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INTRODUCTION

The TRH4 Structurd Design of Flexible Pavements for Inter-urban and Rurd Roads guiddine document (1)
was revised during the period 1994 t01995. One of the mgjor changesto the document was the introduction
of an gpproximate design reliability associated with each of the four road categorieslisted in Table 1.

Table 1. Road categories and approximate design reliability
Approximate design rdiability
Road Category Description (%)
A Interurban freeways and mgjor 95
interurban roads
B Interurban collectors and mgor 90
rurd roads
C Rural roads 80
D Lightly trafficked rurdl roads 50

This specification of the approximate design rdliability for each road category had its biggest impact on the
pavement design catalogue contained in the TRH4 document. Firstly, the catalogue had to be expanded to
indude suggested designsfor road category D and secondly, the design method used to developed the designs
for dl four road categories had to incorporate design religbility in some way.

TRH4 recommends that the final selection of a particular pavement design is based on the life-cycle cost
comparison of a number of aternative designs. The purpose of the design method, and the pavement
catdogue in TRH4 which isjust an gpplication of the desgn method, is therefore not the selection of thefind
design but to provide the designer with a number of design dternativesfor the particular bearing capacity for
whichheisdesgning. Although the desgn method isnot thefina sdlectiontool it must still provide an unbiased
estimate of the bearing capacity of each design regardiess of the pavement type to ensure that al designsare
treated on an equal basis in the cost andyss. If the bearing capacity of a particular type of pavement is
overestimated, it will have an unfair advantage in the cost analysis component of the design process.
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The desired design method for the revision of the TRH4 pavement design catalogue therefore had to adhere

to the following requirements:

. Although not intended as a pavement behaviour and performance smulation tool it had to provide a
reasonably accurate estimate of the bearing capacity of a pavement structure.

. Design modes for avariety of pavement materid types had to be included in the design method.

. Unbiased design bearing capacity estimates had to be made regardless of pavement type.

. Different levels of approximeate design reliability had to be provided for in a scientific way not merely
based on subjective assessment.

. The rules of the design models had to be applied consistently to al pavement type, road category and
design bearing capacity combinations.

The South African Mechanigtic-Empiricd Design Method (SAMDM) had the potentid to satisfy the above
requirements but did not include design rdiability. Approximate design rdiability, related to the design
rdiability of the four road categories was therefore introduced in al the distress models contained in the
SAMDM asafirst step of development. A spreadsheet macro program wasthen devel oped as a second step
because of the number of pavement designs which had to be evaluated for the design catalogue. This macro
programwas, however, limited in itsapplication asit was hot astanda one software package. It wastherefore
decided to develop a commercia software package based on the SAMDM.

This paper discusses the following topics:

1 Variability and rdiability in mechanigtic-empirica pavement design and theintroduction of gpproximate
desgn rdigbility in the SAMDM.

2. The content of and procedure followed by the SAMDM.

3. The Pavement Andysis and Design Software (PADS) package.

VARIABILITY AND RELIABILITY IN PAVEMENT DESIGN

The development of mechanistic-empirica design methods historically aimed at developing more accurate
pavement modds with alot of emphasis on developing the deterministic or mechanigtic part of the model.
The deterministic modd used in these design methods evolved from mullti-layer, linear-elastic solution schemes
using integrd transformation techniques for solving the stress and strain response of the pavement system to
loading to the point where complex finite eement solution schemes are now used, abeit mostly for research
work and not routine design. There has, however, recently been an increased awareness of the inherent
empirical component and associated variability of these design methods. Severd techniques have as aresult
been developed to accommodate variability in the design process. One must, however, criticaly investigate
these techniques to understand their real impact on the design process. The generad concepts of what one
would like to achieve by introducing variability and design religbility are therefore discussed firgtly, followed
by adiscussion on how to introduce these concepts in the design process.

Variability and Design Reliability
As mentioned previoudy the historica intention of mechanistic-empirica design wasfor the design processto

be largdy determinigtic. Although it will never be possible to have atotaly deterministic modd, let’ s assume
that Figure 1(a) represents the output from such amode for predicting the bearing capacity of a pavemen.



Because of the red variation in the geometry, materia properties and materia response of the physical road,
the true response of the bearing capacity of the pavement will have adigtribution with atrue mean. The output
form the determinigtic mode will, however, only be asngle predicted value. The accuracy of the modd will
determine how far the predicted value lies from the true mean of the redl bearing capacity distribution.

Figure 1(b) illugtrates the output from a probabilistic pavement desgn method consisting of a distribution of
vaues for the pavement bearing capacity of which the mean is an estimate of the true pavement bearing
capacity. Thewidth of the generated ditribution of pavement bearing capacity representsthe precision of the
model and should attempt to estimate the true variation in pavement bearing capacity.

It is possible to make a number of satementsregarding thered impact of using a probabilistic approach from

the concepts displayed in Figure 1:

. The accuracy of the pavement design process is not necessarily increased by using a probabilistic
method. The same basic computationd agorithmsare normally usedin probabilistic modelsasthose
used in conventiona mechanigtic-empirica design methods and therefore the accuracy of the
probabilistic method should be exactly the same as the accuracy of conventiona design methods.

. The variation in the digtribution of pavement bearing capacity vaues generated by the probabilistic
model does not necessarily reflect the true variation in the pavement bearing capacity of the physica
system. Idedly the precision of the model should be the same as the variation of the true distribution
of pavement bearing capacity for the modd to reflect true pavement response.

. The ultimate pavement design modd should generate a distribution of pavement bearing capacity
values of which the mean and variation do not differ sgnificantly from the true mean and true
variationof the bearing capacity distribution of thered sysem. Design reliability ismeaninglessunless
this principle is adhered to. Continued effort on improving both the accuracy and precision of the
mode is therefore required. An argument often used by the proponents of the probabilistic method
Isthat the variation in the red sysemand modd isin any case so big that it masksthe accuracy of the
mode and that improvement of the accuracy of the modd should not redlly recelve alot of atention.
This statement holds if the offset between the true and modelled means are smal rdative to the
variationin the results but not if there are large deviations from the true mean. Thispoint is, however,
difficult to quantify and substantiate as the true didribution is very seidom known.

