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1. Introduction

Most of current design procedures are
based on empirical relationship derived
These

are applicable to only a limited range of

from experience and observation.

material characteristics(e.g., elastic or vi-
sco-elastic). It is assumed thét the materials
are elastic, homogenous and isotropic. The
theory of linear elasticity has been used
largely to developed relatively rational
flexible pavement techniques. The Sheli(1)
and VESYS II(2) methods are good exam-
ples.

In such methods, there are some con-
tradictions between these assumptions and
the actual behaviour which leads to pave-
ment failure, since the asphalt properties
are strictly not elastic.

Thus, error may occur in predicting
the actual pavement performance. The main
objective of this study is to describe how
the life of pavement can be maximized by
selecting pavement materials for their pla-
stic behaviour as well as for their modulus.
To do this the three dimensional mechano-
lattice analysis is developed by Yandell(3)
was employed.

Unlike the theory of linearized elasticity
this technique is able to predict the accu-
mulations of residual stresses and strains
which influence the pavement performance
throughout the road life. This is a func-
tional method putting some realism into the
basis for pavement design by not treating
the pavement structure as a structure of
layered elastic materials.

The layers can interact with each other in

their plastic behaviour.

OF VOLUMETRIC

The technique described here is to build
the elasto-plastic model to simulate flexible

pavement structures.
2. Mechano-lattice theory

The mechano-lattice analysis uses a
finite unit which, though more complex than
the model assumed in linear elastic analysis,
is very close to truly simulating an elasto-
plastic as well as other types of continum. .

Fig. 1
of the components chosen to represent the

shows the rheological system
response of the element. Each unit is a
frictionless jointed framed structure of 28
rheological elements.

For the simulation of an elasto-plastic
material, each rheological element has a
greater unloading than loading modulus,
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Fig 1. Three dimensional simulating
unit for three dimensional, mech-
ano-lattice analysis :(a) Volume-

tric and rectalinear elements(b)
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a procedure which simplifies a loading-
unloading cycle of an elasto-plastic material
triaxial test.

Thus, when an element is subjected to
tension and compression cycles, permanent
deformations of hysteresis loop can result
as shown in Fig. 2.

The forces in the element which are
due to displa_cement at each.joint of the
unit are analysed. A cartesian coordinate
system is adopted for displacement compo-
nents. _

To find the stresses and permanent
deformation of a repeatedly traversed two
or three layer pavement, the units are arr-

anged as shown in Fig. 3.
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(b) Possible load deflection
behaviour of an element
Fig 2. Simplification of elasto-plastic
hysteresis loops and possible
load-deflection behaviour of
one of 28 elements .

Fig. 3 can be regarded as a represent-

ation of the distortion of the units for a

particular position of the wheel load. How-
ever, the figure also shows the sequential
loading of a typical element of a unit as
the wheel traverses from right to left ; in
fact, the problem is solved by imagining the
pavement structure moving from left to
right with the wheel load considered to be
fixed in position. For example, a compon -
ent of the unit 1, 2, 3 and 4 has already
been subjected to a loading history. As
a result there is a residual stress state

represented by point A of the inset figure

of Fig. 4.
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As the unit moves relative to the wheel
from position A to position B the component
becomes subject to a load level represented
by point B.

Thus, as the load completely traverses
the pavement, the loading of the component
follows the path a, b, ¢, d, e, f and g thus
leading to a residual load. The computer
program performs a similar, though more
complex, task after each cycle of element
length-load calculation in which the forces
at each joint, emanating from their atta-
ched element, are resolved into vertical,
longitudinal and lateral components.

