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5.1 Introduction

» Although the AASHTO design method was a major

step forward it still had the drawback of being
highly empirical. The method in fact is nothing less
than a set of regression equations which are valid
for the specific conditions (climate, traffic,

materials etc.) of the Road Test.

This implies that it is a bit risky to use the method in
tropical countries where the conditions are
completely different. Fortunately, road constructions
are forgiving structures implying that the method at
least results in an initial design that can be refined to

meet local conditions.

Materials

Distress

Accumulation
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» The fact that the AASHTO method cannot be directly used for 8%

conditions for which it hasn’t been developed became very ;= '

apparent when attempts were made to use it in developlng ’

countries.

» The main problem was the PSI concept; it appeared e.g. that ==
a pavement in the developed world with a low PSI implying \
that immediate maintenance was needed, was still a
pavement with an acceptable quality in developing countries.

» This clearly indicated the need to have performance criteria '
and design methods that fit the needs and circumstances in b

developing countries.

conditions. It is however beyond the scope of these lecture

notes to discuss this model in detail.
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« Another problem with the Guide is that it gives no  w..  © w—"

information why materials and structures behave like

they do. - |
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roughness and damage types like cracking and rutting
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don't seem to have a large influence on the PSI.

However control of cracking and rutting is important

from a preservation point of view and in order to be
able to make estimates on such maintenance needs,
knowledge on stresses and strains and strength of

materials is essential.
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« Furthermore, if such information is not available, then it is
almost impossible to evaluate the potential benefits of new
types of materials and structures with which no experience

has been obtained yet.

« Given these drawbacks, one realized immediately after the Road Test that mechanistic based
design tools were needed to support the AASHTO Guide designs. For that reason, much
work has been done in the 1960’s on the analysis of stresses and strains in layered
pavement systems [6,7, 8, 9] and on the characterization of the stiffness, fatigue and

permanent deformation characteristics of bound and unbound pavement materials.
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« The work done on the analysis of stresses and strains in pavements is all based on early
developments by Boussinesq [4] and Burmister [5]. References [10, 11 and 12] are
excellent sources with respect to research on pavement modeling and material
characterization done in those days and should be on the reading list of any student in
pavement engineering. It is remarkable to see that much of the material presented then

still is of high value today.

« Since then, much progress has been made and the reader is referred e.g. to the
proceedings of the conferences organized by the International Society of Asphalt
Pavements, the proceedings of the Association of Asphalt Pavement Technologists, the
Research Records of the Transportation Research Board, the proceedings of RILEM
conferences on asphalt materials, the proceedings of the International Conferences on the
Bearing Capacity of Roads and Airfields and those of many other international conferences

to get informed about these developments.
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« Given the possibilities we have nowadays with respect

to material testing, characterization and modeling, it
is possible to model pavements structures as accurate
as possible using non linear elasto-visco-plastic
models and using advanced finite element techniques
that allow damage initiation and progression to be
taken into account as well as the effects of stress re-

distribution as a result of that.

« Also such methods allow the effects of joints, cracks

and other geometry related issues to be taken into
account.

Furthermore these methods also allow to analyze the
effects of moving loads which implies that inertia and

damping effects can be taken into account.
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« The question however is to what extent such advanced methods should be used for solving
day to day problems. This is a relevant question because advanced pavement design

methods involve advanced testing and analyses techniques which require specific hardware
and skills.

Furthermore pavement design is to some extent still an empirical effort because many input

parameters cannot be predicted with sufficient accuracy on before hand. Examples of such

input parameters are climate, traffic and the quality of the materials as laid and the

variation therein.
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« All this means that although advanced methods
provide a much better insight in why pavements
behave like they do, one should realize that even
with the most advanced methods one only can

achieve a good estimate of e.g. pavement

performance. Obtaining an accurate prediction is

still impossible.

« Because of this, practice is very much interested in
design methods which are, on one hand, based on
sound theoretical principles but, on the other hand,

are very user friendly and require only a limited

amount of testing in order to save money and time.
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« One should realize that the need to use accurate modeling is influenced to a very large
extent by the type of contracts used for road construction projects. In recipe type
contracts, the contractor is only responsible for producing and laying mixtures in the way
as prescribed by the client.

In this case the contractor is neither responsible for the mixture design nor the design of the

pavement structure; these are the responsibilities of the client. This immediately implies that

the clients in this case will choose “proven” designs and materials, in other words he will rely
on experience, and the contractor has no incentive to spend much effort and resources in

advanced material research and pavement design methods.
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« If however contractors are made more responsible for what they make, meaning that
contractors take over from the authorities the responsibility for the performance of
the road over a certain period of time, then they are much more willing to use more

advanced ways of material testing and pavement design.
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« The purpose of these lecture notes is not to provide an overall picture of existing
mechanistic empirical design methods. The goal of these notes is to provide an introduction
into pavement design using the analytical methods and material characterization procedures
as they are common practice nowadays. This implies that we will concentrate in these notes
on the use of multi layer linear elastic systems and the material characterization needed to

use these systems.

« Also attention will be paid to how to deal with pavement design in case the main body of

the structure consists of unbound materials which exhibit a stress dependent behavior.

« Also the characterization of lime and cement treated layers will be discussed.
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5.2 Stresses in a homogeneous half space

« Although pavement structures are layered structures, we start with a discussion of the
stresses in @ homogeneous half space. Solutions for this were first provided by Boussinesq
at the end of the 1800’s. Originally Boussinesq developed his equations for a point load
but later on the equations were extended for circular wheel loads. The stresses under the
center of the wheel load can be calculated using:

(0= p[1- @/ @+ 2)2)] =
o=o=[{-1+2V)}+{2z1+Vv)/N@2+2)}-{z/V@+22)}¥].p/?2
w=2.pa(l-v2)/E

- '/D /et

Where: w ki
. Lage des Elementes
O:= Vert|ca| Stress, i bestimmt durch r ¢,z

o.= radial stress,
o.= tangential stress,

: . RO
v = Poisson’s ratio, .’\\3 W
E = elastic modulus, | “ 4
a = radius of the loading area, z

— positive Spannungen bedeuten Zug

p - ContaCt pressurel negative Spannungen bedeuten Druck

Z -_ depth beIOW the Su rface Der Kontaktdruck p wird als Druckspannung regativ eingesetzt
W = dEﬂECtIOﬂ . Figure 26: Cartesian and cylindrical coordinate system.
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1. Jm kartesischen Koordinatensystem

Please note that the cylindrical coordinate
system is used for the formulation of the
stresses (see figure 26).

This is not the place to give the derivations
that resulted in the equations given above.
The interested reader is referred to [4, 6].

The Boussinesq equations are useful to
estimate stresses in e.g. earth roads where
the road structure is built by using the natural
available material. One can e.g. derive the
Mohr’s circles from the calculated stresses
and then one can determine whether the
stresses that occur are close to the Mohr —
Coulomb failure line, implying early failure, or
not.