Methodsfor Incorporating Variation and Reliability in Pavement Design

Figure 2 shows a smplified diagrammatic representation of a mechanistic-empirical desgn procedure. The
two highlighted blocks of the diagram represents the components of the process where measured data are
input. Every sngle input parameter that is measured empirically and entered into the system, has a certain
variation associated with it because of the naturd variability of the parameter and error in the measurement
technique which is hopefully small. Assuming thet the variation in the modd is a true reflection of the actud
variation of the physca system, there are therefore two entry points for introducing variability in the design
process namely in the input data which characterize the system and in the performance models which model
the distress or deterioration of the system in response to loading.

The possible sources of variation in the mode are therefore:

System geometry input Layer thickness variation

Materid input parameters Variation in giffness and Poisson’sratio
Vaidion in materid strength parameters (this may actudly be
regarded as part of the performance model)



Load characterization Variation in contact stress magnitude (influenced by dynamic effects,
vehicle loading and tyre inflation pressures)

Traffic wander
Pavement performance models Natura variation in the distress response of asingle materia type subjected
asngle stress condition.
True mean of Single point bearing
pavement bearing capacity prediction
capacity
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Deterministic model
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(& Output from a hypothetical deterministic pavement desgn mode

True mean of Probabilsitic model
pavement bearing estimate of mean
capacity bearing capacity
Accuracy

]
>

True variation Variation or precision
of the probabilistic
model

(b) Output from a probabilistic pavement design model

Figure 1. Comparison of the output from a deterministic and probabilistic pavement
design modd




1. System geometry input

2. Load characterization

3. Material input parameters:
Resilient properties
Strength properties

A
Structural analysis model:
Pavement response
Fand ,

Pavement performance model:
Transfer function

Dewign ileralions

Pavement bearing capacity
estimate

No

Adequate ?

Yes

Final pavement design

Figure 2: Schematic diagram of a mechanistic-empiricad design procedure

Different techniques are, however, required for incorporating the variation in the input parameters and the
variaion in materid performance response in the design process.

Techniquesfor incorporating the variation of the input parameters
There are two generaly accepted techniques for accommodating the variation of the input parametersin the
design model. These are the Monte-Carlo (2) and Rosenblueth (3) techniques.

The Monte-Carlo smulation technique randomly generates huge numbers of input data sets from the known
digributions of the input parameters while adhering to the digtribution characteridtics of the individua input
parameters. Theseinput data sets serve asinput to the sructural anayssmodd and by running the structurd
andyss model successively using the different input data sets, adigtribution of the resilient pavement response
parametersis generated. The distribution of the pavement response parameter in turn serves as the input to
the pavement performance model.

The Rosenblueth technique is actudly a point estimate approximation technique whereby the continuous
distribution of aparticular input parameter isgpproximated by adiscrete distribution of two adequately chosen
vauesof that input parameter. The criteriafor selecting thetwo discrete vaues arethat thefirst three statistical
moments of the continuous and discrete distributions must be equa. Amongst others, Van Cauwedaert (4)
suggested to increase the number of discrete points to three with the third point equd to the mean of the
continuous digtribution which then requires an additiond condition that the fourth statisticad moment of both
digributions must be equal. The detall of sdecting the values of the input parameters for the discrete



digributions isnot crucia to this discussion and the reader isreferred to Eckmann (3). What is of importance
isthat instead of randomly generating amultitude of input datasetsfor which structurd andysesare done, only
combinations of the discrete input values are anadysed.

I ncorporation of the variation in material distress response in the design process
The pavement performance modds or transfer functions are normally obtained from the regresson andysis
of asat of performance data for a particular materia type and distress mode as illustrated in Figure 3.
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Figure 3: A typicd linear regression type trandfer function for asphat fatigue

The varidion in fatigue response at a Sngle vaue of the pavement response parameter (whichisthe strain at
the bottom of the asphalt layer in this particular example) isquite evident from thedatain Figure 3. Thissource
of variation is rarely incorporated in pavement desgn whereas the incorporation of the variation in the vaue
of theinput parameters has been investigated by anumber of researchers of which examples have been quoted
in the preceding section. Jooste (2) hinted &t this source of variation but did not include it in his modelling.

The way to incorporate the variation of the distress response in the design procedure is to make use of
datistica probability limits. Figure 4 illugtrates the difference between three possible typesof datistica limits
gpplicable to regresson andysis.
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Figure 4: Different satistica limits goplicable to regresson anadyss

Figure 4(a) shows an hypothetica example of apercentile line at a constant offset from the regression line for
a specific sample taken from the population of possible values. The regresson modd and percentileline are
only vaid for this specific sample and do not provide any information on the popul ation from which the sample
was taken. The percentile line indicates the boundary below which a certain percentage of the observations
fromthesamplelies. Theamount by which the percentilelineis offset from the regress on mode isdetermined
by the digtribution of the residuals (difference between the observed and modelled vaues) around the
regresson mode.

Fgure 4(b) shows a number of different regresson modes for different samples taken from the same
population with an hypothetical set of confidence limits indicating the boundaries within which the true
regressionmode for the population will liewith acertain probability. The confidence limitstherefore delineate
the areawithin which the position of the regresson mode may lie but do not give any information on the spreed
of the dataiin the population.

Figure 4(c) shows a data sample with the regresson model, confidence and predictionlimitsfor the particular
sample. The prediction limitsindicate the boundaries within which a certain percentage of the individud data
pointsfrom the population will lie. The prediction limitstherefore ddlineate the areawithin which theindividua
data points from any sample taken from the population will liewith a certain probability. The prediction limits
for agpecific sampleliefurther away from the regresson modd than the confidencelimitsfor the same sample.