Similar behaviour occurs in the other
27 element of the unit as it moves toward,

under and way from the wheel load.
3. Model Formulation

For the simulation of an elasto-plastic
materials, the three hypothetical pavement
structures(two and three layers) were sel-
ected from of the Shell design chart HN84
as shown in Fig. 5. The design chart was
modified for & MAAT of 23 ¢ and one base
modulus 4x10® Kpa(58,000 psi). In Fig. 5
three points(A, B, C) lying on one life line

(N=10") of this Shell design chart were
examined for variations fatigue life in con-

junction with uncertainties(e.g., temper-
ature and moisture content) by a probabili-
stic approach and for two fixed extreme

relative plastic behaviour mechanisms.
4. Definition of relative plasticity

Although other definition may be also
appropriate, relative plastic behaviour is .
defined here with reference to Fig. 6. It
is equaled to (a){b) or (¢) per loading repeti-
tion, "N°, where (2), (b) and (c) are residual
strain in triaxial test after the application
and removal of a deviator stress on the
A/C, the base and subgrade materials res-
pectively. The deviator stress is equal to
the maximum average experienced by that
material, when in its appropriate layer of
the pavement, it is traversed by a standard
wheel load. It will be seen that when(a)
is greater than (b) and (c), a positive(PE)
When (a)

is equal to (b) and (c), a zero (P) plastic be-

plastic behaviour value results.

haviour value causes negligible residual
stress, although residual strain and rutting

do continue.

5 . Mechano-lattice stress-strain an-

Total asphalt thickness, mm

600 T T T T T T T alysis
500 )
i} When the relative plastic behaviour is
400 \}% | positive(PE), the residual compressive str-
300 P — ess in the bottom of the A/C layer reduces
\ 101 /% \\- “ . .
200 ‘ & the transient tensile stress under the wheel.
3
100\ 19 = ] Fig. 7(a) shows that for example of section
w10 B(PE=15, Hi/H;=9"/6") there is a lateral

0100 200 300 400 500 600 700 80D 960 1000
Total thickness of unbound base layers, mm
Fig 5. Modified of Shell design chart
HN 84

compression of 75psi at the lower asphalt
surface. As calculation cycles are repeated,

the transient tension is reduced from about
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24psi to 13psi.

Conversely, the residual lateral com-
pression is increased from about 9psi to
18psi. This indicates that as the residual
compressive stress is increased and accu-
mulated, the horizontal transient tension
is reduced. It is important to note here that
the reducing tension under load due to
increased residual compressive stress, as
obtained by the mechano-lattice technique,
is significantly different behaviour from
that predicted by the conventional linear
elastic and visco-elastic concepts. This
radical difference could, because of the
reduced tensile stress, lengthen the predic-
ted fatigﬁe life of flexible pavements.

Conceptually, it appears that residual
compressive stress is accumulated at the
bottom of the asphaltic surface and reduces
the transient tensile stress under passing
traffic loading. On the other hand, the
tensile residual stress which accumulate on
the top of the asphaltic surface may also
shorten the separate top cracking fatigue
life partly offsetting the lengthen of crac-
king life in the lower surface of the asphal-
tic concrete. But, this study does not include
the buile-up of tensile stresses in the top
surface of the A/C as a cause of top surface
rather than under surfacing cracking.

Hugo and Kennedy(4) studied this pro-
blem in the field and theoretically using
Yandell’s mechano-lattice analysis to deter-
mine the top surface tension resulting from
the various layer A/C acting with different
plastic behaviours. When the relative plas-
tic behaviour is negative(EP) the transient
and residual tension at the bottom of the
A/C are increased (Fig. 7(b)). The important
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Fig7 . Transient and residual lateral stress for first to third calculation passes on Section

B : (a) Positive (PE=1.5) ;

point is that the increased magnitude of the
transitory cycles of tensile stress would
help decrease the fatigue life of the pave-
ment. This behaviour cited above has been
demonstrated and confirmed by Yandell, in
simulating one millon traverses of a wheel
load along an asphaltic pavement. It app-
ears that the horizontal tension beneath the
load is proportional to wheel traffic loading.

In the absence of initial negative plas-
ticbehaviour this may lead to premature
cracking in the asphaltic layer due to

weakening of the bound materials.

(b) Negative (EP=1.5) ;

6. Fatigue life prediction

According to relative plasticity defi-
nition, the positive plasticity value and
asphalt modulus is presented as shown in
Fig. 8 when the A/C acts more plastically
than the base and subgrade. As seen, the
relative plasticity is increaseb as the asphalt
modulus is decreased and the unloading
modulus is increased and provided the base
The Shell

organization has presented the relationship

and subgrade remain constant.

between the bituminous mix stiffness and

temperature variation in asphalt pavement.
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Thus, it is seen that the plasticity of
the asphalt surface layer can be increased
due to higher temperature.