Mohr-Coulomb failure envelope
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Figure 26: Cartesian and cylindrical coordinate system.
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Many of these earth roads however are
layered systems simply because the top 200
mm or so have different characteristics than

the original material simply because of

compaction that is applied etc. The higher
stiffness of this top layer results in a better
spreading of the load. This is schematically

shown in figure 28.

In order to be able to calculate stresses in
such two layered systems, Odemark’s
equivalency theory [13] is of help. The idea
behind Odemark’s theory is that the vertical
stresses at the interface between the top
layer with stiffness E.and thickness h: and
the half space with stiffness Enare the same
as the stresses at an equivalent depth he
with stiffness E.. This principle is shown in
figure 29.
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Figure 28: Effect of applying a stiffer top layer on the spreading of the load.

Figure 29: Principle of Odemark’s equivalency theory.
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« The figure shows on the left hand side the distribution of the vertical stresses in
a two layer system. On the right hand side the equivalent h«is shown resulting
in the same vertical stress (B) at the interface between the top layer and the

underlying half space. Odemark showed that the equivalent layer thickness can
be calculated using:

heq =N hl (El/ Em)033

 If Poisson’s ratio of the top layer equals Poisson’s ratio of the half space, then n = 0.9.
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VERTICAL STRESS - PERCENT OF APFLIED PRESSURE ¢, b

« The question of course .. 10 2 < s - - : 2
is how well this
Odemark/Boussinesq
approach allows
accurate predictions of
the vertical stresses in :
pavements to be made.
As is shown in figure 30 .
[14], this approach
seems to be fairly
effective in case one is

DEPTH IN RADI z/r
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Figure 30: Comparison of measured and calculated vertical stresses
in pavements.
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4 )

« Let us illustrate the procedure by means of an example. We want to know the stresses in a
homogeneous half space (modulus 100 MPa) that is loaded with a wheel load of 50 kN.
Since the contact pressure is known to be 700 kPa, we can calculate the radius of the
loading area following:

Q=mpa’

Where:

p = contact pressure,

a = radius of the contact area,
Q = wheel load.

In this way we calculate a = 150 mm. If we assume Poisson’s ratio to be 0.25, then we can
derive from figure 27 that the vertical stress under the centre of the load at a depth of 150
mm (z = a) is to 60% of p being 420 kPa. Assume that this stress is too high and that a
layer is placed on top of the half space having a modulus of 300 MPa and a thickness of 150
mm. The equivalent layer thickness of this layer is:

hee= 0.9 hi(E:/ E»)033 = 0.9 * 150 * (300 / 100)%33 = 194 mm

We can now calculate the vertical stress using the same Boussinesq chart but this time the
depth at which we have to determine the stress is 194 + 150 = 344 mm which is at a depth
of z = 2.3 a. From figure 27 we notice that now the vertical stress is equal to approximately
\@% of p being 140 kPa.
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5.3 Stresses in two layer systems

« If the stresses in the subgrade, the half space, due to the wheel load are too high, a stiff
top is needed to reduce these stresses. Such a system, a stiffer layer on top of a softer half
space, is called a two layer system. It could represent e.g. a full depth asphalt pavement on
top of a sand subgrade.

« Burmister [5] was the first one who provided nten e frsmamnger i o
solutions for stresses in a two layer system. P
Again, it is beyond the scope of these lecture , T
notes to provide a detailed discussions on the N Tl |
mathematical  background.  Here  only 4 sehent I :
attention will be paid to the results of those - T ..
mathematical analyses and how they can be ——
used in practice. R T

» Figure 31 shows the effect of a stiff top layer AU R - !
on the distribution of the vertical stresses in @ s o~ sosucsicnnuce TR ———
two layer system. First of all we notice that Spassungsn 1n § des Eontaktdruakes Spemanctn 1 § dos Rintakbaruaies

the distribution of the vertical stress is bell
shaped. Furthermore we notice that the
magnitude of the vertical stress is quite
influenced by the stiffness of the top layer.
The width of the stress bell however is much
less influenced by the stiffness of the top
layer.

Figure 31: Distribution of the vertical stress in a one and two layer system.
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« A stiff top layer not only provides
protection to the second Ilayer, also M M
tensile stresses at the bottom of the top
layer develop. These stresses are due to By hy
bending of the top layer. This implies that
for two layer systems we are dealing with
two design parameters being the
horizontal tensile stress at the bottom of Figure 32: Design criteria in a two layer pavement system.
the top layer and the vertical compressive
stress at the top of the second layer
(figure 32).

= !

horizontal tensile stress E, vertical compressive stress

 If the horizontal tensile stress at the bottom of the top layer is too high, it will be the cause

for cracking of the top layer. If the vertical compressive stress at the top of the bottom
layer is too high, excessive deformation will develop in that layer.
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Figure 33b: Distribution of the vertical stresses in a two layer system under the centre of a
circular load.
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« From the figure 33a one can observe that significant horizontal stresses develop in the top
layer. When E:/ E.= 10, a tensile stress equal to the contact pressure p develops while this
value becomes 2.7 * p when E:/ E.= 100. One also observes that at those modulus ratio’s
the tensile stresses in the second layer can almost be neglected. Another interesting
aspect is that the neutral axis is almost in the middle of the top layer for modulus ratio’s of
10 and higher. Figure 33b shows that a stiff top layer greatly reduces the vertical stresses
in the bottom layer. As we have seen in figure 27, the stress at a depth of z = a is 60% of
the contact pressure in case of a half space. Figure 33b shows that if the modulus ratio is
10, the vertical stress at z = a is only 30% of the contact pressure.

« Let us go back for a moment to Odemark’s equivalency theory. We have noticed that in a
half space, the vertical stress at a depth of z = a under the centre of the load equals 60%
of the contact pressure. If we assume that the top part of that half space is replaced over a
depth of a by a material that has a 10 times higher modulus, than the equivalent layer
thickness of that layer equals:

he= 0.9 *a * (10)°33= 1,92 * a
« From figure 27 we can determine that the vertical stress at that depth equals approximately

30% of p. This is in excellent agreement with the result obtained from figure 33b. This is
considered to be proof of the validity of Odemark’s approach.
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« Until now no attention has been paid to the conditions at the interface. From our structural design classes we know
that it makes quite a difference whether layers are perfectly glued to each other and there is no slip (full friction)
between the layers or whether the layers can freely move over each without any friction (full slip). The effect of those
two interface conditions on the stresses at the bottom of the top layer are shown in figure 34.
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Figure 34a: Influence of friction on the radial stresses at the bottom of the top layer under the
wheel centre (please note that Poisson’s ratio is 0.5). Figure 34b: Influence of friction on the vertical stress at the top of bottom layer under the wheel
centre (please note that Poisson’s ratio is 0.5).
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« As one will observe, the presence of friction has a significant influence on the radial
(horizontal) stress at the bottom of the top layer especially at low values for the ratio E:/
E.. We also note that the influence on the vertical stress is much smaller.