Thelower prediction limit istherefore the gppropriate Satigtica limit to be used for design wherethedesigner’s
am isto ensure that if the actual bearing capacity of the designed facility is sampled, a percentage of the
sampled data points equd to the probability associated with the prediction limit will exceed the minimum
required value.

Equations 1 and 2 provide theformulasfor ca culating the confidence and prediction limitsfor asample of data
fromthe population. Thereis, however, acertain practica difficulty associated with the use of the confidence
and prediction limits in the sense that they open up towards the extremes of the sample data range and are
therefore not convenient for programming purposes. The percentilelineswhich arelinear functionsat congtant
offsets from the regresson modd are much more convenient to use.
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Where CL, = Confidence limit at probability P
A and B = regression coefficients for alinear regresson model
x = vaue of independent variable a which the confidence limit is calculated
ts; = t-value from studentst distribution for a = 1-P and i = degrees of freedom (n-2)
S = Standard error of estimate calculated from Equation 1(b)
% = i-th known value of the independent variable from the observed data points
(%, y)fori=1ton
X = mean of the observed vaues of the independent variable

Spl " ?12. = (v & (A% Bx))? (1b)

Where s, > = error variance about the regression
y; = i-th known vaue of the dependent variable from the observed data points
(%,y) fori=1ton
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Where PL isthe prediction limit at probability Pand the other symbols have the same meaning asin Equations
1 and 1(b).

The firgt two terms of Equation 1 and 2 (in square brackets) represent a straight line and the confidence and
prediction limitsare calculated by adding or subtracting the quantity calculated in the third term of the equation
from the modd vaue at the vdue “x” of the independent variable.



Theincorporation of approximate design reliability in the SAMDM

A decison was taken to use the percentile lines for each of the data sets used for the development of the
trandfer functions contained inthe SAMDM asan indication of approximate design rdiability. These percentile
lineswere determined a the 5™, 107, 20" and 50™ percentile levels for each set of trandfer functionsimplying
that 95, 90, 80 and 50 per cent of the data points from the samples used for the development of the transfer
functions would lie above these percentile lines. The percentile lines were then used for the design of the
pavements contained in the TRH4 pavement design catalogue for the four road categories given in Table 1.

THE CONTENT OF AND PROCEDURE FOLLOWED BY THE SAMDM
Material Characterization for the Current SAM DM

The standard road building materids for South Africa as discussed in TRH14 (1985): Guiddines for Road
Congtruction Materids (5) are listed in Table 2 with their materia codes. The suggested gtiffness values
contained in this section should only serve as a guideline to be used in the absence of |aboratory or fied
measured values or to vadidate vaues obtained form laboratory and/or fidd testing. It is strongly
recommended that materials should be tested in the laboratory for individual design cases.

Note: GM = Grading Modulus

GM * P2.000mm % Po.a25mm % Po.o75mm
100

Where p, 000 mm ELC. denotes the percentage retained on the indicated sSieve size

Hot-mix asphalt material

Freeme (6) suggested the dastic moduli for hot-mix asphdt layers listed in Table 3. Jordaan (7) suggested
the valueslisted in Table 4 based on dastic moduli back-calculated from Multi-depth Deflectometer (MDD)
deflection measurements. These vaues are congderably lessthan the vaues listed by Freeme dueto the fact
that the second set of values was obtained from back-calculation of field deflections. There is gtill some
uncertainty over which approach to use (laboratory versus field values) and the values listed by Freeme are
dill preferred until the issueisresolved. The value used for the Poison's Ratio of asphat material is assumed
to be 0.44 in the absence of ameasured vaue.

Granular material
The suggested dagtic moduli for granular materid are listed in Table 5 (Jordaan (7) and De Beer (8)). The
vaue used for the Poison's Ratio of granular materia is 0.35.

Lightly cemented material

Téble 6 containsthe suggested e astic moduli valuesfor lightly cemented materia in different phasesof materid
behaviour after De Beer (8). The vaue used for the Poison's Ratio of cemented materid is 0.35. Only the
traffic associated deterioration phases of lightly cemented materia, phase 1 and phase 2 to the right of the
dotted linein Table 6, are included for modelling in the SAMDM. Phase 1 of the traffic associated distress
IS, however, mode led with the stiffness va ues a the beginning of this phase which correspondsto the stiffness
vaues given for the post-congtruction deterioration stage 2. The dtiffness input vaues for a C3 lightly
cemented material during phase 1 traffic associated deterioration will therefore be between 1000 and 2000
Mpa dthough the average stiffness of this materia during phase 1 will be between 500 and 800 MPa.



TABLE 2. South African road-building materialswith their material codes
Symbol Code Material Abbreviated specification
Gl Graded crushed Dense-graded, unweathered crushed stone; Max size
VVVV stone 37,5 mm; 88% apparent density; Pl < 4,0 (min 6 tests)
VVV
VVVV G2 Graded crushed Dense-graded crushed stone; Max size 37,5 mm; 100 -
\YAVA/ stone 102 % mod. AASHTO or 85% bulk density; Pl < 6,0
VVVV (min 6 tests)
VVV G3 Graded crushed Dense-graded crushed stone and soil binder; max size
stone 37,5 mm; 98 - 100% mod. AASHTO; Pl <6
0,0 G4 Natura Gravel CBRU 80; max size 53 mm; 98 - 100 mod. AASHTO;
0O o Pl < 6; Swell 0,2 @ 100 % mod. AASHTO
o N
O O G5 Natura Gravel CBRU 45; max size 63 mm or b of layer thickness,
o density as prescribed for layer of usage; Pl < 10; Swell
°cQo 0,5 @ 100 % mod. AASHTO
0°0 .
0 G6 Natura Gravel CBRU 25; max size 63 mm or b of layer thickness,
oo density as prescribed for layer of usage; Pl < 12 or
0°0 2(GM)+10; Swell 1,0 @ 100 % mod. AASHTO
(0]
o o G7 Grave-soil CBRU 15; max sze b of layer thickness; density as
0 o 0 prescribed for layer of usage; Pl < 12 or 2(GM)+10;
0 Swell 1,5 @ 100 % mod. AASHTO
o0Q o .
0 G8 Gravd-soll CBRU 10 at in-gtu dengity; max size b of layer
O o O thickness, density as prescribed for layer of usage; Pl <
0 o 12 or 2(GM)+10; Swell 1,5 @ 100 % mod. AASHTO
. 6 . G9 Gravd-sol CBRU 7 a in-situ density; max size b of layer
0 thickness; density as prescribed for layer of usage; Pl <
0o o 12 or 2(GM)+10; Swell 1,5 @ 100 % mod. AASHTO
. 6 . G10 Gravel-soil CBRU 3 a in-situ density; max size b of layer
thickness; density as prescribed for layer of usage or