Fig. 9,

mechano-lattice stress-strain analysis, sh-

which were produced by the

ows that the residual stress increases as
the positive increases. In order for the
effect of temperature variation to be applied
to the change of asphalt modulus and hence
change in plasticity and prediction of fati-
gue life, temperature changing regimes,
which were measured at a site near Mel-
bourne(9, Jan. 1966) have been selected for
this application(5). The collected data on

temperature gradient for single were ob-
X 10%psi
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Unloading modulus
327000psi

(=23
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Do
T
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T
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Fig 8. Relationship between surface loading

modulus and relative plasticity
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tained from layers of asphalt concrete 100
mm thick. One daily temperature variation
represents one day of a hot summer period
and another day of temperature variation
is assumed to be similar to the first day
of summer.

Therefore, it does not give any seasonal
temperature difference over other seasons
of the year. Dormon and Metcalf (6)have
indicated that the effect of the modulus of
the asphalt bound layer is associated with
temperature at a depth equal to one-third
of the surface layer thickness. Thus, the
temperature variation data for a 100mm
depth of the A/C layer is used for section
A where the A/C is 300mm thick.

Similarly, the temperature variation
data for section B and C are obtained from
the temperature 75mm depth(e.g, 75mm=
Hi/3=225/3) and 50mm depth(e.g, 57mm=
Hi/3=171/3) of the A/C layers, respectively.

Yandell(3) has shown that the fatigue
life determinded by A/C cracking would
be due to the residual lateral compressive
stress(positive). The fatigue failure envel-
ope is taken directly from the Shell chart
M-4Q0) after the first converting strain into
stress(T=23°C, Smix =1.5x10°N/mw =218,
000psi). Based on the above, the fatigue
stress is calculated from the Shell elastic
stress(31psi, N=10") minus of the mechano-
lattice calculated residual compressive
stress. When the A/C acts less plastically
than the base and subgrade, the negative
plasticity value is increased with a decrease
in subgrade dynamic loading modulus
provided unloading modulus remain con-

Fig. 10 also

shows that the residual tensile stress is

stant as assumed(Fig. 10).
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Fig 10. Relationship between subgrade load-

ing modulus and relative plasticity

markedly increased when the negative
plasticity of ti\e lower layers are increased.

Davis(7) has established the relationship
between the CBR of unsoaked soil speci-
mens, moisture contents. and density for
six British soils ranging from a heavy
clay to a gravel. For comparison purpose,
the sensitivity of the log CBR value to unit
change in void ratio varies little between
the different dry densities. The relation-
ship for the sandy soil between log CBR
and moisture content is obtained by aver-
aging the dry densities of the 4 lines and
plotting. Also, the Shell organization, from
extensive dynamic field testing, presented
the empirical relationship, the subgrade
modulus is increased as the moisture con-
tent decreased.

Thus, it is seen that the residual tension
in the bottom of the A/C is dependent upon
the unbound layer modulus in terms of rela-
tive plasticity, in conjunction with seasonal
moisture contents.

All climatic factors such as the moi-
sture content have some effect on pavement
materials because of their water suscepti-
bility.

In particular, under Australian envi-

ronmental conditions it is necessary to know
the moisture content of granular materials
affects the pavement To do this, 36 sites
in Victoria State(8) were selected from a
study done in 1966/67. The fatigue life also
would be shortened due to the residual
tensile stress by Yandell(negative).

The fatigue stress is calculated from
the Shell converted elastic stress(31psi) plus
the residual tensile stress. Thus, the fatigue .
life would be expected to have values than
the Shell fatigue criterion(N=10") due, in
this case, to the‘moisture content changes.

7. Probabilistic solution

Due to the variation and uncertainties
associated w;'ith load repetition, a proba-
bilistic method has been extensively used
for road design based on prediction of fa-
tigue failure. Particularly, fatigue life can
be only estimated at a certain confidence
level.

