (bar charts) for each layer along the runways for both isotropic and

cross-anisotropic models and for all load conditions. (Appendix VI-4);

3. For the anisotropic models, the anisotropy ratios in the unbound layers. (Appendix

Yra);

4. Stess disnibution under the load at each station and for all loading conditions. fuain

both isotropic and cross-anisotropic models are presented. (Appendix M-5).

Finally, the theoretical results are compared with the moduli measured in field with the

pressuremeter (for unbound material) or the ones computed from laboratory tests on asphalt

cements and using Van der Poel's nomographs. In the following sections, these results æe

discussed and some conclusions are drawn.

6.3 DTSCUSSTONS

6.3.1 DeflectionBasins

From the deflection basins presented in Appendix VI-2, one can see that all tlrree

criteria predict the deflection bæin reæonably well considering the fact that the diferences

pertain to one tenth to one hund¡edth of a miøon (10'3 metre), However, the "Area"-oÊthe-

basin criterion provides the best match between the observed and calculated deflections

followed by the RMS value and then the maximum deflection criterion It is oonceded that this

is a ubjective evaluation of the deflection res,¡lts. One can numuically evaluate the match and

provide an objective legitimacy to the above conclusion. Eowever, it is submitted that in

e great mrjority of caseg the visual judgement is so convincing that it c¡n be eccepted

th¡t the 'rarc¡" criterion provid€s the best match, osen, the six curves (five top sotutions
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from the optimization routing and the actual measured values are indistinguishable from one

another even on aR enlarged scale. In the previous chapter a theoretical basis for this method

ofmatching calarlated a¡d observed defleøion basins was advanced. That hypothesis, based

on the energy absorbed by the pavemen! is strengthened by the fact that the RMS value

provides the next-best match. In general, the more points in the deflection basin one tries to

match the better will be the fit. While this is done in some programs such æ SENOL and

ISSEM4, they do not have an optimization run and hence cannot limit the moduli values to

within a plausible range. Such a feasible range can be arrived at by independent measurement

ofthe moduli, ûom the experience ofthe engineer ôr ûom records ofprevious performance

and evaluation of a pavement in a specific region. One improvement to the method used in

this thesis would be to precede the ANSYS analysis with a ourve fitting program such as the

one used by IS SEM-4. Then the deflection bowl can be defined in tightly specified intervals

and hence will more closely represent the energy absorbed. Another improvement would be

to mea.s¡re the deflection bæin in different radial di¡ections and use a th¡ee-dimensional solid

model to calcr¡late the volume of the basin instead of the a¡ea of the basin. Of course, if axi-

symmetry is accepted, then theoretically the area method and the volume method are

equivalent.

While in a great majority of cases the match between the observed and calculated

deflection basins is satisfactory particularly with the "A¡ea" method, there are some cas€s

whse the theoretical predictions were significantþ diferent ûom the observed defleclions.

Fig. 6.12 shows an example of such deviation. In almost all ofthese oases the load was

All figures and Tables a¡e included as þpendices to each chapter.
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dropped in the proximity ofa crack as illustrated in Figs. 6.2 and 6.3. As far as the author is

aware of,, no results have been presented in the literature (to early 1993) indicating the

relationship between the distance to the crack and the deviation from elastic layered theory.

Howevø, it does not need much convincing to accept that if a signücant crack exists within

the reach of the deflection basin, then the æsumptions of the elastic layered theory are

seriously violated. The load tra¡sfer across the crack at the zurface layer is destroyed or

diminished depending on the nature ofthe crack. Thus the surface layer merely acls as an

extension to the loading plate and the underþing bæe layer is loaded with the full stress on

the surface, Since the base material is much weaker than the surface layer there will be

significantly higher deflections than ifthere were no cracks. Obviously the nearer the load is

to the crack the more wif be the divergence b€tween observed and calculated basins. It is also

interesting to note that the major divergence between observed and computed deflections

ocrur only at the nearer sensors¡ and not as much at the farther sensors. Be¿ause the effeot of

load redistributio¡L the stresses will be maximum near the cracked surface and insigttiûcant

or absent in the deeper layers, Hence, one should expect to observe the divergence only at the

neårer sen¡on¡ and much læs so at the farther sensors. This is indeed the case in all the cæes

observed.

Unfornrnately, during the test series, both in 1985 and in 1988, detailed notes on the

pavement conditio4 distance ofthe load from the cracþ the nature and width ofthe crack

eto. were not kept except in a cursory way, and a few photographs takerl æ shown in

Figs. 6,2 ard 6.3. Thus an uulysis ofthese sections are not possibte now. It is zuggested that

many ofthe discrepancies reported in the literature could be due to similar oversight. It is

also, thereforg srggested that when testing a pavement with FWD such observation should
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be included in the input and analysis program should be able to handle such cæes, It should

be mentioned here that the ANSYS program has what is known as a ogapo element.

Incorporation of such elements in the model would permit one to analyze precisely such

problems as mentioned above. The gap elements permits the user to assþ varying degrees

ofload transfer across the gap so that one could be able to accommodate cracks of diferent

widths. Incorporation of oracks in the analysis of layered elastic computations may be a

worthwhile future research program (e.g. Jung and Stolle, 1992).

6.3.2 Profile of Moduli

Appendix 6-III presents the mean moduli for the top five optimization solutions

extracted from Appendix 6-L These tables also give the average values ofthe anisotropic

ratios for the uribound layers for the cros-anisotropic solutions. These results are represented

graphically in the form ofba¡ charts in Appendix 6-fV.

Studying these tables and charts one finds that:

1. At each sitg the range ofmoduli is wide but reæonable. The range could be due to

variation in materials, and/or construction. They could be also due to differences in

usage. Airport runways, generally, receive selective usage because ofthe prevailing

wind conditions. Thus there are more landings, take-ofs and taxüng in some parts

than the rest.

2. Some st¡tions shovs extremely high moduli (between 8,000 MPa and f 0,000 MPa)

olose to the upper limit given to ANSYS. It is submitted that these ue not the real

values. These sections have likely failed. The pavement is ha¡d and brittlg and acls

more like an extension of the loading plate than a continuous layer. ANSYS, in
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attempting to match the deflection basirl artiûcially æsigns a high value to one or

more layers. Therefore these high values are suspect. This is a drawback with any of

the back-calculation methods. rüfith AI.ISYS this can be avoided by restricting the

limiting values within a much narrower range.

At Regin4 Sækatoon and Thunder Bay the pavement sections were composite. The

pavønents have been upgraded at vuious times since late 1940's or early 1950's. Thus

one finds stif or rigid layers followed by unbound layers placed on top of old pave.

ments with stiff of rigid bound layers. Howeve¡ the modulus calculations show that

the older stiffbound layer at depth do not have the same stiftress or rigidity as the

newer layers near the s¡rface. It is suggested that the stiftress ofa layer depends not

only on the material but also on its position in the pavement strucfl¡re. This wæ

pointed out by Alfvin in 1974. The author is not aware ofprevious back-calculations

of deflection tests which analyzed this problem. It also suggested that this aspec't

should be more thorouglfy investigated using deflection data on composite

pavements. Such analysis will have implications for rehabilitation strategies for older

pavements.

As a corollary, the unbound material between two layers of bound materials (the so-

called "sandwich" construction) shows higher modulus or stiftress because of its

confnement (compare Vaswani's result in Eig. 2.34 and the discussions under

Section 2.2.2.7 in Chapter 2).

The anisotropic ratio ofunbound materials varied from less than 1.0 to 3. There are

odd stations which showed anisotropic ratios as high as 5. There are no published

res.rlts of anisotropio ratios in granular base layers in pavements. However, Ingold's

(
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work (Ingold 1979, 1980) with compacted bacldlls behind retaining walls suggests

that this (1.0-3.0) is a plausible range. Lo et al. (1977), Yuen (1976), G¡aham and

Houlsby (1983) and G¡aham et al. (1989), presented datawhichwould supportthis

range ofanisotropic ratio for the soils that formed the subgrade at the five test sites.

It is, therefore, submitted that the model presented herein predicted the anisotropio

properties ofthe materials reasonably well.

6.3.3 Stre¡s Distribution

The stresses at the centroid ofall the vertical elemeflts under the centreline ofthe load

were calq¡lated fo¡ all cases. The res¡lts are shown in Appendix 6-I (Tables) and in .{ppendix

6-II (charts). The stresses are presented as a normalized relationship between stress ratios

þ/p) and depth ratio (z/r"), where p is the calculated stress, po is the contact pressure at the

s.¡rfac¿, z is the depth and r" is the radius of the loaded area. The ratio þ/p", is defined æ the

stress ratio and zy'ro as the depth ratio. Many inferences can be made ftom these diagrams.

The shape ofthe c¡lrves shows tlut the model predicts the stress distribution correctly,

at least qualitatively. If one accepts that the influence of load can be neglected at deptlæ

whøe p/po reaches a value of0.0l, then for the pavements tested in this series, load infuence

will be felt for depth ratios between 6 and 20. Thus for the pavements tested, the load

influence will extend between 3 m a¡d 5 m for the 450 mm plate and between 1 m and 3 m

for the 300 mm plate. Since airfield pavements are usually thicþ extending to one metre or

morg the influence of the light FWD loads with smaller plates might not extend deep enough

into the pavement structure.

A more important and perhaps a more zurprising result is that the stress distribution
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diagrams for all the five top optimization solutions from isotropic and anisotropio models

practically overlap each other or lie in a very narrow band. In the fi¡al analysis, since the

performance ofthe pavements depends on the stresses and strains in the pavement materials

one should ask the question:

"In the light of the results presented herei4 is the importance given to the

determination of the layer moduli with the high degree of preoision in the

analysis ofpavement by back-calculation ofdeflection data wananted ?n

Based on the reç¡lts presorted here, the author would like to submit that the cuffent fixation

with trying to compute moduli with great accuracy is not warranted. In the same light it

appears to be academic and irrelevant whether the layers possess some degree ofanisotropy

or not. In all c¿ses the sfesses in the pavanent do not appea¡ to vary signücantþ. Given this

assumptiorq one can ar¡ wetl use e simple layer elastic model wherein the layers are elastic,

and isotropio. Non-homogeneity, stress dependency and non-linearity were not investigated

in this thesis and hence the author cannot comment on these. Perhaps the data should be re-

analyzed incorporating these features to see whether any signiñcant effects are shown.

In this thesis, the stress distribution has not been quantitatively verified. Thereforg

one does not know ûom this work whether the predicted stresses are the ones in the

pavement layers. This can be veriûed only with contolled tests with instrumented pavements.

Only then the question ofrequired accuracy in back-calculation procedures to dAermine the

moduli can be categorically uxwued one way or the othe¡. Since the completion of the major

part of the analysis for this thesis, the author had the opportunity to verify the model

presented, herei4 with two instrumented pavements in Thompsorl Manitobq Canada. The

res¡lts confirm the validity of the A}lsYs model. Therefore it is suggested that, i¡ addition
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to the research efforts to better understand the material properties, there is an urgent need

to test instrumented pavements so that a realistic layered elastic model for pavement can be

presented with all the relevant factors properly included.

6.3.4 Correlation of In-situ Material Propertie¡ with Computed properties

This investigation started with an objective of correlating back-calculated moduli to

in'situ moduli measured by other independent means. The independent means for unbound

material wæ to use the PENCEL press¡remeter. For bound materials þartioularly asphaltic

concrete), the van der Poel-Mcleod nomographic approach was used. In order to use the

method, æphalt viscosities ftom recovered cores were determined and the shell bituminous

chart constn¡cted for each station From this, the bitr¡men stiftress and finally the mix stiftress

were determined. These tests were described in chapter 4 and the results were presented

there. In this chapter those results are compared with Al.ISyS computed layer moduli.

6.3.4.1 Correlations for Bound Materiats lAsohaltic Concrete)

Fig. 6.4 shows the linear regression of computed and "measured" asphaltic concrete

moduli for the isotropic model while Fig. 6.5 shows the same results for the oross-anisotropic

moduli. Before discussing the results, two points need to be clariÊed. First the ,'measuredn

moduli in Fig. 6.4 are actually the moduli obtained using Mcleod's nomographs from

meas¡red bitumen viscositie,s. The moduli were not measured directly. secondly it should be

remembered that for both isotropic and cross-anisotropic models, the bound layers were

always considered isotropic. Therefore, the comparisons are made here only to establish

which model is likely to give a better correlation with the nomographic moduli, Table 6.2
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shows the regression equations and the coefficient ofcorrelation between the moduli at the

different sites.

The results show at best some ambiguous trends and at worst no good conelations.

Looking at Fig. 6.4, there appea¡s to be two groups oftrends. The first one concerns the

pavements in Brandoq Regina and Thunder Bay. The second comprises St. Andrews,

Saskatoon and the combined data from all the sites. The first group exhibits a positive

relationship i.e. there is a positive slope for the regression line. They also show coefficients

of correlation whiclr, though not very high, are still fair. The intercept in these graphs have

no real meaning. The slope ofthese lines vary between 0.2 and 0.3 indicating that the ratio

of "measured" moduli to the computed moduli lies between 3 and 5. The nomographic moduli

are based on dynamio tests done in the Shell Labo¡atories in Amsterdam in early 70's.

Therefore, these modulus values represent the þnomic rcEtotae of the pavement. On the

otlrer h¿nd the back-calculation results are based on static analysis. The frequenry, loading

timg or the dynamic cha¡acter of the loading by FWD is not considered in the model or the

compuüations. Therefore, tie "resilient modulus" is really a static mdulus. Tbts the slope of

the line or the ratio of the two moduli can be looked upon as the dynamio effect of the

loading, The ratio of dynamio to static moduli is generally reported in the literaturg to be in

this range.

Ihereforg it is submitted that for the elastic layer analysis ofpavements, the moduli

of bound layøs can be taken to be 0.2 to 0.3 times the modulus that would be computed by

using Mcleod's nomograph and from bitumen viscosities determined in the taboratory.

Itrowører, Figs. 6.4 and 6.5 present another problem. In Fig. 6.4 St. Andrews shows

a negative trend while Sækatoon shows no trend at all. In Fig, 6.5 the trends shown in
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Fig. 6.4 are rorersed. Brando4 Regina and Thunder Bay show negative relationships with a

correlation coefficient piaøically equal to zero whle the other two show a positive

relationship with low R3 values. In both cases when one combines all data there is no

relationship between the two modulus values. These observations lead to the following

conclusions:

1. The dat¿ cannot be combined. There are individual site charaoteristics that should be

accounted for in trying to anive at a correlation betwe€n "measured" and computed

values of asphalt moduli.

2. The individual site characteristics are the age ofthe pavement, the fatigue consumed

at the date oftesting, and the initial mix properties.

3. TLe øack density on the surface hæ an influence on the modulus values and should

be somehow considered in the analysis.

Table 6.3 on the following page zummariæs these fac-tors for the individual sites. As one can

see from Table 6.3 the pavements whioh showed better correlations in Fþ. 6.4 a¡e the

younger pavements while the onæ which did not are the older pavements. It is suggested that

the older pavements have fatigued do not show ¡esilience and elasticity, and the surfaces

behave more like brittle and rigid materials; they are heavily cracked so that the application

oflayered elastic theory is questionable (cf. for example Jung and Stolle, 1992). Because of

the brittleness and rigidþ of the zurface they are better modelled as a cross-anisotropio

system rather than an isotropic model.
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Note: l.

2.

TABLE 6.3 Individual Site Characteristics That
Influence Resilient Moduli

Date built is the date of last major rehabilitation

Crack Density is the condition rating taken from Transport Canada's annual
pavement rating, for the year oftesting. Rating gives Extent/Severity

It is, thereforg s¡ggested th¿t a back-calculation model should be able to consider the

age and condition of the pavement in its algorithm. This would mean that one should be able

to quantþ these fac'tors so that they can be incorporated in the model. This thesis does not

offer any suggestion hoì¡¡ this should be done. But it appears that this could form the basis

offi¡rther ¡esearch.

6.3.4.2 Unbound Materials

The moduli of the unbound materials were measured with the PENCEL

pressuremeter. with unbound materials one should differentiate between the granular

materials (bæe and subbase) and the native subgrade materials. The granular materials are

procesed materials, procased to conform to rigid speciÍcations. In the region where the test

Site Date
Builtr

Date
Tested

Age
Yeæs

Crack
R ¡fino'

BRANDON 1983 1985 2 2lr.2ll
REGINA r979 1988 9 3/2.3t2

ST. ANDREWS 1968 1988 20 4/3.4/3

SASKA,TOON 1974 1988 t4 412.412

THUNDERBAY 1984 1985 I 21r.2/t
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pavements are situated, except Thunder Bay, the material is basically orushed limestone. In

Thunder Bay the rock is generally igneous and hence eould be granitic.

The srbgrade materials, on the other hand, are natural m¿terials. As shown in Table

4.1 (Chapter 4) these varied widely. The results ofthe gradation analyses on the unbound

materials were presented in Chapter 4 (Figs, 4.18 to 4.22 and Tables 4.2to 4.6).

A. Granular M¡terials

Á,ppendix 6-VI contains the summary of results showing the correlation between the

measured and computed values of the dife¡ent layer moduli. Figs. 6.6 and,6.7 show these

results in graphic form. Fig. 6.6 show the results from all the sites pooled together for both

isotopic and for cross-anisotropic models. Fig. 6.7 shows the results for the individual sites.

It is felt thar the type of presentation made in Fig.6.7 will distort the true picture because the

test points are all clustered in a nafiow ¡ange. This should be expected because in any one

project, the material will have properties within a nanow range subject only to minor

variations during construction. However, when pooled together they would present a widø

range and would permit a more meaningfif inærpreation. Therefore, the following comments

will be based on the composite data, Fig. 6.6 only. Considering that the granular base is a

processed material conforming to rigid speciÍcations this is be permissible.

Examining Fþ, 6.6 one seqs furinediæely, that thue is signiûcant scatter of data about

the nrggesed regression lines. The conel¡rtion Ëctor @) is not high. However, the * value

for the isotropic model is still acceptable permitting the conclusion that there exists a

cor¡elation between the pressuremeter moduli and the oomputed moduli.

The above observation leads the author to suggest that:
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l. Despite the fact that the calculation shows that the anisotropy ratio for the granular

base rarged between I and 3 an anisotropic model for the layered elastic system is not

warranted.

2. One ftequent criticism that the pressuremeter measures the horizontal modulus while

the isotopic model for pavemmts uses the vertical modulus appears to be answered.

Regudless of what the pressremeter measures, the cyclio modulus appears to cone-

late well with the vertical modulus computed by ths isotropic model.

3. Since the ¡es.¡lts and disatsions presented in the previous section show that a simple

isotropic model isjust æ good æ any other model, the pressuremeter modulus can be

used for the design and evaluation ofpavements using the layered elastic model.

Having suggested these i¡ferences from the results presented, it still behooves the

author to oçlain the large unexplained variations. Therefore, the following explanations are

offered.

In unbound materials a simple linear regression between two sets of modulus values

is generally inadequate because, the mechanical properties of suoh materials depend upon

many factors. Some more significant ofthese factors are:

l. Gradation;

2. Percent pæsing the 75 micron sieve;

3. Percent crushed faces;

4. \Ilater content; and

5. Sum ofthe principal stress€s.

Therefore, the regression analysis should be done as a multiva¡iate analysis rather than a

simple linear regression as done here. This thesis does not present such a correlation - this is
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left for future analysis. The data from the tests presented here shoutd be re-analyzed or

additional controlled tests might be done to establish the significance ofthese factors.

Another factor which could have distorted the results is the uncertainty that the

pressuremeter was always in a single type of material. Though cores were tsken and depth

ofconstruction carefrrlly meæured before inserting the pressuremeter, many factors such as

the age ofthe pavements, possible intermingting oflayers, migration offines over the years

and simply not having adequate depth to install the preszuremeter are beyond the control of

the tesing pøsonnel. Thus it is not unlikely that the pressuremeter vr'as standing in two layers

or was meæuring a composite modulus of two starkly contrasting layers, zuch æ a crushed

gravel base and a pit-run granula¡ subbase. However, in the analysis these were assumed to

be neatly separated layers. Thus some variations would be always present. However, it is

hoped that such unavoidable erro¡s contribute only to a small part ofthe variations.

The physical meaning ofthe parameters ofthe regression equations is not quite clear.

The intercept ofthe equation corresponds to z€ro measured modulug i.e. zero pressuremeter

modulus. This would intuitively indioate that this should be related to the po value in the

pres$uemeter test. sincæ P" in base and srbbase layers is induced mainly by placing methods,

it is srggested that the,se are the lateral residual sre*ses in the base layer. The slope ofthe line

is simply the ratio ÇE, where, E, is the vertical modulus computed from the model and e
is the horizont¿l modulus me¿s¡red. Thus this ratio will be the inverse of the anisotropio ratio

as deûned in chapter 5. The regression equation shoì¡¡s that this ratio is 2.21, which is olose

to the average ratio ofanisotropy computed by the model. It will be noticed th¿t the author

has refrained from calling this the ratio of dynamio to static modulus, unlike in the case of

bound materials. This is because both the computations and the pressuremeter tests deal with
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the static case and therefore it might not be appropriate to call this the ratio of dynamic to

static moduli.

B. Suþgradel4aleriêb

The evaluation ofthe ¡esults for the subgrade materiats followed the same pattern as

for the granulæ base or for ûre s¡rface layer. Regression analyses of data were attempted both

on the basis of individual sites as well as for pooled data from all sites. The analyses were

canied out for both isotropic and øoss-anisotropic models. The results are shown in Figs. 6.7

and 6.8.

It is clea¡ from Fig. 6.7 that when data is analyzed for individual sites no correlation

ca¡r be found. while the charts show some regresion lines their P value ís too lor¡/ to suggest

any real conelation. That is not to say that there is no correlatio4 but only suggests that the

range ofpoints for any one site is too narow. Looking atBìg. 6.7 one can fit many other lines

in all possible directions to obtain better R3 values than given on that figure. Since one is

considering a relatively short total distance of not more than 2 km at any one site, the

subgrade is bound to be relatively uniform and the points will tend to cluster around, in a

flaûo\¡/ fange. Furthermore, having only ûve or six points for regression may not pfovide

meaningful results.

For these reasons Fig. 6.8 was prepared where all the data ûom all the sites were

pooled. Now more acceptable trends are indicated both for the isotropic and for the oross-

anisohopic models. The isotropio model shows, once again much better correlations thsn the

cross-anisotropic. The R3 value of 0.53 for the isotropio case is, though not very higl¡

satisÈctory when one considers that many other factors should enter the equation. As in the
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case ofgranular bas€ materials, other factors such as gradation, percent finer than 75 micron

size, the uniformity coefficienq in-situ moistue contørt and density, and the stress ratio might

have to be considered. Thereforg a multivariate analysis rather than a single-variable analysis

is indicated. This thesis does not present such an analysis. This will be left to future research.

It is even more difficult to attach any physical meaning to the regression parameters

in this case than in the cæe of granular base. The slope, which should be still defined as the

anisotropic ratio, does not correspond to the anisotropic ratios reported in the literature for

these subgrades.

6,4 PRÁ,CTICALAPPLICATIONS

One of the objectives of this thesis was to suggest a finite element model of the

layered elastic system which could be used in a typical design office to evaluate and desþ

a pavement. The previous three chapters explained the philosophy and underlying concepts

ofthe ANSYS model for this purpose. This chapter presented the results demonstrating the

validþ ofthe proposed model. The author considers himsetf extremeþ fortunate thatjust

when the m4ior pa¡t ofthe analyses was completed, Transport Canada had a requirement to

rehabilitate cÊrtain airfield pavements giving him the opportunity to demonstrate the practical

application ofthe rezults de¡ived from this thesis.

What was more fortunate, wæ the fact that two of these pavements were

instrumented to meas¡re acfu¡l stresses in the various layers. These i¡strumented pavements

provided the opportunity to compare the measured and predicted stresses in the va¡ious

layers. The pavements were:

I' Runway 18'36 in Flin Flort Manitoba; This was an interesting example because
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steeply dipping bedrock was at a shallow depths. The pavement could be modelled

with stepped bedrock profile and successfully analyzed. Fig, 6.9 shows the correlation

between measured and computed deflection basins.

2. Tæri A in Thompson, Manitoba where a stone column test section was i¡stalled in an

attempt to stiffen I very weak subgrade; Aì,ISYS could model this very

heterogeneous pavement and demonstrated that the stone columns were acfually

acting as discreet elements a¡d were punching into the soft subgfade (Fig, 6.lO).

3, Runway 05-23 in Thompsorl Manitoba where a composite econocrete-asphalt

pavement test section was built to avoid excessive deformations; Design of the

econocrete-asphaltic concrete pavement was done using the optimization technique

suggested in this thesis.

The Taxiway and the runway in Thompson were instrumented with stress cells in the

diferent layers; The conelations between measured and computed deflections æ well

as stresses are shown in Fig. 6.1 1 through and 6.14.

4. Runway 13-31 in Winnipeg Intemational Aþort in Manitoba where the runway

showed pranature rutting just nro years after a major rehabilitation; .AI.ISYS model

showed that the sresses in the srbgrade are much highu than permissible. The model

was also used to design possible rehabilitation options @g. 6.15).

It is intended to discuss these in a¡¡y greatu detail in this thesis. These evaluations and designs

have been reported to Transport Canada in various internal reports between 1990 and 1993.
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6.5 STTMMARY

This chaptu has presented the analysis ofdata presented in Chapter 4 @ield Testing)

and in Chapter 5 (Analysis ofDeflection Datå). The appendices to this Chapter contain gpicat

results from each site. The complete data is presented in a second volume ofthis thesis.

The results show that the "area" of the basin criterion for back-calculating the

deflection data gives by far the best match between the observed and computed deflec.tion

bæins. They also show that the FWD tests should identify the pavement conditioq proximity

ofthe test points to cracks eto., because these have been shown to infuence the shape ofthe

bæin. The simple layered theory cannot handle such situations. It is therefore suggested that

the cunent models should be expanded or enhanced to consider such cases.

The analysis in this thesis made use of ân optimization technique in the ANSyS fi¡ite

element program. The average ofthe modulus values from the top five solutions ûom the

optimization routine was tåken to represent the most probable value of the layer moduli. yet

the moduli va¡ied over a range. Even though there was quite a variation in the moduli, the

stress disnibution in the pavement was not materially affected. In most cases the stresses felt

within a very nanow band. since ultimately the stresses and strains are of prime importance

for pavement performance, the a¡alysis raises the question as to how muoh effort one should

spend in determining the modulus values very accurately.

Moduli of the diferent layers in the pavement were slso determined independentþ and

compared to the computed values. The conelations were done by means of simple regression

as a first step. This established that the measured and computed moduli bave a fair

conelation, with RP values generally in the range of 0.55 to 0.6. \ühile this range for R2 is not

high, other factors which should enter into the equation were discussed. Thus multiva¡iate
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analysis was zuggested, Moduli of unbound layers can be correlated to the unload-reload

moduli determined by the PENCEL pressuremeter.
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THOMPSON AIRPORT: TAXIA STONE COLUMN TEST SEOTIONS'

DEFLECTION COMPARISON FOR ON- AND OFF-COLUMN LOADINGS
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THOMPSON AIRPORT: TAXI A: STONE COLUMN TEST SECTIONS.
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TtlOllPlSON AIRPORT: TAXI ASTONE COLUMNTEST SECTIONS.
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THOMPSON: RUNWAY 05-23
DESIGN OF ECONOCRETE ALTERNATIVE

COMPABISON OF MEASURED AND PREDICTED DEFLECTIONS
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THOMPSON: RWY. O5-23: ECONOCRETE TEST SEGTION
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TABLE 6.1.4. TEST TOCATIONS AND PAVEMENT
STRUCTURE IN BRANDON AIRPORT.

NOTE: EC IS ECONOCRETE: A LEAN CONCRETE BASE'

STATTON PAVEMENT
STRUCruRE
(mm)

YEAR OF
CONSTR.

USC ÁNALYSIS
SYSTEM

5+400 AC 110
BASE 990
5G

1983
1957 /83 SW.SM

CL

3L 4P

5+600 AC '120

BASE 11OO

SG

1983
1957 /83 SW-SM

CL

3L 4P

5+900 AC 120
BASE 1040
c/-

1983
1957 /83 SW-SM

CL

3L 4P

6+300 AC 120
BASE 980
SG

1983
1957 /83 SW-SM

CL

3L 4P

6+500 AC 110
BASE 990
SG

1983
't957 /83 SW-SM

CL

3L 4P

4+950
AC 1OO

EC 300
SB 350
SG

1983
1983
1983 SP-SM

CL.ML

4L 4P



366

TABLE 6.1.8. TEST LOCATIONS AND PAVEMENT
STRUCTURE IN ST, ANDREWS AIRPORT,

STATION PAVEMENT
STRUCTURE
(mm)

YEAR OF
CONSTR.

USC ANALYSIS
SYSTEM

5+030 AC 45
BASE 150 'sB 300 1

SG

1968

1968

1968
SW-SM
SW-SM
CH

3L 3P

5+120 AC 40
BASE/
sB 4701

SG

"t968

"1968
SW.SM

CH

3L 3P

5+480 AC 50
BASE/
SB 470
SG

'1968

1968
GP-SW
SM
CH

3L 3P

5+660 AC 50
BASE/
sB 550
SG

i968

't968 SW-SM
CH

3L 3P

5+840 AC 50
BASE/
SB 460
SG

1968

"t968 SW-SM
CH

3L 3P

IT WAS DIFFICULT TO DISTINGTIiSH BETWEEN BASE AND SUB BASE
MATERIAL UNDER TIIIS PAVEIvfENT, THOUGH CONSTRUCTION RECORDS
SHOWED THAT 150 mm OF GRANULAR BASE (GW-GP) WAS PLACED lN
7968,
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TABLE 6.1.C. TEST LOCATIONS AND PAVEMENT STRUCTURE
IN REGINA AIRPORT.

STATION PAVEMENT
STRUCruRE
(mm)

YEAR OF
CONSTR.

USC ANALYSIS
SYSTEM

5+510 AC 40
AC "t20

AC 90
AC 80
BASET

sB 1070
SG

"1979 Ú
'!979 L2

1967
1953

1953 SM
CH

6L 3P

5+990 AC 45
AC 110
AC 115
AC 60
BASE/
sB 7"t0
SG

"t979 U
7979 L
7967
1953

1953 SW-SM
CH

6L 3P

6+290 AC 55
AC 110
AC 115
AC 95
BASË/
sB 740
SG

1979 U
1979 L
1967
1953

1953
SW.SM

CH

6L 3P

6+890 AC 40
AC 70
AC i15
AC 120
BASE/
SB 780
SG

1979 U
1979 L
1962
1953

1953
sw-9M

CH

6L 3P

7+310 AC 35
AC 70
AC 95
PCC 265
BASE/
sB 355
SG

't979 U
1979 L
7966
1960
7960 SP

5L 3P

NOTE 1: BASE AND SUB BASE ARE NOT EASILY DISTTNGLNSHABLE
NOTE 2: U = LIPPER COURSE; L = LOWER COURSE.
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TABLE 6.1.D, TEST LOCATIONS AND PAVEMENT STRUCTURE
IN SASKATOON AIRPORT.

STATION PAVEMENT
STRUCruRE
(mm)

YEAR OF
CONSTR.

USC ANALYSIS
SYSTËM

5+360 ACl 30
AC 95
BASE 655
ACt 55
BASE/SB 175
SG

7976
"t96t
"1961

"1947

7947

GP-SP

SP-SM
CLAY TTLL

5L 3P

5+ó30 ¡tL JJ
AC 115
BASE 550
AC 150
BASE/SB 350
SG

't976

7961
1961.

1947
1947

GP.SP

GP-PLASTIC
CLAY TILL

5L 3P

5 + 8¡10 AC 40
AC 110
BASE 600
AC 725
BASE/SB 425
SG

.976

.96L
96L
9+7
.9+7

GP-SP

SP.PLASNC
CLAY TILL

5L 3P

6+7Æ AC 35
AC 105
BASE 590
AC 70
BASE/SB 6O0

sc

1976
196'l
7967
7947
7947

GP

GP-SP (PL)
CH

5L 3P

6+470 AC 35
AC 90
BASE 675
AC 95
BASE/SB 465
SG

"t976

796r
7967
7947
7947

GW

GP.SP (PL)
CH

5L 3P

NOTE: 1) THE 1961 SURFACE WAS BADLY CRACKED. TFIE THIN OVERLAY IN 1976
REFLECTED ALL THE 1961 CRACKS.