90% mod. AASHTO



TABLE 2. South African road-building materials with their material codes (continued)
Symbol  Code Material Abbreviated specification
Cl1 Cemented UCS6 - 12 MPaat 100 % mod. AASHTO compaction; at
crushed stoneor  least G2 before treatment
C2 Cemented UCS 3 - 6 MPaat 100 % mod. AASHTO compaction; at

EBM

EBS

BC1

BC2

BC3
BS

PPC

AG

AC

BRARRLBBR 2

P

>
>
<

PM
DR

<3
44
g

<
<
<
<«

crushed stone or

Cemented naturd
gravel

Cemented natural
gravel

Bitumen emulsion
modified gravel
Bitumen emulsion

Hot-mix asphalt
base course

Portland concrete
cement

Asphalt surfacing

layers

Surface seals

WM1 Waterbound and
WM2 Penetration

Macadam
Dumprock

least G2/G4 before treatment

UCS15-30MPaandITS $ 250 kPa at 100 % mod.
AASHTO; max size 63 mm; Pl # 6 after treatment

UCS0,75-1,5MPaand ITS $ 200 kPa at 100 % mod.
AASHTO; max size 63 mm; Pl # 6 after treatment

0,6 - 1,5 % residud bitumen
1,5 - 5,0 % residua bitumen

Continuoudy graded; max size 53 mm
Continuoudy graded; max size 37,5 mm
Continuoudy graded; max size 26,5 mm
Semi-gap graded; max size 37,5 mm

Modulus of rupture U 4,5 MPa; max particle
szeY 75 mm

Gap graded
Continuously graded
Semi-gap graded
Open graded

Porous (drainage) asphalt

Single sed

Multiple sed

Sand seal

Cape seal

Slurry sedl; fine grading
Surry sedl; medium grading
Slurry sedl; course grading
Rejuvenator

Diluted emulsion

Max size 75 mm, Pl Y 6, 88 - 90% of apparent density
Max size 75 mm, Pl Y 6, 86 - 88% of apparent density
Course stone, keystone and bitumen

Upgraded waste rock, max size b of layer thickness



TABLE 3: Elastic Moduli for Asphalt Hot-mix L ayers suggested by Freeme (6)

Material Depth Stiffness values (M Pa) based on temperature and material condition
grading from Good condition or new Very cracked
surface aterial Stiff, dry mixture condition
() materi iff, dry
20E C 40E C 20EC 40E C 20E C 40E C
Gap-graded 0-50 4000 1500 5000 1800 1000 500
50- 150 6000 3500 7000 4000 1000 500
150- 250 7000 5500 8000 6000 1000 500
Continuously 0-50 6000 2200 7000 4000 750 500
graded 50- 150 8000 5500 9000 6000 1000 750
150- 250 9000 7500 10000 8000 1000 750

TABLE 4. Elastic Moduli for Asphalt Layers suggested by Jordaan (7)

Material Depth Stiffness values (M Pa) based on temperature and material condition
i f
grading rom Good condition or new Very cracked
surface aterial SHiff, dry mixt dit
() materi iff, dry mixture condition
20E C 40E C 20EC 40E C 20EC 40E C
Gap-graded 0-50 1000 200 2000 300 600 200
50- 150 2000 300 3000 400 750 300
150- 250 3000 400 4000 500 800 400
Continuously 0-50 2000 300 3000 300 750 300
graded 50- 150 4000 400 5000 600 800 400
150- 250 6000 1000 7000 1500 1000 750

TABLE 5: Suggested ranges of elastic moduli for granular materials (M Pa) with expected values
indicated in brackets

Material Code Material Over cemented  Over granular Wet condition Wet condition
Description layer inslab layer or (good support)  (poor support)
state equivalent
Gl High quality 250-1000(450)  150- 600 50- 250 40- 200
crushed stone (300) (250) (200)
€] Crushed stone 200 - 800 (400) 100- 400 50- 250 40- 200
(250) (250) (200)
G3 Crushed stone 200 - 800 (350) 100- 350 50- 200 40- 150
(230) (200) (150)
4 Natural gravel (base 100 - 600 (300) 75-350 50- 200 30- 150
quality) (225) (200) (150)
G5 Natural gravel 50 - 400 40- 300 30- 150 20-120
(250) (200) (150) (120
(€3] Natural gravel (sub- 50-200 30-200 20- 150 20-120

base quality) (200) (150) (150) (120)




Selected and in situ subgrade material
The suggested eastic moduli for selected and in Stu subgrade materia arelisedin Table 7 (7). Thevaueusad
for the Poison's Ratio of these materia is 0.35.

TABLE 7: Suggested elastic moduli for selected and in situ subgrade material (M Pa)

Material Code Soaked CBR Material Suggested elastic moduli
Description
Dry condition Wet condition
G/ $15 Gravel - Sl 30-200 20-120
(€3] $10 Gravel - Soil 30-180 20-90
(€°] $7 Sail 30- 140 20-70
G10 $3 Sail 20-90 10-45

Structural Analysis

The structura anadlysis is normally done with a static, linear elastic multi layer andysis program. A few points
related to the structural analysis that will influence the design procedure should be noted.