The confidence interval established is
called a two side confidence interval, be-
cause it includes the upper and the lower
limit that bound the value of pouplation
mean(g). In this case, we will be interested
in the lower limit of the mean because, for
the specification purposes, the road engi-
neer is required to support a specified lower
confidence limit of the mean pavement yield
strength. For such purposes, the(l-a) lower
confidence, denoted<g)u..), for the mean
(p) as follows (9);

<ﬂ)l—a=(?_Ka'\/%) ........................ (1)

where 1-a =the specified confidence level ;

and
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K.= ¢-1(1_a) .................................... (2)
On the other hand, the two sided confidence
interval(1-a) for the population variance
using Chi-square distribution can be obtain-

ed as follow ;

< 02)1—a= [ (n_l)sz

Xi—azay. a1’ Xajza), a-

("'1)82}-(3)

Where, S=the sample variance.
Then, the exact(a) lower confidence

limit for o¢? of a normal population is

<02)l—a=[ (n—-1)8* .

C(l—a. n=1)

Where, Ca—s, o—y=the variance of the X%
variate at the cumulative probability of 1—
«. Hence, the mean and the variance of
the predicted fatigue life of the three pave-
ment sections A, Band C are calculated from
the previous references using equation(l)
and(3).

This is presented in Fig. 11.

10
I PE=NOBASE pp
L PE=15 pgpy75
100 £
- EP=
wh NO BASE pp_ .
EP=0.75
]0‘ N 1 ] i X 1 N i
0 20 40 60 80

Confidence level
Fig 11. Fatigue life change by confidence
level on Section A, B and C.

8. Fatigue life anlysis

As seen in Fig. 11, the fatigue life is
higher when the A/C layer behaves more
plastically(by the magnitude assumed) than

100(%)

29

the base and subgrade. An example for
PE=1.5(H:/H:=9"/6") on section B shows
that the fatigue 1ife(99% confidence limit)
is increased to about 33 times the Shell value
(10").
is decreased to 10%, the fatigue life is

Moreover, as the confidence level

increased about 57 times.

This is due to the residual compressive
stress build up at the lower asphalt layer.

In the opposite case(EP=1.5, H/H;=9"/6",
99% confidence limit) the fatigue life has
dropped to about 68% of the Shell value
when the A/C layer is non-plastic. At the
10% confidence level, it is decreased to
about 55% of the Shell value. This is due
to the fact that residual tensile stress has
the effect of increasing the magnitude of
the transient tensile stress under a rolling
wheel when the A/C layer acts less plas-
This

reduced fatigue life may lead to premature

tically than the base and subgrade.

cracking.

It can be seen that the typical design
life of 107 repetitions would be greatly influ-
enced by the uncertainty factors affecting
relative plasticity. Thus, the mechano-la-
ttice analysis shows that a Shell design
chart could be modified to take account of
the uncertainties, influencing relative pla-
stic behaviour inherent in the design para-

meters.
9. Cumulative Fatigue Damage

In order to assess the fatigue damage
the design traffic loading is commonly
referred to as the Equivalent Number of
Standard Axles(ESA)

The Victoria Road Board(l0) provided the
annual traffic loading on the Midland High-
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way(1969/1970). Miner’s damage expre- oD?=variance of accumulated damage.
.ssion is oNi’=variance in allowing fatigue appli-
. cation to cracking.
o nl . - . . .
b = 21 Ni oni’=variance in estimating traffic appl-
ication
D=total accumulated fatigue damage over 1.0
pavement design life 09l EP=15
ni=number of applied loads of ith magni-
[
tude. % 081 Confidence level
. L . g 10%
Ni=number of allowable service life of ith S 07k 0%
magnitude in failure.. ::: 08
D is not a constant for a pavement but s 9%
varies depending on the randomness of ni s 05f
- P
and Ni. = 04f
B
The total variation in D ecan be _§ 0sk
determined as follows(il). a
0.2F
6 . .
oD*=3 ( z ]3 aNi?+ ( 0]? *oni? 0.1F
aNi oni
0.0 PN PR S S S T NP R T |
Where, 0 10 20 30 year
Design life
Section B
1.0 1.0
EP=NO BASE .
0.9 9 EP=0.75
“IConfidence level 0.9
g 08 0% g 0.8r Confidence level
90
E 07 E o7k % 10%
o « L
b © 50%
3 06 1 0.6k
2 b
S 05f < o5}
‘s K]
z 04r EP=NO BASE > 04r
g 03 s 03f
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Fig 12. The pro:.. ity of fatigue damage versus design life for change in specified confi-