« If there is full friction or full bond at the interface, the following conditions are satisfied.

a. The vertical stress just below and above the interface are equal because of equilibrium, so:

02 bottom, top layer - Gtop, bottom layer

b. The horizontal displacements just above and below the interface are the same because of
full friction, so:

Ur bottom, top layer - Ur top, bottom layer

c. The vertical displacements just above and below the interface are the same because of
continuity, so:

U bottom, top layer = Uz top, bottom layer

In case of full slip, only conditions a. and c. are satisfied.
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» Another important factor is Poisson’s ratio. Since measurements needed to determine Poisson’s ratio are somewhat
complicated, values for this parameter are usually estimated from information available from literature. The question
then is to what extent wrong estimates influence the magnitude of the stresses. Information on this can be found in
figure 35. Figure 35a e.g. shows that the influence of Poisson’s ratio on the radial stress at the bottom of the asphalt
layer is quite significant. This also means that it will have a significant influence on the radial strain. As one can see
from figure 35b, the influence of Poisson’s ratio on the vertical stress at the top of the bottom layer is limited.
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Figure 35b: Influence of Poisson’s ratio on the vertical stress at the top of the bottom layer.

Figure 35a: Influence of Poisson’s ratio on the radial stress at the bottom of the top layer.
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« By means of the figures available we now can estimate the stresses and strains in two layer
pavements. This will be illustrated by means of the following example.

Assume we have a two layer structure consisting of a 150 mm thick asphalt layer on top of a sand

subgrade. The elastic modulus of the asphalt layer is 5000 MPa while the modulus of the sand layer is

100 MPa. A 50 kN wheel load is applied on the pavement. The contact pressure 700 kPa which results in a

radius of the circular contact area of 150 mm. Poisson’s ratio for both the asphalt and the sand layer

equals 0.35. We want to know the stresses and strains in the locations indicated below.

Asphalt I : Pavement surface, z = 0

h = 150 mm

E = 5000 MPa Bottom of asphalt layer, z = 150 mm
v=0.35

Eaﬂdloo MPa Top of sand layer, z = 150 mm
v=0.35

Figure 36: Two layer pavement example problem.
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« Let us start with the calculation of the stresses and strains at the bottom of the asphalt layer. Since both layers have a
Poisson ratio of 0.35, we have to use figure 35 and interpolate between the lines for v = 0.25 and v = 0.5. Since E1 /
E2 = 50 and a / h = 1 we read from the graphs shown in figure 37 that -or / p = 2.7 and oz / p = 0.15. Since the
contact pressure is a compressive stress and we decided to express compression by means of the minus sign (-), we
calculate or = ot = 1890 kPa and oz = -105 kPa.

« Please note that under the centre of the load centre there is not only a horizontal radial stress or but also a horizontal
tangential stress ot (see also figure 26). These stresses are acting perpendicular to each other and because the load
centre is in the axis of symmetry, the tangential stress is equal to the radial stress.
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Figure 37a: Estimation of the horizontal stress at the bottom of the asphalt layer.



L
Advanced Pavement Design: Development of mechanistic empirical design methods 5-29

The strains are calculated as follows:

er = ¢t = (or - vot - voz) / E = (1890 — 0.35 * 1890 — 0.35 * -105) / 5000000 = 2.53 * 10+

ez = (oz -vor - vot) / E = (-105 - 0.35 * 1890 — 0.35 * 1890) / 5000000 = -2.86 * 10

Please note that the units used for the stresses and elastic modulus is kPa. This implies that the value of 5000000 is used

for the modulus (originally it was given in MPa).

» Let us now consider the stresses and strains at the top of the asphalt layer. We notice that figure 35 is not of help
anymore because that figure only gives information about the stresses at the bottom of the asphalt layer. We know
however that, for reasons of equilibrium, the vertical stress at the top of the asphalt layer is equal to the contact
pressure, so oz = -700 kPa. There are no graphs available to estimate the horizontal stress at the top of the asphalt
layer for v = 0.35, but we can make a reasonable estimate of those stresses. From figure 35 we determine that the
tensile stress at the bottom of the asphalt layer is -2.2 * p if v = 0.25. If we insert that value in figure 33, then we can

determine that the radial stress at the top of the pavement equals 2.5 * p (see figure 38).
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Figure 38: Estimation of the horizontal stress at the top of the asphalt layer.
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» Going back to figure 35a we notice that the radial stresses at the bottom of the asphalt layer are 2.7 * p
/[ 2.2 * p = 1.23 times higher when v = 0.35 instead of 0.25. Therefore we estimated the radial
compressive stress at the top of the asphalt layer to be 1.27 * 2.5 * p = -2223 kPa (the — sign is
because p is compressive). Using these values we calculate:

er = et = (or - vot - voz) / E = (-2223 - 0.35 * -2223 - 0.35 * -700) / 5000000 = -2.4 * 10

ez = (o0z - vor - vat) / E = (-700 — 0.35 * -2223 - 0.35 * -2223) / 5000000 = 1.71 * 10*

This later value implies that a vertical tensile strain develops at the top of the asphalt layer!

« Finally we will discuss the stresses and strains at the top of the subgrade.

Because of equilibrium, the vertical stress at the top of the subgrade is equal to the vertical stress at the

bottom of the asphalt layer being -105 kPa. Also in this case we have no graphs available to estimate the
horizontal stresses at the top of the subgrade. Nevertheless figure 33a is showing that the radial stress at
the top of the subgrade is very small and almost zero for E1 / E2 = 100. For that reason we assume that
at the top of the subgrade or = ot = 0.

Using these values we calculate:

er = ¢t = (or-vot-voz) /E=(0-0-0.35*-105) / 100000 = 3.68 * 10

ez = (oz - vor - vot) / E = (-105-0-0) / 100000 = -1.05 * 1073
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5.4 Stresses in three layer systems

« The calculation of the stresses and strains in three layer systems is based on the same

principles as used for two layer systems. It is however much complicated to derive tables

[7] and charts [8] that allow the stresses at various points in the pavement to be estimated

and as we will see from the given examples, those charts are not very user friendly.

 Figure 39 shows the
stresses and locations in
a three layer system for
which tables and graphs
have been developed.
Note that a Poisson’s ratio
of 0.5 was used for all

layers.

! | | | ! | Diameter 2a, contact pressure p

Ei, hs Gz

Or1 I :

4

Ez,hz

1 Gz
h

A=a/hy Ki=E/E Ky;=E/Es H=hi/h;

Es

Figure 39: Locations in a three layer system for which tables and graphs to estimate stresses
have been developed.



!!VBI‘ICGH !avemen! EeS|gn: Beve'opment O| mecl !anIStIC emplrlca| 5e5|gn mEt”OHS !-!!