2) THE 1947 AC WAS TOTALLY STRIPPED AND WAS NO MORE THAN GRAVEL
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TABLE 6.1.E, TEST LOCATIONS AND PAVEMENT STRUCTURE IN
THUNDER BAY AIRPORT.

STATION PAVEMENT
STRUCruRE
(nm)

YEAIT
OF
CONST,

USC ANALYSIS
SYST.

5+100 AC 70
AC 1OO

AC 100
BASE 280
SB 600
SG

7984
"t965

1954
7954
1954

GP,GW
SW,SM
SP,SM

5L 4P

5+300 AC 70
AC 100

AC 70
BASE 230
SB 680
SG

"t984
"1965

1954
1954
"t954

GP,GW
SM

5L 4P

5+500 AC 70
AC 100
AC 70
PCC 170
SB 110
SG

"t9u
7965
7954
7942
1942 SW,SM

SP,SM

5L 4P

5+650 AC 80
AC 1OO

AC 70
PCC 190
sB 100
SG

7984
7965
7954
1942
1942 SM

SP,ML

5L 4P

6+100 AC 100
AC 100
AC 70
PCC 180
sB 100
SG

"1984

"t965

7954
7942
1942 SW

SM

5L 4P

TA)(I A
L0 + 744

AC 135
BASE 3OO

SB 905
SG

1983
1983
1983

sw
SM
ML

3L 4P
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TABI,E 6.2 - A, STJMMARY OF REGRESSION EQUATIONS FOR CORRELATIONS
BETWEEN MEASTJRED AND BACKCALCTJLATED,4"C. MODULI

NOTE:

l' Ecalc IS TIIE CALCULATED RESII.ÍF:NT MODULI @y) FROM BACKCALCT LATION
OF TTIE DEFLECTION DATA BASED ON TTIE ''AREA" OF BASIN CRITERION

2. Emeas IS TIIE STIFFNF,SS OF TIIE ASPHALTIC CONCRETE MD( CALCULATED
FROM VAN DER POHL AND McLEOD,S NOMOGRÄPH USING TTIE MEASURED
VßCOSITY OF ASPIIÀLT CEMENT RECOVERED FROM CORES,

3, NORMALIZED TEMPERATI]RE IS 21 DEG C,

SITE MODEL REGRESSION EQUATION R^2

}RANDON ISOÏROPIC

v-^]\IISôTA^Þrfr

Ecalc = -9001 + 0,48 E meas

F.celc = 21117 + 0.0Á F'.mpec

057

ônt

¡T. ANDREWS ISOTROPIC

Y-ÄìvISôTpôÞra

Ecalc = 4708 - 0.014 Emeas

Í'¡ol¡ = i(11ì - ll áet I'ñô4.

0.45

0

IEGINA ISOTROPIC

Y-ANISI'ITPôPTf-

Ocalc = 6916 - 0.084 Emeas

¡-'.¡ql¡ = lOQd -n ôaî Eñoo¡

0.12

ôn<

;ASKATOON ISOTROPIC

v 
^ 

ÀIIstìT'DtìDf¡

Ecalc = 4555 + 0.1,14 Emeas

Ecâlc = 6RM + 0.13R Emeas

0.sl

nn(

IHIJNDERBAY fSOTROPIC

v- ,{ ÀItsrlTDtìDra.

Ecalc = 2335 + 0.286 Emeæ

I1.âlô = ¿.¿70 +O fl( E rnoas

0.66

n lo

ILLDATA ISOTROPIC

X.ANISOTROPIC

Ecalc = 6706 - 0.097 Emeas

Ecålc = 5667 + 0.061 Emeas

0.09

0.07
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TABLD 6,2. B. SIJMMARY OF REGRESSION EQUATIONS FOR CORRELATIONS
BETWEEN MEASURED AND BACKCALCI,JLATED GRANTJLAR BASE MODTJLI

NOTE:

1, Ey, Ex ARE Tffi CALCUIa'-TED RESILIEM MODLJLI FROM BACKCAICULÄTION
OF THE DEFLECTION DATA BASED ON TEE ''AREA" OF BASIN CRITERION

2, ET IS TEE UNLOAD.RELOAD MODT]LUS FROM PRESSTJREMETER TESTS.

SITE MODEL RXGRESSION EQUATION R^2

}R.ANDON ISOTROPIC

X-ANISOTROPIC

t' 
^ 

Àffs/Y¡rì a\lrrr1

Ey = l5l + 0.057 Er

Ey=63+033Er

Ilw = 1O1- f llú'¡

0,09

0,19

]T. ANDRXWS ¡SOTROPIC

X-ANISOTROPIC

Ey =737 - 4,73 Er

Ey=134+438r

Ev=,1O1¿1?1¡'¡

038

0,06

REGINA ISOTROPIC

X-AI\IISOTROPIC

Ey = 300 + 0,625 Er

Ey = 330 - 0.07 Br

nv 8,r11+ n t7 Í'f

039

0.02

iASKÄTOON ISOTROPIC

X-ANI$OTROPIC

X-ANISOTROPIC

Ey = 518 - 0'42 Er

Ey= 197 + 0.07 Er

Ex = 371 + 0.43 Er

0s2

0.11

0,r9

IHUI\'DERBÄY ISOTROPIC

X.ANISOTROPIC

X-ANISOTROPIC

Ey = 321 - 0.82 Er

Ey = 343 - 0.83 Er

Ex - 851 - 4.54 Er

0,10

0,05

0.09

U¿DATA ISOTROPIC

X.ANISOTROPIC

X.ANISOTR.OPIC

Ey = 167 + 1,86 Er

Ey - 209 + 054 Er

Ex = 379 + 0,27 Er

047

0.10

0



312

TABLE 6.2 - C. ST,IMMARY OF REGRF,SSION EQUATIONS FOR CORRELATIONS
BETWEEN ME.ASURED AND BACKCALCULATED STJBGRÀDE MODIJLI

SITE MODEL REGRT,SSION EQUÀTION R^2

}RANDON ISOTROPIC

X-ANISOTROPIC

Y- À ]\ll: rlTD TìDIõ

Ey = 101,34 + 138 Er

Ey = so,ft + 0,42 Er

F.v = 116.2 - 1.á6 F.r

0,80

0,09

ñ /la\

;T. ANDREWS ISOTROPIC

X.ANISOTROPIC

't¿- Ä Nf srìTDrìDrrr

Ey = 118.78 - 5.1 Er

Ey = 64,35 + 0.61 Er

F.v = R? (R + I 67 ü'.r

0,02

0

nnl

REGINA ISOTROPIC

X.A¡IISOTROPIC

v- 
^ 

ì\Ire¡.ìTT) r¡Drrr

Ey = Zt6.t -2,37 Er

Ey =214,4 -l,73Er

['.v=1000-d(7F.r

0,14

0.10

n

SASKATOON ISOTROPIC

X.ANISOTROPIC

X.ANISOTROPIC

Ey =213.2 -0,228t

Ey =2s63 -2,47 Er

Ex = 449.9 -1.86 Er

0

0,45

0

THIJNDERBA\ ISOTROPIC

X-ANISOTROPIC

X-ANISOTROPIC

Ey = 148.4 + I38 Er

Ey = 161.09 + 0.64 Er

Ex= 323,2 + 0,76F;r
1

0.04

0,03

0.02

{LLDATA ISOTROPIC

X-ANISOTROPIC

X.ANISOTROPIC

Ey = 90.3 + 5.17 Er

Ey = SZ.t + 6,56 Er

Ex = 74,3 + 11.2 Er

0.54

0,63

0.3s

NOTE:

l. E¡ Ex ARE THE CAI,CIJLATED RESILIBNT MODULI FROM BÀCKCAIÆIJLATION
OF THE DEFLECTION DATA BASED ON TIIE ''AREA" OF BASIN CRITERION

2. ET IS TIIE TJNI]OAD.RELOÀD MODI,,LUS FROM PRESST]REMETER TESTS.
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CEAPTER SEVEN

CONCLI]DING REMÄRKS ANI)

RECOMIVTENDATXONS FOR F"URTHER RESEAN,CE

7.1 GE¡IERÄL

This chapter sumnarizes the highlights of the thesis. It synthesizes the va¡ious

h1çotheses and conclusions advanced in the previous chapters. rt also points out to the gaps

that still exist in the ûeld and suggests topics for flrther research in this fietd.

This thesis sta¡ted with the idea of conelating the back-calculated layer moduli from

deflection testing to independently and directly measured moduli. To measure the moduli

independently two diferent approaches had to be taken: one for the surface modulus of

asphaltio conøete and another for the unbound tayers ofgranular base and the subgrade. For

the surface layer of asphaltic conøete the viscosity and penetration ofthe asphalt cement,

recovered ûom the cores, were determined in the laboratory between 4'c and 135 "c. From

this the shell Bituminous chart as propoæd by Bell (1983) was constructed. This, in tur4

was used ø determine the moduli of the binder at any temperature. From the binder moduli

the mix moduli were calculated using the nomograph of van der poel anrt later modified by

Mcleod. For the unbound layers the moduli were measured in the field with the pENcEL

pressuremeter.

rlalÊway through the researc[ doubts wøe lingøing whether the horizontat modulus

measured by the pressuremeter would be the appropriate parameter to use in an isotropic

model of the layered elastic system which used the vertical modulus. At that timg a survey
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of the geotechnical literature showed that the zubgrade at the test sites exhibited moderate

anisoFopy. Also many authors srggested tlut, in many geotechnical problems, anisotropy was

an inøeasingly irnportant consideration. Thereforg it was decided to investigate the effec.t of

anisotropy on the response ofthe pavement to the applied loads.

As a back-calculation tool, many existing layered elastic models and general finite-

element algorithms were evaluated. It became evident that the existing layer etastic models

can handle only isotropic cases. They could not be modiñed because they were mostly

commercial proprietary systems. other public- domain softwa¡e available at the university

ofManitoba would have required extensive modiÊcation and writing source codes. Thereforg

a commercially available general-purpose finite-element program developed by swanson

Analysis Systems, oalled Æ.rsYS, was used. To the best of the authocs knowledge, this is

the first time a cross-anisotropic finite-element model has been applied to a layered elastic

sysem for the evaluation ofpavemarts. In the following sections the results ofthese analyses

are sumnurized.

7.2 REVIEW OF LITTRATT]RE

chapter 2 ofthe thesis provides an extensive literature survey up to the end of 1992.

rt starts with the application of the theory of elasicity to a homogeneous continuum. Then

the application to øos-anisotopic solids is discussed. The application ofa cross-anisotropic

model primarily in geotechnical engineering was reviewed, Finall¡ some classical works

on the application of the cross-anisotropic model to layered elastic system were studied.

These authors attempted to solve the problem either by closed-form solutions or by finite-

diferences method. only the simplest of the cases were solved by these means. However,
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they served a very usefi.rl pu¡pose by providing accæpted solutions for the verifeation offinite-

element models such as that proposed in this thesis.

7.3 FIELD-IVORK

Field-wo¡k consisted of colleding deflection data on five aþorts spanning a wide

range ofgeotechnicat pavement-structure and loading conditions. climate-wise they are all

in the wet and cold regions (AASIrro classifcation); however, thøe are zubtte climatological

differences between the sites. The data was collected in two different series once in 1985 and

again in 1988. Along with the deflection testing, the pavements were cored to determine the

construction thicknesses as well as to obtain asphaltic cores. From the asphalt cores, asphalt

cement was extracted to determine penet¡ation and viscosity at 4.C,25.C,40.C, 100.C,

135'Candatl45"C. \üiththesedatatheShellBitumenChartwasconstructed. Fromthis

cha¡t the bitumen stifrress at any other temperature could be determined. By using Moleod's

nomograph the mix stiftress was dete¡mined. Base and s.rbgrade samples were also recovered

for simple geotechnical index tests. Pressuremeter tests ì ere done at the core locations.

7.4 ANALYS$

Analysis of the deflection data was done using the Al.ISyS finite-etement program.

The pavement was modelled both as an isotropio and as a cross-anisotropic layered elastic

solid. stress-dependency of moduli and yield oriteria were not considered in the modets.

However, the model is capable ofconsidering these variations. The number of layers wæ not

limited. I¡r this investigation the maximum number of layers considered was six.

Fou¡load conditions were considered: 500-600 kP4 800-900 kpa, 1,100-1,200 Iùa
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and 1,400-1,500 k?a. ,{t each site between 15 and 20 stations along the wheel paths and

covering the entire tunway were investigated with the anisotropic model. Of these, five

stations were arbitrarily selected for analysis with the isotropic model. The main reason for

not analyzing all the fi:fteen stations also by the isotropic model was the considerable amount

of computer time needed. At each statioq for each load three criteria of matching the

deflection bæins were tried. These were: 1) matching the area of the basin; 2) matching the

mâximum deflection under the load; and 3) the RMS value of the deflections.

The optimization module in the AIISYS program was used to ûnd the optimum value

ofmoduli which would minimize the difierences between computed and measured quantities

by the three øiteria meritioned above. The number of optimization loops was between 16 and

50, with an average of20 loops. It is easy to see the amount of data and computer time to

generate that data: (15 stations x 4 loads x 3 criteria x 20 optimization loops). Aûer

calculation by Aì{SYS, this data had to be still reworked to prepare the charts and tables

presented i¡ this thesis. For this reasoq the comparison between isotropic and anisotropio

models wæ restricied to ñve arbitrarily selected stations at each site. This has the obvious

disadvantage of generating a small data-base, particula¡ly when statisticat analyses are

presented.

From the optimization loops the top five solutions were chosen as the most probable

range for moduli. The average ofthis range was considered the most probable vatue ofthe

moduli. These were the values used in comparisons and in the va¡ious statistícal analyses. For

comparing the deflection basins and stess distributions, however, all the five top solutions

were used. selected typioal data wøe præented in each ctrapter for discussions. The complete

data and analysis results are presented in Volume 2 ofthis thesis.
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7.5 RESI'LTS AND CONCT,,USIONS

The res¡lts h¿ve been presented and disæssed under va¡ious chapters. Bæed on those

disa:sions, various conclusions and hypotheses were presented. Here these conclusions are

summed together and presented as the main findings ofthis research:

1. A general purpose finite-element method such as ANSYS presents a powerñrl

algorithm to model the pavement under many diferent aszumptions of material

properties and layer geometry. Such an algorithm gives practically unrestrioted

freedom to model the pavement in the most general way.

2, The "AREA"-of-the-basin criterion is by far the most effective method of matching

the deflection bæins in a back-calculation procedure. Philosophicall¡ it can be

defended based on the fact that the deflec{ion basin represents the energy absorbed

by the pavønent under the falling weight. Thus a match ofthe shape of volume ofthe

bæin should lead to the tn¡e nuterial properties. For an æ<i-symmetrical case, this will

reduce to matching the area of the deflection bæin. Any method whioh attempts to

match more than one discrete deflection point should atso give results approaching

the true value of the moduli.

3, Based on the above conclusio4 it would be desirable to precede the Al.ISyS analysis

with a curve-fitting program such as is used by ISSEM-4. This will permit closer

integration of the basin.

4, Some of the pavements tested in this invxtigation were aged and badly cracked. ye!

being airfield pavements to carry heavy jet aircraft, they were of substantial

constructio¡r Therefore the deflection basins often crossed the cracks. In such oases

there is an abrupt deviation ofthe observed basin from the computed ones. In these



5.

318

cases the classical models, including the one presented herei-r1 cannot properly analyze

the pavement. A more general model should be capable of incorporating a ngapn

element across which only partial, or no, load transfer will exist. The ÄNSYS

algorithm is capable of modelling such gap elements. However, it is suggested that a

method should be developed to input the pavønent condition during deflection testing

and to quanti$ it later during the subæquent analysis.

For the pavements tested, the unbound layers exhibited cross-anisotropio ratios

ranging between 0.5 and 3. These are the general range repo¡ted in the literature for

these sites.

The stress distribution appeared to be relatively insensitive to the variations in the

moduli. This raises a question whether one should be overþ concerned with the

determination of exact values of moduli. For, in the final analysis, the stresses and

strains are the ones which determine the performance ofthe pavements.

Attempts to correlate computed moduli to independently meazured moduli met with

limited success. It is s,rggæted tlrat using a small data basg and not considering other

sigificant factors, might be the cause for the less-than-spectacular conelations. yet,

the correlations are modest and merit further investigation,

rn the cæe of asphalt moduli, three sites gave moderate correlations while the other

two showed no conelation at all. When the data were pooled, there was no

correlation on ñrther or¿mination of the pavement history it would appear that the

younger the pavements, the better is the correlation; the older the pavements arg the

poorer is the correlation. This leads one back to the conclusion regarding aged and

fatigued pavements as discussed (see # 4 above).

7.

8.
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Isotropic models gave better correlations than cross-anisotropie models. One should,

howwer, remember that the asphaltic conøete layer was always considered isotropic.

Taken togethu with the comments e¿¡lie¡ about the insensitivity of stress distributiorq

it is suggested that the isotropic model for the pavement is adequate.

In the regression relationships presented for asphaltio concrete, no physical meaning

can be attached to the intercept of the line. However, the slope may be looked upon

as the ratio of dynamic to static moduli. For the material tested in this investigation

this is approximately two.

In comparing the computed modr:li for the unbound materiats with the pressuremeter-

measured moduli, it was found that the data ûom individual sites showed no

correlation at all. This was explained as due to the fact that in any one sitg a high

uniformity of material could be expected. This results in the data points being

clustered a¡ound in a narrow region. Thus a regression analysis is not possible nor is

not meaningfirl. Howevø, when the data wæ pooled, a much better conelation could

be seen.

In the case ofunbound materialg many other factors influence the modulus. These are

gradatio4 moishre conten! in-ptace density to name some. These must be taken into

account and a multivariate analysis, instead ofa univariate analysis, should be done.

It is expected that a better correlation would rezult.

As in the cæe of asphaltio concrete, the isotropio model gave a much better

correlation coefficient than the cross-anisotropic model for unbound materials, This

would again indicate that the isotropie model is quite adequate in the analysis of

pavements.

10.

12.
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It is ooncluded that further tests, and statistical analyses are needed before t-he

pressremeter can be used to predict reialbty the moduli ofunbound layers to be used

in a layered elastic analysis.

No physical significance for the regression parameters for the unbound layers can be

given.

7.6 SUGGESTION FOR FT'RTEER RESEARCE

The conclusions presented in the previous section would clearly indicate that the back-

calculation and evaluation of pavements a¡e far Aom an exacf science despite advanced

theories, highly sophisticated and precise measuring equipment, and the availability of fast

computing aids. In Chapteß 5 and 6 and in the previous segtions ofthis chapter, attention was

drawn to many stilloutstanding questions in the ûeld. In what follows, these will be discussed

to explain why the author thi¡ks they need our attention and what the authot's approach

would be to these problems.

7.6.1 Field Dat¡ Collection

This is an important phæe in pavement rese¿rch. This is why the Strategic llighway

Research Program (SHRP) in the USA and its Canadian counterpart (C-SHRP) are spending

tens ofmillions ofdolla¡s to obtain reliable dat¿. Good valid results can be obtained only ftom

good quality data. The author must admit that the work in this thesis fell somewhat short of

this broad objective. When the res€arch was started, some ten years baclq there were no

guidelines. Also, the æsting was part of Transport Canadå's normal design and reh¿bilitation

programs. Thereforg the expenses for collecting data especially for research \r'as not a
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priority, though Transport canada did help the author as best as they could within their

budgetary constraints. Papers on non-destructive testing were mushrooming, The findings

were not always conclusive and were often contradictory. This resulted in everyone devising

one's own method of testing and was often direced to the particular topic in which the

researcher was interested. Bæed on the experience gained by the author during this test

series, it was determined that at least the following points need investigation:

7.6.1.1 Size ofPlate

The size ofthe plate should be chosen in relation to the pavement thickness and in

relation to the zurfac¿ layer. It wæ reported, in chapter 4, that the l9g5 test series was done

with a 300 mm diameter plate, rt wæ also felt that probably for thick ai¡ûeld pavements this

might not be adequate to mobilize the response ofthe entire pavement, This study did not,

however, analyze this problem and hence it is not possible to present any data tinking the

efect of plate to the dist¡rìbution of stess in the pavement. rt is, however, zuggested that this

should be studied in fi¡ture. A different problem is the effect of con6nement that a plate can

impose on the surface layer. Some evidence is available to this effect in the literature. It will

be realised that these two requirements are contradictory to each other. A thick pavement

might require a large rigid platg but then could introduc¿ confining stresses which could

distort the results. Further study is needed in this respec.t.

7.6.1,2 Sensor Directions and Soacinq

h testing thick påvements, such as those in this stud¡ the denlection ænsors should

reach far enough to denne the tapering end ofthe deflection basin. This wæ suggested æ one
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ofthe probable reasons for the large coefficient ofvariations in the readings ofthe nea¡est

sensors in the 1985 series oftests. This would be particularly signiÍcant if one uses the area-

of-thebasin method to back-calculate the moduli. Even though the deflections are small at

these distancc's, the æea in the undeñned region might be large enough to distort the results

significantly.

7.6.1,3 Shane of Deflection Basin in Different Directions

The 1985 series of tests was modelled after Transport Canada's Benkelman Beam test

procedures. However, the readings were not taken in radial direclions, but always in one

di¡ection. This wæ unfortunate, because the former would have provided one direct evidence

ofanisotropy. It could have also provided information as to which layers are anisotropic. The

back-calculations in this series indicate that the gtanular base and subgrade of the test

pavements shov¡ moderate anisotropy. However, there is no di¡ect evidence from the field to

show that the pavement response is anisotropic. It is, therefore, suggested that in future

testing, deflections should be measured at least orthogonally. This can be done with or

without modification of equipment. The modification needed to the equipment is simple an<t

inexpensive.

7,6,1.4 fnstrumentedPavements

One ofthe sxprising results from this investigation is the relative insensitivity ofthe

stre's disribution to the va¡iations in the moduli. It is conceded that the optimization module

prevented a wide variation in the modulus valueg in most c¿ses, bec¡r.rse such solutions would

have been characterized as ninfeasible". In some cases, though there were significant
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veriations. Yet, the stress distributions were practically identicat. Therefore, there is a

legitimate qua*ion as to whethe¡ the great etrorts being spent to write algorithms to compute

the moduli very accurately are warranted. on the other hand it is also legitimate to question

whether the stresses calculated ue indeed the actual stresses and as to how much confidence

one can place on the stre,ss cale¡lations. This is r question that must be answered so that one

can, at some firture date, recommend a few reliable back-calcutation methods with great

confidence. However, these questions can be answered only by controlled testing of

instrumented pavements. rn the pæt twenty years considerable effort has been spent on the

development of analysis systems and computer algorithms. It is now time to check these

computational methods against the response of instrumented pavements.

7.6.2 Änalysis Methods

7.6.2.1 General

Basically, the analysis metlod was developed by Burmister in the 1940,s and has been

enhanced by måny since then. Burmistet's theory dealt with the isotropic layered system. In

the late 1950's and early 1960's, computer algorithms based on Burmiste/s theory began

appearing. As the power of the computers increased dramatically, many of the restrictive

assrmptions srch as linearity, homogeneity, etc. could be dropped. At the present time, most

of the oomputer progra¡ns are based on tfuee or four well-known and powerñrl algorithms.

In the mid 1960's to late 1960's, Genard and his colleagues devetoped methods to consider

anisotropy. Only the simplest cases could be solved.

Howevø, there is no single program or software package that can consider all these

practical restrictions and le¿ve the option ofusing all or some ofthe concepts in a generalised
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pavement model.

In this investigation it wæ shown th¿t a gøreral-purpose finite-etement prograr4 such

as AIISYS, could be a very useful computational tool. However, it is suggested that much

work or improvements still need to be done.

7.6.2.2 Modellins Cansbilities to be Deyclopcr!

In this thesis the following were not considered explicitly:

1. Non-linearity of the stress-strain ftnction;

2. Stress-dependencyofmaterialparticularlyofgranularbase;

3. Temperature-dependenryofasphaltmaterials;

4. Three-dimensional model if true anisotropy were measured in the field;

5. Cracked surfaces (models with gap elements);

6. Yield criteria for materials, particularly for unbound materials;

7. Line¿¡ or non-linear dynamic analysis so that the impulse toad of the FWD could be

truly modelled. similarþ the oscillafory loading of Dynaflect or other loading devices

could be also truly modelled; and

8' slip and non-slip criteria for composite pavements (very important for overlays, and

rehabilitation designs).

It is suggested that all ofthese capabilities exist with Al.{sys and probably with any other

similar general-purpose finite-element method. Thereforg one can either attempt to fully

utiliz€ the capabirties of a system zuch æ ANSys, or develop a general-purpose û¡ite-

element model tlrat can consider thes€ factors. These proga¡ns should be preferably built æ

independent and interacting modules so that the user has the option ofusing a simple model
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or a complex one, depørding on the probløn on hand, There is considerable scope for firrther

research in this direcion.

Since it was srggested ea¡lier that the "AREA"-of-the-bæin method yields by far the

best correlation between observed and computed deflections, it will be usefi¡l to couple a

orve-fitting program to a ûnitèelement program. This will result in a tighter control over the

objective fi.¡nction in any optimization routine. Also, it woutd be helpful to examine an

energy-bæed formulation for the deformation bæin.

7.6,3 Material Properties

For a computational method to be used with conldence in routine pavement desig4

evaluntio4 and researcl¡ it should be able to model the real materials in the pavement. Such

a model can developed only by conelating computed properties to the actual properties that

must be meås¡red by independent means. Ttris m¡ttø has b€en the thust of this thesis. There

are admittedly a few drawbacks in the approach adopted in this thesis. In the cæe of asphalt

s.¡rface materials, a nomographio approach was used. Whether a nomographic approach is

the most suitable in an advanced reseæch is debatable. The author defends its use for the

following reasons;

L This nomograph is accepted by great many researchers in this field;

2. Nearly 40 years after its publication it still forms the basis of desþ in many

mecha¡istic design procedures and computer algorithms (e.g. Valkering and Stapel,

1992; Brown and Dawson 1992);

3. The experimental set-up to mcasure the truly dynamic behaviour of æphalt is very

expensive and is available ourrently only in few laboratories.
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However, it would be worthwhile, at least, to measure the resilient modulus as outlined in

ASTM and as in the SHRP (strategic Highway Research program) protocols. Another

drawback ofthe thesis was the comparison ofthe nomographic results, which were based on

dynamic tests, to the results ofa static analysis.

In the case ofunbound materials, this thesis used the pressuremeter. The conelation

of the pressuremeter moduli with other forms of traditional test methods in pavement

engineering (such as plate load tests, resilient moduli from triaxial tests, etc.) has been

investigated before by Briaud and his colleagues in Texas A & M university. They have not

given any statistics about the correlation but concluded that the pressuremeter modulus is just

as reliable as triaxial tests or other tests. In this thesis the pooled results from five diferent

sites with varying soil, moisture, and ctimatic conditions gave acceptable correlations. It is

submitted that this investigation should be pursued fi,rrther to:

l. Investigate whether a multivariate analysis including other factors such as gradatio4

moisture content, and in-situ densþ eto, would improve the correlation;

2' Expand the data-bæe to include other t)æes of soil and climatic conditions.

7.7 CONCLIJDING REMARKS

This thesis analyzed ûve airûeld pavements with a wide range ofsubgrade conditions,

sEuctural makeup, climatio conditions, age, and loadiag conditions. The analyses were done

using a general-purpose fnit+element program. It wæ de¡nonstrated that this program could

be used to compute the layer moduli for both anisotropic and isotropic behaviour ofthe

materials. It was also shown that the simpler isotropic model represented the pavement

sEuctu'e quite adequately. An optimization technique was introduced to arrive at the most
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probable values of the layer moduli. Finally the computed moduli were compared with

independently meæured moduli. The conelations, while not high, are acceptable and lay a

primafacie cæe for û¡rther continuing research in this field.

l.

)

3.

4.

As unique contributions ofthis thesis the following are cited:

Development of an anisotropio model;

Incorporation ofan optimization technique to arrive at layer moduli.

Establishment thât the a¡ea-oÊbasin providæ the best measure for pavement response

and hence should be used in the back-calculation of layer moduli.

Establishment ofacceptable correlations between computed and measured moduli.

7.7.1 Development of an Anisotropic Mmodel

Pavement structures have been traditionally modelled as elastíc, isotropio and

homogeneous layered systems, However, geotechnical engineers have found it increasingly

nec€ssary to corìsidø anisotopy when analyzing earth structures. Thus there wæ always the

naggng question whether anisotropy would be an important factor in the analyses of

pavement structure¡ where the n¡ture ofthe materials and the methods of construction would

likely introduce anisotropy in the layøs. with the intoduction of the pavement pressuremeter

to determine the layer moduli dire ctly in-situ, it became important to address this question.

To the ar¡tho/s knowledge this thesis is the f¡st research document where not only a model

to inmrporate anisotropic properties has been suggested but also demonst¡ates quantitatively

that the influence of anisotropy in the layer properties is not sigrificant. Thus the much

simpler isotropic model is adequate to cha¡actedze the pavement. Furthermore, it also settled

the question that the layer moduli meæured iz-silz with simpte instruments suoh as the
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pavement pressuremeter can be used in the evaluation and analyses ofpavement strucfures.

7.7.2 Incorporetion of an Optimization Technique

rt is suggested that this thesis is the fi¡st resea¡ch effort to use an optimization

technique to back*alorlate the layer moduli. No other program is currently available, either

commercially developed or dweloped in the diferent universities for research purposes, with

which practical limits for the material propefttes for each of the layers oanbe imposed anct

one can æk the program to seek a feasible solution. what is more, any or all of the el¡st¡c

pâ¡'smeters for e¡ch layer (two for isotropic modet and five for the anisotropic model) can

be varied simult¿neously to arrive at the most probable combination of layer moduli for that

partio ar pavement stn¡cture responding to a particular loading condition. The tack of such

a technique has been the primary reæon for the wide divergence of modulus values reported

in the literature when different researchers analyzed the same structure and the same

deflection data" The technique is transparent in the model suggested in the thesis so that the

limits can be set by the users bæed on their experience or tests. Recent publications

(sivaneswaran et al 1991) would indicate that some rese¿rchers have recognized this probtem

and are proceeding in the di¡ection suggested by this thesis. However, this thesis has gone

even fl¡rther than suggested by these publications.

7.7.3 Estsblishment of the Areâ-of-the B¡sin criterion for Back-calculation

cunent algorithms for back-calculations attempt to match the ma:<imum deflections

(Shell, Chewoq Elsym-5 etc.), deflections ar discrere points (ISSEM-4, SENOL) or some

other single parameter sr¡ch as curvature to match the measured deflections to the computed
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deflections. This thesis suggests, on the other hand, to compare the areæ of the measured

and computed deflection basins (or the volume of the basins if a three-dimensional model is

used). By compuing the resrlts obtained by the "area" method and two other methods it was

shown that the "a¡ea" method is s.¡perior to the other. conceptually, it should be so becausg

the area or the volume of the basin represents the energy absorbed by the pavement in

deflecting under the impoæd load and hence should be the best parameter to compare. Again

this thesis is the f¡st research effort to anal¡icatly demonstrate this conclusivety.

7.7.4 Establishment of Acceptabte Comelations Between Measured and

Computed Moduli

often, in the literaturg one finds wide divergence between layer moduli measured in

the laboræory and the onæ back+alq¡tated from deflection data. while, the back-calculated

data is often referred to as r¡r-s¡fa moduli there has been no reports of correlation between

computed moduli and moduli directly measlIed by in-situ geotechnical tests, except the data

published by Briaud et al. (1986, 198?). The relevance of laboratory-measured moduli for

pavement analyses has been often questioned. on the other hand, the data published by

Briaud and his colleagues (/oc. cit,) is limited and not conclusive. In this respect this thesis

has, not only conñrmed Briaud's assertion that the pavement pressuremeter can be used to

measure moduli values of earth materials but also has produced acceptable correlations

between the measured and computed moduli. Additional work in this di¡ection would be

fu rther usefu I contribution.