The maximum horizontal tensile strain at the bottom of asphalt layers and the maximum tensile strain at the
bottom of cemented layers are used asthe critical parameters determining the fatigue life of these two material
types. The position of the maximum tensile strain in a particular layer will not necessarily occur at the bottom
of the layer (9,10). The position of the maximum horizontal strain will rather be determined by the modular ratios
of the layersin the pavement structure. The transfer functions for these materials were however, developed
as afunction of tensile strain at the bottom of the layer and are used as such.

V ery often, the structural analysis of a pavement with a granular base and subbase will result in the mechanistic
design method predicting amost no resistance against shear failure in the subbase layer. Thisis caused by the
linear elagtic materid models used in the static, linear eastic multi-layer solution procedure which alowstensile
stresses to devel op in unbound materia. The occurrence of tensile stressin agranular layer is again determined
by the modular ratio of the gtiffness of the granular layer in relation to stiffness of the immediate support layer
(11,12). Thelinear elastic model and the resulting Mohr stress circle for such acaseisillustrated in Figure 5.

An interim solution is not to alow any tensile stressto develop in granular materias. If atensile minor principle
stressis calculated in agranular material, thevaueis set equa to zero. What thisimpliesin practiceisthat the
granular layer will only carry loading in compression. If the minor principle stress is set equal to zero, are-
arrangement of stresses will take place to transfer the loads by compression. The major principle stress is
therefore adjusted under the condition that the deviator stress remain constant. The Mohr circle is in effect
shifted by this procedure as indicated in Figure 6. Although this tentative adjustment of stresses has not been
proven theoreticaly, it does provide more meaningful pavement designs compared to proven practice. The
ultimate solution would, however, be to use a material model asillustrated in Figure 6 rather than the model in
Figure 5. However, current linear elastic analysis packages do not alow for such material models and research
is being conducted on the finite dement anadysis of pavement structures with no tension alowed in granular
materials.



TABLE 6: Suggested elastic moduli values for cemented material
Original Code UCS (MPa) for pre-  Parent Material Code Post-construction deterioration Traffic associated deterioration
k iti
cracked condition Stage 1: Intact Stage 2: Phase 1 Phase 2
G Shrinkage . . .
(GPa) cracI:kir?é] Stage 3: Traffic Stage 4: Broken up in equivalent granular
associated state (MPa)
(MPa) .
cracking,
transitional phase  pry Wet Equivalent
with micro condition condition code
cracking (MPa)
C1l 6-12 Crushed stone G1 6-30 2500 - 3000 800 - 1000 400 - 600 50- 400 EG1L
Crushed stone G3 EG2
C2 3-6 Crushed stone G2 3-14 2000 - 2500 500- 800 300-500 50-300 EG2
Crushed stone G3 EG3
Gravd G4 E+4
C3 15-3 Grave G4 2-10 1000 - 2000 500 - 800 200- 400 20- 200 E4
Gravd G5 EG5
Gravd G6 EG6
Gravd G7 EG7
Gravd G8 EG
(07} 0.75-15 Grave G4 05-7 500 - 2000 400 - 600 100- 300 20- 200 E4
Gravd G5 EG5
Gravd G6 EG6
Gravd G7 EG7
Gravd G8 EG
Gravd G7 EG9
Grave G8 EGI0
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Pavement Bearing Capacity Estimation

The SAMDM isinessence acritica layer gpproach whereby the most critical layer will determine the bearing
capacity of the pavement structure. There are three conceptsinvolved in the process of estimating pavement
bearing capacity. Thefird isto estimatethe bearing capacity of theindividua layersin the pavement structure,
Secondly, the occurrence of crushing in cemented layers should be investigated and thirdly the estimated
bearing capacity of the pavement should be cdculated from the vaues for the individud layers.



Reference is often made to the “life’ of alayer when referring to the number of load repetitions that the layer
can sudtain before reaching atermind condition. Thisis not drictly correct as the mechanistic method does
not predict layer and pavement life. Theterm layer lifewill, however, be used in thisdocument as a convenient
way of referring to the bearing capacity of alayer.

Failure modes, critical parameters and transfer functions for pavement materials

The basic materid types used in South Africa are asphalt, granular, cemented and subgrade materials. Each
materid type exhibits a unique mode of fallure. The failure mode for each materid typeislinked to acriticd
parameter calculated at aspecific postionin the pavement structure under loading. Transfer functionsprovide
the relationship between the vaue of the critical parameter and the number of load applications that can be
sustained at that value of the critical parameter, before the particular materid type will fail in a specific mode
of fallure. The following sections will describe each basc materid type with its accompanying critical
parameter(s), mode(s) of failure and gpplicable transfer function(s).

Hot-mix asphalt material

The classical modd of fatiguefallureisused for hot-mix asphdt wherethismaterid falsdueto fatigue cracking
under repested loading as aresult of tensle strain &, () a the bottom or in the layer. A distinction is made
between thin asphat surfacing layers (<50 mm) and thick asphat bases (>75 mm). Trandfer functions are
provided for a continuoudy graded or gap-graded surfacing layer and asphalt base layerswith siffnessvaues
varying from 1000 MPato 8000 MPa

Continuoudy graded asphdt surfacing layers

The fatigue crack initigtion transfer functions for continuoudy graded materid at different service levels are
liged in Equations 3 to 6 (13) and illustrated in Figure 7.
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Gap-graded asphat surfacing layers

The fatigue crack initiation transfer functions for gap graded materid at different service levels are listed in
Equations 7 to 10 (13) and illustrated in Figure 8.
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Figure 7: Fatigue crack initiation transfer functions for continuoudy graded thin
asphdt surfacing layers
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Figure 8: Fatigue crack initiation transfer functions for gap-graded thin asphalt
surfacing layers

Thick Asphat Bases

The generd form of the fatigue crack initiation transfer functions for thick agphat bases, is given in Equation
11 (13). Table 8 (13) containstheregression coefficientsfor Equation 11, for combinations of road category
and gpproximate asphdt hot-mix diffness. Figure 9 to 13 illudrates the fatigue crack initiation transfer
functions for different gpproximate asphdt hot-mix stiffness vaues.