 In developing those xt-20.0
tables and graphs, the o
following parameters | e
have been used. A —AX——

A=a/h:H=h/hsK L W

= E:/ B Ke= E:/ Es .41 b A
1025‘( /\{ VL \X/ \v/ :
N AN PN X 7x =

: );
ARV VAVA

\

EL ;- ‘\ I[‘\ 1]\\ ll -8
Sy, e N S X 7
Norof \ N\ \ 74
- N\ [ Yok X K=t 1
" W=T.0Y Y \/ \V4
! W AW W i
o.wl 2 r A Y L A\ rd
“ 1[' “ lI ’\‘ l’
201 AL A4
w G-v! X y
=\ FAN [fA=V.3
\\ /[ A\ ra
0.0001 i A=0.2
X 7
\ ¥ £
N
N

« Figures 40, 41 and 42 : PP TR
show the graphs for the
estimation of resp. Oz,

0222, and Om fOF Kl =20 and
K,= 2 Figure 40: Chart to estimate c,,; (vertical stress at the top layer — base interface) in a three layer
) system.

0.00001




1.0

0.1

0.01

0.001

0.0001

0.00001

Kl = 20,0

K2« 2.0
,, > _a ;\
> L& — 74
// B v
7 /\\/ _
7

% s

Z LN 4
L AV4
/ AN

F—
7. Aol
z AY4
J AN
/\ AR,

IIIII||I|

Il

He8 4 \ZT‘;“). i

1

system.

Figure 41: Chart to estimate o, (vertical stress at the base — subgrade interface) in a three layer



100

10 ]

L S /A\//A\)\
< < N X 3
F 22 XA N NN N o

X AR AN TR L\ /
r \ N 7 N Ny
- N Rof”  RF >< NZ.
[ H=O. s\ AT
o.‘ > ¢ v 4 2\ 4 by J. X / T
Y 7 C f——\- ya . £
or v 4 N NF A A
LAY X A [/ A=U7%¥
\ TR AN / 2
Yo o X F WF :
0.01 H-z.o\( y y.o.c B
—_—
4 \

Xt N2 ==
Hx=40 A=02 -]
" \ / 4
0 001 A r(& rl-/cv .1

Figure 42: Chart to estimate c,,; (horizontal stress at the bottom of the top layer at the top layer

— base interface) in a three layer system.



Advanced Pavement Design: Development of mechanistic empirical design methods 5-36

The use of the charts is illustrated by means of an
example. Let us assume we have a three layer system
consisting of 100 mm of asphalt (E = 6000 MPa) that is
placed on a 300 mm thick base (E = 300 MPa) on a
subgrade with a stiffness with E = 150 MPa. The
magnitude of the load is 50 kN and the radius of the
loaded area is 150 mm. This implies that the contact
pressure is 700 kPa.

This input means that K1 =20, K2 =2,A=2andH =
0.33. We want to know the horizontal stress at the
bottom of the asphalt layer. Using figure 42 in the way
as illustrated in figure 43, we derive that the horizontal
stress factor is approximately 7 which results in orrl =
7 * 700 = 4900 kPa.

« It is obvious that the determination of the
stresses in this way is a quite time consuming
approach especially since most of the time
interpolations have to be made between the
different charts. Furthermore the charts are only
valid for Poisson’s ratio equals 0.5 and most
materials have a different value for this
parameter. Therefore use of one of the many
computer programs that are available nowadays
is highly recommended.

100

Kl = 20.0

K2 =

2,0

10

0.1

0.01

0 001

Figure 43: Example of the estimation of &;1.
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5.5 Stresses due to horizontal loads

It is obvious that in reality not only vertical stresses are applied on the pavement surface.
Also horizontal shear stresses are present, acting in the longitudinal and transverse
direction. These shear stresses are due to traction forces, braking, cornering etc. They
occur under free rolling as well as driven tires. As we will see in the next chapter, the real
stress conditions in the contact area are indeed very complex.

Several researchers have studied the effect of such shear forces and early work on this
topic is done by Verstraeten [15] and Wardle and Gerrard [16]. Given the limited
computational power in those days, they had to apply rigorous simplifications of the real
stress conditions. Nevertheless, a good idea of the effect of these shear stresses can be
obtained from their work.

Figures 44, 45 and 46 are taken from the work presented by Verstraeten. The figures show
that depending on the applied shear force, significant radial and tangential stresses can
develop at the pavement surface.

Furthermore the figures show that the ratio of stiffness of the top layer over the stiffness of
the second layer has a large effect on the magnitude of these stresses. It will be obvious
that the ratios h1/a and h2/h1 will have a significant effect on the stresses at the interface
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Figure 44: Radial and tangential stresses in a pavement system due to a uniformly distributed,
unidirectional, shear load.
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Figure 45: Vertical stresses in a pavement system due to a uniformly distributed, unidirectional
shear load.
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5.6 Stresses in multilayer systems, available computer programs

As has been mentioned in the previous section, it is strongly recommended to use a multilayer computer
program for the analysis of stresses and strains in three layer systems. This becomes a necessity in case
the number of layers is 4 or more. Charts for the assessment of stresses in a four layer systems even
don't exist. Many computer programs have been developed in time and it is almost impossible to give a
complete picture of the available programs. Well known programs are BISAR, KENLAYER, CIRCLY, and
WESLEA.

« BISAR and WESLEA only allow linear elastic materials to be taken into account.

« CIRCLY on the other hand allows taking into account anisotropic behavior of materials.
« Many of these programs have been incorporated in design systems such as the Shell Pavement
Design System, CARE (developed in the Netherlands), mePADS (developed in South Africa).
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« KENLAYER is an interesting system because it allows taking into account the stress
dependent behaviour of unbound granular materials and soils.

« RUBICON, a program developed in South Africa, is a finite element based program that also
allows to take into account the stress dependent behavior of granular materials.
Furthermore this program allows probabilistic analyses to be made.

« Many of these programs can be found on the internet and can be retrieved for free while
other software packages (mainly the design systems) have to be purchased.

It is beyond the scope of these lecture notes to discuss all the available programs in detail. In
this part of the lecture notes we only discuss the output that is generated by computer
programs that just calculate the stresses and strains in the pavement system due to traffic
loads. In order to do so we will use the output as provided by BISAR developed by Shell. First
of all however attention is paid to the “quality” of such programs.

It is generally accepted that the BISAR program can be taken as the reference to which all
other programs can be compared. This is because of the high mathematical stability of the
BISAR program. Quite some programs have minor flaws of which the user should be aware
before using them. To check whether these flaws exist the stresses, strains and displacements
have to be calculated in a number of points of the pavement structure (see figure 47).
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Figure 47: Locations in the pavement where consistency checks can be made.
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« Some programs do not fulfill the requirements set for the interface between layers 1 and
2 or the interfaces between layers 2 and 3. These programs often also not fulfill the
equilibrium requirement at the pavement surface under the centre of the load. More
programs generate unrealistic results at the edge of the load. The problems at the
interfaces and under the centre of the load at the pavement surface can easily be
overcome by not requiring output at those interfaces but at locations that are e.g. 1 mm
above or below the interface. Almost all programs generate comparable results if
stresses and strains are required at other locations in the pavement.