It is,therefore, suggested that this thesis has met the objectives it set out to and has

made some unique and original contributions to the field of pavement engineering including
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a porile,rfi¡l general-purpose finite eleme¡rt model with en optimization technique. It addressed

some outstanding questions such æ the influence of anisotropy, determination oî in-situ

moduli, and the reler¿nce ofva¡ious t),p€ oftests in determining material properties for back-

calcr¡lation. rn the preceding sections many suggestions v/ere made for further research and

wo¡k in this field.
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APPENDIX 4-I

RESULTS OF PRESSUREMETER TESTS AT VARIOUS SITES

(TABLES)

Note: Pressu¡emeter results in the forrn of charts are included i¡ Vol. 2'



4L0

BRANDON: RWY 08-26: PMT RESULTS 1985,

(MODULI.AND PRESSTJR-ES ARE IN KPa)

twY 0c2¡ 5+lt3

5+188

5 + '¡¡87

ó+ 108

6+435

5 + 090

5+278

5+384

5 +588

!+ó91

5+895

5+978

2

3

I

5

6

8

9

l0

¡l

t2

l3

t1

l5

l6

11

It

l9

0.60

150

0.60

l3)

0.6{)

lJ0

0.60

lJ0

0.6{)

lJ0

0.ó0

I30

0.60

130

0.ó0

lJ0

0.61)

150

0.60

lJ0

150

0.60

lJ0

0,60

ls0

0,60

lJ0

BÀSE

sc

BASE

sc

BASE

sc

BASE

sc

BA.sE

sc

BASE

sc

BASE

sc

BAJE

sc

BÀSE

sc

BASD

sc

sc

BÀSE

sc

BåSE

sc

DA.sE

sc

39939

1570

63ó25

u65

s37n

7411

5Z3U

3101

u092

1343

10360

1l]J4

s?0{2

7581

9161

ft95

lI3ta

ó193

55600

3731

a$z

5e790

97r

37576

6058

15059

16ró

30366

209Ít

32683

lt718

lue
9d8t

0

0

t096&

188?1

0

0

5623r

1928

0

0

0

0

0

29531

¿70

0

0

0

0

0

480

0

2¡1)

2-n0

0

0

8¿0

720

t50

610

500

é()0

{90

650

500

l¿00

ls0

6J

11,1

6.3

17,3

6.3

15.7

ú3

15.7

6.3

t5.?

ó.3

15.7

6J

15.?

óJ

r5.7

6J

I5.?

6J

15.7

15.?

ó3

I5.?

6.3

ls.7

ó3

13.1

63

t5,?

6J

15,?

15L9

1ó¿3

0

26¿l

2293.1

8043

11 1

t3¿3

59ó

{84!

58¿3

17Lt

63.{.3

0

{8¿3

1393.?

0

1793.?

l0.r

3.1

3l

9.4

123

r0,1

r0.{

7.7

llo

26

9.ó

9.7

213

l8J
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REGINA: 1985: PMT MODULI.

(MODULUS 
^ND 

PRESSURF-S 
^RE 

¡N L?.)

FÀC'ILITY STATION TIOLE 
'

DEPT?'

(E)

I¡YER t¡ E! PI ¡¡'

lÐo B

tÂxlB

faxl Á

TAX A

tÀ)0c

FWY, r230

5+SO

5+€91

8+7@

7+@O

5+504

5+ 595

5+700

5+æO

5rS7

ô.106

6+æB

6+S¡

6+¡O9

6+513

6+67

5+g5l

7 r 05r¡

I

I
2

2

4

4

5

7

I
I
9

l0

l0

It
1t

12

1Z

t¡t

t4

l5

15

f6

tô

t7

11

fE

t8

19

19

20

ã)

2t

2l

1,æ

zä
1,æ

zá
't,20

zù
1.20

z5
¿60

o,7s

225

0.75

q75

225

o.m

2æ

{r70

zæ

o70

zæ

û70

zâ
{).æ

26
G?O

zæ

g?D

2Ð
0.m

Læ

0,7!

zÐ

o70

zæ

a¡sE

BÀSE

sÀsE

SG

BÁSE

SG

SG

BA9E

SG

BÀSE

BÁSE

SG

BÂSE

SG

BÀSg

BÂSE

SG

BASE

EÂ5È

AG

gÂsE

SG

SASE

sô

BÀ9E

8G

BÀSE

SG

BÂ5E

¡t82ô2

t5t6l

6&
ñ¡83

b27S

3a64,1

æ547

g{48

2{506

t31l?

6491

38æ9

74qt

I
7319

3r1150

ô0€5

f{4993

3889

54039

505¡

6't33ô

7@

t4634

A8
E6525

9844

5a5tt

t0169

5ô313

lBget

8a8ft

6¡to6

9009

535¡

0

0

&41æ.

't2506

0

0

ô3¡¡87

17Ê42

10t7t

12ô795

10526

0

0

0

0

0

0

0

0

o

0

t3503t

t3t2t

0

0

0

0

0

0

0

0

0

0

0

o

N

so
0

c50

1350

t6æ

i@
630

1U

o

450

0

500

0

800

0

540

o

0

0

5æ

o

6¿0

5@

550

0

860

0

720

0

t¿o

o

5ll{)

0

0

2æA

8765

0

ô2ôJ

t339¡

15765

t789J

604.3

1171'5

o

¡12{,3

0

4713

0

574.3

0

511t.3

0

0

0

494,9

0

594,3

492.t

624.3

0

62¡3

0

ôl¿t3

0

5Sr¡

0

5ta¡

0

0

'10.6

245

10.6

23.s

10.6

235

tû6

25,7

2&5

2\7

7,9

2\7

z9

25f

7.9

2\7

7,9

25.f

7,9

25,7

7.9

2å7

z9

2\l
f,e

25.7

7,9

25.7

2\f
z9

25,7

7.0

25,7

n,1

173

fi.3

19.6

'16ó

t5.7

Ð.t

f5.3

15,6

tz7

ll.8

102

11.8

æ.?

aô2

15,8

l¡1,6

2t5

125
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ST. ÂNDREWS: RWY 1131r PMT RESULTS 1988.

Y]UUULI AJÌU rKI'SJUKI'ù A-I(¿ IIì KYA)

FACILTTY SIATION HOLE } DEPTH LAYER F¡ Er PI Po Plr ßÃlPl'

RWY.t!3t 5+030

5+t20

5+210

5+300

5+390

5+180

5 +570

s +660

5+?5¡

5+840

5+900

5

6

I

9

l0

ll

0,1

t,70

0.26

0.75

t.?5

0,t5

0,?5

t.?5

0,21

0,?0

t1

0,t3

0.70

1.7

0J5

0.t5

l.?5

0,22

0.7¡

1.75

0.28

0.80

1.8

0J3

0.70

t.7
0J3

0.70

1,7

0,23

0.?0

1,1

Br{SE

BASE

1313

1603

69¡5

4û1

8Xt5

?803

3na

5166

8,99

1é¡3

1ß7

t0990

1n3

16,6

5¡9

1{¿3

n09

4W

¡290

9945

10253

2954

8376

éó'[

5'¡6
{330

6137

63

1vz

808!

2820

885'

1t2t

0

8452

180r

0

9609

1831

0

91!{

391ó

0

0

0

0

8516

1832

0

8{85

1415

0

t075t

Átzz

0

Íl4I

5188
0

l07sr

ss47

0

10376

1122

28S

1C5

67Ã

21t

I52J

nÍ

,10

fó7J

4f0

213

1r?5

630

290

185

óm

1625

l32J

6n

2m

t11S

975

325

l47J

950

3,{5

t57J
0

3m

1475

550

250

l32J

f&1

2;1

8.1

l8J

2.Á

8.1

18.!

2.4

1,Á

18.1

1,Á

18.4

Ló

tl
t&9

2.3

7,9

l&9

2.9

&6

19"1

2.9

1,6

18,1
2.1

7,6

l&1

2.1

1,6

18,1

2n.4

126.(

6173

2ór.9

131(

167.1

22t,9

lla(

407,(

211.1

99.1

621,(

28L4

I6ó(

591.4

l5¿,t

ll3.ú

6t7.1

26Lt

l¿&6

nLl

3164

l2Ål

917.1

33?.1

139,1
0

z9L1

129,t

511.6

',1Ll
udt

2óó

t6.,{

lll
3Á.1

30.0

109

t5:

23Á

12.1

10J

46.1

ll3

38.9

443

7.9

uÁ

103

t2l

16.Ä

t5'6

l0J

32A

2J,r

&t

19¡

38,0

2r,0

35.?

7.9

!33

23.0

iT,ECRÀD

BÀSE

BÀSE

iTA9,CL¡

iI,ECRÀD

9SE

BASE

irA.B,cL¿

UBCRÄI)

Bâ-SE

BASE

ìTA9.q.A

BASE

¡TAB.clrl

EASE

SASE

n 3.6J
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THUNDER BÂY: RWY 12-30r PMT RF,SULTS 1985.

&IODIJLI AND PR.ESSURES ARE IN kPå)

IÀC'ILITT STA1ION HOLE # DEPTE LAYER F¡ Fr PI It* Er'PI'

2J

AJû

AJ{I I)

5+ 100

5 + 201

5 +29t

5 +J95

5 +¡196

5 +597

5 +65{

5+912

6+ 06?

6+ 298

l0+310

t0+ 730

t0+ 195

l0

I

ll

t2

t3

l¡l

l5

3

1

1

I

9

0.71

t3t

231

0.ól

ts(

2,5r

l5(

lst

l,5r

2Sr

1.5r

t5]

l.5r

2"5r

l.5r

2Jr

¡,51

2.5t

ls(

2.5r

0,7r

2.01

0.71

2,0t

0.7r

2.01

IASE

TJBBASE

l7t985

{{110

131óó

1r9476

30530

7412

18110

10991

3,t358

7M62

6231

8363

4857

lû730

9311

9]{

15n

ó&t3

7$8

8893

62t1

158421

a00l

102t68

t729

ll73¡?

$17

0

0

0

0

7!151

l6¡58

0

0

0

0

0

0

0

u4r1

11751

0

0

0

0

0

0

0

18519

0

0

0

¡0ó32

0

0

0

0

2400

9r0

0

0

2500

1420

0

0

520

1200

710

r¡50

ót0

0

0

0

?¿0

0

980

0

0

0

1030

63

t4,9

21

63

t4.9

21

t1.9

71

ld.9

14.9

t4.9

14,!

11.9

t{.9

21

11.9

21

19

t9.8

?9

t9.8

19

19.8

0

0

0

0

2385,1

8t3

0

0

2¡85.1

t40s.l

0

0

491

u85,1

713

r335.1

59r

0

0

0

113

0

960.2

0

0

0

r010.2

2.8

a{

r3.f

11.(

9.!

9.t

t3,t

7¡

Ll

8.3

&t

IASE

T'BBASE

TTBGRÀD

UBBASE

IT'IB€R¡{D

IASE

IASE

IASE
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REGNA: RWY 1130: PMT RESULTS 1988.

(trlurjul,t A¡¿D fl(LssuK-Ë;s Al<¡; u\ RraJ

IÀCILIT1 STAÏION EOLE * DEP/rE I-AYER F¡ Er PI P¡' F¡Æ¡T

twY. 12.3 5 + 055

5+t00

5+330

3 + ¡9E

5 + ?00

5+too

6+ 000

6+ 100

6+30¡

ó+400

ó+850

7+0s0

7+ t90

7 +220

7+310

7+ 370

5+390

I

3

1

5

6

7

I

9

t0

t2

l3

l4

l5

l6

t1

0.ó¿

l.l5
2.ls
0.6{)
l.l5
,.15
0.70
l.l0
2.10
0.70
l:0
220
0.?0

l31)
230
0.?0

lJl)
z.l0
0.?0

lJ0
220
0.?5

130
230
0.70
l:5

0.76
135
233
0.61
l.t5
2.I5
0.76
r35
235
0,15
t¿0
2JÃ
0,13
¡10
22i
0.65

r,05
2.05
019
1.00
2,00
0.?0
tl¡
23,î

EASE r2u6,
1019
{337

5?859
937Á

,{54t
1U65
lmzó

21
$616
1I92!
{518

35655

lm26
34û

11515
12163
6002

41019

I3ól3
1656

52923

r3ó13
1491

61876
l$E5
124t

ó3000
16578

lm:6
63149
r0026
8á21

3.{541

t5085
656ó

30073

llc46
6566

18908
932r'
7218

87811

l3ó13
aó81

796?l
7018
ó566

2329t
¡931
5089

0
0
0

0
æ11

¡853
0

107€¿

8995
0

11888

0

9381
e54

0

9521
?l3l

0

l4n8
n04

0

r0280
@2t

0
l{ll1
8{58

0
It0{9
?¡09

0
882ó
6]99

0

12336
n26

0

11053
â19

0
t¿55
663t

0

r2918
56ll

0

I1084
o?8

n48
r3061

0

2&
zx

0

21Å

0
32!

l4
0

1(
ltt

0

37t
24

0
33:
¡d

0

!s
0

31Á

2a.
0

3l(
t9(

0
12t
2l(

0
t93

r5?l
la25
rd

ln!
0

3lc
r3{

t215
zlt
I7{

0

33!
t9{

0

1A
l5{

t625
7n
324

0

u7.6
271.8

0
1ß2.6

l9ó.8
0

313.f
3t7J

0

n6.2
0

35ó
2r5.2

0

32r
u0,2

0

t61
23t.2

0

306
2û2

0
2965
165,?

0
{0!.4
It{.6

0
18t.6
13.4.3

t4l7
350.4
152,t

0
297

l0ó2
t2613

t91
t4ó2

0
,23.1
ló7.9

0
4t9.2
l2&1

1611.7
r37

30lJ

ó3
t2,4
23.2
ó3

12.1

23.2
7.1

I1.9
22.1
1,1
l3

23.8

73
14

24.8

7,6
l1

u,8

l3
23,8

7.8
t,l

u,8

13,5

u.3
8

t1,6
25.1
&7

12.1
232

I
11.6
23,1

13
l3

23,8

1,1
¡!

23.8
6t
ll3
2Zt

6-2

10.8

21.6
7J
l3

23.8

l6J
I6.0

351

t3,l

32.¡

21J

26;t
22.t

2ÅJ
25.4

371
t5.(

37.1

l8l

14!
t1:

501

1t.i

101

541

5tJ
61J
u.1
13.t
a3l

3al
ól,t
l{.9
17J
{9.1

42.1

213

l6l
5l.l

l9J
I6J

]I'ECRAD
BASE

IUBCRÀD
iuBCRr{.D

BASE

IUBCRÀ¡
BASE

SITBCR¡LD

BASE
It,BCRÀD
IT'IBCRÀD

BASE
ITJBCRAD
iUBCRAD

BASE

it,ECRAD
DASE

IT,BCRAD
BASE

IIJECR,{D
ITJBCF,{.D

BASE

ITJBCRAI)
EASE

ìT'ECRAD
IUECRAD

BÁSE

BASE

ItiECn.AD
BASE

iu3cR {.D
ìI'BCRAI)

B SE

BASE

iIJICRAD
BASE
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REGINA: RWY 12-30¡ PMT RESULTS 1988.

(rv|trl,ULt AJ\U r¡f.tJSJUI(Þù At(Ì- l¡i KrA)

FACILITY STATTON BOLE f DEFTg
(rD)

LÀYER E¡ Fr PI P¡' EnlPl'

5 + 570

ó+890

5 + 024 R
5 + 024.
5+061R
5 +o61R
5 + 097L
5 + l34R

l8

l9

2t
u
23

25

28

0.67
l¿5
225

0J7
lJ0
230
0.ó0
0.60
0.60
0.60
0.60

0.ó0

EASE 21267
93U
3575

t&42
¿395

lm26
1)573
61090

u990
10€08
21655
258.{1

1002¡
6167

óói1
8538

3ll
l9!

ls
l8

30lJ
Ió5.7

l1l
155.2

1
13.5
u3

1.6
t4

u.8
63
6J
63
6-3

G3
63

301
2l.r

32.(
&.1

9t,BCRÁD

EÂSE

St,BCRAN

EÀSE
EASE
EASE
BrqSE
BÁSE
E¡{sE
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S.ASKATOON: RIVY 15-33: PMT RESULTS 1988.

(MODULI VALUES A¡iD PR,LSSURLS ARE Di K.Pa)

FÀCÏL¡TY STATG\ HOLE DEPTH I.{YER Eo E¡ PI Po Eo/PF

twY, lt33 5+ 100

5+ 150

5+360

5+ 450

5+ 510

5+630

s+660

5+680

5+690

5+ 750

5 + 8.{0

5 + 93t)

6+ 010

I

2

3

A

6

1

8

9

l0

ll

t2

l3

050
1,20

:,r0
0,50
t.2¡
2.20
0,50

130
2.9
010
1.00

r.50
2,10

030
1.00

1.50
2.20

0.50
L00
1.50
2.10

0,50

1.00
1.50

L20
0,t)
0.91
lJ0
2.10
0.50

t,00
1.50

2.t0
0.50

1.00
lJ0
2,20

0,50
l.l0
1.50
2-10

0.s0
r.00
1.{0
2.00

0.40
0.90

150
2.10

IA-sE 6lz0E

5767
95{8

r80175
31¡02
10?3

109820

2n13
5295

31322
5i705
13296
3912
3nn
ós732

5986
s909

97108
29352

21855
{493

t9780

65070
102E3

39t2
55661

3615¿
5986

{610
54948

3r513
102t3
3516

3n{;
56328
dó10

t299

ll7s9{
3{X95

l{070
u91

99567

35108
810,
7390

2¡0¡60
91¿11

12531
5295

0

1128r
9508

0
{01{l
6551

0

7489

0
0

11655
7t01

0

0

898.1

9?99

f)

0

r29t5
77û

0

0
10307

5801
0

0
8t3
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APPENDIX 5 - I

THEORY OF STIF rt2 ISOPARAMETRJC ELASTIC SOILD

(SOLJRCE: ANSYS THEORETICAL MANUAL)



?.42.1

2.42 STIF42 - TWO-DIMENSIONAL ISOPARAMETRIC SOLID ELEMENT
Y,r

4t9

INÏEGRATION POINTS

Si if f ne ss

u = i{ur(1-s)(1-t)
+ uJ ( '1+s ) (1-t )

+ uK('1+s)(1+t)

+ uL(1-s) (1+t))

(and, if mod i f ied extra

shapes are included

(KEYOPT ( 2 ) É 1) and

element has 4 un¡que nodes

* u.,('1-s2)

* ur(l-t2)

v = JlurJt-=, ---
(s imi lar to u) (u. or u12
íþt¡ons normal to the edge

a Iong the centerl¡ne are

suppressed for áxisynrnetric

e lements near the centerline)

SHAPE FUNCTIONS
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2.42.?

SHAPE FUNCT I ONS INTEGRATION PO I NTS

Mass Mat r it

Same as st iffness mat r i

without mod i f ied extra

d i sp lacenrent shapes

2x?

St ress St iffness Matrix

Same as st iffness mat r i x

viithout rþd i f ied extra

d isp lacement shapes

Therma I and Newt on-

Raphson Load Vector
Same as st iffness mat r i x 2x2

oad Vectqr for Pressure

Same as st iffness mat r i x

wi thout mod¡ f ied exl ra

d i sp lacêinent shapes,

specialized io the edge

2

Element Temperature Distr¡but¡on: Bi jinear across element, constant thru

th ickness or around circumference

Nodal Temperalure 0¡str¡bution: Same as element temperature distribut¡on
Pressure Distribution: Un¡form along each side

References: wi lson(38) , faylor(49!

Derivation of Element by Virtual Work:

Á complete derivation of the erement matrices and road vector are deveroped

for this element, The principle of virtual yrork is used in the derivation below:

ôU = ôV e.Al..t)
where: ðU = virtual strain energy

ôV = virtual external yvork

The virtual strain energy may be expressed as:
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(2.42.21

are re lated by

ô, = f (ôe)l(øJ ¿(vor)
vol

where: L 'l

lxlle I

(e)=J Y l= strain vector

lr' IL")
lo l
l,-l

(o) ={ Y l= stress uecto.

|""Ilo ILz )

These two vectors, both ¡n the element coordinate system,

to) = tDlt(.] -. (.th) )

where:

t-lrNUxy-rurz-l

I " 
-Ey ' -Ez 

I

I NUXY 1 ^ ruuvz I

,^,-,- I T EY ' - ,' I

I
,vJ 

lo o * .l
t-l
| _ *urz NUyz '' 

I

l_ez -Ez o Ezl

f ALPX ar I' . th. J¡lpy¿r It€ I = ,l o I
L u_pz ¿r J
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2.42.4

where EX, EY, EZ, NUXy, NU'Z, NU,Z, ÁLpX, ÄLpy, AL'Z, GXy are input quantities (GXy

may be determined from EX, Ey, and NUXy) and AT is the difference between the actual
temPerature at the integration point and the reference temperatur" (Tr"f). If a plane
stress analysis is requested (KEyopI(3) = o or 3), the variables ALpz, NUxz, and NUyz

are internally sêt to O.O. Combining equation (2.4?.U and (2.42.31 :

r, . 
{",(ô€)rf 

Dl(€) - (ô€)Tf ol(€th)) d(vor)

Next, consider the etement orientation in Figure Z.42..l . If KEyOpT(t) =

is selected, the erer¡ent x-axis ¡s not pararer to the grobar x-ax¡s but rather ¡s
para I le I to s¡de I-J.

t2 .42 .5)

X, ¡

Figure 2,42..1 Element Coordinate Systems

The element and grobar axes are rerat€d by the tensor transformation:
(e ) = [Trl (e]

| ,' ': sc ol
,,,,_l s2 c? -sc .l
"t' - 

I -tur. zpsc nr.t-rtl o 
I

I o o o ,J
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2.42.5

| ,, lt. I

{e¡ = I 'v 
I

ltrrItt
L'z J

and; C = cos (A )

S = sin (A )

|. +1 ¡f nodes ordered counter clockwisep={
[ -1 if nodes ordèred clockwise

lhis tensor transformatioñ has been derived by Lekhn i tsk i i (Zd) .

(2.42.4) and (2.42 .51 :

uu =,[ ((ôé)rtr,jrlD][rm](É]
vol

lr_ (ô€J¡[Tm] I[D](€ ih) 
) d(vor)

Note that if A = 0.. fT ìc . n. reduces down to an ¡dent¡ty rnatr¡x.
Next, the strains must be re¡ated to the shape functions

basic etasticity theory that:

Combin¡ng equation

(2 .42.6)

It ¡s known f rom

(2.42.7)

(2. 42 .81

(2.42.9)

(2.42.10)

au

x ¡x

¿v

v¿Y

-- -àu av
xy ¿Y ex

u

zr
where r is the radial coordinate of the ¡ntegrat¡on point and where all variables are
in the global coordinate system. .Equat¡on (2.42.10) is ¡ncluded only if the problem
is axisyfimetric (KEyopr{3} = 1). u and v are defined ih¡u the dispracement functions.
These are repeated here, including the extra displacement functions (KÊyopl(Z) = O):

ST I F.12



and

rrhefel

2a2^

1u = -(u.(l-s)(1-t) +u (1+s)(1-t)
4t J

+ u-(1+s)(l+t) + u (1-s)(1+t))
KL

*u(l-s2)ou(1-t2)

1v = -(v,(1-s)(1-t) + v (.1+s)(1-t)4tJ

+ v-(1+s)(1+t) +v (1-s)(1+t))
KL

*v (1-s2) +v (1-t2)
12

u=hlut * hJu., * hKuK * hLuL * nru., * nzu,

u = nttl * nJtJ o hKtK * hLtL * h1t1 * hzu2

uJ . u-d isp¡acement ( in x-di rect ion ) of node I, etc.
u'| . value of first extra shape function in x_direction

(node less variable), etc.
1h, =:1t-.¡¡1-,¡, ",".
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(2.42.11)

(2.42.12)

(2. 42 . 13)

(2.42.14',)

Nole that the extra shape funct¡ons (as shown in Figu¡e 2.42.2) pernil a

parabolic defornation arong an erement edge. Normaty this is herpfur in modering a

structure, but occasionaty it may cause a probrem because of the incompatib¡ r¡ty at
the adjoiniñg edges of two different e¡ements, i.e., a gap develops along the
interelement boundaries. Because of this probrem, ANsys uses a modified form of the
extra displacement shapes. For compreteness of theoret¡car deveropment. a deta¡red
developmeñt of the erement stiffness matrix formuration with the standard extra shape
funct ions ¡s carr¡ed out. Later discussion is presented regard¡ng the rrcdification of
the effect of the extra. shapes (Taytor, et al (49)).

SIIF¿2



425
2. 42,7

I¡,I¡THOUT EXTRA sHAPE FUNCTIoNs IJ¡TH Ex.TRA SHAPE FUNcT¡oNs

Figure Z.42.Z Effêct of Extra Shape Funct¡ons
The shape functions, wh¡ch define both u and v, are nolr combined with

equátions (2.42,7) thru (2.42.10) in order to retate the strains to lhe nodat
d ¡ sp lacement s as:

ah. ¿h
Írhere h. # # and R are special¡zed to the integrat¡on po¡nt being stud¡ed.

Equation (Z.42.iS) can be reduced ¡n matr¡x form as,
(e) = [Bn] (un] + [Gl (u")

4xE gx 1 4xA 1x1

;ì

t, 
I

"rl
,r)

l#,#,-l
- l,;\ ' *l
l###*l
[1 '+'J

I"
Y¡

u,,

uK

vK

uL

'r]

#,#,#.+,-l
'+'#,#,#l
##;F##å!++l
+,+,+,+,1

["'J

ti (2.4?.ß

STIF42

(2.42.16)



2. 42 .8

r (u^) I
= tB llcl { --:- }n L (u") J

= tgl (u)
4x12 12x1

426

12.12.17)

12 . 12.18't

(2.42 .19',)

e. 4?.zot

In equation (2.42.15) we see that the derivat¡ves of the shape functions (hI,...h4)
are trith respect to x and y, whire these shape funct¡ons are funct ions of s and t (see

equations 12,42.1i], and e,42.12.'). For â two_dimens¡onat quad¡ilateral etenent, the
s - t coord¡nates are related to the X - y coordinates as:

, = J tn,t, * nJrJ * nrr. o nrrLi

t = ] tn,t, * nrtJ r n*y. *nLr,_l

whe re :

hl,...ht = shape functions (equations lZ.42.11l thru (2.42.1Ð)

X, = X coordinate of node t, etc.
The transition of equation (z.a?. r5) from one set of variabres to the other is handred
with the help of ',cha¡n rule". The der¡vatives of h, with respect to s and t may be

expresed as;

a=Aàx*àhrev
as ¿X As ¿y as (2 .42 .21',)

(2 .42.22)
'nr = 

,\. 
ax * âhr 

avat èx àt ¿Y ¡t
tn matr¡x forn equation (2.42.21) and (2,

['n,'ì i,, ¿YlIahr]l-ll. .lJxl
l'n'llr aY

1,, J L,* ,,J l#J

12-221I can be w¡¡tten as:

STIF42
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lhe 2 x 2 mat¡ix in equation lZ.42.23) relating shape fuôction derivatives with
respect to local (s - t) and Ctobal (X _ y) coordi^ate system is known as the Jacobian
matrix, Invert ing equation (2.a2.23):

il I l.,, ,., l-' [,n,'ìj,, |" ;l l* |

I",f=I ,* ,, I I,', I e'42'z4t

L* jl; "J L-J
For iåter conven¡ence, the ¡nverse of the (2 x 2) Jacob¡an matr¡x as used ¡n equation
(2,42.231 wi be defined as,

F,' ',.1 [t i-J 

-'

þ,, .,.J l.u ï]
AY

^ ¡t
11 a

2.42.9

ex

^ asu =_22a

. àx aY aY exa=-____
As et As ¡t

A is defined.as the determinant of the Jacobian matrix, and
the Jacob¡an, lhe Jacobian is the mapping facto¡. relat¡ng

(2 . 42 .25!,

is simply referred to as

thes-tandX-y

¡Y

¿s

Ä

ax

es

À21



2.42.10

coordinate systems. For a parallelogram, the Jacobian is the ratio ol
area in X - Y space divided by 4.0 (the element area in s _ t space).
(2.42.24) can be written as:

tnl 
ay âhI 

ay ðh¡

àX atãs às¿t "-

'nt ¿x ¿h¡ 
¿x âh¡

- 
= (+ _ _ll|àY àt as ¿s àt "-

Combining equat¡on (2.42.6) and (Z,42,1Bl

6u = f r(¡r)TIe]rtr lrlol tr ltal(u)Jvol m'm""'

(ou)rlalrlr lTfDl{€th) ) d (vo r)
m

Th is resu I ts in:

.fT
tK l= I tBl 'tT l'[Ditr ]lBì d(vor)t J rrol m m

and

the e lement

Thus, equat ion

12. a2,?5a)

(2 . 42 .?56',t

(2 . 42.26)

(2. 42.27|,

(2. 42 .28)

e x pa nded

(2.42.29)

(2 . 42.30)

,rln, = 
{", 

tBlrIr,]rID](.th¡ a{uor)

Using equation (2,42,17), the results in equat ion lZ,42,Z7l can be further
as:

t*", ={o, I te"ttot ] 
ttr,"ltoltt,l 

I ra"ttot ] o{vor)

or
fr

. I |- [an]r{r,"rrIo][r,"]rB"r ][ fan]r[r,"]rlorrr,"rrGl ll=J l_ jaruou--' 
L[ ¡o]T¡r,rrIo]rr irB"1 ] [ [o]rrr,rrrorrr,,rrcr ].J
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2. 42.12

(rtn) = | falrlr lrtol(.th1 arvor)ee Jvol m

From equations 12.42.31) and (2.42,3g) it is clear that when the extra shapes are

dropped, the element st¡ffness and road vector computation becomes simprified as,

430

12 . 42.40]-

(2.42.411

12 , 42.4?)

lx. Ì = [Knn I

(rth) = (r'n)
e ñn

t'fhen the ext¡a shape functions are used, a 12 b,r 12 stiffness matrix is generated.

This matrix nust then be condensed by an g by g matrix, because there are only g

degrees of freedorn to connect to the rest of the structure. The condensation is
ana logous to that assoc iated t!ith supere rement geñeraì ion (equat ion ('i . 10. g) ) . The

load vector may also be generated nì th 12 te.ms and is then also condensed to g ike

equat ¡on (1.10.9) ).

Modified Extra Displacement Shapes

This section coÍments on the rami f¡cat¡ons and possibre mod¡ficat¡ons of
extra displacement shapes for both the plane stress/plane strain case and the

axisyÍmetric case. Extra shapes aIow the e¡ement to move more frex¡bry. This

flex¡b¡lity is espec¡arry needed in bending environments. However, extra shapes can

cause the element to be ,,incompatible,' and lead to poor results. For the ptane

stress/plain stra¡n case, the erement w¡th extra shapes w¡r r not pass the patch test
unless lhe erement geometry is that of a pararerogram (Tayror, et ar{19)). For the
ax¡syrmetr¡c case, the satisfaction of patch test ¡s not ¡n generar poss¡ble, even

when the elenents are rectangurar, and no proposed modification has been found that
uniformly imÞ¡oves the resurts. However, a scheme (referred to as the modified extra
shape option) is presented below, rahich.ensures satisfaction of the patch test for the

Plane slress/plane strain case (and the same procedure ¡s arso offered for the
axisynrnetric case ) ,
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For this element to pass the patch test it is required that (u")
(displacenents involving the extra shapes) be zero, whenever (un) (nodal
dispracements) corresponds to rigid body motion or constant stress state. Now define
{un) = (vo) as the set of nodal d¡splacements which corresponds to an arbitrary
constant stress state. lhen, the eleñent equil¡brium equat ions become:

f
I ,*"", 'r"., ll ("")l _ i rr"r I
L r*"nr tr".r j L (u")J I ror J (2.42.43)

ïhe bottom part of these equations g¡ve:

(u" ) = -[K""ì-1[K"nl{vo} (2.12.441

Since (u") = (O), equat¡on (2.4?.44) becomes:

IKee ]-1[Ken ](vo) = (o]
(2 .42. 45|,

ln""J rs positive definite and, therefore, can ñever of itserf make the reft hand
s¡de of equat¡on (Z,aZ.aS) equal to zero, so that ¡t can be droppedi

lKen l(voJ = (oJ 
(2.45.46)

Substituting equation 12.42.g3) in for [K"nJ, and moving (vo) ínto the integral,

. ,lo,tultt.rlTfol[rr]lenliuoJ d(vot) = (a) t2.42.47't

From the assumption on (vo) it is observed that the term ([TmlT[o][TmjIBn](vo)) is in
fact the arbitrary constant stress state (ø), so ttat ¡t can be separated frotn
equat ion (2.42.47 | as,

f totr d (vor) (øj = (eJJvoI (2'42.4E')
of

t")[ [Gl d(vor) =LoJ (2.4?.4s,)Jvo 
I

. Now, since stress vector (ø) ¡s, rn generar, not equar to zero, equation (2.42.49)
reduces to:

f tel ¿ruorl = IolJvot (2 ,42,50)



From equa l ions (2, 42. 15 )

can be expressed as.