Log &
A& )
N, " 10 B for all road categories (11)

TABLE 8: Regression coefficients for the general fatigue crack initiation transfer function for
thick asphalt bases

Hot-mix asphalt stiffness ~ Road Category/ Service A B

(MPa) level

1000 A 16.44 3378

B 16.81 3453

C 17.25 3543

D 17.87 3671

2000 A 16.09 3.357

B 1643 3428

C 16.71 3.487

D 1717 3583



TABLE 8: Regression coefficients for the general fatigue crack initiation transfer
function for thick asphalt bases (continued)

Hot-mix asphalt stiffness ~ Road Category/ Service A B

(MPa) level

3000 A 15.78 3334
B 16.11 3403
C 16.26 3435
D 16.68 3524

5000 A 1552 3317
B 15.73 3.362
C 1583 3.383
D 16.10 3441

8000 A 15.09 3227
B 15.30 3272
C 15.39 3291
D 15.65 3.346
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Figure 9: Fatigue crack initiation transfer functions for thick asphdt base layers a
1000 MPa gtiffness
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Figure 10: Fatigue crack initiation transfer functions for thick asphalt base layers a

2000 MPa gtiffness
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Figure 11: Fatigue crack initiation transfer functions for thick asphalt base layers a

3000 MPa stiffness
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Figure 12: Fatigue crack initiation transfer functions for thick asphalt base layers at
5000 MPa gtiffness
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Figure 13: Fatigue crack initiation transfer functions for thick asphalt base layers at
8000 MPa gtiffness




Fgure 16illugtratesthe shift factor to convert the crack initiation lifeto the tota fatigue life after surface cracks
appear on the road surface. The total asphalt depth should be considered to determine the shift factor.

Shift factor
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Figure 14:  Fatigue crack propagation shift factor for agphalt layers (7)

Granular Material

Granular materid exhibits deformation due to dengfication and gradud shear under repeeted loading. Maree
(14) developed the concept of the"safety factor” againgt shear failurefor granular materias. The safety factor
concept was devel oped from M 6hr-Coulomb theory and representsthe ratio of the materid shear Srength
divided by the gpplied stress causing shear. The safety factor wasthen correlated with the gradua permanent
deformation of granular materia under dynamic triaxid loading at specific levels of the safety factor.

The sefety factor againgt shear failure for granular materiasis defined by

6,[K (tarP(45 % .%.) & 1)] % 2KC tan(45 % %)

Fr — 12
(6, & 6)
or
- é3 (.j,term %, Cterm (13)
(6, & 0,)

where 6, and 6; = mgor and minor principle stresses acting at a point in the granular layer (compressive
dress pogitive and tendle stress negative)
C = cohesion
0 = angle of internd friction
K = congtant = 0.65 for saturated conditions
0.8 for moderate moisture conditions and
0.95 for norma moisture conditions



SAfety factors smdler than 1 imply that the shear Stress exceedsthe shear strength and that rapid shear failure
will occur for the tatic load case. Under redl life dynamic loading the shear stresswill only exceed the shear
srengthfor avery short timeand shear failurewill not occur under oneload gpplication, but shear deformation
will rapidly accumulate under anumber of load repetitions. If the safety factor is larger than 1, deformation
will accumulate gradually with increasing load gpplications. In both instancesthe mode of failurewill however,
be the deformation of the granular layer and therate of deformation iscontrolled by the magnitude of the safety
factor againg shear falure.

The safety factor or the mgor and minor principle stresses are referred to as the critica parameters for
granular layers for the purpose of this paper. The mgor and minor principle stresses and hence the safety
factor are usudly caculated at the mid-depth of granular layers. Suggested vaues of the C and 6-terms for
granular materids are given in Table 9. The transfer functions, relaing the safety factor to the number of load
goplications that can be sustained at that safety factor level, are given by Equations 14 to 17 (13) for different
sarvice leved requirements and areillugtrated in Figure 15.

TABLE 9: Suggested C,,, and 6, valuesfor granular material (modified from ref 6)
M oisture Condition

Material Dry M oderate Wet
Code O-term C-term O-term C-term O-term C-term
Gl 861 392 7.03 282 5.44 171
@ 7.06 303 5.76 21 446 139
& 6.22 261 508 188 393 115
e 550 223 440 160 347 109
G 360 143 330 115 317 83
€3 288 103 232 84 176 64
EG4 402 140 350 120 312 100
EG5 337 120 280 100 206 80
EG6 163 100 150 80 140 60
N, " 10(2005122F % 3.480098) for category A roads (14)
NB - 10(2.605122F % 3.707667) for Category B roads (15)
N, = 10(2605122F % 3.983324) for category C roads (16)
N, = 10(2605122F % 4.510819) for category D roads (17)
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Figure 15: Trandfer function for granular materias

Cemented Material

Cemented materid exhibits two falure modes, namdy effective fatigue and crushing (15). The criticd
parameters for cemented materid are the maximum tensile strain a (), at the bottom or in the layer for
controlling the effectivefatigue life and the vertica compressve stressé, (kPa), on top of the cemented layer
controlling the crushing life. Transfer functionsare provided for two crushing conditions, namely crushinitiation
with roughly 2 mm deformation on top of the layer and advanced crushing with 10 mm deformation and
extensve breakdown of the cemented materid.

Equations 18 to 21 (13) contain equations for the effective fatigue transfer functions a different service levels
of cemented materids as afunction of thetensile strain & (&), illustrated in Figure 16. Thedefault input values
suggested for the strain at break &, (L&) and the Unconfined Compressive Strength UCS (kPa) of cemented
materids are given in Table 10.