Although most of the problems mentioned above can be overcome quite easily, one must
be aware of the fact that some programs have difficulties in generating realistic results for
pavements with a thin asphalt layer that has a low modulus on top on a thick stiff (high
modulus) base layer (so if h./ h.< 1 and E:/ E:< 1). It should be noted that the BISAR
program passes all these requirements. Let us now return to the output that is generated
by these computer programs and let us explain the output that is generated by BISAR for
two example problems. The two problems that are analyzed are schematically shown in
figure 48.
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Figure 48b: Coordinate system and direction of the shear force as used in the example problem.
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In the first example, only the vertical load is applied while in the second example the vertical
and horizontal load is applied. The horizontal load acts in the x-direction and simulates a
braking force. The stresses and strains are requested at the following X, y and z coordinates.

Load Sheet Layer X [mm] y [mm] z [mm]
Vertical force only 2 1 0 0 0
3 1 152 0 0
4 1 152 0 10
5 1 0 0 250
6 2 0 0 250
Vertical and 8 1 -152 0 0
horizontal force 9 1 0 0 0
10 1 152 0 0
11 1 -152 0 10
12 1 0 0 10
13 1 152 0 10
14 1 0 0 250
15 2 0 0 250

Table 5: Locations where results are obtained.
Note: The sheet number refers to the handwritten numbers written on the output pages given in figure 49.
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Please note that at the pavement surface and at a depth of 10 mm, the results are requested
just outside the loaded area and at the load centre. This is done to determine the effect of
the shear forces. In figure 49 all the calculation results are given while the main results are
summarized in table 6.

Sheet nr. | oy [Pa] o, [Pa] o3 [Pa] &1 &5 €3

2 -7.074E+05 | -1.251E+06 | -1.251E-6 2.800E-05 | -9.421E-05 | -9.241E-05
3 0 -4.231E+05 | -6.758E+05 | 6.410E-05 | -3.110E-05 | -8.975E-05
4 -1.630E+05 | -7.555E+05 | -8.132E+05 | 6.434E-05 | -6.897E-05 | -8.195E-05
5 9.046E+05 | 9.046E+05 | -3.547E+04 | 1.001E-04 | 1.001E-04 | -1.115E-04
6 -3.705E+03 | -3.705E+03 | -3.547E+04 | 1.001E-04 | 1.001E-04 | -3.288E-04
8 4.618E+05 |0 -4.179E+05 | 1.013E-04 | -2.565E-06 | -9.658E-05
9 -5.867E+05 | -1.251E+06 | 1.371E+06 | 5.514E-05 | -9.421E-05 | -1.213E-04
10 0 -9.337E+05 | -1.308E+06 | 1.308E-04 | -7.932E-05 | -1.635E-04
11 -9.085E+04 | -2.962E+05 | -6.034E+05 | 3.733E-05 | -8.874E-06 | -7.798E-05
12 -5.887E+05 | -1.122E+06 | -1.239E+06 | 3.985E-05 | -8.034E-05 | -1.067E-04
13 -2.154E+05 | -9.076E+05 | -1.350E+06 | 9.578E-05 | -5.996E-05 | -1.595E-04
14 9.046E+05 | 9.046E+05 | -3.547E+04 | 1.001E-04 | 1.001E-04 | -1.115E-04
15 -3.694E+03 | -3.705E+03 | -3.548E+04 | 1.002E-04 | 1.002E-04 | -3.289E-04

Table 6: Results of the example problems in terms of principal stresses and strains.
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On sheets nr 1 and nr 7 of figure 49, we recognize the input. Please note on sheet 7 that the
angle of the shear load is taken from the x-axis. Since the horizontal load is acting in the
positive x-direction the shear direction equals 0° (the angle equals 180°if the shear load is
acting in the negative x-direction). If the shear force was acting in the positive y-direction, the
shear direction had to be 90°0. The sheets with the calculation results are pretty much self
explaining. The coordinates of the location at which the stresses and strains are requested are

given in the top of the page.

Then detailed information is given on the normal stresses and strains acting in the XX, YY and
ZZ direction as well as on the shear stresses and strains in the YZ, XZ, and XY direction. All this

information is summarized in terms of principal stresses and strains as well as the
directions in which these principal stresses and strains are acting.
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In table 6 a summary is given of these principal stresses and strains. When the results of
sheet 5 (vertical load, bottom of the asphalt layer) are compared with those of sheet 14
(vertical load + shear load, bottom of the asphalt layer), we observe that those are exactly
the same. This implies that the effect of the shear force is not “visible” at a depth of 250 mm.
The same is true if we compare the results of sheets 6 and 15. The effect of the shear force is
clearly visible when the results of sheet 3 (vertical load, location just outside loaded area at
pavement surface) are compared with those obtained of sheets 8 and 9 (vertical load + shear

load, location just outside loaded area at pavement surface).
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In case of only a vertical load, o= -0.423 MPa (sheet 3). In case of a vertical and a horizontal
load o= - 1.308 MPa (sheet 10) or o= 0.462 MPa (sheet 8). As one will observe, the applied
braking force results in significant compressive horizontal stresses in front of the load in the
direction of travel (x-direction) and a significant tensile stress at the back of the load. The
principal strain at the pavement surface just behind the braking load (sheet 8) is slightly larger
than the principal strain at the bottom of the asphalt layer (both are acting in the XX direction).
Comparison of the results given in sheet 8 with those given in sheet 11 and comparison of the
results given in sheet 10 with those given in sheet 13 show how the stresses and strains
decrease with depth.

From this analysis it becomes clear that proper modeling of the contact stresses is very

important in order to be able to analyze surface defects.
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Bt Tamg Padivert  TorgVerd
QO 0 OMCE~0

XY: 0,000E+00
XY: 0.000E 00

Z Coord (m): 2,500E-01

-0.7071
07071
0071
0,7071
0,0000
0,0000

Page 5
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BISAR 3.0 - Detailed Report
(untitled)
System 1: (untitled)

Position Number: 5 Laver Number: 2 X Caoord (m): 0,000E+00

load Dhassce g Dwplaccrsean je) Strewves (Pa) (
No Load Avis jm)  Theta (0 Radial l’u‘«‘l Vet { Hatial 'ntr-_y Nerteal H_ag@a__llﬁ._\l__ﬂ_. lpog"'m. 1. Ib_gl
| JIED  QONE0 | GUSEMO  OHOESW  J057E0 | J0SEMD  ATSE0R  ISTEO1  GO0DE0  OOMES (AN | LODIE
Toetal Stresses (Pa) XX: -3, N0SE+03 YY: -3,705E-03 ZZ;: -3S47E YZ: 0.000E100
Tetal Strains XX: LO0LE<04 YY: 1LO01E-04 12: -3 88E-4 YZ: 0000E1O0
UX:  0000E+00 UY: 0.000E+00 2957TE-04