2,42.14

añd (2. 42. 16 ) , mat r ix

432

IG] for plane stress/plane strain case

tcl =

tGl =

tat =

00

Qzr Qzz

Qlr Qre

00

12.42.51)

(2. 42 . 521

12. 42 .53)

l2 . 42. 54)

th1

ix-

0

]1
AY

0

,l
I

lnr laY 
I

âh^ I¿t
âx I

I0J

,24) ,

ah^¡-3-ax
ðhr____: 

^âY

âhr eh^¿¿ã- ãY-

00

0l
orrl

arr 
l

,-j

,l
I

'l
'hz Iã-l
thz 

I

¡T-l

Qtz o

o Qzr

Qzz Qrr

00

ãh^
uã-

ah^n ---É- ãt
âh.¡n
âs

âh.rn
at

ST I

lì,,
ln
t"
lazr

L,

b
as

ðht

ãT-

0

0

àh' ¿h'
Replacing ' und 'from equations {2.42ex ay

(2.42.251 and (?. a2.51)

ðh. eh^r¡4'nas - as

ah. äh^¡nln
et - at

ah. ah-o#o#
ah. ah^0#0#

Qrr

U

Qiz

0

Qzz

0

Qzl

U

lDhl =
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2. 42.15

equat ion lZ.42.52) cân be yrritten as:

tGl = [o]lDhl l? . 12 .55)

(2 . 42 .56],

Oy {0"1, creating a modified [G] matrix:

(2 , 42 .57)

Now to enfo¡ce the sat¡sfact¡on of equat ion (2.42.5O), lhe procedure suggested by the
reference (Tayror, er. ar (491) is to compute [e] in equation (2.42,s3) at the centroid
(origin) of the etement:

to" I = toJls=t=o

and replace matrix IO] in equation lZ.42.SS)

[Gm] = [oc ] [oh ]

Finally to compute the stiffness matrix for the mod¡f¡€d extra shape function.option
the [G] matr¡x in equations (2,42.g3) thru (2.a2.35) and equation (2.a2,aü is
replaced by IG"J from equatibn (2,42,57t,

STIF42
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APPENDIX 5 - II
USER DEFINED CODES AND MACROS USED IN THIS THESIS

*Î¡
'..
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/COM, THIS MODEL CAN BE ALTERED TO ANY DESIRED WIDTH
/COM, SPECIFY TO VARIABLE "EDGE" AS THE WIDTFI OF THE MODEL

/ COlú/, WINNIPEG AIRPORT,
/COM, RUNWAY 13-31 :ANALYSIS OF FWD DATA (19S8)

/COM, ANSYS FINTIE ELEMENT ANALYSß USING
/COM, LAYERED ELASTIC MODEL,

/COM, USER DEFINED CODES FOR MODEL GEOMETRY AND ANALYSIS
/COM, GEOMETRY FOR STATION S+BZ0 3mL
/COM, DEFLECTIONS FOR STATION 5+870 3mL
/coM,======

/show,VGA

ÆITLE, WIA 13-31 5+870 3mL

/COM, PARAMETERS

*SET,STA,5870
+SET,N,4
+SET,H].,1OO
,ÈSET,H2,5OO

*SET,H3,16O
+SEIH4,15000

*SET,NSL1,2
+SET,NSL2,3
.sET,NSl3,1
,}SET,NSL4,15

+SET,SEN].,0
*SET,SEN2,3OO
,ÈSET,SEN3,45O

+SET"SEN4,1000
+SET,SENs,14OO
+SET,SEN6,180O
*sET"SEN7,2150

'ISET,NNOD,25
'iSET,NELE,(NNOD-I)
+SET,EDGE,3000

+ STATON ID:
* NUMBER OF LAYERS
*AC
+ CTB
* PCC
* CLAY SUBGRADE

* number of sublayers in layer 1
* number of sublayers in layer 2
* number of sublayers in layer 3
* number of sublayers in layer 4

+ Location of the FIWD sensors

* Definition of lateral extent
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/COM, MEASURED STRESSES (If stresses were measured)

/COM, MEASURED DISPLACEMENTS

+SET,m1,C1.165)

'+SET,m2,(-0.770)
+S8T,m3,C0.652)
+SET,m4,(-0.422)
*SET,m5,G0.344)
+SET,m6,C0.285)
*SET,m7,C0.234)

,ÈSET,STRi,

*SET,STR2,
+SET,STR3,
,tSET,STR4,

/coM, LoADS

*sET,DIA,450.000000
*SET,MPA1,1.40
,+SEIPTLD0.0000000

* Measured deflections at t_he
* sensor locations

* diameter of wheel or HWD load (mm)
* tire pressure (MPa)
* point load if applicable

* vertical modulus of AC in layer 1 (Mpa)
* EX1 = EYl :ISOTROPIC MATERIAL
* vertical Poisson's ratio of AC in layer 1
* density of asphalt in layer 1 (kglm^3)
* vertical modulus of CTB
* ISOTROPIC MATERIAL
* vertical Poisson's ratio of CTB
* densify of layer 2 (kg/ cm^3)
* vertical modulus of PCC
* ISOTROPIC MATERIAL
* vertical Poisson's ratio of pCC
i densify of layer 3 (kglcm^3)
+ vertical modulus of subgrade (Mpa)
* ISOTROPIC MATERIAL
* vertical Poissonls ratio of subgrade
* densify of layer 4 (kglcm^3)

/COM, INTTIAL MATERIAL PROPERTIES

,rsET,8Y1,3000.000000
*SET,EX1,EY1
,rsET,NUV1,0.20000E+00
,rsET,DEN1,0.23500E-05
*s8T,8Y2,300.0000
+SET,EX2,EY2

'ÊSEINW2,o.250008+00
*SET,D8N2,0.24500E-05
*sET,8Y3,10000.0000
*SET,EX3,EY3
,rsEINW3,0.15000
,Ès8T,D8N3,0.2450008-05
.sET,EY4,70.00000
,TSET,EX4,EY4

"SET,NW4,0.440000,Ès8T,DEN4,0.245000E-05



437

/COM, LIMTTS FOR MATERIAL PROPERTIES

,}SET,LOE1,2OOO
*SET,HIE1,5OOO
*sET,LOE2,200
+SET,HIE2,6OO
*SET,LOE3,8OOO
+SET,HIE3,15OOO
+SET,LOE4,4O
+SET,HIE4,12O

*SET,NUH1.,.25
,+SET,NUL1,.15
*SET,NUH2,,3
*SET,NUL2,.20
+SET,NLIH3,.2
*SET,NUt3,,].2
*SET,NUH4,.48
*SET,NUL4,.42

*SET,TH1,(MPA1)
,ËSET,TL1,(-MPA1)
+sET,TH2,(0.30)

'ISET,TL2,(-MPA1)
*SET,TH3,(0.7)

'ssET,Ti3,(-MPA1)
,}SET,TH4,(O)
,+SET,TL4,(-N4PA1)

/COM, NODE GENERATION

/PI<EP7
px1= DIA/2
NDELETE,ALL
EDELËTE,ALL

N,1
N9,SEN3
FILL
N,14,SEN4
FILL
N,18,SEN6
FILL
N,19,SEN7
N,NNOD,EDGE
FILL

* MODULI LMTTS FOR THE LAYERS

,+ POISSON'S RATIO LIMiTS

* TENSION LIMTTS
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SUMl=NSL1+1
T1=H1lNSL1
NGEN,SUMI.,NNOD,1,NNOD, 1,,-T1
BEG2=((NSL1*NNOD)+1)
FNOD=BEG2
*IF,H2,EQ,O,:NOD

StlM2=NSL2+1
ËND2=BEG2+ (NSL2*NNOD)-1
T2=H2lNSL2
NGEN,SUM2,NNOD,BEG2,END2,1,,-T2
BEG3=BEG2+(NSL2*NNOD)
FNOD=BEG3
+IF,H3,EQ,O,:NOD

SUM3=NSL3+1
END3=END2+(NSL3+NNOD)
T3=H3lNSL3
NGEN,SUM3,NNOD,BEG3,END3,1,,-T3
BEG4=BEG3+(NSL3 *NNOD)

FNOD=BEG4
*IF,H4,EQ,O,:NOD

SUM4=NSL4+1
END4=END3+(NSL4*NNOD)
T4=H4lNSLa
NGEN,SUM4,NNOD,BEG4,END4,1.,,-T4
BEGS=BEG4+(NSL4*NNOD)
FNOD=BEG5
ïF,HS,EQ,O,:NOD
SUMS=NSL5+1
ENDS=END4+(NSL5*NNOD)
Ts=Hs/NSL5
NGEN,SUM5,NNOD,BEG5,END5,1,,-T5
BEG6=BEG5 +(NSL5*NNOD)
FNOD=BEG6
*IF,H6,EQ,O,:NOD

SUM6=NSL6+1
END6=END5+(NSL6'f NNOD)
T6=H6lNSL6
NCEN,STIM6,NNOD,BEC6,END6,1,,-T6
BEGT=BEG6+ (NSL6*NNOD)
FNOD=BEG7
*IF,HZEQ,O,:NOD

SUMT=NSL7+1
ENDT=END6+(NSL7'}NNOD)
T7=H7lNSL7
NGEN,SUM7,NNOD,BEG7,END7, 1,,-T7
FNOD=BEG7+(NSL7+NNOD)
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:NOD
NPLOT * View the node pattern

/COM, GENERATE ELEMENTS

F,T,7,42,,,7
MAT,1
EY,1,EY1.
EX,1,EX1,
NUXY,1,NUV1
E,1,2,(NNOD+2),(NNOD+1)
EGEN,NELE,1,1.
EGEN,NSLI,NNOD,l.,NELE,1
BEL2=(NSL1*NELE)+1
ENDE=BEL2-NELE
*IF,H2,EQ,O,:ELE

MAT,2
EY,2,EY2
EX,2,EXz
NUXY2,NuV2
EEL2=(NSL1+1)*NELE
E,BEG2,(BEG2+1),(BEG2+(NNOD+1)),(BEG2+NNOD)
ËGEN,NELE,1,BEL2
EGEN,NSL2,NN OD,BELZ,EEL2,1.
BEIS=(BEL2+(NSL2*NELE) )
ENDE=BEL3-NELE
*IF,H3,EQ,0,:ELE

MAT,3
EY"3,EY3
EX,3,EX3
NUXY"3,NUV3
EE13=EEL2+ (NSL3*NELE)
E,BEG3,(BEG3+1),(BEG3+(NNOD+1)),(BEG3+NNOD)
EGEN,NELE,1,BEL3
EGEN,NSI3,NNOD,BEI3,EEI3, 1

BEll=(BEL3 +(NSI3*NELE))
ENDE=BEL4-NELE
+IF,H4,EQ,0,:ELE

MAT,4
EY,4,EY4
EX,4,EX4
NUXY,4,NUV4
EELI=EEL3 +(NSL4*NELE)
E,BEG4,(BEG4+1),(BEG4+(NNOD+1)),(BEG4+NNOD)
EGEN,NELE,1,BEL4
EGEN,NSL4,NNOD,BE[,4,EEL4, 1



BEIS= (BEL4+(NSL4+NELE))
ENDE=BELS-NELE
*IF,H5,EQ,0,:ELE

MAT,5
EY5,EYs
EX,5,EX5
NUXYÆ,Ntrys
EEIS =EEll+ (NSLS*NELE)
E,BEGS,(BEGS+1),(BEGS+(NNOD+1)),(BEGS+NNOD)
EGEN,NELE,I,BELs
EGEN,NSLS,NÌrIOD,BEIS,EEL5, i
BEL6= (BELS+(NSI5+NELE))
ENDE=BEL6-NELE
*IF,H6,EQ,0,:ELE

MAT,6
EY,6,EY6
EX,6,EX6
NUXY,6,NUV6
EEL6=EELS+(NSL6*NELE)
E,BEG6,(BEG6+1),(BEG6+(NNOD+1)),(BEG6+NNOD)
EGEN,NELE,1,BEL6
EGEN,NSL6,NNOD,BEL6,EEL6,1
BELT=(BEL6+(NSLó*NELE))
ENDE=BEL7-NELE
*IF,H7,EQ,0,:ELE

¡l¡.1,7
EY,7,EY7
EX,7,EX7
NUXY,7,NUV7
EELT=EEL6+ (NSL7*NELE)
E,BEG7,(BEG7+1),(BEG7+(NNOD+1)),(BEG7+NNOD)
EGEN,NELE,1,BEL7
EGEN,NSLT,NN OD,BEL7,EEL7,7
BELS=(BEL7+(NSL7*NELE))
ENDE=BEL8-NELE
:ELE
EPLOT * View the elemets

/COM, DEFINE BOUNDARY CONDITIONS

SYMBC,O,1,O
NSEL,X,EDGE
DALL,UX
NALL
D,FNODALL,O,,(FNOD+NELE), 1
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/PBC,ALL,L
/PNIIM,ELEM,1
/PNUM,MAT,1
NSEL,NODE,1.,4
PSF,ALL,,,MPAl
NALL
SAVE

/COM, SOLLTTION PHASE

RESUME,,,,1
MAT,1
EX,1,EY1
MAT,2
EX,2,EY2
MAT"3
EX"3,EY3
MAT,4
EX,4,EY4
MAT"5
EX,5,EY5
MAT,6
EX,6,Ey6
Mr'^T,7
EX,7,EY7
SFWRITE
FINISH
/SOLVE
FIMSH

/COM, POST PROCESSING

/POST1
STRESS,TENS,42,1
STRESS,VERT,42,2
SET

*GET,UY],,UY,1
*CET,UY2,UY,6
*GET,UY3,UY,9
*GET,UY4,UY,14
,+GET,UYs,UY,16
*GET,UY6,UY,1g
*GETJJy7,W,19
*GET,UY8,UY,EDGE

* Save the geometry of the model

* Define the skess parameters

* Store deflections at sensor points
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ESEL/lvfAT,1,N,1
ESORT,TENS
*GET,TENS,MAX

TEN1 = TENS
EALL
ESEL,MAT,2,N,1
ESORT,TENS
*GET,TENS,MAX

TEN2 = TENS
EALL
ESEL,MAT,3,N,1
ESORT,TENS
,+GET,TENS,MAX

TEN3 = TENS
EALL
ESEL,MAT,4,N,1
ESORT,TENS
*GET,TENS,MAX

TEN4 = TENS
EALL
ESEL,MAT"5,N,1
ESORT,TENS
,+GET,TENS,MAX

TENS = TENS
EALL
ESEL,ELEM,l,ENDE,NELE

/COM, GET VERTICAL STRESSES

*GET,V1,VERT1
*GET,V2].,VERT,NNOD 

'¡
*GET,V41,VERT (NNOD+NELE)
,+GET,V61,VERT,(NNOD+ (2+NELE))
*GET,V8L,VERT,(NNOD+(3+NELE))
*GET,V1O 1,VERI(NNOD+ (4*NELE))
*GET,V121,Ir'ERI(NNOD+(5*NELE))
*GET,V141,VERUNNOD+(6*NELE))
*GET,VI 61,VERT, (NNOD+ (7*NELE))
*GET,VI 81,VERT,(NNOD+ (8*NELE))
*GET,V2O1,VERT,(NNOD+(9*NELE))
*GET,V221,VERT,(NNOD+ (10*NELE))
+GET,V241,VERT,(NNOD+ (1 1 

*NELE))
,IGET,V261,VERT,(NNOD+ (12*NELE))
*GET,V3O1.,VERT,(NNOD+(13*NELE))
*GET,V341,VERT,(NNOD+( 14*NELE))
*GEÏ,V381,VERTNNOD+( 1S*NELE))

bottom of A.C.

* bottom of crushed CTB
* PCC
* top of subgrade



*GET,V421,VERT, (NNOD+( 16*NELE) )
*GET,V461,VERT,(NNOD+( 

1 7*NELE))
EALL
STORE

/COM, CALCULATE THE OBIECTM FUNCTION (Here a¡ea of Basin)

a7 = (mL+m2)/2
d1 = (SEN2-SEN1)
maL= al*dL
a2 = (m2+mÐ/2
d2 = (SEN3-SEN2)
ma2= a2*d2
a3 = (m3+m4)/2
d3 = (SEN4-SEN3)
ma3= a3*d3
a4 = (m4+m5)/2
d4 = (SENS-SEN4)
ma4= a4*d4
aS = (m5+m6)/2
d5 = (SEN6-SEN5)
maS= a5*d5
a6 = (m6+m7)/2
d6 = (SEN7-SEN6)
ma6= a6*d6
ca1 = ((LIY1+UY2) / 2)* d1.

ca2 = ((UY2+LIY3) / 2)*d2
ca3 = ((UY3+IJY4) / 2)*d3
ca4 = ((UY4+UYS)/2).d4
caS = ((UY5+UY6)/2)*d5
ca6 = ((UY6+UYZ)/2)*d6
er¡L = (ca1.-ma1)*(ca1-ma1)

err2 = (ca2-ma2)*(ca2-ma2)
area=errl.+err2
err3 = (ca3-ma3)*(ca3-ma3)
area=area+er¡3
err4 = (ca4-ma4)*(ca4-ma4)
err4 = err4
area=area+er¡4
err5 = (ca5-ma5)*(ca5-ma5)
a¡ea=a¡ea+er¡S
sr¡S = (ca6-ma6)*(ca6-ma6)
AREA=(a¡ea+err6)
FINISH

* Objective function
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/COM, OPTIMTZATION PROCESS

/OPT * Call the optimization routine
opvar,EY1,dv,LOE1,HIE1 *Definedesignvariables
opvar,EY2, dv,L OE2jìß2
opvar,EY3,dv,LOE3,HIE3
opvar,EY4,dv,LOE4,HIE4
opvar,NUVL,dv,NUL1,NUH1
opvar,NUV2, dv,NUL2,NUH2
opvar,NUV3,dv,NLIL3,NUH3
opvar/Nuv4, dv,NUL4,NUH4
opvar/TEN1,sv,TL1,TH1 * Define state variables
opvar,TE N2,sv,TL2,TH?
opvar,TEN3,sv,TL3,TH3
opvar,TEN4,sv,TL4,TH4
opvar,AREA,obj * DeÉine objective function
opeqn,0B,3,0,0
oPcoPy,,1
oprun,S0 * Run 50 loops of optimazation
FINISH
/OPT
RESUME
OPSEL,IS * Select the best 15 solutions and rank them
OPSORT,AREA,O
/OUTPUT,WIA587O,OUT * Write results to user-defined fi-le
OPLIST,ALL

/COM, DEFINE THE PARAMETERS TO BE PRINTED OUT

PRVAR,O BJ,EYL,EY 2,EY 3,EY 4
PRVAR,O BLUY 1,UY2,UY3,UY4,UY5,Lry6,l_ry7,Uy8
PRVAR,OBI,Vt,V 27 N 41,,V 61,,V81,Vi01,V121,V141,V161,V181
PRVAR,OBJ,V201,,V 221 N 241 N 267,V 301.,V 3 47,V 381,V 421. N 467
PRVAR,OBJ,TENI,TËN2,TEN3,TEN4
FIMSH
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APPENDIX 6-I

TYPICAL RESULTS OF ANALYSES FOR EACH SITE (TABLES)

Note: The tables on the following pages show the results for one station
at each site for the maximum load. The ¡esults include comparison
of deflections and moduli, and computations of stresses. The
complete set of resuits for all stations at all sites a¡e included in
another volume.
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL,

BR.ANDON: RWY 08.26: STA.5 + 9OO R: LOAD 1360 KPA

OPTIMIZATION CRITERJON: "Á,REÄ" OF DEFLECTION BASIN.

.+jå.}r:lirrl¡ii,iiil!iiii*lg-ljr
i:!51::iiiil:iii:iiiiii:itiliil.5l:lr
l:lr9rti:iii:;iiilltil;:iiiti.:iülsiii

sÐ.rj
:;ir,:::i:¡

3t63;
,$¡,r
!:t25ii

t4 1

4t14 3768
¡51 tst
t33 t53

ts8
1t97 1765
l5l tst
t25 t52

SET 12

EYI 4007
EV2 lst
EY3 134
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rì!illj:'!û3il¿:iririiii:!i: 614
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OPTIMIZATION CRJTERION: MA)üMfiM DEFLECTION

EYI 43t0.r7
EYz 162,09

EY3 t40.63

I

3000.00
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OBSERVED SENSOR
DEFL.(nnù DISTANCE{ñIú)
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL

BRANDON: RWY 08-26: STA, 5 + 900 R: LOAD 1360 kPa

OPTA4IZATION CRJTERION: RMS VALLJE OF DEFLECTIONS,

i.i'ffii.i
lqfl,t.e
i!:lil{.,qi
ii:tr110;.11ð;

OBSERVED SENSOR
DEtrL.(nrnt DÍSTANCE(nÍ)
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ANSYS FEM ANALYSIS: ISIOTROPIC MODEL

BRÄNDON: RWY 0&26: STÀ 5 + 900 R

DISTRIBUIION OF VERTICAL STRESSES
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{rl2 .¡}.oll JLo¡o 4.0û 4,011
-0.005 -¡'.üx ¡.00¡ ¿.0t5 ¡Jr05

47û6 4rt1 4.iti ¡.('û {¡rr ii:ïrä}l:
.¡rJ6 .¡)Je .¡r¡rd o:ø +u ljig.¡¡j
.¡r.fat -l).161 .¡).167 4,r'? {.¡25 :,i'iitilj#-l:
¿sn 4tn 4.@e {.06¡ i¡.¿ i:f'Álñi:
¡t¡rao ¡,114 ¡tlt¡g 4.q$ 4¡tt :i:d¡tdll:
Jùù26 n,ûrt .¡.út9 4û¡5 {.o25 :::l{ilift::
¡.018 .¡Ltt¡o -o.lno "0,m? .¡r0ú ii:'ißu¡' -:4¡rÞ ..rl00r ..o.mo a.ooe ¡.06 i::,¡üiöÌ
¡).¡¡B .{r,r¡¡4 ¡.oi'¡ {.rxD .¡r¡xD i:!;iöst:

7 t r¡ 3 .l+Ëi
49yl -ttzr -o.9t2 4.169 ¡.'¡r :i;:r4llßl
.¡r5!2 .¡rr0l ¡.arl {.¡6s i,a55 rì:jlii'íii
.¡ÞrM -¡r.156 4.rn 4.r¡r 4.ra9 :iliüjb¡l
-o.r0l .¡!lrs -o.os, a.65 {.0s3 :iiiîi¡ldìl
.¡t¡59 ,¡toúl -o.oct ¡.053 ir50 :;i*l+i-¡t€¡ ¡.lB¡ -0.0!5 4.û36 40lt i:i!¡t!84
4126 r.ù¿a 4cu 4.026 rt t i:iltäii,
¡r.olr .¡r0ll ¡.ot¡ ¿ou ¡oro ii:$ji¿
-oJ{6 .¡Ífr¡ .{106 -0.0iÉ -o00{ il::l}tltç

7 I ' tz 'i':îit1
.¡t'|r ¡t7tl ¡.6ûd ¡.6rt {tS5 ii1.i¡id9-,:

4in 4,.16 43rS Ð25 4J52 :i:i{Èqi
{,1¡¡5 ¡t l8l 4.10ú '0.rø -or25 :ii:iùr3¡' ',:

-o.dtl -r'.rB¡ .0.010 ¡r|rr ¡.0t5 :t::i*@t:
Jr¡{f .,¡}.0¡6 4,ot¡ 4.ot9 {.oll :iittl.4.{i
4Í27 4.t 7 4.t'6 {.ût6 4r¡¿ li:d4iç
'¡Ðt8 ¡1017 ¡.01t ¡.0r9 4û¡ l::id¡{ft::
-¡r.ott ¡.00 Jr.0rD .o00t ¡.06 ìiry,lpj
¡r,00t ..o.txn ¡t00a .¡).0t¡ ¡rm3 Ì:j¡ääu:

t illritl/êi

4,,n 4t92 4Áñ {..91 :il_l¡il1{
¡126a .¡ltct .¡t¡g 4,t6o i!;&.*i
.{Ll6 .¡rrûr ¡rllll, ¡.101 ii:+t¡a8.:
.¡1055 ¡,¡lt ¡.1É¡ {.052 ii:rt:l¡Bj
¡r@J ¡ro¡l .¡r.rBl -o.0rr i,:;¡tii¡li¿,:
4dtt 4Í,r q,mo -o.0fl ìitl{:t¿ii
-ll0l5 ¡1015 {.01. 4.015 :ii;l¡.gsi
{.ixt¡ .¡xxt .¡trxt -o.0o7 !il{¡!q.¡
{l'lE ¡l'6 ¡oot 'oool :¡:ìsä(ll

¡.325 ¡J2t i:ili¡f¡¡tlø 416 i:i{lÌ¡f
aoúo ¡.05' Í:ii¡iiltt
¡r0r3 {.lr!5 l:lú¡4cû
+o¡ ¡¡¿ i:itilÉ
{jrl -o¡r5 1:i¡À!''l¡
{.004 {¡r¡ i!¡:jl[ùæ
4.@4 ¡¡01 il::r¡lxa

¡Lútú ¡.6¡:t

t¡¡lt

.¡,31 ¡¡tA ¡.,l3¡ {.at9
4.¿l/l JDl'¡ 4.r,16 4.rU
.¡L126 .¡lO4 ¡.tF¡ {.07¡
4.@ -O.o¿I .¡t0¡¡5 ¡xx3
4ßt 4!24 4011 4,Oú
¡.019 .¡tolt ¡,017 ¡.019
¡.01, ¡¡tl .¡r¡ll ¡t ola
,ot6 .¡ t06 .¡1,005 ¡Lotr,
4tm .û01t2 .¡Lmt -0.m,

.¡L',¡r ¡7rJ
JD311 4tZ6
¡.145 ¡t l8l
.¡r.tlt¿ .¡LtB¡
.¡Ltx¡ .¡ll¡¡5
4,On 4Ín
..û013 .¡Lt[?
..ûqt9 .¡,.0t8

-o.ût, .¡LüE

.¡ì,7q)

43¿2
.¡l.l3¡
4,t 6ú
.¡mJa

.¡t025

.{t0l?
-¡to{E
.¡ xtt

oo,'llffill , , o 3 ¡,j:i,.!ri*,
r-r ll z- ll :.iir.:ri:l
30 ll n2O ll¡.,19' .¡r¡¡X ¡l¡rt .¡L47A 4¡t¡ :rl{ltl
¡o ll o¡o ll".¡o 4¡¡¡t i.ao 4226 ¡r¿¡ ,,::tüii
rz ll ¡.¡¡ lloror ¡r.lrd .¡r.ll( ¡.dr¡ a06? :jläüd:
or ll z¡¡ llo.on {u68 ¡}¡n ¡.rr.2 +ø¡ l:i¿¡¡i:
a¡0 ll ¡.'7 ll{.ore {r¡Er .¡ÍB¡ ¡.ord ¡.m? :l:åt!¡
r¡r ll t¿5 ll¡.0r9 .¡1019 {.û¡3 4.m8 -o.0¡? i:rädit!
¡ø¡ ll ton ll..ou ¡.0rr -ool. J).orJ ¡.orr ,:rhiii
røo ll ,toz ll*ooe 4oo5 ¡ln .¡ xr 

"..ø 
i¡¡;.iiqq

26dt rr t7.7J ll4t02 .¡ ,02 ¡¡ql ¡.tllz ¡.txl' :'::.:!fit:

RMS VÁLUE OT DEILECÌION
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ANSYS FEM ANALYSIS: X-ANISOTROPIC MODEL

BRANDON: RWY 08-26: STA, 5 + 900 R: LOAD 1360 kPa

OPTIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN.

CÀrct I-ÀTED ÀlODlru rlrP¡ì

i:!iii;!!¡!m

OBSER!'ED SENSOR
DEFL.(nm) DISTANCE(mn)

;ilüiiii',:ll-6¡:illii:;i:lìi

iili!¡ilii!¡il.l?¡;ìî;iii:ìl:

¡iili¡i:iiir9.fl ,]iliüll:
::ll:t::ii;::¡:.ù;t6r:i:ri:,ii:ti:l:i:

" ' iliiiiir,t1585 4361 i:riüii.i:!:i.tì161 tó7 llittïÌî,tlt85 169 i:iÌ:ir:!li::ì:iil:
¡31 ltg ì:iÌ;i:i::::::;i:äi
ee t07 iii!:ii:i:riiii:iii

Ll3 t.ot llt¡i:ili:l:iii0,76 0J0 :ri¡!;,lii:i t:liii

sEI ló 15 t{

EYf 111ß 1161 1669
Ey2 154 l5l 159

EX2 92 91 t16
EY3 lS8 l5? 139

EX3 t6 210 120

R2 0.60 0,6t 0,92

R1 1.05 ll4 0,86

0

300

611
911

1rt9
lsu
IAZ9

{)rlsós2 4.e3eóJ1 4.elzs4? ¡re4{ 4e306s6 ii¡iiii:,ijÌT-Þ"tìiilliii:i:
{.ó031s8 {.598953 J.5r7s5l .Or7sll8 {.6m6ór ::i:iü¡ä1::l:i!4'.qL:::ri:ii:i;i:i
{Jrr365 {. r{36 4.3211tt .oJ20015 {.3{15óó t:tiT:iii:i::iÍpil4{ri:t:il:liiiì
¡.1s66e8 4.18'¡l4l 4.20s38e {¿1008s a.23rr63 iiii:ilt:iil$-10.6,i :iiiit:iii
{.131195 {.133t87 .0,151059 .0.1s8010 {.1?867? iìÌìIiiiÌü;iSllEii¡:iÌi!:t:i!:
¡.t03167 4.1ffim9 {,121056 .0.rr e0 ¡.148219 :ijL,1:,,1:1,::1ip;l¡.1r.,::r:,:1:,:
.0.087151 4.093074 {.1018¡.á {.108¡165 .0.12?87ó i:iliiÌliiiiii.';ii$É9ïiirlilltii:liii

TJYI

w2
tiv3
UYl
tJYS

tryó
try7

OPTIMIZATION CRITERION: MÁXIMIJM DEFLECTION

cÁIcuLürÞ-ÈLsDuJ-ôf!Ð

sETt7l2t3

EYI 3000 1152

EY2 t00 181

EX2 200 304

EYr t00 5{

EX3 lm 87

R: t.00 l,ó6

R:t ¡.00 t.ó0

r5r7 1523 8r7, llltiin|lili:iii:¡iji,i'."l,ÊI.7ìii:iiiii:iiii:ï:iili#lliÌliiìi:iiii::iii:iÍ:tf.t¡,.llt6z t62 '' iiiï¡i:iiriiì,iiti'j..rii' iiiiiili|iiiil:iiiïi .i:iilriiiii.iriiiiiÍiiittsji338 I'r ,, ¡liiiiitl:ÌììÎi¡iiiiil0{'ilrîiliilii:iiliiffiiiiilxilii:iiiiÌri3'ï64 2'3 " rjijliliiiiiÏiriiiillliii8;Ìi.XiilillÌfiiîi!.ili.flitiìriirlii,iriiliilir-rilr3s IE2 " iiriÏi:ìIiiiirliliiiliiiltjirüi;lrîriiliX!:i$i:liÌiiiiii:i;äl:iriil$i2.08 1.44 0.61 rriti¡irl:iiiiliilrjiiij:$6+iiiiiiriiiii;ltiiii:¡iri¡iliÍ:iiii:niiÌitiiÍriC,:2.to 0.t6 0.65 1r.::::.':;:;:1::i. i:;::: :r:::ätóõ,:r::r:J:tr:r::i:ir::il:.:::::..ir¿4:.:t::lt:.tiif.:i:i:i :i ii::.¡!.}o..