6.72(1 & —ar)
Ng ™ 10 4% for category A roads (18)
6.84(1 & & )
Ng " 10 763% for category B roads (19)
a
08101 & —o2) (20)

Ng " 10 b for category C roads



7.06(1 & —2)

o

Ng " 10 7863, for category D roads

(21)

TABLE 10: Suggested values of &, and UCS for Cemented M aterial

Material code & (W9 UCS (kPa)
c1 145 7500
c2 120 7500
c3 125 2250
c4 145 1125

The transfer functions in Equations 18 to 21 represent the effective fatigue life of the cemented materid. At
the end of the effective faigue life of a cemented materid, the materid is assumed to behave smilarly to
granular materid. These transfer functions do not dlow for different layer thicknesses. A shift factor for
cemented material was therefore introduced to dlow thicker layersto have an extended effective fatigue life
compared to thinner layers subjected to the same strain.  The shift factor for the effective fatigue life of
cemented materid isillugtrated in Figure 17 based on the thickness of the cemented layer.
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Figure 16: Effective fatigue life trandfer functions for cemented materid
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Fgure 17: Shift factor for the effective fatigue life of cemented materid
(19

Equations 22 to 25 (13) contain the transfer functions for crush initiation (N ;) and Equations 26 to 29 (13)
the trandfer functions for advanced crushing (N¢,) of cemented materid, illustrated in Figures 18 and 19

respectively.
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Figure18: Crushinitiaion transfer functionsfor lightly cemented materid
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Figure19: Advanced crushing trandfer functions for lightly cemented materia

Subgrade material

The mode of failurefor the sl ected and in Stu subgrade materia isthe permanent deformetion of theselayers,
resulting in the deformation of the road surface. The criticd parameter for these materidsisthe vertica strain
(&) at thetop of thelayer. Transfer functions are provided for two termina conditions, a 10 mm or a20 mm
surface rut due to the deformation of the subgrade materid.

Equation 30 (13) givesthe generd form of the transfer function for the selected and subgrade materid with
the regresson coefficients for the 10 and 20 mm termind rut condition listed in Table 11 (13) for different
sarvice levels/ road categories. The transfer functions for the 10 mm termina rut condition areilludtrated in
Figure 20 and those for the 20 mm termind rut condition in Figure 21.

TABLE 11: Regression coefficientsfor the subgrade defor mation transfer function
Terminal rut condition (mm) Road Category / Service Level A
10 A 3330
3338
3347
33.70
36.30
36.38
36.47
36.70

20

OO W >» 00w
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Figure 20: 10 mm Subgrade deformation transfer functions
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Figure 21: 20 mm Subgrade deformation transfer functions

I ncorporation of the crushing failure of cemented material

The crushing failure of cemented material was described by De Beer (15) but has not been included in the
South African Mechanigtic Desgn Method to date. The transfer functions for crush initiation and advanced
crushing were listed in a previous section.

Figure 22 illugtrates the long-term behaviour of alightly cemented layer in a pavement structure. During the
pre-cracked phase, the elastic modulus of the layer will be in the order of 3000 to 4000 MPa and the layer
will act as adab with the dab dimensons afew times larger than the layer thickness. This E-vaue reduces
rgpidly to valuesin the order of 1500 to 2000 MPa (stage 2, Table 6) at the onset of the effective fatigue life



phase. Thelayer isfurther broken down from large blocks with dimensionsof gpproximately 1 to Stimesthe
layer thickness, to particlessmdler than the thickness of thelayer during the effectivefatiguelife phase. During
the equivaent granular phase, the eastic modulusiis in the order of 200 to 300 MPa (stage 4, Table 6) and
the cemented materid actstypicdly like agranular layer.

Although these changes in the behaviour of the cemented materia will gradualy occur with time, they are
moddled as sepwise phases in the life of the cemented materid. The effective fatigue life phase and the
equivaent granular phase of cemented materia behaviour is used to caculate the layer life of the cemented
layer. The pre-cracked phase is considered to be very short (15) in relation to the other phases and is
therefore not included in predicting the layer life for the cemented material.

Resilient modulus (MPa)

A Pre-cracked Condition of cemented Condition of cemented
phase layer layer
3000 -
4000 MPa

Effective fatigue life phase
1500 - 2000 MPa

Equivalent granular
phase 200 - 300 MPa

——oo -
o

Cummulative traffic loading

Figure 22: Long-term behaviour of lightly cemented materid

Congder a pavement structure with a cemented base and subbase with a stepwise model for the cemented
meaterid behaviour. Itisclear that a the end of the effective fatigue life phase for the subbase, there will be
a sudden changein the dastic modulus of the sub-base, resulting in are-arrangement of stresses and strains
in the pavement structure. The stresses and dtrains caculated during the effective fatigue life phase will
therefore not be valid any more, except for the vertical stress on top of the cemented base which will remain
amog the same asthis parameter isinfluenced more by the gpplied contact stressthan the structura conditions
below it. This argument alows the concept of crushing falure to be introduced in the South African
Mechanigic Design Method. The procedure for determining whether crushing faillure will occur is best
illustrated by Figure 23.

InFigure 23(b) thegranular stateisreached in the base before crush initiation or advanced crushing take place.
During the equivadent granular stage the modulus of the base is too low to dlow crushing to continue to the
same extent as for a cemented base. In Figure 23(c) the predicted crush initiation life is shorter than the
predicted effective fatigue life and crush initiation will occur with goproximatey 2 mm deformation on top of
the cemented materid. In Figure 23(d) the predicted effective fatigue life exceeds both the crushinitiation and
advanced crushing life and advanced crushing will occur with gpproximately 10 mm deformation ontop of the
cemented materid asaresult.



Crushing is not conddered as a criticd mode of distress which will limit pavement bearing capacity in the
SAMDM. If crushing isflagged as a potentia problem, the base layer materia qudlity is increased or more
protection is provided againgt high contact stresses by using a thicker asphdt surfacing layer.

Pavement behaviour phases and the residual life concept

The concept of pavement behaviour phases has dready beenintroduced in the previous section. These phases
are caused by changes mostly taking place in the cemented layers of a pavement structure. The modulus of
a cemented layer is modeled as a congtant vaue for the duration of a particular phase with a sudden change
at the end of each phase.