Tetal Displacements (m)

vz:
Principal Values and Directions of Total Stresses and Strains _

Normal Normal Shear Shear X
Stress (Pa) Strain Stress (Pa) Strain Comp.
Maximune -3,7058E+03 1LOOIE-04 0,0000
Minimax: 3,705E+03 1001604 1,0000
Minimwim: AS4TE04 -3 285E-4 01,0000
Maximune 1 SSRE+O4 2, 144E-4 00000
-1,959E «04 01,0000
Minlmax: 1, S8RE+O4 2, [44E-4 Q,7071
<1.959E+04 0,7071
Minimum: 3.223E-02 4, 329E-10 DN
-3, 70SEO3 07071
Strain Energy (J):  S461E100 Strain Energy of Distortion (J):  4,541F+00

Culculaied 1033007 17:58 23 Pt Brate FOMar-200*

Y Coord (m): 0,000E+00

LA0IE -4 <5 2N

XZ:
VA

Z Coord (m): 2.500E-01

Sirates
Taegraiinl Nertical Wad/lang  MadVert  VamgVert

OO0 08 L0 0

XY: 0,000E-00
XY: 0.000E+00

=y |

QOE

i



BISAR 3.0 - Detailed Report

(untitled)
et S\_mem 1: (untlllgdv)

|

=]

& N ——

g Layer Young's Powsson's Shear Spring

8 Number Thickeess (m) Modulus (Pa) Ratio (’on?lhntci(m‘)N )7

= L 0,250 6.0008+09 0,35 0,000E+00

3 2 1, 000E+08 0,35

c

-r

B

g ?
o

-

5

I

o

o

cr — e e e —

S Load Normal Shear Radius of Load - Position Shear

'<' Number Stress (Pa) Stress (Pa) Loaded Area (m) X (m) Y (m) Direction (°)
g 1 7.074E+05 2, 8295405 1,500E-01 D, 0008«00 0.000E+00 0.000+00
. X

=

Q.

4

g' 2o kN mopizowral loan

(P: ANE[E oF SWEAR N RECTI ON

Calealaiod: 16 Mar-2007 1 74937 Pt Dates 16-Mae-2007 Page: |
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BISAR 3.0 - Detailed Report

(untitied)
System 1: (unﬂﬂed)

Position Number: 1 Layer Number: | X Coord (m): -1,520E-D1 Y Coord (m): 0,000E+00 Z Coord (m): 0,000E+00
[Cowd Dismmx® | “Ohplacomenes (8 | s Ay Strewes (3} WG TS Straiem i)
Ll Load Asi g Theta () _Raflal  Taspeatisd Nertkeal dlal  Tamgepinpl Versenl Rad Tang. Rad Newt  Tamg Nerl | Hadial Tangertin Vertiew Rod Jaag  RadNeet.  tugSerl
! | LSXEO LENEY Lsacas 212 JAMEN 4 AaNes Q00E-00 ERAS S0 000CE 00 a0 ILUESd  ASREDS ISED TARE 1R (L0008 (0 L O00E-00
Total Stresses (Pa) XX: 4 618E+05 YY: 4, l‘NE 05 Z7:  DOE00 YZ: O000E-00 XZ: 0.000E+00 XY: 3354EA5
Total Strains XX:  L013E- YY: -9,658E405 72z -2,565E-06 YZ: 000000 XZ:  0.000E+00 X¥: 7,546E-13
Total Displacements {m) UX: 3.901E.08 UY: -2,127E-12 UZ: 2839E-4
Principal Values and Directions of Total Stresses and Strains
Normal Narmal Shear Shear X Y Z
Stress (Pa) Strain Stress (Pa) Strain Comp. Comp, Comp. .
Masitnun: 4,618E+03 1013004 1,0000 00000 0,0000
Mininmx: 0.000E+00 -2,365E-06 0,0000 1,0000 Lo S
Mininsum: -4,179F+405 2,658E-08 0.0000 1,0000 0,0000
Maximum: 4308E=03 9,897E0S 0,7071 0,707 0,0000
2,198E+4 0,707 07071 04,0000
Minkmax: 2309505 5 196E-05 07071 0.0000 0,707
2,309E405 0.7071 00000 0,707
Minimum: 2 089E+0S 4, 701E05 0,0000 20,7071 0,7071
-2 OB9E05 0,0000 07071 07071
Swain Encrgy () 4358E<01  Strain Energy of Distortlon (1) 43576401 - R

Caleulmd 10-Mae-2007 174517 Priot Dare: | 6-Mar-2007 Pige | 2
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"(panunuo3) uonejndjed Yysig Jo mdmo

Position Number: 2

Toml Dbisnce e Diglacemests (m) T S (M) Stram = |
Mo Losd Aws (e Tiwws (1) Rt Tasgeatial  Verticd | Radisl _ Tangeatid VerSieal  RofTeng.  RadVert  TangNert  Madtsl  Tasgeatsl  Versesl  RodTwg. Rl Vet  Tioghert |
1 [TEe S8 SONEO EA RS RELLL S B NS | lﬂll ELL R il ) 20 ) YA~ 300600 LENES QU (1) | AT AATNES SIAELS 00NE-2 060804 oot -0
Total Stresses (Pa) xx. zle»O(» YY: -1.251E+06 ZZ: -TNT4E+0S YZ:  0,0006-00 XZ: -2,829E+05 XY: O000F 00
Total Strains XX: -9421E-05 YY: 942E05 7Z: 2800E-D5 YZ:  0,0008-00 XZ: -6,366E-05 XY: 0.000E 00
Total Displacemeats (m) UX: 3 1S6E.0S UY: 0.00E~00 UZ: 3002E-4
Priocipal Values and Directions of Total Stresses and Strams
Normal Normal Shear Shear X Y FA
Stress (Pa) Strain Stress (Pa) Strain Comp, Comp. Comip.
Maximum: 5 86TE-03 3 514E-05 -0,3921 0,0000 09199 S
Minimax: 1,251E+06 DA2E-08 0,0000 1,0000 00000 S—
Minimum: 1,371E 06 121354 001w 0,0000 03921
Maximum: 3922F+05 82105 -0,9278 40,0000 03732
9,789k <05 03732 40,0000 09278
Minimax: 3319E+05 TA6TE-05 0,2773 -0.707 06505
9, 186E-05 02773 0,7071 06505
Minimum; 6031104 1,357E-05 -0,6505 0,7071 02773
-1,311E-06 0,6305 0,7071 02773
Strain Energy ():  1,259E+(12 Strain Energy of Distortion (§):  4.014E+0] = =
Calonlad; 10-Mar -.‘:nfl: M Prot Dase. 10-Mae 2007 : Page

BISAR 3.0 - Detailed Report
(untitled)
Systom 1 (untitied)

Layer Number: 1

X Coord (m): 0,000E+00

Y Coord (m): 0,000E-00

7 Coord (m): 0,000E+00
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Position Number: 3

[toml Diviacce (o [

Dbsplecements ba)

Layer Number: 1

h 'BISAR 3.0 - Detailed Rep.ort.