" l.iiriii!:lìÍ'jililiiiilialHryililijila:lt.ii;iìäñf.ö''iilii:i.:rl:iiiil..ll4Í

oBSERVED sE!ÊaB
DE¡LlDd D¡S[¿NCEú!&)

IJYI
tY2
uv3
uv{
ljy5
¡Jv6
w1

4.rr3r0l -r.0rs370 .r.057ró0 .lr9ss70 ¡.r¿ro¡o iiii:iÌ"iii,,li$¡i;r:iiÌi:ilì 0
.o5¡0d0ó 4.72711¿ .0.s3721? 4ss7ó!s .¡.8ß?8? :iäiä:¡i:l:j.ilSiÐ3ii.li:tiii:i:l 30o
.ore7r87 â.5i2114 â.26n .{¿78?86 r5s3{08 |jil:liitiiiliis.llfi:lilti¡it:il 6r{
4J03915 ¡,1û76s3 4,111115 '0.I88t?7 {31ó?t3 tiirilitirì.ii:iiä{tl?¡1d-:i:!i:ii:ïri.i:i 9ld
.0.15?ll4 {,!s?5{6 .¡.r30s39 4.f4152A i.{38S?e iil1..l.L::i:liltr!r ::,'.,,,:r:r,: l2r9
¡.12705e {.¡2,{só3 4.0ee248 ¡,lt¿58s {.38efl8 iiii:.iiiiriiiii,4Jl.?;il:iiiiiiiirrii 152{
.0.105636 {,100129 -0,07Á128 4.110184 {.355ó{5 ,it!ilti.,il:!:iiiÉår¿il:i!::iit,itiiì 1829
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ANSYS FEM ANALYSIS: X-ANISOTROPIC MODEL

BRANDON: RWY 08-26: STA. 5 + 900 R: LOAD 1360 kPa

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECTIONS.

CAJ CIJIÀTED ¡TÍODULI rMP¡ì

SET

Eyl
EY2
EX'
EY¡
EX3

R2

RJ

,, ,, 
,li

t51o l5l7 :ìll
164 162 :::il

103 1î2 itt:.

l3{ì 208 i:i:i

2s6 1J6 i:ii
o.ó.3 2.18 riili

2.15 2,10 ::i:!

t15 16

3000 Jr48 ló09
2m 194 l6t
2m 3n 391

t00 ll4 133
t00 99 155

1.00 t.67 2.42

1.00 0.87 r.t7

::iiiil:i:ä'À4tj:i:!i!;iji:!!:!:iii:i'i:i:jt:iiiji{.Y.Cr:::ri:ìit:rtiiir:r::ii:ltiirltáX!'r:iit:liiir:

::iirìliriiiriil;i:Íi!:;1litiiiiia;:rïi:iti:.i:¡rji:iriiiiii:tji;:¡lli.iirir:¡iÌii:i:ii!:
::i::'.l.'':!tili.:''.'..,,;i,,,,,,,.i,,,,:,r11q,,,,.,,,:,L:,1.,,,.r!.ti::ill!:'i:r'!.,:!r:,

r:ì!!Iit¡ri"r.{1i¡rlliiiii:äi!:::li:ii::iiii::,ll.f,:l!i:r:i;ilÌ::::::li:rr:ri?!!:r,'Írr::rarr
:lr:iilli:i:lfJii.ili:;liilri:ii¡Ìili:li::iliiiii4::iliirÍrirärrirlii:¡ii:i'rirq¡r:¡:i:i:riiir!¡r
:ji:::.i;:::iffi ::.:ii::. 

:r::: 
.:. :.::':::.irt,li?.,']..r:trltr.,:i::.,:,,.r:rr..lg8. .::.,:: :,:,

ii¡¡iL::iir:,,t'l!::iririrriilii:i::lliiirl::l¡¡l:ri?l?rr¡il:ii1i:illiii:iili!Ì:;;liliii{,3õ:.iiii!i!i:!ii1!i

iliilii.e$i;illli:1:iii:ili:iil:ry;::iixi::!iiliixìiliiii?11ïii:il:liii
iriiii:ri:ú,Ê'};!iÍiriiÌ.jï::iili.iii;i:ri:üllr'.riri:.:i.liÌ!:iii:liïli::¿ß;:;t¡itlìii

OBSERVED SENSOR
DEFL.(mm) DÍSTANCE(mm)

uyl
w2
TJY3

IJY4

IJY5

IJY6

w1

{.er3l0r .o.Bl462s -1.08e280 .l.lei460 ¡.çrs¡u i:iii:ilili;i:i¡r¡!rttj!:,:1:iilii 0

{s40406 4.48ró2s 4.@42:: ¡.sliztl ¿.¿r"o iiir:tril:l:iaåii;ii:i¡i:iiii 3{0

{¿97187 q.262a74 {.349970 4221640 ¡.reç¡l¡ :,.,i:,,:i ,:J::ijji¡.1.:,,::.::,1,.i 6t4
.0:0!ers 4.rme6 a.z64t3i .rt.uee8e 4.01000? liiii:liii:¡:ii$ú,ljiiÌriitì el1
.¡.rs?14 ¡.l3sms {.22¡06s ¿.0?te01 ¡.os¡oo :lil:,lii:Ílip.i¡-e¡r,:iiiliiì t2ts
l.tzlose .0.10ø82 {,1e7e87 .0.0¿8{80 ¡.0¡¡r¡r ii:,¡¡Xiii$rull;,,ii;,ii: tsu
.0.r0s636 -0.0e0s17 {.¡81002 ¡,032s61 ¡.ozr¡c iiirli:irili;.ltà.äïIliii:äilt:lii: rE¿e



l,O,{D 4: llr0 kPt

-1,lj?
4¡lo

-o.ttt
.¡).070

-o.0¡t
¡L0u

-Lu7 -f.Lto -1.L37

.¡15t2 4510 .¡t 6rB
4Jû' 4.223 4.135

-¡Lllt -{t lt¡l -O.t22
.¡'.1x3 ¡.067 -t).t'l
.¡L0¡{ 4.{¡,tl -O.0¡5

.¡uEa ¡t{lJo -0.029

.ûm0 -O.01¡l -O.otj

.¡toiB ¡.00á .¡.0t¡¡

-Lrlia .r.116 -r.205 -r.tot
¡ì¡52 4.tf3 -0.?39 451?
.¡Lt¡d -oJ38 -OJ.¡J 

'.16?.¡tllo -o.t33 ¡.lal {t{t9l
Jxxo .¡'.09a .¡xr¡¡ -t).05¡

¡.113¡ .0,1153 ¡tû|, {.0t.¡
¡.tt! -o.tBl .¡Lil]¡ -0.021

-.t .010 4.01¡r .¡r,015 {,,010

¡.006 .¡).010 .{xxr6 {r,004

,r.o{t -1.0!9 ¡tjv, -L016 i
.{t544 .¡r.6¿¡ .¡'5!r {-58? :i
4J0t 4nt 4Jú 4,117 ::.

.¡r.l0l, {t¡l.l .¡lllE .¡}.4¡7 .r

¡.057 .0.06r -a.05t ,o,0t5 i:.

¡.lar .¡r.037 ¡,6ú -o,o¡tt :
4.015 4.02,¡ ¡,1)'3 .¡tlt2l ::

.¡lot,¡ 4.ûú ¡.OlO ¡,0¡t i
{.odt .¡Lrxrl ¡xx!¡ -¡xxts .l

:1:': : i.:ts!¡+.qlltt 7 1r r2 r::¡\v.pl*.(lro:

i!,:i!:i:::1. (¡Þl:ll
,LrL8 -l.Ott -¡t9¡ó -r.0!5 :::!!ttl:.:t3{q:
4t4o 4s7t JJÁ51 ajas !::¡5lrl!,:ric8!!,ll
¡¿?r ¡1215 ¡.r4r ¡¡oo l:iiri¡l :'üi'¡' :ll
4.t22 J)ll96 ¡.6J ¡u? l:,olriÛ[ ''û¡t'2 :11

¡.rd6 ..,.r)52 -o¡50 ¿dts :i.i¿rüif ,iq¡ifi 
i

¡.olr .¡r0r0 -0¡6! {.0¡e ,:l¡itit l::-t ojt :

i¡¡¡ .¡r0rn {,o2] ¡.0r ,:t*rÈtl:.:úûü.i
¡r.ou .¡r00e .o.ol? 4016 ,:ir.0r{l ,oidit.Í
{¡06 .¡1006 .¡r.r¡04 ¿ø¡ ,i.i¡rürl.io iri.ü

5

-t-t't -L2t5 -Lrtr -lJ¡,
¡¡ø Jt&ra .¡t7J9 ¡tr7
4J95 434' .¡u{0 .{¡J5t
4ta, 4,L42 .¡ft56 4_t5t

¡.íD -O.ûtA .¡r,|rt 4rB5
.¡üra? .¡),f¡? 4,É5 4ß5
¡,otg ¡tt3l ¡L@t ¡ltJ9
¡tolt .¡,.tlta 4,0t9 ¡r,0¡B

¡.txt¿ ¡).006 ¡.0f5 .¡r,oljl

4.78 
:i

4*" j
-O.0,¡7 i
4.o2t j
¡.0r0 ::i

-o.om !i
{,00, ì

I¡AD 2: tal ÌP¡

Á.¡{sYs FEM ÂNA.LyslS: X-Â¡¡ISOTROPIC MOITEL

BRANDON: RIVY 0&26: STA- 5 + 900 R

I'¡STRIETITION OF VERTICÄL STRf, SSES

.¡1.7¡t {.7J0 {.7t5 {.7A
4151 4]øt 4AA 4À26
-tllt -tn95 {.¡ú -0.181

-¡t6t ¡xr8d ¡.rÞl 4.0ta
-¡t046 .¡r.0a6 ¡.tt¡t {.0¡6
4.OtI 4025 4.ûZt 4,t27
.¡L017 40t5 {,t[t 4.olt
¡.lxt {t006 4,t¡B {.0i8
¡tlX! ¡1002 -O.ll0¡l {.0(Il

iii¡.iri
li*-1
lr.{jü
::ii{fü5
i:i$l#
::iÍ#
iis.I!.]'';:.:.4*

i:i*.ryJ
ì,,¡:A{t

.¡r1r! ¡.?16 {.Í9¡ {.d¡ {.?{yt il
-û426 ¡,a05 {3¡' 43': {.315 ì
¡.¡31 4.¡ft -¡r.trt ¡.to¡ -au¡ I
¡.rB¡ {.01r -o.06't ¡.tfl -o.('l ;
{.rtrs -rtt}r? .¡r.t!¡r ¿or ¡.0¡¡ i
4,tt7 4!¡2t 4.On ¡r.llI' Jr.029 ì
-o.ou 4ot3 .¡tor¡ {.otl -o.mo i
{.0G lr.odt ¡Lol[ ¡.013 .¡t0tD ;:

i.ÛoJ ,lr,0ß .¡L0{0 {,006 {,00a ,:

{JJ¡'
¡L¡9I
.¡Llm

¡.02'
¡L0Û
¡L06

Ítr¡ú

-1.05¡ -r.g¡, -tr¡9
4M 473t 4ßt2
¡Jr¡¡ -oJ2¿ ¡Jr]
¡.l]l JLLrT ¡.1J7
-o06t {r,øt -qr¡|l

.¡¡¡t5 ¡LO¡t -0.60
¡.tot .¡L012 {¡¡l
¡t00J ¡x,05 4.t ll

f-O^D r: 5ti ÈPr

4Án
4.ÐA
.¡r.u5

-o.055

-o.@t

.¡f,o1,¡

¡.0û¡
.¡x¡(g

¡t¡!6 Jt3l0 .,¡Ll

\na 4311 43,¡
,0.110 .¡t!l? ¡.lA
¡.tEt ¡.0úl .¡r.0ú2

{.o'l} .¡r.tE! -o.t¡!,¡
¡.¡)¡9 -O.t2t ¡.041

¿olj ¡.01¡l -o¡l¡
-tlxr {.006 4,006

-A¡EA OFAAsIN-

,050t

¡Ly¡t
,lLl!.1

¡.i¡Ú0
¡xE2
¡Li,'o
.¡tl¡J
¡úr
¡ì.¡m

{5¡¡ JlSll Jr.aZ 4¡99 i.¡t' ìä:io¡Cl
4,'t 43ts 4,xto fl8, 4.22t ::iitiql_6?

¡ùt2¿ 4.1!6 4,t2 -ût06 {1r¡0 iia:!ù¡Í¿
¡).lBt .¡L06 ¡toal {.0¡t -0.040 :iii:iq1¡!
¡.6¡ ¡Ut3.t ¡Ítt¡ ¡,016 -¡!t2¡ ,:ìi!.{jlr!
40lt .¡1020 .0.üa 4.0ú -û016 :l:liìùald

¡.012 4olt -¡LoLt {.00t a,orr iiii:,iiiüit
¡.oG ¡.0ô6 4ooó 4.005 4oor illiiii¡!l*
¡.0ûr .40la ¡.006 ¡.002 {.005 :i:l¡'¡lË

-..t¡ll

4ú1.
4rr9
-o.06¡

¡-62
4.tE
{.0r5
{.m

üi.{-.J
iÏill.Ù..:l
ä:ïipû:j
;ll¡4i
iiil$ll
i:li::r¡t¡
!:ljirl¡¡ri

ii¡ilçf¡
:i:.f$!¡
i:i::'Ífi{:

.¡LZt ¡.7lt 4Et ¡r.ær

.¡L¡ø J,atB -OJ05 {3¡I
¡.1t1 ¡.¡t0 -o.2!5 ¡.Ltt
¡.([¡ {.r82 .,¡}.1r'4 ¡r.tt,
¡.0{5 4,1¡¡l¡t ¡tl,tl ¡.0a2
4!tn 

^rn 
4ît2 4,a26

-o.01t .t).o17 .i.or9 ¡fi7
4,rx[ 4.0tt 4.0rt 4,0i!
{.00t ¡.001 4.txl2 ¡Ílû3

MIIXIMIJ¡ADIII.ECTO!

"rr" iilfl9¡.1lr ii:ii+?!-.:
4.t06 l:ji:+!!f
{.0¡r :ill4H
-0.0¡6 :iiii*l.}i'.j4or5 iii:fsi:;
'* !ili*!!l.l

¡.001 i:i:l¡ä;idl:

45t1 Jù5'' 4.¡n 4/9t
4m 4*t 4Xn 4!261
¡r¡ta .¡Llz 4f¡¡ ¡)¡t¡
¿05t {ut¡ -Gt¡a2 4.05tt
¿ll,lEl ¡t046 ¡.llr't ¡.llJl)
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ANSYS FE]\4 ANALYSIS: ISOTROPIC MODEL

ST.ANDRIWS: RwY 13-31: STA, 5 + 840 L: LOAD 972 kpa

OPTIMIZATION CRITERION: "AREÁ" OF DEFLECTION BASIN.
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OPTI\,flZÄTION CRITERION: RMS VALUE OF DEFLECTIONS.
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ÀNSYS FEM ÅNALYSIS: ISOIROPIC IIODEL

STåNItREWS: Rlrf ß-31: SIA. 5 + 840 L

DISTRIEUTTON OF VERÎICÀL STRESSES
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ANSYS FEM ANALYSIST X-ÄNISOTROPIC MODEL

ST,ANDREWS: RWY 13-3I: STA.5 +8¡fO L: LOAD 972 KPA

OPTIMIZAfi ON CRITERION: "ÄREA" OF DEFLECTION BASIN,

CAI aIILAIED MOntJI r ÂlP¡ì
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ANSYS FEM ANALYSIS: X-ANISOTROPIC MODEL

ST,ANDREWS: RWY 13-31: ST.A" 5 + 840 L: LOAD 498 KPA

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECTIONS,

CAI,CUI-ÄTED ì'ODUû IMP¡ì
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ANSYS FDÍ ÄNALYSIS: ISOTROPIC MODEL

SASKATOONT RWY 15-33r ST,{.5 + 630 R¡ I,oAD 1415 kPa

OPTIMIZ ATION CRITERION: "AREÄ" OF DEFLECTION BÅSIN.

C^l-Ct¡ {TED MoDt¡ ! rìtP¡ì

SETI'

EYI J0$ (r7r 88t{
EY¡ ¡000 t1¡, 3t00
Erl 200 16¡ l¡!
EY¡ t50 ¡¡0 N4
Els r30 tlo 20€

"' iiit:L:iiiiilt#iiiitiirrli:i:f,I,,-õ":i:liii:iiia,;llg+
Iato 8frJ l:::i.rr''::.:::¡¡t9. ..,..-.-.:1.. t*¿r,r ..::::..:i-äs¡
t6za rrr¡ ::ii:i:¡läiiii:i:l!¡¡liiii::ürli:ìliji:äfüÌlii.iiii:äiiiiiiiiribl
&! 5¡? i:l::::r: i:ir:ii.ir'::1:i.i:..:i:i:l:i Jtr:: rr'::::i:-,.: : d¿åæ¡ x? :,l,ri::.;l:':i j:di{ r:r::Jir,1.:r:i:jliiiJj ,.,r : , 1, ,1i0{

7.t. 2tt:r:'..i:ii:i:::tr1iq:r::::l:i::t:i:l:t:.iSi.,.,i,;,:;r,:.Li:L C

El f 3¡?¡r Jùr4 r89 ,660 ant :::lj:ilil::::.i::*t¡:,r: il:: li .{idt r.r:.:t,:,::,:j'i, É¡ii)ETt !?ll l5[l ¡97¡ ¡mt ¡l?¡ :i:j:1::i.:l::11:llrir:j:1:: i:i:::: r,:jå¿ii.:.l: :1r,:Ì 1,1:ij4lÉ
Ey3 r71 titS I ¡t8 ¡05 ::1:i::1i::i: ::i.iTii:i:i:iii.::t:-1:.1i.!rÀ:,j,r,i:!:ii !:iit,.ilir
sr. r& r.t r50 r5o ß0 :,.rji::r:. :,.:,.¡lídli.l:jll:::!i:i,,jt!i'.,!:'ti:i1j::,jjlii¡'
El5 27a us l8e tn t7e :rll:r!ll:jji;r:ii?t.,:,1!,,:,!:,!ti:,1::lrï !t,1::1,::j:1:ifj.î?¡:

I¡äï¡rää¡¡¡Ëii srÀaoÀ
i:!¡lläiliäiùlilu,üôMrrE¡or

!¡n ¡.¡r?so -r¡e!J6o ¡,r58e!0 -1.00¡ó10 {.e?¡ree ï¡lf:iiffÌj¡ii ô
t¡Yl n.rairoo .t.l?9700 {.?8?951 .0.61550 4.6¡u{?o :::;:l::ti,ä,i,:,::i::: 3¡¡
lm ¡.8¡l3t0l 4¡t61to {.óot6to {.¡t9¡t¡.¡ {.501?95 :i.:iir:lilijg.,l:,ti; ,60
ttY¡ ¡Jt¡8u .0J0t3{¡ ¡13.rúr, ¡Jt8rr3 {lta665 t:iti:i::i:iùibai:!ì!iii looo
uys ¡.¡r¡'la .¡.'l2'l? ¡.¡d6?¡¡ ¡.¡ór]!sa 4.¡5661j :i!r::',.:Jii¡i:,.i:ti: r4oo
uya ¡.t507¡I 4.1ó¡100 .0.?¡66t3 {.u¡ó{i 4, t?s8 :it;l:ir.i¡C::ll:l! lsoo
trl? 4.ltt¡79¡ i,t!¡?9 4,197tl7 ¡.rt!?o? ¡,r9orxr :i!!!l:iiEiJid::r¡:i1: tL5o

OPTMøATION CRITERIONI MAXIMUM DEFLECTION

a^l Ct¡ rTTD MOnlJl I lMDrì

sET t t2

sYl 3000 a35 Ltas
EY¡ ¡000 t527 150¡
EY3 200 610 65t
EYa 150 29t ¡?8
EYJ r50 tor ¡(x

" " iliiiiiili#'iliÍiiÏ#ir1Îiiii.iiii. izezt 1553 i:lrr::iiii;1if!¡.iitilili!:::::lä-:!it¡l:]iiiiä!l!iiii!i!il$ol
t521 u6 lj:.:r:1::j:i:.:tiiti' ..:.1:i: :il;,:,|| 

!3:.,,:.i1:,ij':::::,:¡90.ö:6l! 6ót:l:i:r!l.i:rtji:it,ãqt,it,i!!j:!;::;r::i5¡0:::i:1:l:r::::rj6d:
st 300 i:ti ii:ii i:iirritåþtri:!li:i:,]:ri: :r. ¡ll r!:,:,r:i!:iriì:,'!,ist0.ll¡e r0¡ ì.t:iil::::1i:::lüäi:l:i:;ii:::,r:ilJ,,I{l,::t:iiri;;:i::::;,.iå{.:

äf&lËB¡¿Eüi: ÊB!:tgB
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llva 4J2¡¡e! 4J76ú05 -0J850¡8 {.5¡{50€ ¡t5?53¡8 ìti:;iil¡ii0ti:iliil toot)
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urt .û10¡79J {1911¡¡ ¡lt?¡7¡ ¡J!t10a 4189 5 t,l!..1.iå,trt,ii,1l rll0

OPTIMIZ,ATIoN CRITERIONT RMs VALUE OF DEFLECTIoNS

ça¡.c¡¡¡Ä¡!DüqDJ&¡rÀl&)
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try¡ 4.r{{0J0 {.t.¡r?6 ¡.rgc316 4.ðr10t {.IæJr? :irr.il:ätililllii tao.
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ÀNSYS rEM ÂNALYSIS: ISOIROPIC MODS,

SÀSIûTOON: RWY llt33: sIÀ 5 + 630 R

DISIRTßUTION OF VERTICáL STRESSES
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11: 740 ¡8e t" :i:i::iii .ii:,i '¡,fiiriìilr.r,i:,,,,,i.i ,,,,,.,;;',,'t,,,,,,:,.rtr,t.or rEt rl3 0.?o iir,,.i:ì::::r.tj.;:,ó.l0ii:t,r:,:ìl :r:jli llds.::.r.:,1::j:::j,t,:,t,iji
L!¡ L3t Lùe Ll¡ :r.i:.if.f:t"i:il;:r.q:i :i:::.tri:i:u !,.,1!?.,:,:.,,i::.l:!ii:¡l:ii¡¡f:0.7s o¡J r.65 0i6 iL::tL:li:l:,ili,tis¡'.rir::r'Lj::tlt;:t.á¡i,:.tll.:;:,:::::,::l,iif,

EYr At!
Eg2 t,52
EÌf, 15¡

EXI t?0
EY{ 2'2
Eü 51r
EYs 24
EX5 20t
R] O,?E

R¡l l¡!
B5 0.77

ANSYS FEM ANALYSIS: X-ANISOTROP¡C MODEL

SASKATOON: RWY 15-33: STA.5 + 630 R: LOAD 1415 kPa

OPTIMIZATION CRITERION: "ARI'A', OF DEFLECTION BASIN.

C{-Cl.IL TED nfoDWI làf¡rì

qÀ:!8E,0. !E!ÂsA
D!&.(EE) DISIÀÈCÊÍ@Eì

t¡y¡ n.&l'r,ro ¡s¡t¡lo .rs!8a!o rs¡rsoo nJ¡r88l :rl:ll:ri!n,:r::,::, o
UYt n.o56.i8o .¡r9!3J82 4.08887¡l -¡r.r{2lto ¡e.!6?aa :,1::,iit.Slt¡:,1!i:'.1 ¡oo
Lrn ¡.7¡rJ?!9 {.6850!i ¡.a8r¡50 4¡¡eo7l .¡r!98607 :l ::i:i:, ú.rd,t i:,!::i!t ¡so
uva {.t?¡95? 4.23t??9 ¡.2!15{1 ¡rjst6ó {l6rjsJ i1,t::i:1,4)9,'.'.1:,'jtt t00o
lm ¡.l 89t ¡.t6ó¡¿! {.¡66951 ¡.165?6! ¡.1??189 ;::tiri:+iti,::i:ri l¡00
rrya ¡,tse¡¡.¡ {.r!65? ¿l3qg5 ¡t.lt9lt¡¡ ¡r.t.5098 i!:;r:it.*j-}.rlr:l::i:,. l80o

rilri:i:ì!,èI1¡illiiilli 2tso

OPTIMIZATION CRITERION: MA)ûMLJM DEFLECIION

C¡lal'I ¡î¡D ¡ronl¡ j ¡lfÞ.ì

rr 5 " '.¡¡¡1..,,,,,¡ll$il.i..l.r.i.r¡trtl.i,1,i..tli.;..tt.
7n0 6ú¡8 3000:;i:l¡t:iiri:i:!i:!i!!!Èüìii:ii.,iiiiijiiliil¡C.¡tliii:i:il:iì:i:iilri:.sJËi:z2¿, 1625 r5r5 1000 ii:iljiallÌÍiiilgji;;!ü:tì:irittl!.liiliÌi:i;:ititl¡.ilÈ:lr!9 llt Iu ¡00 :iii::1::r:.1:i::r.1:l¡¡ ::1::::i:ii::i:1.ì::i: ati :i.:rrr':r::r'1:r::::,1i00.

ts 2.s s6 ro. ir:,ì:ljil:jiii.,i:,*r liiÌ,::,r,::;ii::iig..:ülii:i.::i,i:,:::iiiri:¿\ us 27, tsr i,.i:i..ftrrif!tl!jllrii,:l:!f!.fril:t,,il::,,j1!!:,:':,1,::,:l ì:j,t:il:¡r-t:552 .8ç 662 uo:i:j..:1:r::i1:lli:i¡1i::i::..:::i:i:::i'::::¡ii::.i:.t.:i:.r:,il:iii:¡¡i:rq ,tt ¡r!¡ ß0 iiiÌliirtiititjüitúiiitir:iiilii¡iitil:HËl:i:Ì1ìlii;iiiiiitiì::¿rirl¿es s,a j?e tso,1i:h.:t:.r.:,:'iii8:,1liii:li.,l:tij:,,¡t:t:i::lj.i:.:j:ii::i:il:¡4.
o.?c 1.50 0.5. r.*;:ilr:::t:::t,ll:U.*..,::t:,1:,j:i:,,r:,1:.¡.1¡.::::;.i:.il:i:.:t.,ilçq:
2J3 ¿00 2.¡rl ¡.00 :r!,r!tli.l::,:1irtl,úò i ,,:r:r::..r,r:.1ôJ::.:::.:.:r::.: :::::11¡rri

r.7o LLt r.r¡ r.o. ii ri:Lì,r.lir::ii:rii1(ti:rl::Ì.ìi;i:ijll:::¡?,tl:'..:l.;:...:i :i:l:rli,ä...i

EYI 838'
Eyz !t10
ÃY! t59
EK! 126

¿v¡ 2r9
EX,l !¡0
EYs 

"6EXI 515

Rt 0,?9

Rl 23a
¡15 l¡!

OBSERVED sENSOR

ÞE¡¡¡leÞl !¡SIÀ¡lCELoEl

Ityr .r.aer¡¡o .r¡r$eo .tje7r60 -l¡39llo l¡{t 1r i;ltäiil!á¡ljllfli .
ur¡ ¡.,lei¡r {.en2ln .r?trte .l.ot¡¡¡o .1,10¡¡lo lilll!ìili¡ii?i:l:iiillil !r,o
ttl3 a.alla8J ¡.at!t?a {.altl8e {¡985¡]t ¡lû8a!5 ii:,ilir!¡ili'{:l:!ri!ì aso
tuy¡r ¡.r!¡50¡ ¡.t¡iô¡s ¡.rri,¡c¡ 4¡trm 4!1!io¡ il'i::!j:{$.!iti:i.iti. r{,oi,
tryl 4.Bc7l¡ ó.e9!19¡ ¿t5olor {.lasMo -oltaa¡? :i:!i;!:!åtü:l!!.lil l10it
rry. {.06¡95 {.tx?¡lr ¡.1¡co5! ¡,1t5.[ ¡.t!20J0 :!äi::!]ül;tsìiilii:il 1800tm ¡.ei¡lxo .!.0517.c .¡r.rÞ!e¡1 ¡,uJ{ot {.1ù78c1 liìii.lil.:i¡tlit.lt:!,jiìi ¡130
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ANSYS FEM ANÄLYSIS: X-ANISOTROPIC MODEL

SASKATOON: RWY I$33: STA.5 + 630 R; LOAD 1415 KPA

OyIIMIZATION CRITERION: RMS VALUE OF DEFLECTIONS.

c-¡rl'r¡ {1Èf) Molttt.r ôrÞ¡ì

sET l, t0 riirii!¡*
EY¡ 3u9 51t5 a6¡B 6864 t50t
EY¡ ¡l5l? 3{Bl lõ!5 19¡! t¡t6
EYI l9J 159 tn t89 lstgXJ 789 l9t t6t ¡,4a llt
EY4 20¡ 2¡8 215 2oZ rr9
EXl J05 531 ¡l{lq 50t Itl
¿Y5 r?¡ rJt ¡{t t22 21r
EX5 ¡tlo JlI 5¿t 2t6 598
Rl tjo t.10 t.50 t,8¡ 0,7J
R1 t.¿9 t.8! ¿00 !_¡¡ 0,68
R! t 8 L1a LLt t,76 ltt

li¡iliHir
: !l::!tút3l
ii:i:iliii;t$i
ii!:ll!:;Ìiilll
r:liliriir¡?lr
r.:rif.r!.irlis'

i!laiii!:¡!ig.6i

lllliiii!0r.tr
iitiiiii:tqtrl
ülrìiiii:i:i.?d-

qB!ESIED. sENsoR

¡Eg¡l¡lEI DISIó¡lCIlE¡t

i;:!ìiiii:illlè..
j:;¡ii:iiii::f!1
:,t,.i:,:.:,rl$l

lir:ii l::rit!!:
!i!l!l!iii!ìi;5rr,
ÍìÌi:iii:lrii?ll:
ii:ì!iii¡iä|i.!t!i
ür:ä:!ìlÌ::l¡Al
irltii::iii!:i¡¡Êl
iiiiiiä:;üir¡:

:¡'1;Ï¡ffiiili
:iitliitlirrif !Ê ¡irii
i!;:rri. ::t.:i1!!L]i:i:;
l:itiiii:iii¡¡!l¡li:i!i!:
ii.:riiiiirriiiãliliÍii
il:i:::!iilii;¡ll.illil
!i.r.ii:i:ill?!3.i;¡¡iii
li:ilIiilii|:i!l:iiltri

:i:l,i.,::l.ll+:,,i]

vYt njór!50 .r39J6ao ,tj9?6r0 -tJ.úr6o n.a06380 :i, j: ::riú!i.:f l:.j o
u¡'r ¡.e6t68¡ ¡.ei5s!o {.rnore -0.9'105¡ ¡o3e88i :itiii¡lili!?,i.ili:!:i 3oo
try! ¡.?¡912¡ {,61r?s¡ 4.61¡r8e ¡.7¡rù4 ¡¡ó05?3 :t::,,..i,{i7t{t,,1:,,. aso
l,Ã? .¡)l¡56t8 ¡,t!O3Ot {.¡¡O¡9! 41972,t 1 ¡.t60¡¡3 t!lt:!t.jl,0f!C:i: :1 Íì{¡
t¡ys ¿.IJ8ó 4.1116ó0 ¡.rio2or ¡lot6o9 4.{r¡tot}5 lti:!!:j:,r.t¡¡ti:!,:i laoo
ttyd ¡.Itó9?J 4.loJ59l ¡,.119{r!I 4lJ0¡5{ ¡,0¡84¡0 l:!i:ii:4.ßi,,!!:f, , ttolr(¡t? ¡.169919 ¡.o?JOO! ¡.09¡98{ {rt!!¡t{ .O,O¡rl)9t l:i:.l:l :drlt 9 !l i!li. t¡lo



ßIEINt r ro r. :ìl^:të!:llR rTloll
li:lilil..i ll oÞo ll{Jn¡ -Lr9r -ljlt -t.1r9 ::1:"13!r:ll 0920 ll

-LoL! ¡t9'{ -Lûtg ¡.9{s !i:¡Jgú.ll o?05 ll
¡r¡r2 ¡x5r rllr2 ¡s¡¡ r:.äisri.ll o¡¡o ll
4ist 4!t7 4.¡tlø -"*" ,t:fiø.{l ** ll
4J2o rrJlr ¡Jr3 {.2!Ð ::,:;tj06,ll ulú ll¡r,tl6 .¡r.2!t .¡r.¡Jl {.!05 :,:{rÐll o.r6t llt¡u ¿.tx itn 4.r6e :l:iltitll ûus ll
.¡,.ua -o.lrt -our ¡.r¿¡ i::¡ii,r¡.ll oror ll
¡.oer ¡r.lr¡6 -o.tÞ. ¿ro¡ ::,:¡äeyeill o.a¡o ll
4.01r ..r'¡t! .¡tot5 a.úi :i:So[¡.ll o.üo ll
.¡1007 {.ixr .¡r,0o9 ¡.os¡ ,ri..}¡$d..ll o.oø ll

rô,tDl:r¿r(tPr

fFfrlgnr( 5 r¡ r:l:llVÈ,ll¡.rnoll
.:l'::'":'ll þf") ll-tjo¡ .rJr2 -[Ir? _ß45 :r:41ü.ll Oi2? ll

¡.e91 -106e ¡rer3 -L¡05 ,lli¡¡J ll o.7r5ll
¡L6!5 .¡r.r5¡ ¡r.úr2 -o.n liiä¿ie.ll o¡sr ll
4Áta 4r'tt .4,1r7.L5É .:::+¡gü:ll ßx ll¡,J6 ¡lrf? ¡r-rt¡ aJ¡t rl:lrun¡:ll ol29 ll4.tu -¡r¿!, {.2at ar27 :li:¡¡-tü: ll ù¡cr Jl

4.rat -¡rrz¡ .¡r.re¡ {.¡rr :i:l.h.tta ll orrs ll
4.15r ¡.r ¡1162 ¡.ro¡ :::i¡ißr ll ojrû ll.ûl¡l {.û79 {ru? a.068 :i:4ût:ll o.cro ll
{.0r¡ -o.02! -o.otr ¡.oU ,liär¡ic:ll o.ar¡ ll
4.012 .¡r.or2 .¡r.0rr ¿ooo :],,ir¡irtll o¡ø ll

À
s

islq
i1S*
itJl1':4ü

I n^n t: llf'< t¡pr

-LOL'
¡106
¡IJJT
¡.J.t0
.¡t¡¡t
{.1i5
-o.ft2

-û0d?
¡u,l9
-o.012

{¡! -r.005 -L02¿
4¡5 .¡r.m {L..i,]t

.¡tl2t -û2r2 -âr¡r
{.16' -o.¡t¡ ¡t t6¿
¡.r¡t -tttl .¡Llt5
4!y, 4.0yt 4.ú5
.¡Irc¡ .,ll'üt -¡,.065
.¡¡.01t {.01? .¡r.o2
¡¡lJ -o.tt¡l -tlot4

.,e.\r|.
| 4:ù'
rj.:.ä-i¡'
!:l{¡rÍ

ÂNSYSF&Í ÅNALYSIS XáNISOTRO¡ICMODEL

${urÁ.-IOON: RWY 15.33: STÂ 5 + 630 R

DISTRI}UNON OF VDKNC:TL STRFISFS

û

.ll{'r

þÞo)
0.9J?