dence level :n Section A, B and C.
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The probability of fatigue cracking,
Pi(D) is Pi(D)=P(D>1)=P(logiD>0)
From figures the first time at which
the cumulative damage exceeds 1.0 can be
found. This provides the estimate of the
number of years which a pavement would
last before developing the specified amount

of fatigue cracking.
10. Conclusion

A Shell desion chart has been re-evalu-
ated by the Yandell’s mechano-lattice analy-
gis, in conjunction with the uncertainties
of temperature and moisture contents. The
temperature and moisture content records
were taken directly from Melbourne in 1966
and 36 sites in Victoria State in 1966/67.

1. With respect to fatigue life under

positive relative plastic behaviour
(PE) conditions, when the asphaltic
concrete surface layer behaved in
a more plastic way than the base
and subgrade, the life predicted by
the mechano-lattice technique was
greater than that indicated by Shell
fatigue criteria(10™} due to build-
up of residual compressive stress
in the bottom of the asphaltic layer.
2. With respect to fatigue life under
negative relative plastic behaviour
conditions, when the asphaltic con-
crete surface layer behaved less
plastically than the base and sub-
grade, the life predicted by the
mechano—lattice technique was
lower than that of the Shell chart,
due to build—up of residual tensile
stresses in the bottom of the asp-

haltic layer.

31

3. The strength of pavements appears
to fluctuate as a result of unknown
environmental changes. It was

found that, when the elasto-plastic

road materials are subjected to en-
vironmental uncertainties, the me-
chano-lattice model was theore-
tically more reliable than the Shell
design curves, applied directly to
the flexible pavement structures.

This is because the mechano-lattice

takes the plasticity and relative

plasticity of the layers into account

a rigorous manner. The uncer-

tainties inherent in the pavement
materials, such as temperature and
moisture content, can be expressed
in terms of variations in relative
plastic behaviour.

4. Damege analysis is treated proba-
bilistically with development of
design requirement specifyimg eon-
fidence level.

The fatigue life can only be pre-
dicted at a certain confidence level
assuming that failure is the result
of fatigue damage.

This damage is a consequence of
stress, strain and operational envi-
ronmental condition.

This damage model section which
has been presented should have its
capability of yielding statistical
estimates for pavement response.

This is purely theoretical study using

initial assumed plastic parameters and vari-

ability taken from field observation and
designed to demonstrated the possbility on

increasing design and evaluation precision
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in terms of confidence level. Alternative
is to incorporate plasticity into the design

process.
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NOTATION

The following symbols are used in this

paper .

A/C = Asphaltic concrete surface ;

EP = Negative relative plastic

behaviour value(—) ;
EP=NO BASE= Section A(H,/H.=12"/0),
the asphaltic surface la-
yer acts less plastically

than the subgrade ;

EP=1.5 = Section B(Hi/H.=9"/6"),
the asphaltic surface layer
acts less plastically than
the base and subgrade ;
EP=0.75=SectionC(H,/H.=6.75"/9"),
the asphaltic surface layer
acts less plastically than
the base and subgrade ;
H; =Surface layer thickness
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(inches) ;

H. =Base layer thickness(in-

ches) ;
P =Zero relative plastic beh
aviour value(0) ;
PE=Positive relative plastic
behaviour value(+) ;
PE=NO BASE =Section A(Hi/H.=12"/0),
the asphaltic surface

layer acts more plasti-
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cally than the subgrade ;
PE=1.5=Section B(H,/H:=9"/6"),
the asphaltic surface
layer acts more plasti-
subgrade ;
PE=0.75=Section C(H,/H,=6.75"/9"),
the asphaltic surface layer
acts more plastically than

the base and subgrade ;