(untitled)

System 1: (untltlod)_

X Coord (m): 1,520E-01

Y Coord (m): 0.000E+00

PN tontdve(m)  Thesgy | Wadsl  Temgowisl  Verthed Radisl  Togrothdl  Vertusl  Badffasg. HadfNot  TomgVert | Rodial  Tasgestisl  Veesid
[ LSMEDI  DOMEW) | 1I00Y  GECOEOD  2WGEAE | LMEES 90005 QOO0 AMOLO)  QUNEN0  0000EN 1 AENIEDS  ANSEM  hME
Total Stresses (Pa) XX: <LMBEDS YY: 93)7E05 ZZ: 0000EH) YZ: 0,000E+00 XZ: 0.000E+00
Total Strains XX: -1635E-04 YY: -7932E05 77: | 38E.04 YZ: O000E-D0 XZ: DO0OE 00
Total Displacements (m) UX: 1,228E.05 UY: 0,000F+00 UZ: 2 946F-04
Principal Values and Directions of Total Stresses and Strains
Normal Normal Shear Shear X Y
Stress (Pa) Strain Stress (Pa) Strain Comp., Comp.
Maximam: 0,000E 100 1,308E-04 0,0000 0,000
Minimax: 5 13TE«05 <7,932E.05 00000 1,0000
Minimum: -1LMSE-08 <1LG3SE.M 11,0000 0.0000
Maximum: 6,540 05 1472644 0,707 0,0000
-6, 540E 0% 07071 0.0000
Mimimax: 4,060 05 1,0S0E-N 0,0000 0,771
A 66508 0,0000 0707
Misirnam: 1.B71E405 41E08 0.7071 0,707
-L121E+06 0.707] 0707
Strain Energy (J): | 4308402 Strain Energy of Distortion (J): [ 021E+02

Cakenod 1o-Mar-2007 | 74917

Prirt Date 16-Mar 3007

Z Coord (m): 0,000E+00

Radrlang.  HadNert  TargVere
K 00 0.000F <00 aeoct- 0
-

XY:
XY:

0,000E+00
0,000E+00

Comp.
0,0000

/0.

0.0000 ———

0,7071
0,7071
0.7071
0,771

0.0000
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(penunuod) uonended ¥ysIg jo Indino

(untitled)

System 1: (untitled)

Position Number: 4 Layer Number: 1 X Coord (m): -1,520E-01
1Lowd  Dbsiwmce b ARSI | —--I—N;;‘;ﬂl“ bl';hn(ﬂ) B
| Mo Lasd Avngm)  Thees (%) * Radid Tangentinl  Virthd Radisl  Tageestal  Vedes!  RadSTang  Red/Vers
| 1 15001 1 00000 | 5k JIMGEN) IR B LIME 08 GIRIE | s i WL LSNEW LS ES
‘T otal Stresses (Pa) XX: -2,I44E408 YY: 6.034E+08 7 -1 17E<05 Y7
Total Strains XX: 9.537E-06 YY: -7, 798EL5 ZZ: 1 892E-08 YZ:
Toaal Displacements (m) UX: 1,543E-05 UY: -2.066E-12 UZ: 2841E-M
Principal Values and Directions of Total Stresses and Strains
Normal Normal Shear Shear
Stress (Pa) Strain Stress (Pa) Strain
Masimum: DOSSE-04 3, TREANS
Minimax: 2962605 -8 874E-06
Minimam: 6,034F-1% -1.M8E-05
Maxtmum: 2.563E+05 5,766E-05
S3ATIES0S
Minimax: | S36E+0S JA455E08
4 AYE-05
Minlmum: 1 027E+0S 2310E05
-1 93SE+0S
Strain Energy (T 23146401 Strain Energy of Distortion (0): 1 497F+01 R

Cakalood; §6-Mu 2097 | 74937 Pt Drate: VO Mar- 2007

BISAR 3.0 - Detailed Report

Y Coord (m): 0,000E+00

I T Smais

TopiVert, | Roful Tegewssl  Verscsl  MadTasg,  WabNew TugVer.
|7eED | 9SITES IR L es2an PXIRE-LS SLIONESd R CLISIL )

1706603 XZ: 1O0SE<S XY: 3,501E-03

-3 838E-13 XZ: 262E45 XY: 7876B-13

X v pa

Comp. Comp. Comp.

0,6312 0.0000 0.7756

0.7756 0.0000 06312

40,0000 1,0000 0,.0000

04463 0,7071 0.5484

04453 0,7071 0.5984

0.5484 ©.707 -0,4463

10,5484 07071 04465

0.0021 0,0000 0.9948

0.9948 0.0000 0,1021

Z Coord (m): 1,000E-02

Maper

5

n".
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(panunuod) uonejjed YysId 40 INANO

Position Number; 5

Layer Number: 1

Lowd  Diyance 0o | Hiprowements (o) Sereiwen (Pa) z n Stramu
[ No LosfAvin(o)  Whets(") | Radid  Vaegeenisl  Veetled | Radist  Tegootsl  Vedol  Ra&Tasg.  RadNert  YaegNerl. | Wadal Twpoial  Verdesl  Red/Tang.  HadVerm  lagVert
! 1 0CE~0 AHOEAO 0w L5 00000 IR SINE08 -LINE-DS TIGSE S 000 00 I8 QNS ) LOMELS S MEDS 13NEAS 0«0 AOIEAY QILE )
Total Stresses (Pa) XX: -LI22E+06 YY: -LI22E-06 ZZ: -TOSSE~0S YZ: 0DOUE-0 XZ: -2495E+05 XY: 0000E#00
Total Strains XX: -8,034E-08 YY: -804E-0% ZZ: 1 2323E.05 YZ: 0D00E~D0 XZ: -S.621E05 XY: 0000E«00
Total Displacements (m) UX:  2998E405 UY: 00008 100 UZ: 3.094E-04
Principal Values and Directions of Total Stresses and Strains
Normal Normal Shear Shear X Y Z 'z -
Stress (Pa) Strain Stress (Pa) Strain Comp. Comp. Comp. i
Maximum: -S $XTE-US 3,058E-08 04244 0,0000 09053
Minimax: 1,122E- 06 -8.034E-08 0,0000 1,0000 0,0000
Minimam: <1, 29E 06 LOGTE-04 0,955 0,0000 0.4244
Maximum: 3 250E+05 TI13E08 D94 0,0000 03502
9, 1378-03 03402 0,0000 01,9404
Minimax: 1 665E-05 S, 996E05 0.3001 £0.7071 0.6303
$,552E 05 -0,3001 0,7071 0.6403
Minimaom: 58545104 1.317B-08 0,640 0.7071 40,3001
-LISOE+06 0.6403 0.7071 0.3001
Strain Energy (1) 9.949E-01 Strain Enerpy of Distortion (1 2,701E+01 . o N
(ailhl!\l Fo-Mar-2007 | 749 5T Prime Date. FO-Mar-2007 o o Page b

BISAR 3.0 - Detailed Report

(untitled)
System 1: (untitied)

X Coord (m): 0.000E+0D0

Y Coord (m): 0,000E+00

Z Coord (m): 1,000E-02
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Position Number: 6

Layer Number: |

'BISAR 3.0 - Detailed Report

(untitled)
7 §!sbem 1 - (qnlllled)