0.ãt
0¡40
03t
oJtt
o.u8
ou0
ß

t¡.6f
ol)t7

10 ¡ I tr:i::ii(lË:

-tJu -t32f -utÐ -Lat ätt ãft.
-LrB! -l¡ar -l.sa 49al iiiü;t*i
'ndú5 ¡Læ .¡1619 ¡5r jüt;äö
.¡r¡arl -o,¡$ ¡.¡a2 al59 iiìå¡t'
¡rJ¡¡ ¡J¡? ¡rJ¡¡6 ¡¿o ri*ijit
¡r.¿ra .¡)¿tt .¡L2¡r ¡,rr9 :i:igl¡¡
.¡Llll ¡r.li'r ¡.lo 4155 jüp;11þ.1
{.125 4,ltr -o.¡09 -a,rr5 ::i:li_itil
4W 4.trt {.0É7 ¡.0t¡ :i:itäìiõ:
¡¡,0¡6 .¡,r)20 .¡'¡l5 -o.05t :ii:!li{t¡:
ro¡l¡ .¡rou ¡ulor ¡.o2o iìiilti¡i

i,,--qi,$

i!l{ä¡¡
1:isi¡4.1
t:i.1#.
i;if.¡fi!
!iti*¡#l
.:ìäËi
ii#!!T
iiit4{.ù,
ijil[ttü
llr!0,.i!

i{sfi
:ä.q.!ç
ii..4.f!X
:i¡ird
!,pry
i{drt
i:0,¡s
Ìplqr
ISTTTi. ,
:i:ù!(al

ftltltç¡os..rll*^no¡.olla
r.-)ll c,t.) [

rTff oG 146? 4in 4li'9 r¡¡t6 ./DÊ,a
erff on f+or l.tfi 4.4tt 4J49t 4.o.

r¿ll o¡¡ f¡.r¡o 4.ùt J0|1!û Lzn 4r7.
¡r¡ff c-y¡ ff¿¡¡r l.ra otq 4tos lote.
!5511 rs¡ lar¡r {115.¡Llr¡ ¿r'' ¡rr¡
¡øll ¿¡¡ l¿oy¡ ¡tota {.09a ¡r.trD .o-o!t
eroll ¿¡o f¡.a¡s amt a.vn -¡.n n*
¡alll ].{¡ la.o6r.¡r0õ ¡r.tE¿ ¡rff5 ¿odr
¡ot¡ll ¿¡¡ l+o¡¡ .¡r0!4 .¡ror ,ro,s ¡ú¡r!
2690ll tr.x l¡.oo5 .¡,:t¡tB {Loc ¡,1Ðr ¡,û0t
recoll,¡g,,,la.oø -o.oo5 -o.oo5 iorx -onût

{9t{ 
:

4.15t :
4,aat i
{ree i
42'l I

{,1a, :
¡.u2 ;
{.102 l

4ml
4oÍ.l i¡¡6 i

r 
^Áp 

r: ¡, r¡Þr

4J89 tI9A7 ¡.99a

4Æa 4/AO 4&
¡ltt .¡L!17 ¡_:!l¡
4JtO 4,31 4,J1
.¡t¡56 {.ltlt ¡.tt¡l
¡tut {.141 -tLU6
¡rD2 ¡t(E .¡LltD
¡r¡61 ¡x,6t .{.q?9
.¡t¡rr r00l, ¡.01.¡
.aÍn .ûott .¡r.otB

L

¡ler¡" nF xÀrn¡

.!tó0

4r2t

I

äiv.d
fttFrm

¡srmlln^nof i
,*,fl ,*", t ì' ríll cc [¿¡¡r ¡r¡ø {.6e5 ¿ú96 ..,¡q¡ ::

aall o.rr lasrs ¡szg ¡¡,¡¿ ¡¡ø -¿sn :'

¡zll o¡¡ l¡-r¡ ¡¡r¡ ¡:¡t ,ttn ,.t-::
rr¡ll o.yr l¿ru ¡.r¡¡ ¡.¡r5 ¡.rø ¡:o¿ l
¡e¡ll rs¡ [¡.r¡o ¡.ro¡ ¡.r¡r *tor -rio,ii
orll zrr la.rø .ro. ¡.rrr ..roe 

".iiã 
i'

útoll t !a l4.0to 4tBt ¡.0r¡ ¡.út -ûm<
¡u¡ll ¡.¿¡ l¡.ø¡ ¡¡s¡ ¡.ør ¡.0¡r -¿ai li

roerll r.rs f+øo ¡.os ¡.oo ¿o¡o ¡¡ls t::

ø¡oll ¡lx l¿oc ¡¡a¡ ¿oø ¿ø¡ ¡¡- .ii

r6rollgl4oo¡ +oø aøe ooor aoos i

iLt|!{
i,rikit
iiS.ffi
i$1{
iT;Ð
lptìc
Ì4!(¡.
i*$
i4
S.qFr
.*tj¡¡ú'!

tzt

-¡¡6 -LOr5 -r.Oro {.lto' ::

{¡¡2 {,iÞt ¡.7t6 4trj ;'l
.¡t5?2 {.,¡t 4516 .¡Lqt i¡Jt3 4Ír üt -o-t33 :il:x +rzr +rrr tr:u j
{.t3¡ ¡.t69 ¡.¡at {,169 i::{,û¡ ¡,¡10 ¡.u,t 4.12,t ::i

¡¡t¡ {.@ ¡.62 {¡to ,i
¡r¡60 JtlEl 4.06r .0.[57 i:
{rut .orrlo 4,orr -otm ìi
¡¡o ¡.or¡ ¿oøl ¡¡c :li

M{{¡MUM T'¡TLBCTON

fiülmr
onrmll¡¡nol l r¡ . 3 rli

(@)ll øo) f
rtll oot l{.ax 4.@ 4{'a 4ßn ¿¡ta
øll c¡ tr¡s¿ ¡s!9.¡Ljat ¡.¡¡r ¡s¡o

Iull ar¡ l¡-¡¡r ¡it¡ .¡llm ¡irr ¡ü¡
¡¡¡ll o¡z tr¡.¡ø ¡rro 42s¡ ¡rrzt ¡rrt
¡¡¡ll ¡.sr l¿u¡ {.lt¡ .¡Llr. {.t4t Jrrr<02 Lt' l4tt7 ¡.tt¡ ¡.¡t¡ ¿tt¡ -¿.rrc
ooll z¡o !¿ør -o&¡.¡r.itrr ¡Lú¡ -o0o¡¡ll ¡¡¡ f¿o¡¡ ¡¡t .¡,.r,cr ¡.06d ¿ß6

rooll rr l+ox ¡.ol.aør ¡.tr¡ ¡¡¡¿
r¡oll r¡.r l¡.0ø .¡r¡0r -0.010 4,rm -o¡rr
rerollglaoor ¡,¡05 .¡Loø ¡.m5 .¡r¡nú

R¡t{s v^r ùr or rìF¡t falfoNs
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ANSYS FEM ÁNALYSß; ISOTROPIC MODEL

TIIUMER BAY: RWY. 12-30r STÀ 5 + 3@Rr LOAD 1479 kpa

OPIIMIZATION CRITERION: "AREÄ', OF DEFLECTION BAsrN.

car flI.ÀlTn tlorìuf r lt{P!.|

SET 3

OBSERVE) SENSOR

DEg.ûUd DrsrÁNCEtÞFrì

ll
7012
2012
3565

r58
299
ut

91
688{ mt
2553 1W
36{6 2t61
303 255
299 299
us 232

EYI &6i
w2 L039
Ev3 n01
E!4 451
EYs ?99
EY6 UA

rryl .{.¡08303 4.411123 -0.10.t3s? 4Ázt6tí .0.1rj016 iiiräfilil:äiiífiT¡ij:iiiiii¡ilIJY2 4.2û202 {).27tejs -ùJní:/a 42:,zo54 4.2?J0d, i:,r,¡ijjrl:]'n¿t-i;,iliillilirry3 4.t12y6 {.18óó11 -o.tet617 4.t7¿8t4 {.r7ss6s irrriilliì:iiitiiüiiì:ii:iiillilituY4 {,121,t02 -0.13122 4,lrJ5?2 4.ll8.t?2 {,119396 l,:i.1::,ilt:l:ii¡tiix:ri:lri ,i.j:uys .¡.0e4077 4,r0u1ó 4.0ee30e .¡.08s0ee {.08óx0 lii:i:ii¡¡tiiiliüi?tiiiiiilliTirjy6 {.07s6t6 -0.08153ó -0.07870s Ãßó4731 {.06607a iii.iiir:i:1il¡tliisr,:,itir:::::L:lwt .0,0ójsr8 4.0691t5 .o.06s856 .o.0sl90l 4,ûs3432 L,:ii:l:jj:::l:l:öri¿ëi::r;,lli:;:

OPTIMIZATION CRITERION: M.AXIMUM DEFLFTITON

0

300
6t1
914
l2l9
ts24
1829

CÄLULAITD MODUIT IMP¡I

SET 12 ll
5075

{,t59
2ó08

39r
232
zLt

1

6I58
2&1
3316

389
2ll
22t

l3

?a5!
2920
3287

1n
298
u6

EYI 7527
w2 5t7t
EY3 398t
w4 288
BY5 291

lEdsaa
DISTÀNCEhÞì

uYr .¡384Í¡2 4,11685f 4.12$n 4.46ts
w2 .¡.183099 4,2A5374 {.289697 JJt?!55¡JY3 {.199?59 {.191J?0 .{1196062 421./.0t1
w1 -0.1{r$0 .0.136350 .0.13730? {.16?110uYs ¡.113607 .¡,10.{l2t -0.099931 {.13259¿
¡JY6 {.093391 {.08{681 .{10759!? 4.ltt09l
uY7 ¡.080ó'18 4,07,!-10 -0.0ó015? 4,0s1322

0

300
6t1
9t1
t2l9
1524

l8:9
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ÁNSYS FEM ANALYSIST ISOTROÞICMODEL

TSUNDER DAY: Rwy, lr-30: STA. 5 + 300 k I¡AD 1479 kI¡

OPT¡MIZA.TION CSITERIONj RllS VÄIUE OF DEFIÆCTIONS.

cÀI .alr aITn M@Irl ntr !\

SET f4 ll

5075
4{59
2608

391

zsz
213

t2¿

1521 ó158
5l7l 2fi1
3981 3316

319 3t9
291 2tt
237 Zzt

EVI 6301
w2 lt58
E'Y3 3991

Efd 293
EYs 298
E.Yó UI

' li;r,.'.i.iqitii....ilt.t.iilriiifl.t^'órl1j.i.lrj..iiiiiii.,,,l#,.,rlil
?s0¿ 1::1:.1:1:::i,:::i3d3.:ruj:t:i,ì1,!.i:ji::iii!iläÈ- fillilili::l!liri rr!:ii!:i:zf,l:::t:,!:ll:!!
2387 l:iiiìt:li-ìl:ilif-*-.T-ìri¡iriìiltiiii¡liiìliiiÌis.¡.Éj:liiiiiltl:i:iltii¡::ä$.TÈtiiiìlliiilll
¡07¡ l,,r:,1:ill,,:t-14tti.,,,,11:,,1i,:ti:l::l::i ¡¡f¡,ll:ll.';j:1:1:l'll:ii:i:39f1.,'.l:.i:l':::i:
{22 ili!rlii¡!:,rl¿!-3.1::tli!il:r!i:!li:tr:tllltrl$t.!i:::.:,ii!i:!,1.i::i.1:;::'¡tr,i::i:,i:,i:;:2ll i:i:1:,r:iiii:.,jr:¿¡l:.j:':,:l::iì,1::l:.,j::111i::il..tljjj:ïj:;,:i:ii,i:i;.!.i:i.i:::.lôð.,i,,lij:il
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APPENDTX 6-II

TYPICAL RESULTS OF ANALYSES FOR EACH SITE (CHARTS)

Note: The charts on the following pages show the results for one station at each
site for the maximum load. The results include comparison of deflections
and moduli, and computations of shesses. The complete set of results fo¡
all stations at all sites are included in a¡other volume.
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APPENDIX ,6.III

SUMMARY OF MODULI FOR EACH STTE OABLES)
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL.

ST.ANDREWS: RLTNWAY 13-31: SIJMMARY OF MODLILI VALUES

OPIIMIZATION CRITERION¡ "ARF.A" OF DEFLECTION BASIN:

STATION LOAD
(kPa)

5 + 030 750

5 + 120 750

5 + 480 750

5 + 660 750

5 + 840 750

EYI

3893

EY2

t5l

EY3

80

2015 165 84
4248 tsl 123
4691 155 68

OPTÍuI¿A-TION CRITERION I MA)ilMUM DEFLECTION

STÄTION I,OAD EYI EY2
(kPa)

5 + 030 750 1345 151

5 + 120 750

5 +480 750 3084 152

5 + 660 750 3815 157

5 + 840 750 2495 152

EY3

99

t37
722
127

OPTIMIZATION CRITERIONT RMS VALIJE OF DEFLECTION

STATION IJOAD
ßPa)

5 + 030 750

5 + 120 750

5 + 480 750

5 + 660 750
5+840 754

EYI

28/.2

EY2

151

EY3

73

2339 lU 75

3339 167 113

3082 158 67
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL.

ST.ANDREWST RIJNWAY 13-3 I : SUMMARY OF MODULMLLJES

OPTIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN¡

STATION LOAD
(kPa)

5 + 030 900

5 + t20 900

5 + 480 900

5+660 m0
5 + 840 900

EYI

2980
3652

1794
3953
4242

Ev2 EY3

62

77

9l
106
12

157

154

153

1st
151

OPIIMIZATION CR.ITERION: MAXIMLM DEFL,,ECTION

STAÎION LOAD
(kPa)

5+030 m0
5 + 120 900

5 + 480 900

5 + 660 900

5+840 m0

EYl EY2 EY3

31ss r57 109

3433 152 143

1935 t5l 94
3859 157 l2l
l3l3 157 79

OPTIMIZATION CRJTERION: RMS VALUE OF DEFLECTION

STATION LOAD
(kPa)

5 + 030 900

5 + 120 900
5 + 480 900
5 + 660 900
5 + 840 9{0

EYl EY2 EY3

1340 lsz 50

t407 r53 69

2908 153 82
384s 207 94
2611 153 69
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL.

ST.ANDREWS: RUNWAY l3-3 I : SUMMARY OF MODULMLUES

g3:g ="Ï"J3T5A3 HCTION 
BÄSIN:

STATION

5+030
S+120
5+480
5+660
5+840

LOAD
(kÌâ)
lr00
1100

il00
1100

1100

EY3

8r
87

tu
t46
t41

EYl

4668
2718

4582
3841

4617

Ev2

215

151

216
2t4
255

OPTIMIZATION CRITERJONT MA)ilMLlM DEFLECTION

STÄTION LOAD
(kPâ)

5 + 030 1100

5 + 120 1100

5 + 480 1100

5 + 660 1100
5 + 840 ll00

EYl EY2 EY3

t99
t27
161

r35
170

4170 276

3366 ts7
4403 228
4234 256
4503 Ul

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECTION

STATION LOAD
(kPa)

5 + 030 1100

5 + 120 1100

5 +480 1100

5 + 660 lr00
5 + 840 ll00

EYI EY2 Ev3

56

69

100

136

54

493/ 492

1401 1s3

3tu 424
42/6 311

4685 496
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ANSYS FEM ANALYSIS: X-ANISOTROPIC MODEL

ST. ANDREWS: RLIITIWAY 13-31: SUMMARY OFMODULMLUES

OPTIMTZA'TION CRITERJON OFDEFLECTION BÀSIN

STÄTION LOAD (kPa) EYI

5 + 030 7$.00 4n27

5+120
5 +480 4632
5 + 660 1073

5 + 840 2647

STATION LOAD (kÌâ) EYI

5 + 030 7$.00 1138

5+120
5 + 480 1181

5 + 660 3880
5 + M0 1745

EY2

160

158
151

151

R2 R3

1.10 r31

0,89 r39
1,47 r,83
0.83 234

EX2

175

14t
221
t25

EY2 Ð(2 EY3 EX} R2 R3

161 r75 7l ll4 1,07 1.63

1s6 131 s7 96 0,85 1.69

167 300 74 125 l,8s 1,75

156 180 68 t21 1,16 1.90

EY3 EX3 R2 R3

51 107 1.45 2,09

ó0 tzt 2,40 1.99

68 152 r.60 2,20
u 103 t.t1 1.68

t52 364
t58 253
t55 182

EY3 EX3

68 88

68 94
70 135
51 120

OPTIMIZATION CRITERION: MÆûMLJM DEFLECTION

STATION LOAD(kPa) EYt

5 + 030 750.00 3260
5+120
5 + 480 2017

5 + 660 1782
s + 840 4024

OPTIMIZATION CRITERION: RMS VALLJE OF DEFLECTIONS

Ev2 EX2

lsl 218
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ANSYS FEM ANALYSIS: X-ANISOTROPIC MODEL

ST. ANDRIWS: RUITIWAY 13-31: SIiMMARY OF MODLILMLUES

OPTIMIZA-TION CRITERION OF DEFLECTION BASIN

STATIoN IÆAD (kPa) EY1 EY2 EX2 EY3 EX3

5 + 030 900.00 1230 151 113 7l
5+ 120 1463 151 186 5t n
5 + 480 1454 151 142 64 141

5 + 660 1877 151 2L4 52 61

5 + 840 131ó 151 139 58 129

OPTII\{T¿A-TIONCRITERION:MA)üMTJMDEFLECTION

sTÄTIoN LoAD (kPa) EYI Ey2 EX2 EY3 Ex3 R2

R2

0.75
1,U
0.94
1,42

0.92

R3

1.25
1.91

2,21
1.18

2,26

5+030
5+ 120

5 +,180

5+660
5+840

900.00 4109 156 223 57 123
2750 158 132 78 96

1308 153 182 67 127

18?6 158 262 70 13?
n$ 151 152 5l 104

t.44 2.18
0.83 1.19
1.19 1,90

1.67 1.96
1.00 2.M

OPTIMIZA'TION CRITERION: RMS VALUE OF DEFLECTIONS

STATIoN LoAD (kPâ) EYr EY2 EX2 EY3 Ex3 R2

5+030
5+ 120

5+480
5+660
5+840

4939 153 126 6t 81

1334 169 132 59 54

3088 151 711 n
1591 r57 306 85 102
2S38 160 251 12 83

0,82 l,tz
0.80 0,92
1.13 1,59

1.95 t.U
157 1l9
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ANSYS FEM ANALYSIS¡ X-ANISOTROPIC MODEL

ST. ANDREWS: RUNWAY 13-31 I SIJMMARY OF MODULI

OPTIMIZATION CRJTERION¡ "AREA" OF DEFLECTION
:= ====: 

::= =: =:=l=

STATION LOAD (kPa) EYI EYZ EX2 EY3 E)(ì R2 R3

5+030
5+120
5+480
5+660
5+840

1100.00 zt76 2rs 631 U 142 293 2,22
1406 tsl tl7 52 75 0.78 lÁ6
4s3s 261 501 77 182 1.90 235
3471 391 rr30 109 249 2,89 230
4607 28s 683 114 177 2,39 lss

476 8U 144 32r
153 129 51 91

467 836 164 380
476 966 144 323
476 831 144 323

OPTNtrZATION CRITERION: MA)ilMUM DEFLECÎION

STATION LOAD(kPa) EYI

5 + 030 1100.00 2342
5 + 120 1303

5 + 480 2298
5 + 660 2274

5+840 2352

EY2 EX2 EY3 EX3 R2 R3

1.75 2,18
0,84 1.78

1,84 2.26
2.03 2.r8
1,76 2,18

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECT

STÀTION

5+030
5+120
S+480
5+660
5+840

LOAD (kPa) EYI EY2 EX2 EY3 EX3 R2 R3

1100,00 3018 28s 121 63

37s9 167 260 80

722 2.53 t,92
132 r.60 1,66

3036 377 924 120 203 2,47 1.80

3689 405 841 ttz 194 2,lr 1.68
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL

BRANDON¡ RIJN\ryAY 0&26: SUMM.A,RY OF MODULMLLIFS

OPTI\trZATION CRITERION: "AREA" OF DEFLECTION BASIN

STATION IÆAD (kPa) EY1 r,Y2 EY3

5 + 400 600.00 1347 160 107
5 + 600 2186 155 153

5 + 900 3980 153 r83
6 + 300 2531 151 t41
6 + 500 3737 15t 164

OPTIMIZATION CRITERJON: MAXIMT]M DEFLECTION

STATION [,OAD ßPÐ

5 + 400 ó00.00
5+600
5+900
6+300
6+500

EY1 EY2 EY3

5698 r?1 132
5213 t64 120

6352 17t t4Í
6328 171 116
5518 t?t 134

OPTIMIZA,TION CRITERIONI RMS VAIT,JE OF. DEF.LECTION

STATION I,oAD (tPa) EYI

5 +400 600.00 5493

5 + 600 6X4S

5 +900 5238

6+300 ó589
6+500 5216

EY3

t64 136

183 141
L1t 145

164 119
L7t 145
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ANSYS FEM ANÄLYSIS: ISOTROPIC MODEL

BRANDON: RUNWAY 0&26r SUMMÁ,RY OF MODIJLMLUES

OPTIMIZATION CRITT,RJON OF DEFLECTION BASIN

STATION LO,ÀD ftPa) EY1 EY2 EY3

5 + 400 800.00 1622 151 103
5+600 1701 152 138
5 + 900 4217 155 149
6 + 300 4982 151 t42
6 + 500 6456 151 lU

OPTIMIZATION CRITERIONT MA)ilMIJM DEFLECTION

STATION

5 +400
5+600
5+900
6+300
6+500

LOÁD(kPa) EYl EY2 EY3

800.00 5467 164
4857 165

6329 171
612ß 171
5694 r11

140
100

132
116
129

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECTION

STATION LOAD (kPa)

5 + 400 800.00
S+600
5+900
6+300
6+500

EYz EY3

91
116
11?

u6
132

2948 r54
6000 t7l
5892 164

6331 171
6576 171
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ANSYS FEM ÁNALYSIS: ISOTROPIC MODEL

BRANDON: RIJNWAY 08-26: SUMM,A.RY OF MODIJLI VALIIES

OPTIMIZA'TION CRITERION: "AREA" OF DEFLECTION BASIN

STATION LOA-D (kPa) EYI EY2 EY3

5 + 400 1200.00 t4t7 151 83
5 + 600 1502 151 128
5 + 900 u83 153 158
6 + 300 u70 151 r83
6+500 3405 152 197

OPTIMIZATION CRITERJON: MAXIMUM DEFLECflON

STATION LOAD (kPa)

5 + 400 t200.00
5+600
5+900
6 +300
6+500

EY2 EY3

OPTh/flZATION CRITERION: RMS VALLIE OF DEFLECTION

STÄTION LOAD(kPâ) EYl EY2 EY3

4457 r6s 157
5213 164 120

6329 171 116
6328 l7t 116
5909 t7r tu

5+400 1200,00
5+600
5+900
6+300
6+500

2940 152
6579 164
6098 164

6027 165
4724 164

93
118
119

t21
135
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL

BRAIIIDON: RLINWAY 0&26: SIIMMARY OFMODULI VALUES

OPTIIIIIZATION CRITERION: "AREA" OF DEFLECTION BASIN

STATION IOAD (kPa EY1

5+400
5+600
5+900
6+300
6+500

1400.00 9948 151 132
9618 177 180
3982 151 139

t25S 151 147
5358 151 124

::=-

OPTIMIZATION CRITERION: MAXIMUM DEFLECTION

STÄTION I.oÁD (kPa

5 + 400 1400.00
5+ 600
5+900
6+ 300
6+ 500

Ev2

OPTIMIZATION CRJTERION: RMS VALIJE OF DEFLECTION

ST.ATION tOAD(kPa EYl

5 + 100 1400.00 8881
5+600 9262
5+900 501)6

6+300 3593
6+500 5t82

EY3

230
u0
116
117
121

9411 394
92ß4 364
6329 t7l
3036 t52
5820 173

EY3

r75
210
162
r73
737

EY2

3U
273
164

156
r68
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ANSYS FEM ANALYSIS: X-ANISOTROPIC MODEL

BRANDON: RUNWAY 08-26r SLIMMARY OF MODULMLUES

OPIIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN:

STÁTIoN LOAD (kPa EYl EYz EY3 EX3 EY4 Ex4 R:l

4 + 950 500.00 3529.87 18437.60 3!32s 79t,29 239.1s 4ú2r ß5
(FÆONOCRETE)

EYl EY2 EX2 EY3 EX3 R2 R3

5 + 400 u2Å 151 349 57 134 2.t 236
5 + 600 1204 162 134 lU 86 0.83 0.69
5 + 900 2604 1?3 166 154 r52 0,96 0.98
6 + 300 1673 151 244 ll2 83 1.62 0,74
6 + 500 3061 186 181 714 109 0.9? 0.97

OPTIMIZATION CRITERION: MAXIMUM DEFLECTION

R4

1.68

ST,A.TION LOÁD (kP8

4 + 950 500.00

5+400
5+600
5+900
6+300
6+500

EX3 EY4 EX4 R3

696 206 350.68 1,69

EY3 EX3 R2 R3

91 95 1.64 l.M
97 r54 1,61 159
89 ll8 1.09 132
18 80 1.43 t.02
127 175 1.09 138

EYI

4003

EY1

3267
5134
5284
4118
5263

R4

1.70

EY2 EY3

12940 412

EY2 EX2

165 269
184 300
179 199
179 252
179 t99

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECTIONS

STATION I,oAD 0(Pa EYr

4 + 950 500.00 3599

EYI

5 + /t00 5134
5 +6m 5t34
5 + 900 5134
6 + 300 5613
6 + 500 5134

EX3 EY4 EX4 R:}

533 208 4022! 130

EY3 EX3 R2 R3

97 tst 1.55 t56
t25 211 r.63 1.73
125 201 1.63 1,61
ll0 156 0.98 t,41
15¿ 258 1.63 1.68

EYz EY3

11236 409

EY2 EX2

184 287
184 300
184 300
t79 175
184 300

R4

193
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ññññ;;';*ñ,ñffi*ñ-:
BRAIIIDON: RUNWAY 0&26: SUI\4MARY OF MODIJLMLUES

OPTIMIZÄTION CRITERION: "AREA" OF DEFLECTION BASIN:

STATION I-OAD (kPa) EYI EY2 EY3 EX3 EY4 FX4 R3

4 +950 ?50.00 4525.?6 t3807.76 403.15 W.U 233,05 499.42 0.98
(ECÛNOCRETE)

EYT EY2 ø<2 EY3 Ex:} R2 R3

5 +400 4362 !55 124 95 t39 0.80 t.19
5 +600 3t59 t95 t78 95 84 0.9I 0.t6
5 +900 u96 200 t98 100 94 0,99 0,94
6 +300 t9E0 t9¡ 190 t4 m 0.99 t.t3
6 +500 3536 I82 123 tls 9 1.23 t.04

R4

2,14

OPTIMIZATION CRJTERION: MÐflMIJM DEFLECTTON

STATION IrOAD (kP!) EYI EY2

4 +950 ?50.00 4003 12940
(ECONOCREïE)

EYI EY2

5 +400 3942 179

5 +600 3942 119
5 +900 6459 t65
ó +300 4 8 t19
6 +500 5t34 164

EY3 EX3 EY4 EX4 R3 R4

4t2 6m 206 3s1.7t l,7l 1.12

W2 EY3 EX3 R¿ R3

t99 74 102 ¡.09 t.ß
199 93 tzt t.09 1,43
265 142 208 t39 t39
212 72 70 tS4 t.00
293 t54 277 r57 t.69

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECTIONS

STATION I-OAD(kPr) EYI

4 + 950 750.00 4tqE

EYI

5 +¡100 2554
5 +600 3136
5 + 900 2ng
6 +300 3t04
6 + 500 4641

EY2 EY3 EX3 EY4 EXl RJ

t0us 439 711 20t 319.40 t.68

EYz EXJ¿ EY3 EX} R2 T{I

t62 356 62 t22 2,21 Ln
t9t 23t 69 99 t,2t t50
Irr 195 ltt It6 ¡.03 r.r0
t87 255 I 153 ¡33 t39
229 4fi l6E 225 t.91 t39

R4

t.60
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ANSYS FEM ANALYSIS: X-ANISOTROPIC MODEL

BRANDON: RLINWAY 0&26: SIjMMARY OF MODULMLIJES

OPTIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN:

STATION I-OAD (kP¡) EYt EY2 EY3 EX3 EY4 EX4 R3 R4

4 + 950 t!00,00 4941 1498 45t 676 138 4n lS0 2'09

5+400
5+600
5+900
6 + 300

6+ 500

EYI LYz EX2 EY3 EX3 R2 R3

t375 161 314 86 l8t 1,95 2.09

2946 ¡84 195 80 ?E t.06 0,n
31rr t61 183 lt3 t53 1.09 135
3172 r59 200 57 93 1,26 1.65

3300 lE2 159 106 8S 0.87 0.84

OPTIMIZATION CRITERION: MA)ilMLIM DEFLECTION

STATION L,OAD ßP¡) EYI EY2

4 + 950 ¡100.00 4579 12941

EYI EY2

5 +400 3185 l7l
5+6{t0 5281 200

5 + ç{0 3942 lto
6.i300 3942 119

ó +500 3942 179

OPTIMIZA'IION CRITEzuON: RMS VALUE OF DEFLECTIONS

EY3 EX3 EY4 EX4 R3 R4

390 66t 192 271 1,7¡ l.4l

EX2 EY3 EX3 R¿ R3

t31 92 96 0.m ¡.05
203 18 13 1,03 0.94

200 t02 133 1.09 1.30

I84 86 102 l.0l l.l9
r99 102 132 1.09 1.29

STATTON tÆA.D (kl¡) EYI

¿ +9s0 1100.00 4003

EYI

5 +400 2217
5 +600 21¿r
5 +9$ 32!8
6 +300 3802
6 + S00 380¡1

EY3 EX3 EY4 EX¿

1t2 644 206 358

EX2 EY3 EX3 R2

EY2

t2940

EY2

t54
1n
r93
186
t85

R3

1,56

R3

2,t4
t.l9
t35
138
l.{8

R4

t.13

2t7 63 136
247 t00 lt9
305 r3t tn
255 t 154

251 ß2 !95
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ANSYS FEM ANALYSIS: X-ANISOTROPIC MODEL

BRANDON: RUI{\{AY 0&26: SUMMARY OF MODULMLUES

OPTwu¿A-TIONCRITDRION OFDEFLECTIONBASIN:
:: ::

STATION IOAD ftPr) EYr EV2 Ey3 EX3 EY4 EX4 R3 R4

4 +950 1400.00 5020 tor:L1 500 313 231 451 0.63 1.95

5+400
5+600
5 + 9100

6 + 300

6+500

EYt EY2 EX2 EY3 EXJ} R2 N3

9965 ¡58 446 90 153 2.n l.?0
c538 209 431 150 130 2'r9 0.t?