A single cemented layer therefore introduces two phases to the pavement design modd and the rest of the
cemented layers one each. For example, a pavement structure with a cemented base and subbase will have
a firg phase up to the point where the subbase reaches the end of its estimated effective fatigue life. The
modulus of the subbase will then suddenly reduce and the cemented base will dill beinitseffectivefatiguelife
phase for the second phase of pavement behaviour. At the end of the estimated effective fatigue life of the
cemented base, the modulus of the base reduces and both the base and the subbase are in an equivaent
granular condition for the third and last phase of pavement behaviour. Thisprocessisillugtrated in Figure 24.

The stresses and strains cal culated during one phase, are not vaid during the following phase. A structurd
andyssistherefore done for each phase with the gpplicable reduced moduli for the cemented layers during
the second and subsequent phases of pavement behaviour. The stresses and strains cal culated for each phase
will yield an estimate of the layer life for each layer during each phase. The transfer functions used for
pavement design were however, developed frominitia conditionsof no distress. After Phase 1, the predicted
layer life for both Phase 1 and 2 therefore becomesinvdid but by combining the two values, an ultimate layer
life may be caculated.

Congder the stuation in Figure 25 where the layer life for each layer has been caculated for Phase 1. At the
end of Phase 1, the modulus of the cemented layer is suddenly reduced, resulting in higher stress/'strain
conditionsinthe other layerssmilar to the effect of anincreasein loading on the pavement. Theremaining part
of the layer life calculated for the other layers for Phase 1, or the resdud life of the other layers, is then
reduced because of the increased stress conditions during subsequent phases. The method assumes that the
rate of decreaseintheresdud life of the other layers during the second phase, isequal to theratio of the Phase
1 layer life divided by the Phase 2 layer lifefor a particular layer, Smilar to aload equivdency factor. The
only exception isthe cemented layer which will start with a clean sheet for the second phase becausethereis
achange in materid state and therefore termina condition for this layer. The caculated equivaent granular
layer life for the origind cemented layer will therefore be alocated to the life of the cemented layer intotd for
the second phase. Also notethat if thetop layer isasurfacing layer such asasurface sed or thin asphdlt layer,
the cdculated layer lifefor the top layer will not affect the ultimate pavement bearing capacity. Thereason for
this is thet it is not possible to design the thin asphat surfacing layers for the totd structurd design life of
pavement structures, especidly for high design traffic classes and surface maintenance should be done at
regular intervals as recommended by the TRH4 document. The ultimate pavement bearing capacity is
caculated as the sum of the duration of Phase 1 and the minimum adjusted residud life for Phase 2 or the
equivaent granular layer life of the origina cemented layer during Phase 2, whichever isthe smallest.
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Figure 23: Crush initiation and advanced crushing of lightly cemented base layers
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Figure 24: Pavement behavioura phases

The process is extended aong smilar principles for a three phase andysis of a pavement structure
incorporating two cemented layers.
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THE PAVEMENT ANALYSISAND DESIGN SOFTWARE (PADS) PACKAGE

A pavement andys's and design software package based on the design procedure discussed in the preceding
section was written to enable the consistent application of the design procedure. This section festures some
of themain features of the prototype package which will soon be available commercidly. Theprogram consst
of anumber of pages each having a different functiondity.

Data I nput Pages

There are two data input pages in the program. Figure 26 shows and example of atypica opening page
containing the generd input, pavement geometry and materia input data. The program dlows materid input
data for a maximum of three phases depending on the number of cemented layers in the pavement system.
The border of the cdculate button at the top left-hand corner of the page turnsred if any of the input datais
changed. This derts the user to the fact that he needs to recalculate the results. The second input page
contains the load characterization data and the coordinates for a maximum of ten postions in the pavement
sructure a which stresses and strains are to be caculated. Figure 27 shows and example of the load
characterization page.
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Figure 26. Pavement geometry and materid input data page
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Figure 27: Load characterization and andysis location page

The design cdculations are not based on the positions of the eva uation points specified on this page but are
autometicaly determined by the program depending on the materid code specified for each pavement layer.
The dresses and dtrains at the evaluation points are reported on a separate table if the designer wants to
investigate the stress condition at specific locations in the pavement structure.

Design Parameters and Pavement Life Data

The program provides asummary of the critica stress and strain parameters for each of the pavement layers
depending onthe material code specified for each layer for each of the analyss phases. Figure 28 showsand
example of the critica parameter datawhich serve asinput to the pavement performance models or transfer
functions.

Fgure 29 shows the design output from the software. The bar-chart in the top |eft-hand corner of the page
indicates the estimated layer bearing capacity for each of the pavement layers caculated for the gpproximate
design reliability associated with the road category specified on the pavement structure datainput page. The
data from which the bar-chart is drawn are shown in a table to the right of the bar-chart. In addition to the
pavement bearing capacity estimate, an approximate distribution of pavement bearing capacity is shown on
the graph in the bottom left-hand corner.
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Figure 28: Summary of the critica parametersfor each of the pavement layers for each of the andyss
phases
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Figure 29: Design output page




Stressand Strain Analysis Output

The software d so allows for agraphical representation of any of the basic Sressor strain parameters. These
parameters may be viewed on a praofile plot or acontour plot of which examplesare shown in Figures 30 and
31.

CONCLUSIONSAND RECOMMENDATIONS

The concept of approximate design reliability has been introduced in the South African Mechanigtic Design
Method. The pavement design catalogue of the 1996 version of the TRH4 document was revised using this
updated design procedure.

This gpproximeation of design reliability only congdersthe variation in the performance of apavement for which
the geometry and loading remains congtant. Research on the inclusion of the effect of variation in the design
input parametersiswedl advanced and this agpect should be the next priority for incluson in the SAMDM.

Merely introducing probabilistic concepts in the design procedure will not necessarily increase the accuracy
or precison of the design method. Continuous effort isrequired to increase the accuracy of the design model
and to ensure that the variation predicted by the design modd is in fact a true reflection of the variaion in
bearing capacity of real pavements.
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Figure 30: Example of the profile plot functiondity of the PADS software
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Figure 31: Example of the contour plot functiondity of the PADS software
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