X Coord (m): 1,520E-01 Y Coord (m): 0,000E+00

(loed Couseem ] [T P—— Y [ W
[ Na Rl ninirsl  Thete©) | Radlal  Tasgeatid  Verseal | Radbd  Tasgestisl  Versod  RadSVseg  WadoVern  TamgNert | Badial Tamesisl | Verlkod
i 1 LA0E-#1 0N 00 1ASIE QS Q0008 00 2656804 | 122606 SATSECS A0S AORED ASETEMN DOSOH«00 | - LAE 5. 0nELS L RELS D000E0
Total Stresses (Pa) XX: -1,222E+06 YY: -9.076E+05 ZZ: 3AZIEAOS YZ:  0000E+00 XZ: -3587E+05 XY:
Total Strains XX: -1,307E04 YY: -5.996E-05 22: 60205 YZ: 0000F00 XZ: -8072E-08 XY:
Total Displacensents () UX: 1 451E-0% CY: 0000E-00 UZ: 2956E-04
Principal Values and Directions of Total Stresses and Strains
Normal Normal Shear Shear X Y
Stress (Pa) Strain Stress (Pa) Strain Comp, Comp.,
Maximun: 2.154E105 9 SIRE-05 -0,3387 0.0000
Minimax: DOT6E1QS -5.996E-05 00000 10000
Minimum: -1 350E+06 «1,595E-d 09420 0,0000
Maximum: 56726405 1.276E-04 40,9035 0,0000
7.826E+05 04287 0,0000
Minimax: 34616405 7,78TE-0$ 02374 -0,7071
-S.615E+03 02374 0,7071
Minism: 2.211E~08 4975058 0,6661 0,7071
1.129E+06 0,6661 0,7071

Strain Energy (J):  1,245E~02

Calculaied 16Mar-207 17450

Prinn Dose

Strain Epergy of Distertion (J):  7.356E+01

16-Marn 2007

Z Coord (m): 1.ODOE-02

A0712040

0000+
D.000E+ (0

09420
0,000
03357
04287
05055
00,6661
0.6661
-0.2374
0.2374

7 TR |

ZelTang  WmdNert  TagVer |

OoatEre
————
R,
—
Page ?



Ut 2inby

"(penunuod) uoRended YySIg 40 Indino

Position Number: 7

Laver Number: 1

(untitled)

Lol Dissesie 0 I — Nplacernaats v} ‘ Serecsm (P8)
(Mo Last Axkim)  Theta () Rofis _ Vengewial Virtlcd | Natlal Logeotal  Verdeal Bad Tasg,
I OE OMCE D) I 1LA0EE At [0 S J95Th e \ QINedi=08 0ol S50 0 J0E~00
[otal Stresses (Pa) XX: 9,M6E105 YY: D.046E+05 I7: 354764
Total Strains XX: 1, 001E-04 YY: LOOIEO4 22: ) 15E-4
Tatal Displacements (m) UX: 1L408E-04 UY: 0000E+0) UZ: 2957E-04
Principal Values and Directions of Total Stresses and Strains
Narmal Normal Shear
Stress (Pa) Strain Stress (Pa)
Maximum: 946E 05 1,001 E-04
Minimax: 946E <05 1,001E-04
Minismum: -3547E-4 A J1SE-04
Maximum: 4, 70LEQ5
& J6GE05
Minimax: 401 E+05
4, 346E-05
Minimum: 1,875E01
9MGE 05

Strain Energy (1) 9251101

Uakewietal: B Mar 207 | TA93T

Strain Energy of Dissortion (J):  6.6296+01

Irime Dute 16-Mac- 2007

X Coord (m): 0,000E+00

System 1: (untitied)

|

Y Coord (m): 0,000E+00

Z Coord (m): 2.500E-01

Seraim
Tmgoaral  Vertesl Read /Targ.  Rad Voot TangVeet, |

HaVen TeegVerr | Madal
b LU S 3 000E ) Lo LastEas SLIEs
YZ: 0D00E+DD XZ: 5.943E102
YZ: 0.000F+00 XZ: 1337k-07
Shear X Y
Strain Comp. Comp.
1,0000 0,0000
0.0000 1,0000
00005 0000
10SSE-04 0.7076 0,0000
0.7067 0,0000
1LOSSE-04 0.0004 0,707
00004 0707
4366E-11 0,071 -0,7071
02071 0.7071

QE ) 1LIVESS

0,000E~00
0,000E 00

NYy:
XY:

Comp.
00006
0.0000

-0,7067
0.2076
-0,7071
0,7071
0,0004
00004

OooE

1.

Fape
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Position Number: 8

Layer Number: 2

BISAR 3.0 - Detailed Report

(untitied)
Systcm 1 (untmed)

Z Coord (m) 2 ,SOOE-I)I

X Coord (m): 0,000E+00 Y Coord (m): 0,000E+00

Ld Dbtawess 1— Dil’u-ﬁb|nl T Shwoe 0 Srsies |
o Lsod At ta) Thea(y | Mol Tumuetsl _ Vetied | fiael  Twgeas Ve Fad/Tamg. Red'Ver, Vamgferl | Hadel  Vempeiwl_ Versesl  Red/Tapg  RadVers  VaegVert
| SRR ) COE 0 L LAamELd DoOCH 00 I95TEM 1, 056400 JNSE03 1A3TE 0 O 0e Sk 2 oo M 1 EM 1001194 ERESm | OLOXE 0 ERUE AL S QOO ED |
‘Toral Stresses (Pa) XX: -2 "0‘[:’01 YY: -3 ?051' 03 77: 3S8TE04 YZ: 0000E«00 XZ: 5959E+Q2 XY: 0000E+00
Total Strains XX: 1L DOIE-O4 YY: 1,001E-04 72; -3, 288E.04 YZ: 0000E00 X7: S044E-06 XY: 0000E+00
Towl Daplacemmts (m) UX: | 408E-05 UY: 0000800 UZ: 2957E-04
Principal Values s and Directlons of Total Stresses and Strams
Normal Normal Shear Shear X Y Z ’ s .
Stress (Pa) Strain Suress (Pa) Strain Camp. Comp. Comgp. —
Maximum: JO604E- (3 1,002F-04 0,9998 0,0000 00187
Mindmax: =3.7055003 1LODLE-O4 0,0000 10000 00000
Minimum: -3 54KE+04 23, 289F A4 A.0587 0.0000 0,9998
Maximam: 138964 2 14604 0,7202 00000 0,637
1 959E+04 0,6917 0,000 0,7202
Mimimax: | S8OE+04 2. 145F4 Q0833 0,7071 07000
-1 9594 00133 0,7071 0,707
Minimum: 3.534E+00 7ABE-(8 0.7070 0707 0,01.33
3600802 0.7070 0,707 0013
Strals Enerpy (J):  S.465E+00 Strain Energy of Distortion (J):  4.546F+00 i = 5
Pt (ate. 162067 - Page ¢

Cakulased 16 Mar X007 | 14937