4621 159 117 l4l 140 0.85 0.98

4324 \n t95 tl 79 t.ol l.0l
3rJl tt4 t19 lot 96 0n 0.89

OPTIMIZATION CRITERIONT MA)<IMUM DEFLECTION

STATION LOAD(kI¡) EYI

4 +950 t400.00 4003

Evt

5 + 400 6410

5 + 600 t31Z
5 +900 3733

6 + 300 3529

6 + 50O 5104

Ef2 EY3 EX3 EY4 EX4 R3

12940 4t2 644 206 357.73 1.53

EY2 EX2 EY3 EX3 R¿ R3

657 1300 t95 3ót 2.00 t.gl
611 1549 2A9 586 253 236
t74 236 99 t09 136 l,U
171 r54 ?4 88 0.86 1,26

r99 20r I30 ló6 1.04 f.43

R4

1.12

OPTIMIzA*TION CRITERION: RMS VALIJE OF DEFLECTIONS

STAION IrOAD (kP¡) EYI

4 +950 1400.00 1003

EYI

5 +41¡0 9217

5 +600 ß4r
5+q)0 2203

6 +300 t12l
ó+500 2ß44

EX3 EY4 EX4 R3

614 206 35713 ¡53

EY3 EX3 R2 RT

lE{) 32! 2,6 lJ6
t52 206 2.10 134
t39 Zll 1.61 1.46

t03 105 1.59 l.l3
1r9 110 t,(B 0.95

EYz EY3

t2940 420

EUz EX2

2A3 689
162 9ó5

t16 284

188 27t
119 186

R4

t.72
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ñrffioffiffioffi*,ffioil
REGINA: RUNWAY 12-30: STJMMARY OF MODTJLI VALUES

OPTIMIZATION CRITERION: "ÄREA" OF DEFLECTION BASIN:

STATION LoA.D (tPs) EYI EY2 EY3 EY4 EYs EY6

5 + 510 700 6500 5347 2251 435 203 182

5 + 990 ?850 3122 2215 312 2r7 184

6+2(n 5182 433t n6S 367 l4t 139

6 + Em 6460 ó7& ll59 339 191 108

? + 310 2530 3617 !2E52 2n 216 9B

OPTIMIZATION CRITERION: MAXMUM DEFLECTION

STATIoN LOAD (kP¡) Evl EvZ EY3 EY4 EY5 EY6

5+5t0 ?00 8784 30t0 z\Y3 16 l9t ló9

5+990 1429 30n 2Ãr9 lst lt4 16
ó + 2q) 1022 2544 1705 476 216 t46
6 + 8q) 554E 3v2l r79l 443 112 l3l
7 + 3t0 79M 4448 35467 395 207 q{

OPTIMIZÄTION CRITERION: RMS VALIJE OF DEFLECTIONS

STATION LOÁD (kIâ) EYI EY2 EY3 EY1 EYS EY6

5 +5t0 ?00 8203 ll12 2216 160 198 16l

5 + 990 6699 338r t989 462 192 t30

6+290 6245 3345 1969 463 t9ó l4I
6+ 890 1316 38ó9 1856 471 15? l0l
7 +3ß ó9ó8 1118 32513 350 203 93
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL,

REGINA: RIJNWÀY lL30: SIJMMARY OF MODULMLUES

OPflMlzATTON CRITERION: "AREA" OF DEFLECTION BASIN

ST.I.TION

5 +5t0
5+9q)
6+290
6+8ql
7+310

IrOAD ßP¡)

ll00

EYI EY2 EY3 EY4 EYs EY6

nß 4ns ß47 425 I 96

5960 406r t7?3 402 t94
5828 5162 2205 26 rs4
2965 6109 t1U 30t 23r
n50 2346 21592 2.&t l7E

111

t54
It3

0
94

OPTIMIZATION CRITERION: MA)üMIllvI DEFLECTION

EYI EY2 EY3 EY4 EYs EY6STÀTION

5+510
5+990
6+29ø
6+ 8m
7 + 3t0

LOAD ftPr)

I100 t525 3036 2295 445 t90 114

m22 3251 20t5 {40 200 I59
n95 2544 Ió38 475 212 145

6013 3&4 r&9 457 l1t 127

6611 3545 3?887 338 218 87

OPTIMIZATION CRITERION: RMS VALTJE OF DEFLECTIONS

STATION

5+510
5+990
6+290
é+890
7+3t0

LOAD (kPr)

It00

EYI EY2 EY3 EY4 EYs EY6

8843 2551 zl8,4. 476 t81 156
1402 1ß39 1938 476 2r0 126
7121 3230 17y3 474 t9t lI8
59rt 3932 1723 454 170 112
5v27 460t 34572 loE 2n t9
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^ANSYS F.EM ANALYSIS: ISOTROPIC MODEL.

RXGINA: RUNWAY 12-30: SUMMARY OF MODTJL¡ VALIIES

OFfIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN:

STATION

5+510
5 + 991)

6 +29I
6 +8m
7 + 310

tÆAt (kP¡)

1500

EYt EY2 EY3' EY4 EY5 EY6

1677 3v29 23!6 450 t76 172

4991 3929 229t 445 ltt 165

5209 ßn r9{l Kt 161 143

5839 3102 l4t8 40 181 l2t
4161 5t59 28964 299 137 133

OPTIMIZATION CRITERION: MA)üMUM DEFLECTTON

EYI EY2 EY3 EY4 EYs EYóSTÄTION

5+510
5+990
6+290
6+8q)
7+3I0

t¡AD (klù

t500 E0l7 3019 2036 & 190 111

Eó{5 2859 1922 61 183 lt4
6438 3858 ún 459 ln 158

s226 38úl fin 445 162 125

5557 45t9 3nß 326 21ß t5

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECTIONS

STATION

5+5t0
5+990
6+2m
6+tm
7+3¡0

I,oAD ßr¡)

r500

EYI EY2 EY3 EY4 EYs EY6

9130 2184 2145 466 194 l7l
7344 3120 2214 458 l9t ls4
6831 3381 1994 1Á2 ln l3l
1636 3014 t5t3 471 l9 108

5272 4478 !7Â73 U9 205 103
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ANSYS FEM ANALYSIS: X-ÄNISOTROPIC MODEL'

RECINT|! RIJI\\VAY l2-30r SUMMÀRY OF MODULI VALUES

OPTIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN

EYI E"Yt EY3 EYl EX¿ EY5 EX5 EY6 EXóSTATTO I¡AI)
(k¡¡)

2.C8 1.60 0.73

l.l3 1.09 ljl
1.97 1.23 0.81

2.29 I.0l z.u
t.68 0.55 055

35? r89 302

216 ló9 178

?51 136 164

z3A 92 92
71 91 53

5+ 510 ?00 890? 3513 nga 2ó¡ 611 2t5

s+ 990 ?00 7108 6328 2743 8' 319 t95

6 + 290 ?00 ó155 6{86 2SZ0 7!Ã 504 211

6 + 8q) ?00 3198 3852 2A92 2t1 656 232

? + 310 ?00 ,1865 ¡008 1Å131 305 nÅ 135

1.90 1.52 1.8!
1.99 0,97 2.06

7,15 0.97 2.06
1,17 l.16 1,19

t.l3 1J4 1.5¡

253 111 1ñ l.t? l.5l 1.46

!65 ¡dl l¡8 2.05 0 90 2.1{

lal 139 l2Z l.ó2 0 87 1.91

uz lr5 ß1 180 I 14 1.88

290 r08 t16 1.09 l.7s 1.75

5 + 510 100 8399 3195 26 {57 856 l(íl
5 + 990 700 7581 ¿386 2385 3U 666 ¡8¿

6 + 290 ?00 68t8 2t1t 2!03 358 553 16ó

6 + 890 ?00 5531 13!2 2218 373 61 2¡0

? + 3t0 ?00 7ll1 4U5 !/ln 339 3n 167

OFInflZATIoN CIITERION: MAXIMInI DEFIECTI()N

STÄÍO T¡AD EYI EYT EY3 EY{ EX1 EYs EXI EY6 BXó R4 R5 R6

OPTTMI?'}IIION CRITERIONI RMS VAII,E OF DEFLECNO\

(þ¡)
5 + 510 lõo nß 3206 zzas 116 n7 l?l 216 rn 214

i * gió t0õ inz 33?0 2351 338 ó68 199 208 l3E tzl
6 + 290 ?00 ?084 3328 2239 3?! 8l{ 1Ã6 Zl2 139 122

ã+ ãço 700 6s30 d05t ztu 3?9 ó80 2I3 zs6 r13 t54

i;:iò ;ó0 ¡¡io s211 36lod 346 J95 l8l 2tt ll0 16l

STATIO ¡.OAD EYI F¡T2 EY3
(k?r)

EY4 BX.I EY5 EXs EY6 EX6 R{ R5 Ró
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ANSYS FEM ANALYSIS: X-AMSOTROPIC MODEL.

REGINA¡ RU\\üAY 1¿30r SUMM,A,RY OF MODULMLUFJ

OPTIMIZÀTION CRITERIONT "ARXA" OF DEFLECTION BASIN

SIÀÎIO¡T I¡AD EYI EY2 EYI EY4 EX1 EYS f,Xs EYó EX6 R{ R5 R6(k¡¡)
5 + 510 ll00
5 + 990 rl00 7142 3/,{1 2ffi2 292 356 204 31? tsl 236 t.22 l5ó 1.206+290 tl00 5122 709¡ t3{3 153 2Á2 l?l u4 lJl 253 r.03 1.97 ¿r06+890 lt00 4'!'2t ffi12 t504 254 2U 2r3 {13 86 t73 0,88 Lg1 1.23
?+ 310 ll00 5992 1æ1 2J9tS A6 46t 234 169 108 15 1,62 012 0.72

OPTIMIZÀTION CRITERION: MÐüMLM DEFLECTION

80t3 26f't t955 110 1002 l?0 t¡9 192 330 L16 t.1o I.2570t5 t5t9 1t¿3 353 59r 20t 187 16ó t12 t,16 0.8? 1,491352 2510 2,,39 i5 696 201 t90 lst 137 1,8? 0.90 1,965513 1016 2¿sr m 627 18.{ 256 113 188 1.63 ljr 1.75
7130 {îtS 30179 256 U9 ló8 0 9t 163 0.97 ll.2 t,g2

STATION I,oAD EYI EY2 EY3 DYl EX4 EY5 Ðß EY6 EXé
(kl¡)

5 + 510 tl00
5 + 990 1100
ó + 290 1100
6+ 890 1100
7+310 1100

OPTIMIZAÎION CRITERION: RMS VALIJE OF DEFLECTION

EY5 EX5 EYó EX6 R4gYI EY2 EY3 EY{ EXl

?8{E 3195 tÁ65 64 802
8256 2962 L512 374 605
7112 2521 zj9g 383 315
6369 32A3 2ß2 135 9{8
ó33.4 l/18 33313 33ó sì0

STATIO\ LOÀD
(kÌ¡)

5+510 ll00
5+990 ll00
6+2n tt00
ó+ 890 ll00
7+310 u00

ls? u5 t14 2Á7 1.76 l5l 1,16
18ó I99 112 152 I.69 l.0t l.úl
t8{ 199 117 157 1"53 1.02 

'.Cl169 296 ¡01 186 
'.18 

t.79 t.68
t5¡ 2t9 

^2 
161 0.80 l-18 t,18
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ANSYS FEM ANALYSIST X-ANISOTROPIC MODEL'

REGINA: RUI{WAY 12'30r SUMM.{RY OF MODULMLUES

oPTIMIZATION CRITERIoN: "AREÀ" OF DEFLECTIoN BASIN

sTÀTION I¡AI)
ß?¡)

5+ 510 1500

5+990 lS00
6+ 290 1500

6+890 1500

?+310 l$0

EYI EYZ EY3 EV1 D{1 EY5 E.Xs EY6 EXó R1 R5 Ró

8888 3156 21óf ¡2s 88ó l8l 226 I75 229 ?t-9 l4 r'8r'

ffi íri ;;1i 3is s58 tei teo taz rle r'5t 9 ?.l t 6e

;iõ irä ß7À lli 556 Isi i80 t42 r30 r''10 0e0 r'75

åi; 1lti ;iÃ ¡os 6?3 186 250 132 ro !6ó \?1- t'76

:iä às;ì inic ¡a zr8 l8ó e6 ros 51 0e{ 051 052

OPUMIZ ATION CRITERIONT MA)(IMUM DEFLECT¡ON

R6

1.68
l.l1
l.t8
lJ5
l.¡9

STATION I.OAI)
(k¡¡)

5+510 1300

5+990 1500

6 + 290 1500
6+ 890 l5oo
7+ 310 1500

OPTIMIZATION CRITERIONT RMS VALUE OF DETLECflON

STATION LOAD EYI EY¿ ßY3 EY4 E(4 TY5 F-Ys EY6 Ð{ó R¿ R5 R6

ftP¡)

!r;¡3 ls8 e:lî *ä l¡Ë 1* !!i iË ?i! iç îË Ì:åå i:ii i:ii
6+zso 1500 ?e08 t56s ztti ;t1 ¡t¿ ics 22M t68 r'óó t'tz t'e2

6+ 8e0 1500 stlo {l8l ztoi lLt 
"t 

201 25E l?9 15ì l'?5 1 15 l'?5

r+ 1rì r$0 6tn w, ,rrìt :i ä; in lß iis ró¡ 0 e0 t {e l 1e

EYI EYZ EY3 EY1 ßI(4 EYs EX5 EY6 EX6 R4 RJ

9206 308? rg:/ß 101 1019 lâs 230 l?8 299 2'(o 163

;is ;õ l1õt !s2 s22 zrs 213 181 210 15¿ 12!

¡ãü iìåi lru 3ä eå¡ lti le¡ iY^ iï! i,i"i i,ü;ffi ¿ña ;o;:ù tsó 23s r8r 2a2 ed r40 0 e3 163
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL.

SASKATOON: RIJNWAY 15-33: SUMMARY OF MODIJLMIIIES

OPTIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN

STATION LOAD (kPa) EYI EY2 EY3 EY4 EY5

5 +360 750

5 + 630 750

5 + 840 750

6 + 140 750

6+ 470 750

STATION LOAD (kPa) EYI EY2 EY3

5 + 360 750

5 + 630 750

5 + 840 750
6 + 140 750

6+ 470 750

+====:===: =:=:=:

OPTIMIZATION CRITERION: RMS VALIIE OF DEFLECTION
:: =:

STATION IJOAD(kPâ) EYI EYz EY3 EY4 EY5

5 + 360 750

5 + 630 750

5+ 840 750

6+ 140 750

6+110 750

450s 1966 390 185 181

4505 1966 390 185 181

3796 2089 392 172 lsl
4s27 1968 372 189 208

42s0 1944 470 183 152

EY4 EYs

220 tu
220 144
190 138

218 136

259 2t0

4549 1942 u7
4549 1942 u7
5409 2682 250

6268 3151 2U
6207 3932 369

405 181 13s

405 181 r35
420 180 137

343 205 199

588 281 134

1653

r653
1718

2553
1851

3341
3341
3542
5175
1268
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::-=æ
ANSYS FEM ANÄLYSIS: ISOTROPIC MODEL.

SASKÄTOON: RLTNWAY 15-33: STJMMARY OF MODULMLUES

OPTIMIZA-TIONCRITERION:"AREA"OFDEFLECTIONBASIN
::-:-:::

STATION I,OAD (KPÐ EYl EYz

5+360
5+630
5+840
6+140
6+470

1100 6127 2554

1100 6127 2554

1100 5538 1983

1100 5953 2503

1100 5066 1923

EY3 EY4 EY5

298 226 216

298 226 216

ß2 191 168

s26 239 223

626 2ss 156

EY4 EY5

ztt 135

23t 135

256 104

27t 162
ul 14r

EY2 EY3

1653 409

1653 409

1516 67
2754 516

2172 600

u16 210 228 187

u16 2r0 228 187

2831 322 229 185

2502 L54 265 229

3918 3E2 26t 194

OPTIMIZATION CRITERION: MA)ilMUM DEFLECTION

STATION LOÀD(kPa) EYI

5 + 360 1100 x326

5 + 630 1100 3326

5 + 840 1100 2870

6 + 140 1100 5938

6+410 1100 5365

:::--::=:=:

OPTIMIZATION CRITERION: RMS VALIJE OF DEFLECTION

==:=:=
EY2 EY3 EY4 EYs

STÂTION

5+360
5+6¡0
5+840
6+140
6+47O

fþAD (kPa) EYl

1100 560?

1100 5607

1100 6202

ll00 ó460

1100 8394
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=-==:= 
:=l:= :=:=:=:= :==::=

ANSYS FEM ANALYSIS: ISOIROPIC MODEL.

SASKATOON¡ RUNWAY 15-33: SUMMARY OF MODULI VÀLUES

OPTIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN:

=::== :¡:=:= 
-:== 

=-:=

STATION LOAD(kPa) EYI EY? EY3 EY4 EYs

2577

2r70
1983

2503

1943

=:==:== 
:==:= =:i:=

OPII/flZATION CRITERION: MAXIMUM DEFLECTION
::= :==:=r== +=!=:=

340 232 208

388 23s 200

412 t94 16l

s26 239 223

6t4 199 183

5+360
5+630
5+840
6+140
6+470

1¿f00

1400

1400

1400

1400

LOAD (kPa)

STATION LOAD ftPa)

5 + 360 1400

5 + 630 1400

5 + 840 1400

6 + 140 1400

6+ 470 1400

EY2

1613

1613

1646

2000

tzs6

EY3

EY2 EY3

==a:!¡¡=:lt¡ 
Ê=E:==-t 

-E 
=-= -='t-= 

EleE:lã

OPTIMIZATION CRITERION: RMS VALIJEOF DEFLECTION

====3:t= :-:===: 

-==== 

!===:E: ::=:=

560

560
685

663

469

220
220
236
186

367

3675

3575

29r3

3319

3879

r400

1400

1400

1¡f{0
1400

5148

5723

492/
s863

4138

EYl

2171
2771
2127
434/

6926

EYl

4106

4106

3762
5s64
1264

EY4

264
2U
191

281
251

EY4

155

155

257

291
270

EY5

115

l15
ll2
106

21t

EY5STATION

5 + 360

5+630
5+M0
6+140
6+4j0

211

2r7
120

272

195
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ÄNsYS rEM ANALYSIS: X'ÀNISÛIROPIc MoDE

SASX,I,TOON! RUI{WAY I S-¡3: SUMÀ|,ARY OF MODUI,I VALUFJ

OPTIMIZ{TION CRITERION: "ÀnEÀ" OF DEFI,ECnON BÀSIN'

sTÄTloÌ{

5+3{0
5+ 610
5+ g0
a+ ll0
a+ n0

010 M tsJ
ot9 1)1 ¡.02
0t0 t5¡ La9
L13 0.71 103
2J0 Lr' ¿lt

I,OAD

0¡r¡)
?!0.00
7!0.00
t50.tt0
?5û00
?40,00

oß,vt I¡t!,53 l5{,0¡ l2L7! l¡9.99 ¡69,0¡ 7t!1ø ¡l¡tl'6

!6711¡ ¡R919 ¡5¡3¡ tO¡.U lSltl ¡50J1 lJl.!¡ t29!l
liairl. at?9,a¡ lsl.la Drlo ?0! a5 3!o l¡¡ 15¡85 ¡ß9'91

itl¡.ø tt¡tti rsr.o{ ¡l! 0¡ 7u.n Mt.vl ø188 52!1!

¡?08.9 a¡1618 lts O¡ ,l!120 1Á937 560t8 ¡1L0{ !?9¡8

OPflltfIZÀTION CRITERION: lttAxBltÀl DFLECITON

r.t7 r,0! l¡?
l,¡U ¡.71 l¡9
l.ît¡ 1.99 l¡a
1.29 1.99 lÁ4
t.85 10i lgi)

EX5

ut
3r2
n2
211
J5¡

¡8¡ t21
!t1 180
¡55 167
as1 t6l
¡t!6 r?,

Ev{

241

n9
It¡
lït
!

r55 t8l
r79 255

¡05 7t,
t0¡ u1
100 3!2

Eìl Ev¡

585ú 1520

5710 UE
5745 1505
64,1 26t5

nsa l9at

r¡^.D
(¡.'.)
?50

?50
15n
?50

?50

ETAIION

5+350
!+ A0
! + !.{0
a+ t¡0

OPflIIÍIZATION CR.ITERTONT RIrtS VALUE OF DErLfÆnONS

ll! 309 l.¡l l7l ,-7t
rto 3a l,ô ¡.57 L70

l2a l7o 0,8¡ \ll ¡J7
l6t 21t t,2ó 1.99 l¡a
t?8 Stu lJ! Ltz l.7¡

r5¡ 27t lJ¡ 3la
t79 L5Á ltl 315

tto 14? ¡ll ¡60

20¡ l{t 22t 451

r9t 250 21t ¿l¡5

507¡ l5 9

5{.{0 Ë01
5rù? a207
alo¡ t!03
6910 16?l

rc^D
(l¡t¡)
?50
?s0

?50
750
t50

sÎ^TroN

5 +360
5+ú30
3+t{0
6+ l¡0
6+110
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ANSYS FEìl ANALYSIS: X.ANISOTROPIC MODB,

SASKATOONT RUNWAY I S33: StlltlfÀRY OF MODIJIJ VÀLUE,S

oPIIMzÀTIoN CRIIERIoNT "AREÀ" oF DEFLECTION BASIN

Èt

Il5
Llt
Ln
ù80

W2 EYJ N(.t EY¡ Ê}I¡ Et'5 EXI R! R1

Èo 112 t$ 21ß ttl 218 3ll 116 l¡l
lnz is'r ¡o lB! 17t lo{ E7 ll5 1!¡
11t7 lt6 l6a 112 !98 ll9 ll0 089 Ët
i;ta lr¡ ¡o ti3 ¡05 nl tzi 15¡ t l3

LOAD f,Y¡
ß¡.)
llm ?0r2
llm !¡16
[00 116E

Itoit 9I9'
m

STATION

5 +¡60
5+a¡0
5 +&0
.+T¡l'
a+a10

oPTtltflzATION CRITERJqIT ItÀJflMûl DEFECTION

STATION

5+ 3¡0
5r630
5 +840
6+ lao
6+170

OPTIITflZATIoN CRII¡RION: RlrS vALIiE OF DEÌ¡ÛCTIONS

sT TION LOA! EYr EY¡ EYJ E3 EY¡l 9X¡ EY5 Í'G 83 R' RJ

&P¡)
5+3¡0 rtm 51 ¡610 all 2t6 ZZ1 29' !!l !8'.¡ tjs 135 109

¡-Aã iim s1n 3050 iM zlo 2,1 t1l tlr nt tLt l 
'9 

l ú¡

¡; tã iioo 58c¡ 3sJ? ;0. it 2l¡ 388 lJt r35 tls lJl 110

a+ r¡r0 ll@ Bn na tto ir¡ 217 39? 20{ ¿lÉ Ú9 ll¡ l'0
a+ 110 ltm 60!? ,995 29' !5t 2U 111 lÚt 2çl l¡0 l¡c u0

¡ro^.D
Gl¡)
ll00
llm
tl0o
ltm
Itm

EYI EY¡ EYJ EX3 EY1 EX1 EY5 E'I5 BI R¡ RI

45,0 250! IO¡ !19 10¡ 1ül t6l 211 LL l 90 l &
a,sr ¡6! Lia tl7 uo !18 laú 3!c 076 12¡ LA
;;¡ ¡o 206 1!5 lIt a31 tat llt 1 10 t 99 t u
;ñ lol 237 ¡le ¡¡l tol llt 26e t 49 4! t tr
a¡á üt iu 112 ¡so ¡10 21Å 'lJ3 Lt6 lLg¡ r'37
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TNSYS FEÀf ÄNALYSTST X-ANISOIROPIC MODEL

SÀSKATOoNT RUNWAY Is3r: SUIOIARY oF MODULMIIIFJ

OPIIMIZ{IION CRITIR¡ONI "¡rREÀ" OF DE¡I¡cnoN BÀSINi

l¡lt tTru til ¡8t 19¡ 36¡ 193 t83 tM t.oo 095¡.186 7t92 É t4t 1t9 6¡ 1t7 lút ù93 Ltg o9t
arl3 {t¡r 16! 269 l9.t ,l8t l']D ltx t.at L19 ls49t93 1¡11 15' t?5 1,82 U7 tr8 151 Lto ¡-30 Li7?419 ¡0I? 29 66t t9r a73 ll9 lt! Lt¿ L16 lJ6

tro .D

(lt¡)
¡400
¡400
la00
la00
tam

6TÀT¡ON

5+tú0
l+ a!0
5+t10
a+ l¡0
a+170

OPTIMIZTII¡ON CR.tTtrRIoN: MÆflìfltrl DBLECnON

6T^T!0N l.o^¡rll¡) EYt

7l0l 2tt5 t9¡ 2tt 2at a51 189 ¡ð t.¡o t.9¡ t.6,¡c¡2 l?to 170 160 ,25 a?t Èa ar9 o.9J 103 tlt
7t56 29Js ZM 27t ¡¡0 t¡3 t?9 ¡5I ¡Jt tO{ tgi¡ns6 Ð€¡ 200 291 2U ¡6t l?9 !r¡ t.a3 !:lr 1,7679U 28.!3 !6¡ 669 150 47 l7S t76 t,9l ¡¡5 1.0¡

,+ 310 ta00
5+60 ll00
5 + E10 latx)
a+ l¡0 t{00
¡rato la00

OPIIMIZATION CRIffRIONt RÀlti VALITE OF DEI¡DCTIoNS

RI

IA
zJ8
tî,
tá6
100

137 tvt !{t Lt7 I.99
J9o t83 1r2 tjs t.?0
agl tl2 ,la t.9l ¡.,lt
t26 Nrt ¡9t rJo Lz1
a3¡ l¡0 tst rJ5 lll

t{X 2.!l 721
t1. 210 221
t9¡ 33! I01
Itt a1 2t2
lts ¡8¡ 2L

6135 1503
6l0f !¡E{
nrg 3E02

1316 7262
a6l8 !752

t¡À.D
ßÌ.)
¡¡00
la00
ll00
ll00
t{0!

EY5STATION

!+360
!+ ('0
5+8¡0
l+ t10
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL,

THIJI\IDER BAY ¡ RUNWAY 12-30: SUMMÄRY OF MODIJLMLUES

OPTIMIZA-TION CRITERION: ".AREÀ" OF DEFLECTION BASIN

STATION LoAD(kPs) EYI

5 + 100 750
5 + 300 ?50
5 + 500 750
5 + 650 750
6 + 100 750

TBTXA?40 750

OPTrvrra.'.*TIONCRITERION:MAXIMIIMDEFLECTION

STATION LOAD (kPa) EYI

EY2 EY3 EY4 EY5 EY6

r92t u92 287 278 233
4798 238s 362 290 219
5215 1184 øltt 197 233
4936 1989 223/0 220 226
5257 1609 22M1 211 216
239 2t2 158

F,Y2 EY3 EY4 EYs EY6

3958 2771 385 235 2t2
3958 2171 385 235 212
42/6 2154 2574t 272 222
x61 1534 21161 289 U9
4M 2254 23634 261 228
40ó 79 153

62t9
6170

4166
5305
!941
s172

5+ 100
5+300
5+500
5+650
6+ 100

TBTXAT4O

750
750

?50
750
750

7s0

6291
629t
5500
7900

6474
5762

OPTIMIZATION CRITERION: RMS VALLJE OF DEFLECTION

STAfiON I-O.AD (kPa) EYI

5+ 100 750 6334
5+300 750 6031
5+500 750 5931

5+650 750 6101
6 + 100 750 6384

TBTX.À740 7s0 #27

EY2 EY3 EY4 EYs EY6

3761 2897 3¿0 265 t92
4132 3110 305 2At 185
4193 1s04 22353 286 Ul
4550 U22 2/798 283 232
5168 2n99 22922 251 Ul
286 2M 184
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL'

THIINDER BAY : RLNWAY 12-30: SUMMARY OF MODUIJ VALUES

OPTIMIZATION CRITERION: "AREA" OF DEFLECTION BASIN
:=-=:::

STÄTION I,OAD ßPS)

5 + 100 1000

5 + 300 1000

5 + 500 1000

5 + 650 1000

6 + 100 1000

TBTXÄ740 1000

5091 32ß 496 288

5120 3633 139 284

4420 14?0 21021 262

5063 1785 n08l 217

3569 2ß42 21860 290

252 r14 199

3958

4096
3650
4694
38S1

3ó8

EYl EY2 EY3 EY4 EY5 EY6

7614
7460
5136

3658
3619
1439

229
208

tt2
187
114

212
183

187

230
183

EY6

210
186

192
2t3
18:|

OPTIMIZATION CRITERION: MÆüMTJM DEFLECTION

STATION IÍ)AD (kPs) EY1

=-::--
EY2 EY3 EY4 EYs EY6

2171 385 235

3115 315 280

2550 29340 2r9
2026 23360 219

20L5 28624 zrt
198 161

OPTIMIZATION CRITERION: RMS VALUE OF DEFLECTION
:æ==:::-:

STATION t,oAD (kPa) EYl EY2 EY3 EY4 EYs

382 241
306 219

25103 260
23269 285
2t638 2r0

119

5 + 100 1000

5 + 3m 1000

5 + 500 1000

5 + 650 1000

6+ 100 1000

TB1X.A740 1000

5+ 100 1000

5 + 300 1000

5 + 500 1000

5 + 650 1000

6+ 1ül 1000

TBTXA740 10{¡0

6291
5813
5690
6804
6021

6269

5C54 3573 2627

4830 4340 3101

5126 43ß 16s1

6808 4462 2051

5127 412Á utí
5196 375 180
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-:=-æ 
:_

ANSYS FEM ANALYSISI ISoTRoPIc MODEL,

TTI{JNDER BAY : RLINWAY t2-30: SUMM.ARY OF MODULMLIJES

OPTIMIZATION CRITERION: "AREA,, OF DEFLECTION BASIN::-====:==::_:
STATION I,O,AD ßPa) EYl Eyz

5 + 100 1300 6597 4151
5 + 300 1300 56?8 4983
5 + 500 1300 5356 3/.25
5 + 650 1300 5281 4516
6+ 100 1300 5723 4027

TBTXA740 1300 7660 226

EY3 EY4 EYs EY6

3Z6t 268 290 241
2962 308 291 239
2000 3122/- 232 183
27U u904 2s6 221
2022 286W 229 t80
191 146

::-=-=:: ::

OPTIMIZATION CRITERION: MA)ilMUM DETLECTION

STATION LOAD(kPa) EYI

5 + 100 1300
5 + 300 1300
5+500 t300
5 + 650 1300
6+ 100 1300

TBTXA740 1300

EY4 EYs EY6

307 7Ål 186
306 2A0 212

29340 2r9 tgl
25792 272 219
310!8 2t8 r58

167

6031
5959

5690
6678
5782
6269

Ey2

4742
4691

3650
4242

4031
365

EY3

!216
3t32
2550
2076

1993

198

-::::==-= -::==OPTIMIZATION CRITERION: RMS VÄLUE OF DEFLECTION

- 

=:: 
-: -=::=STATIoN LOAD(kPa) EYT Evz EY3 EY4 EYs EY6

2782 351 230 232
u75 383 240 221
1896 28341 216 174
2280 26484 238 194
2W 28519 210 t76
197 175

5+100
5+300
5+500
5+650
6+100

TBTXAT¿O

1300
1300
1300

1300
1300

r300

5922 4160
5803 4rU
4761 3638
4592 3531

5104 4022
5429 305
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ANSYS FEM ANALYSIS: ISOTROPIC MODEL,

THUNDER BÁY : RIJNWAY 12-30: SUMM-A'RY OF MODULMLUES

OPTIMIZATION CRITERION: "AR-EA" OF DEFLECTION BASIN

STATION LOAD (lùâ)

363 263 218

3f)s 299 U2
30008 22s 119

30199 219 279

30863 236 168

EY2

tu1
27W
40u
4X65
3920

1500

1500

1500

1500

1500
1500

1500 6Æ2 3054 3386 350 U0 231

1500 68u 3508 3253 350 253 231

1500 ss09 36u 2588 32836 zvl 183

lsm 5509 3644 2588 32836 201 183

1500 5437 3844 ?lll 32384 203 16ó

1500

1500 7050 3759 32$
1500 6513 1076 3394

1500 5509 3644 2588

1500 5912 3447 2386

1500 6248 4110 226Í'

1500

EYl

7456
7143
s63s
4895
5695

EY3

3225
3159

ul{
2910
u33

EY6

OPTüÌil-¿A.--TIONCRITERION:MÐilMUMDEFLECTION

STÄTION I,OAD ftPa) EY2 EY3 EY4 EY6

5+100
5+300
5+500
5+650
6+100

TBTXAT4O

5+100
5+300
5+500
5+650
6+100

T8TXA740

5+100
5+300
5+500
5+ 650
6+ 100

TBTXÄ740

OPTTMT¿A-TION CRITERION: RMS VALIJE OF DEFLECTION

STATIoN I,(lÆ) (kPa) EYI EY2 EY3 EY4 EYs EY6

333 262 2X
363 253 2rl

32836 207 r83
32125 215 2{E
t2284 2V7 162



A¡ISYS FEIìÍ AI.{ALYSß: X-ÆIISOTROPIC MODEL.

THU¡IDER BAY: RU¡IWAY 12-3û SUMIÍARY OF MODULI VÁLT,ES

OPîIMIZIITION CRITERION: "AREA' OF DEFLECIION BASIN

STATION LOAII f,lI E'T' EI3 W4 EJX4 SY5 E(5 EY6 EX6
(kP!)

5+100 750 Ìn4 4701 37,1 :¡86 1056 2aa
5+300 1gt 6aú0 t76t 2y1s 137 1',6ß 25l
5+ín 730 7tt1 22,,2 34ø'4 3tn2 {Tn l8l
5 +650 7$ 624ß 274a 258t 36135 36r3:t TttE
6+tm 7$ 3508 3572 34Á/9 36ú10 3ó4t0 Z1s

ÎmxA?¿m 7$ &v Bt 4st 162

OPTIMIZA,TION CRITERION: MAXIMUMDEFLECTION

STAIION IOAI)
GP¡)

5+1m 7g
5+1n 750

s+s{n 1fl
5+ ó50 750
6+tm 7aÃ

TmxATð 7fl

OPIIMIzA-TION CRITERION: RIvIS VALIJE OF DEIILECTION

Efl W2 ErJ E"Y4 EX¡l f,Ys EKS EY6 EX6

6589 ¡0m 2Ín 351 755 Ltg 3U Tß 412
6685 4355 

'ß9 
:146 6tZ Ut ß Lyt ß

6841 3953 271t4 Jó503 365tB 222 364 ml 29
6815 4tI6 2ût 37314 32314 ZS0 374 193 Zn
6210 1:163 3031 31Sn 375 m6 Nt 27t 

':rt

STATIO¡' f¡AI} EYT ET' ET3 EY4 EX4 EY:T Ã5 EY6 EX6
0(Pr)

5+ll)l' 79 ú5t9 lgn ñn 51 695 X9 343

5+300 75t 6685 ,/l3 2fßt 360 620 Ut 386
5+5m 750 66{rc 4895 276t 3015 f015 213 320
5+650 79 672¡ 3419 zlßt WZt3 3/¡213 z5t 309
6 + tm 7$ 6{65 W' 2682 mgí 3739:t t96 a}5

TBIXAT{ ?5{I

38r Zß 1.JS 2:t¿ 135
563 r6't 411 218 2:rS
fi2. 223 ll4 Lm 05t
5ó4 130 68 t.00 Ltz
5¿5 110 168 t.00 ¿3a
26\ 180 2$ 2.11 t-70

R6

2:n
L4!)
05t
052
151
1.1t5

R¡l R5 R6

2Jl t31 t:tg
lrt l5) 2.ü)
lio L61 l.r8
lfl) 15) 1r8
l¡0 lja Lr3

1:Za 4lZ
234 &,
úr 2ln
190 2g
lll 2J6

R¡ R5 R6

1,88 1.38 1:Il'
1't t58 tm
Lm L6 r-15

n l2t 1Jt2

1-00 Lót l-0tr



R6

tsz
1.]9
055
051
0-78

t33

R5

L26
¿00

0.65

L32
0-90

2.11

EK6 R¿

122 l.7a
255 Lt1
lll 1.00

1fl l.m
85 rio
r88 t-74

R5 R6

t.38 \19
I.5,{ L@

lJa 138
1.63 137
r.63 1.07

t-L3 L!¡3

AITSYS FuvI ANALYSIS: X-AIIISOTROPIC MODEL

TEI]¡IDERBAY: RUI\IWAY 1?30: SIJMMARY OF MODIILMLIJES

OPilMIz TION CRITERION: "ARDA" OF DEFLECTION BASIN

219
21t9

z1t2

218

110

IEE

EYs f,)Cs

,ß &7
z?a s57

n5 ln
176 411

mB8
153 318

EX5 ET6 EK6 R4

yt m 4lz l¡a
376 ß3 461 t.Tt
29 193 276 1¡O

343 ZtZ vrl lro
¡98 t75 l9Z lrx)
215 151 W¿ 211

SÍAIION LOAI' EYl EY2 ÊY3 EY4 EX{
(kI¡)

5 + lm lmo Tt96 3Tß l{v 126 E¿

5+:m 1ü0 ?an 54E5 24a5 425 lm4

5+51x) 1000 t9{Ð ?Æ4 3578 23dtl 23ó3l

5+6$ 1m0 4850 23E5 ITU 37568 37568

6+tm 1m0 ú)14 3n5 1187 Zló58 2165'

T[ifxa7¿0 1000 ûa uo 41s

RIí R6

ßa Ln)
tJ8 Loll
L4S ll9
l5) l2ß
L45 1.19

LúI 2J2

s

Ef6 E'(6 R4

'1t8 
¿12 llE

tv {65 ln
191 2J0 lll0
rt3 L\ Lm
l9l z3a L00
r/!ß 3lt Llo

ET¡ E'T¿ ErJ EY¿ ET¿ EÍ5

6680 ñn 2VI1 3f 695 239

ó635 ¿rn 2089 362 633 Ul
33Sß 4235 7631 l11l| 314a2 188

62¡8 4*9 vty 37ó{8 37ó{8 214

6125 3612 3112 29n3 Z9TB 18t

58Sr 4Ú a3l 1ó.¿

OPTIMIZ.{IION CBITERION: MA)üMUM DEFLECTION

E(5

3/l3
386

$3
311

303

7ß1

OPTIMIZII ON CRIIIÀION: RMSVALUE OFDEILECTION

65E0 4rn mn 358 701 239

6685 UTr roal 360 6In ul
6167 1?:B 25]6 3318¿ 3318¿ n9
6Er5 4076 2fi1 3'314 ll:ll{ zfl
6ld¡ 4Tt8 2ñ 33t84 l3lE4 

',U)s3t2 t77 @9 lm

STAIIOIJ I,()AI)
(kr¡)

5+lq¡ llxx)
5+m 1000

5+5(D lûto
5+69 1000

6+lm lmo
1B1XA7¿0 1m0

STATION I,OÂD
(kP¡)

5 + lttr lmo
5+lm tmo
5+500 lmo
5+6$ lmo
ó+lm lom

IITXA740 l(I¡o



.{NSvs FEM ANALYSIS: X-AI'üSOIROPIC MODEL.

TSLNDER BAY: RLNWÂY 12-3û SIIMMARY OFMODULI VALLES

OPflt/flZA'fiON CRITERION: "ÁREA' OF DEFLECTION BASIN

STATION LOAD EVI Bn ErJ EY4 EX¿l EYs f,Xs Ef6 E:l(6 R¿ RS R6

GF¡)
5+100 t000 Tt96 5m l¡st 426 752 Al4 647 219 4A L7A 226 1.97

5+3m lmo 7890 54E5 2{85 425 100.1 27a 55¡ A9 15 237 2.N 129
5 + 500 l(l{n 39{9 u61 3St8 Z3dt1 23ó31 27s t7t ZOZ tlt 1.00 0.65 055
5+ 650 1000 4850 23E5 t1U 3?568 3?568 176 4lt 2la lll 1.00 232 051

6+100 lrm 6014 370s 11a7 ã658 2t658 m Ea 1l0 85 1,00 0.90 0,7E

TBîXA7{0 100û û21 u0 415 153 318 188 184 L74 2.O7 133

OPnMIZATION CRfImIoN: MAXIMUMDEFIÆCIION

STAIION IDAI' trIl EA ËY3 B[4 EX¿ ElIs Ði5 EC6 8tr6 R4 R5 R6
(kPr)

5+tm lom 66E &n zsn 351 6s 239 313 U 4n 1J8 l3a L79

s+:mo !0t) 66s5 €'/O ÐA¡ xz 633 Ul 376 ,33 & lÎl lJ4 ¿00

5+500 lom 5158 ¿135 ?lill 31€2 tl43z l8E 2s4 193 276 lJn ljg l3E
5+660 1000 628E 4!69 2937 37ffi 37ú4E Zl4 t4t ZtZ 291 l¡O l.Gl 137

6+100 1000 6125 #lz 3112 2m1 2vr13 t89 Zga l7S l9' 1.00 1.63 
'.ÍlTBIXAT,O lOm 5E5? $9 833 lü' ltS 151 W. 2-tl 1"23 193

oPIIMIT-ATIoN CRITf,RION: Rl[S VALIJE OF DETLBCTION

ST¡| ON I.oÀI) DVl E'T2 E13 E1I4 EX{ EYs E'(5 ETó EX6 R4 R5 R6

(l(P¡)
5+t00 tün 66st {0t0 207, 35E 1tl 239 U3 2A 4r2 ll8 13ß 1.79

5+3{n t000 6685 qß 20a9 n 6m ul 386 84 â6 Ln lJ8 
'm5+fi0 rmo 616'r o:B 25J6 33tE4 3184 ú9 303 l9l 210 1.00 l.{5 1.19

5+650 m 6a15 {tr16 2Ol 3Ztll 3Bl4 2$ 374 lt3 2Í Lm 150 124
6+ rm 1000 6r6t &rt 2l]6 3lE4 33lE{ in9 303 1r1 Ut Lm l¡5 !J9

ÎBTJß7¡0 lom $6! 3n 699 170 ß4 16 319 ll0 l.dt 222



A{SYS rEùI ANALYSIS: X-Á¡üSOTROPIC MODEL

TEIJI{DER BAY: RL,NVAY l2¿l} SUMMARY OF MODI,LI VÁLUES

OFfIMIZA'IION CBITERTON: "ÀREA" OF DEÍLBCTION BASIN

STAIION I,OAI' EYI EYZ BY3 EY1 EK4 EYS EXS EY6 E)(6
(k¡¡)

5+l0o 1300 Tm 17t! 3TU 3E6 1056 288 3Al

5 + 300 l3m m5 {613 2065 X2 91 296 556

5+500 1300 ßÐ 29lo 2:tú 2ß96 XWr6 263 2A
5 + 660 l3m 1tÐ ua ß52 2n8Á 227ú n3 flg
6+lm lm 4u2 zÑl 1841 2t205 zliÐS 191 tA¿

TBÎXATO ßm 2J3 3ó3 lsl ztt

OPTTMIZATION CRITERIoN: MÄ)cMUM DEFLECTIoN

srÁuotr II)AI)
(kPr)

5+1m 1300

5+m l3{Il
5+500 l3lþ
5+650 1300

6+ t00 1300
Tnl.Xø¡tO m

OTNMI¿A.*fiON CRITTRION: RIVÍS VALUE OF DEFIÆCIION

66[9 ffIo mn 351 695 239

668ir 4388 2ß9 57 6ôa 241

M 4¡0r tM 3rnz 3mz ß1
6¿t0 12ß !37 37571 375n 206

6ttí 35t 27û 
':lßt 

27[83 215

M 376 94 l7J

SIArION IOAI' EYT W2 ET3 EV¿

û¡ì¡)

ET' Ef3 EY1 EK4 EYs

s+lm Ëoo
5+3m l3m
s+500 l:m
5+650 1300

6+100 1300

1BÍXÀ7{0 tm

ß
zÎt
1n
ztt
l¡19

180

ú5r9 ,ll)¡ zrn n 705 ltg
6615 4556 2989 360 6m Ul
6tû at8 ,ß 331E1 3184 2B
6837 A3!, 7AQ 35323 351Àl Z3S

6W 3388 3118 /tr6' 29169 2ú
5368 N U7 197

415

150

78

r82

126
3X'

z1t 136 L3l
259 tS' 0.út
l.æ 096 0.65

l.m 1sz 0.91

r.m 0.95 0-85

1.29 1:t4 1.81

EX5

31t
38:r

2U
at
735
255

Ef6 û(6

22A 4tZ rja 138 l-19
233 464 Ln ls1 L00

za 26 l.m 1Æ t2a
2t1 2gI 1.00 lJa 136
l9 t46 l.m Ll1 1.02

lsz 267 t.óZ 
'.1Z 

L76

E(4 Efs D(5 EY6 EX6

3t7 2A 412 1.88 l,X l:lt
3'rS zJl ¿165 l:fl 154 ,.lI'
303 191 tn Lm 

'.ls 
l-19

llt l8z Im Lm L1S 121

274 $a L'B Lm 137 t.03

35¿ l6t 26 Læ l:fl l.@

o\



ÁNSYS FEM ANALYSß: X-Aì¡ISOTROPIC MODEL

TEIINDER BAY: RIJNI AY 12-3ù SIIMMARYOFMoDULI vÁLUEs

OPTIMIZ/\TION CRITERION: "AREA" OF DEFLECTION BÂSIN

STAIIdì LOÅD ETT EN El3 DY{ EX{ EVs ¡'G EY6 EX6
(kP¡)

5+10 r$0 TBo t10t t2u 386 1056 28ß

5+3m l$0 7$0 589? 396ó 41t l0r8 296
5 + 500 1500 3{t39 3ót5 1388 3638t 363E9 Zg
5 + 660 ltn w2 4229 læ5 3/,WI 3¡fD7 171
6+100 ttto yt4 3n6 1466 3s196 35196 lf)

TETXAT,O rrx)

OPIIMZÄIION CRnERION: MA)üMUM DEFLECTIoN

STAIION LOÅD EYI E"l.' ET3 E"Y4 EX4 EYs E'(5 ET6 EX6
C<P.)

s+rm rfþ 66al 4070 mn 3sr 6¡5 2S
5+300 1500 6685 1197 2089 367 637 2Át
5 + 5{n ll)0 4881 Wl ,ß24 UT79 2{t79 217
5 + 6$ 1500 ffis 4t53 3525 !7U 3W2A 18¡
6+1m llx) 6162 ffiz 2527 {273 3Ím 22s

TmxA740 1500

OPIIMIZATION CRITERION: RI4,S VALUE OF DtFLEcIIoN

srAIIq{ LOAD Eyt Ey' EyJ Ey4 E:X4 Eys E G Ey6 EX6
(lù¡)

5+100 tft0 6Ìn 39'9 Bzt 3u 6tß 23)
5 + 300 ltrc 6685 ß17 ß) ß 6tI ut
5+5m ßm m7 í0,t 2141 294tA ÐgE 28
5+ 660 t$0 gn {5¡8 t 6 ß2n ?str N2
6+100 1500 û76 tI1 z,54 32226 3ttt6 2ß

tr3f,X.A7¿o ¡S{n

389 n6 415 L74 1J5 231
102 222 518 257 1J6 2s4
540 102 70 1.00 732 0.69
372 ttz 105 IJO Lt o.az
2ß 10¡ 120 l.{rc 139 120

v3 2ß 112 tAE 1J8 l.?9
3t7 233 4ú r:ft rs8 ¿00
DZ 153 l¡E 1.00 I3l 0.9J
u4 192 TA 1.00 13ó t-tz
306 126 145 lI)0 I3l lr8

u7 229 454

338 231 465

t2ß t59 159

ß 1æ t?[
{31 155 r55

lJt
t:ft
1J0
tio
r.oo

l:tt 2-ú
tÃ¡ 200
153 1.00

ljs 1.00

t-7t 1.00

\¡
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fcm
d
Ço
ts5*
ts.o

ANSYS FEM ANALYSIS

BRANDON: RWY. O8-2e PROFILE OF MODULI OF BOUND LAYERS

LOAD SIEP r: Fü) led

OFTIMZÀ¡O CnfÎEHOl.¡:'AREA- OF DEFLECTION BA.s0.|

poru sorRoHc AND x-AN¡sorRoprc cAsEs)

LOAD ErÞ 2 (qlo lPa)

I-::-
rrilifl

È

J
lm
bc-

I

STAÌCN

LoAD SIEP si (1200 kP!)

Ili,ê3,**
ll]lnìll rs3 Àc
üjilliLlrcoi¡opc

I

ÍIIIfiflI

G-
Èm
Jm
d
lro
f
fim

sf ...@ tf.õ..ó aT.6.û gf .6.t 3r.r.iÞ
st llcN

llffi,**
lllll¡lllll| ræ¡t 

^clljji,lllill rsornopæ

3f^,..üo 9r^. r.@ s1^, 6.æo sY^. 6.6 sr^. a
STÂ1ION

LoAD glEP 4 (14oo l€¡l

eec
€, 7ú'
l
Þffig*
h.@

lliffi,-*
fiIjìïfl ISSS| AC
lilllllllil sornoac

Ili$*""
Íïixit ,fe&s Äc
llilïLlllil sor¡opc

\o



ANSYS FEM ANALYSIS

BRANDOÌ\T RWY. 08-26: PROFII.E OF MODULI OF BOUND LAYERS

tro D gl€P 11 l6m lPd

sf.a.*o 'l,õ.¡m sr.6.ð0 sr ,6.ú ¡l^_
STATION

LO^O SIEP 3i (12m kPr)

OFnùlZn¡O CRIIERIOI\I MAX|M|JM I¡f LECTION

(EOTH rSOtnOnC mO X-ANTSOTROPTC CASES)

LOAD SIE 2 (8d) lf )

Ilru'**
llt¡l'r Íil 1æg 

^cIlllillil sornopc

af^..¡so tf.5.¡ó llf .6.m 6f .6.m 9f ,6.û ar^.c,óæ
STATIOI'I

Ilffi'*".
ffi,lHâ:.

sf t¡oN

U)AIt S IEP * (1400 kPa)

Ili"å8'**
tìtjfitrÍl 't08¡t 

^clllllilllll sornoqc

rliå8,*".
Ífir¡l1e¡¡¡ 

^cllïllllihEornrx:

1\)o



9

t*
1@
E-
ãl o
ëzo

ANSYS FEM ANALYSIS

BRANDON: RVVY. O8-26: PROFILE OF MODUU OF BOUND LAYERS

LO^D SIEP l: €m l@.)

OPTMZING CNftNOÑ M,lS VAL(Æ OF DEFLECTIO¡¡S

(BO'I1| EOrROprc tHD X-AN¡SOÌROP|C CASES)

LOAIT AIEP 2 (g0O lerl

sTAnol{

lli¡8,**
fÍÍlln rs&r Âc
lllllllilliln sornopn

Lo^D gtP $ ll2m l(P¡)

&@

3*
*.-

$ao

Ilffi'-"r
lmff]¡ reas Âc
lll!illNl sornopr:

Ili.s,**
llÍ¡llllll fs6s 

^clliülli,Llsorno¡æ

t\)



ANSYS FEM ANALYSIS
BRANDON: RWY. 08-26: PRoFILE oF MoDuLI oF UNBoUND LAYERS

Of'IÌMZ¡{G CFITEFTOIT'AREA' OF DEFI.TCTION BASIN

@orH So.fnOnC nrO X_AMSOÌROF|o CASES)

IrOAD SfEÞ 1:l8ætp!) 
roÆ, aÎÊp 2 (ooo ¡€û)

t

F';
;8̂'
I
â
8r
a
É

sr¡l- ¡. so sf^-6+¡ó ¡r^.o.ø 
"ti. 

olõã
9IAÌO¡I

fffi*'*"'"
tiffi*
lflì¡MüB s€
lf¡iIlllÍEolnoÊc

LOAD 91EP S 02OO kh)

af^. ¡.m û^,6.¡r.0 û^.6.@ ar...új^-;.o
stÁTloôr

6'Itl
ìz
E
3
t
8r
a
é

BASE
x-4¡\Glofnoøc

Iffi.""
mmilìtu*
FIIstr€R^æ
E-!:I BOIROFb

sT tþN

SASE
x-¡¡\¡:¡ofEcÞEl

tiffiffi"*
ffiffiw**
¡EiI sr-BGFeoE
ljjüilBolRoæ

LoAD slt 4 (14€o kPa)

b.)
òJ



t

ç!!
E"
3
?
ü'I
á

ANSYS FEM ANALYSIS

BRANIþN: RWY. O8-2e PROFILE OF MODULI OF UNBOUND LAYERS

LOAD STEP r:(6()0lrP¡l

OPnii|zNG CRllEEOlt MAXIMUM DEFLECTTON

(BO'ÍH FOTROp¡C n¡¡D X-AN|SOÌROP¡C CASES)

LO^D Sre 2 (eOO XP!)

!¡T lrON

LO D glEP * at2æ kP¡l

BASE
X-Al'I}OmOPrc

Tffi".
BAgE
tsgtBoPc
STJBCRÂDE

solRoP6

sl^. a.so t'r.6.¡& ct .6.m afA.õ.m
9T ltON

6';
t¿

i\"
E

e
8r
I

Iffi.'*.""
tffi*
lällr-! aasE
lllllülllllmmoetr

l:EFlsr.-8R E
Llil ßôrÊoPE

3r , ó.@ 3f^.6.t 9r .6.
sTATtol{

LoÂÞ 31Þ 4 (1100 lF!)

fffi".,"*
rffiåH"*
llìflI|tlIB s¡E

ülllftilill sornosc
lïlìl$ßqADE
[i!il €orßorE

ara...@ tf .6..@ gf . ú.¡o sf .6,É0
ATAIION

N)



ANSYS FEM ANALYSIS
BRANDON: RWY. 08-26: PRoFILE oF MoDULI oF UNBoUND LAYERS

OpruZn6 CRTTEROÎI F[rS vALtE OF DEFLECTIOT,|S

(BO.tt{ tsoÌnoP|c 
^¡D 

X_AMSOTROF|C CASES)

LO¡D alEp 1: (600 ¡lrr) 
LOÆ' AIEP 2 (aOO kpál

6';
EI

ã,
Et
b'
I
É

STÂ-TION

Lo D STEF t tt2æ kF¡l

fr!

ir"

+
o
ÊÍ

BASE
x-Á ¡gorFcPtcrffi*

rÍÌäIl BÂSE
ll:illllillli sorno¡rc

lli¡srEßRAE
U:ri:i E¡qÌROPE

af.a.cãô af^.6.¡tæ at^.6..@ gl .6.!00 ar,!.8) Ilf -6.to
sI^ltoô¡

fffi-**
lffi*
fimiì BASE
ll,lüllülmrnopc

FTIISJBqAE
tiitrl ISIO IRO'þ

¡!q, Í^. õ.&0 sr .6.E sT^.6.
sT ttcf,¡

LOAD SIEP * tf,tæ kPd

lm*""*rffi".
lllillll]]lB^sE
llilllllrllll ISOInOFE

E--_qÌ $ßoRÂDE

lffi*'-""
GI,EôFADE
X.ÀNSOIBOPIC

fiìlilätB s€
lliilllïlmrnorc
Fl¡lsuBos DE

LilBorFoFc

s.JÀ



e¡@
tr
é.
ff,úo
o

Em
¡
E lt¡t'

LOAD SIF 1: (5OO kPal

3r,6.030 3r.5.120 3r.6+¡an SIA.6.@ grÁ.6+8,10

slaftoN

1ffi,*.
llìll¡m l¡¡¡! rô
IlllliilXleornet:

e 1dþ

l*"ôo

Bm
f,
H t-o

LOAD SIEP 3: ( 1000 kP6)

ê'1@
&
lf,s@o0
=
,M
f
G1@

LOÐ SIEP 2 C¡50 kPs)

SlA.6.@ AlÀ.6. !20 Sl .E..&l At.6.€0 At.6+040
STAIIO{

llru'*"
mffi"

Sl^. õ+0S 3lA. ú+ r20 SrA.6+aA0 3r,6+æ0 3rA.6+640

STAÎON

tffi'**
llllllll rcdr 

^cûllflll sorm¡r:

ANSYS FEil ANALYSIS

ST. ANDFEIìIS RWY. 1ffil; PROFILE oF MoDU-t OF BoUND MATEIüALS

oPruUr¡þ CHIÊEoN.I'AREA' oF BAstN

(BOIH FOTROFTC At'D X-AN|SOTROPiC CASESI

NJ



6. 1qt
tré
ltwo

Em
¡
É t@o

LOAD SlEÞ 1: ÍSOO kPaÌ

gT.6+@ 9lÁ.6.120 gr^.6+4æ 3l^,6.@ gr.6+!{0
STAlnl

llffi'-*
lIIt¡lN i¡ü:r 

^clliil llcorn ç"

?: ¡(ût

è3*
9
aNf
øt
St*

LoÀD SIEP 3. (1000 kPa)

6. 40(Þ

&
f,J 

'Tþo

E--
J
aÉ f@

LOAD SïEP 2 ttso kPÉl

grA.6.@ 9T.6.t20 Sr.5.4O A1À.6.@ gI .6.a¡o
sTA'ItOt't

Ilis'-*
mfiÍ¡ 'rßr 

^cültlill eornæ

gT.õ+OOO SlA,6+ l2O 9T.6.¡tæ ST.6]0æ SlA.6+EtO

sTA'noN

Ilffi''"*
Íìlrltllt raaar 

^cltüitrll eornoæ

AIISYS FEII AI{IILYSIS

ST. ANDREWS RWY. lg-Sf : FROFILE OF lrilODl,JU OF BOITND MATERI/{LS

OFTü,IE¡NO CRÍTERþM MAXMTJM DEFLECIIOì.I

(BOTH tSOlROprC AND X-AMSOTROHC rrODE_S)

tJ
o\



G. a@r)
rt
lJmo
o

2M
f,
at
Ë tæo

LOAD SIEP l: (5@ kpa)

ffiffi

Ef.6+0S S¡.O.t2O Er.6.1r{þ 9r.6.õ ST.G+O/þ

]illlnn

rlru,-*
lìllÌllìN 'rs6:r ¡c
üilllli,ü sornoeÉ

âa@d
ã
3*I
aM
f
at,

Ht*

STATION

I

LoAD StÊP & ( 10(þ kPs)

A. .ro0o

&
f
e 30@

o

Em
J
rÉ tooo

41 .6.@ 8t¡.6.120 St.6.4æ Af.6.@ gI _ 6-a¿fo

LOAD S'IEP 2 ø5() kpr)

llru,-*
fllflm rg€fr 

^clillilillil sornn:

gT.6+@0 3T.6]r2O srÂ.6+¡t€O Sr -6'@ g¡A.6.OaO

fffiS'-*
mffi

ANSYS FEII ANITLYSTS

STANDREWS RWY. 1æl: PROÊILE OF ÀtOOlJLt OF BOtttD MAÌERIALS

oPftMtztNc cRl¡mtoñ RMs v LUE OF uÉ¡!È(;-__Itoti¡s

FO'nr |SOTROP|C AÀ¡D X_ANFOÌBOFIC ù!OÐE_S)

NJ\¡



1

ü

!s
È
P

o
Eo
IEIr
ø

o

LOAD STEP l: (50O kÞ¡)

Sl .6+6 ST.õrlæ 3T4.6+4& gT.6+€@ gl^. ö+A{O Sr,6+030 31A.6+120 gr^,6+¡t6o ST.6.ñ s1^- 6.&to
STAI1ON STAÎON

* ¡IilfrffIil

I

! erse

ffio.wrc

LO D STEP Si (1000 kPs)

I

l¡l 3

I
It-
o
dott
$røz

o

LOAD S'ÍEP 2 f75O kPal

St .5.@ 91 .6.1ãt sr.6.¡æ 9I .6.0@ 9f.6.8¡0
slAnoN

,* Jlililillillll

I

| "rse

!areerr

i:

f, e,se

me¡s^E

ANSYS FEU ANALYSIS

ANDREWS RÌVY. l3€1: PROFI.E OF liroDt J OF UNBOUND MAIERIALS

OPIìIIZI¡IG CfIIEFOII'AREA' OF BASIN

(BO'IH ISOIBOPiC Ar,lD X-ANTSOTROPTC CASF)

sT.

N)
@



tl
l¡¡ s
É_

E

()
o
IE

Sra2

0

LOAD SIEP l: (5OO kPa)

f,frrffim ilflmil[il lffiillilil

Sf .6+(rO gl^. ô.12O StA.6+¡tæ 31 ,6.6æ Sl^.6.ã¡td
STATIO}I

T

I erse

ffiomræ

LOAD STEP S (10oo kPo)

>fs
ac

It-
o
dô
f,raz

o

LOÆ SlP 2 ftSO kPsl
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SASKAToON FUIY. ls€G PnOF[..E OF trroot¡-t OF lrtgOt¡ND UymS
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ANSYS FEII ANALYSIS

'¡HUNDER BAy: RMty. tz_gû PROF|LE OF MODUU OF BOUND LAYEFS

OPT|MZNO CRITERIOIT ?REA' OF DEFI-ECIION BASIN
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ANSYS FElrl ANALYSIS
.IHIJI{DER 

BAY HWY. I2.3û PROFILE OF MODULI OF BOUNÞ LAYBS

OPTIMIZING CRITERIOÑ 8ÙrS VALUE OF DEFLEC.TIONS
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ANSYS FEII ANALYSIS

THTJNDER BAy: RWy - l2_gc PROF|LE OF MODULT OF UNBOUND LAYEFS
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THUNDER BAY: RwY. 12-30 PFoFILÊ oF Moouu oF L,NBoUND LAYERS

OPTIMIZNO CFTTMIOÑ MAXIMIñii DEFLECNON
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THuNDER BAY: RwY. I2€O PRoFILE oF MoDTru oF I,NBoUND LAYERS
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APPENDIX 6-V

STRESS DISTRIBIJTION ALONG THE CENTRELINE OF LOAD
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