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ABSTRACT

This paper discusses the performance of a flexpaleement. The objective of this study is to
compare the performance of flexible pavement usiB§iLAYER and Highway Development
and Managemer{HHDM-4). KENLAYER Computer Program has been useddietermining the
damage ratio using distress models. HDM-4 commaéiwvare has been used for predicting the
performance using pavement deterioration modeksdi€tion of performance has been carried
out for the test section located in Mumbai Metrdajaol Region (MMR), India. This region has a
humid, warm and wet climate prevalent in the wesist of India. The test section has seven
layers and it is a six lane divided highway. Dediémin years has been determined using two
distress models in KENLAYER Computer Program. Adpfastitute (Al) and Shell design
methods have been considered using equivalentasthiadle load (ESAL) and spectrum of axle
methods of incorporating traffic for the designipdr Comparison of design life has been made
and design life using Asphalt Institute design rodtue to vertical compressive strain on the
top of subgrade has been found to be governingevdaihsidering traffic using spectrum of axle
method. Eight deterioration models in HDM-4 haveoabeen used to determine pavement
performance. The output of the eight deterioratiodels has been compared based on the
allowable limits for Indian conditions to determirtke governing deterioration model and
pavement performance using cracking model has Heand to be governing. Finally,
comparison has been made between KENLAYER and HDM#put. The analysis of test
section indicates that the life of pavement prediddy HDM-4 is less than that predicted by
KENLAYER.
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INTRODUCTION

Highway Engineers design flexible pavements aftarying out the necessary investigations
required. Mechanistic method of flexible pavemesgign is an emerging technology for design,
which contains a number of distress models maialigfie cracking and rutting. These models
are used to determine the design life of the pamesnd®>avements are constructed as per the
standards and specifications after design. Howevavements usually do not serve for the
design period efficiently, safely, comfortably aedonomically due to early deterioration.
Pavement deterioration is broadly a function of @ahginal design, material types, construction
quality, traffic volume, axle load characteristicsad geometry, environmental conditions, age
of pavement, and the maintenance policy pursued.

DISTRESSMODELSIN KENALYER

Distress models in KENLAYER are cracking and rngtirstrains due to cracking and rutting
have been considered most critical for the desifgasphalt pavements. One is the horizontal
tensile strain €, )at the bottom of the asphalt layer, which cauaggue cracking, and the other
is vertical compressive straing( ©®n the surface of subgrade, which causes permanent

deformation or rutting1). Distress models can be used to predict the lifmes pavement
assuming pavement configuration. If the reliabifiy a certain distress is less than the minimum
level required, the assumed pavement configuratihmuld be change@).

Fatigue Cracking Models

Miner’s (3) cumulative damage concept has been widely usgdedict fatigue cracking. It is
generally agreed that the allowable number of legetitions is related to the tensile strain at the
bottom of the asphalt layer. The amount of damagexpressed as a damage ratio, which is the
ratio between predicted and allowable number af legetitions. Damage occurs when the sum
of damage ratio reaches 1.

The major difference in the various design methedbke transfer functions that relate the

HMA tensile strains to the allowable number of laagetitions. The allowable number of load
repetitions (N, ) can be computed using Equation 1.

N, = fi(6) " (E)™" (1)

wheres, is tensile strain at the bottom of HMBA,is modulus of elasticity of HMA and
f,, f,and f, are constants obtained by calibration.

Rutting M odels

Rutting models are used to limit the vertical coegsive strain on the top of the subgrade and
are widely used. The allowable number of load riépas (N,) to limit rutting is related to the

vertical compressive strairg() on top of the subgrade by Equation 2:
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N, = f,(g)" 2)
where f, and f_ are calibrated values using predicted performandefiald observation.

In the subgrade strain method, it is assumediththe subgrade compressive strain is
controlled, reasonable surface rut depths will In@texceeded. Unless standard thickness and
materials are used for design, the evaluation daee rutting based on the subgrade strain does
not appear to be reasonable.

Different institutions have provided different dests models. The coefficients for rutting
and cracking used by some of the institutions arengin Table 1.

TABLE 1 Coefficients for Rutting and Cracking Distress Misde
Sr Distress

' f1 f2 f3 f4 f5 Sour ces
No Models
1 | Al Model 00796 | 3.291 | 0.854| 1.365*10| 4.477 Al(1)
Shell Model | 0.0685 | 5.671| 2.363] 1.05*10 | 4.0 Shell(4)

4.92*10% | 4.76

2
3 | Belgian RRC 0 3.05*10° | 4.35 | Verstraeten et a(5)
4 | Indian Model | 2.2#10° | 3.89 | 0.854| .4166E-056 4.534 IRC-37:2(06)

DETERIORATION MODELSIN HDM-4

Pavement deterioration models relate the functiovsich are measure of distress due to
magnitude of loads, number of load repetitions, epa@nt composition and thickness, and
subgrade moistur€’). They should be able to predict the change in pamtroondition over a
given period of time under a set of conditions. yrhee exponential in nature and the rate varies
depending upon its condition with passage of tilRead deterioration is computed as the
incremental change in pavement condition over &gef time due to the effects of pavement
characteristics, traffic, environment and mainteeaimputs. A model represented in incremental
form can take care of pavements in any initial stafcondition and at any age and is the most
preferred form for economic evaluation of road pagats and maintenance strategies.

There are eight deterioration models in HDM-4 unttieee categories. Most of them are
characterized by initiation and progression. Thgomaeterioration models in HDM-4 are
discussed below.

Cracking M odel

Cracking is one of the most important deterioratiobituminous pavements. Fatigue and ageing
have been identified as the principal factors whodmtribute to cracking of a bituminous
pavement layer. The propagation of cracking is lecated through the embrittlement resulting
from ageing and the ingress of water, which canigantly weaken the underlying pavement
layers. There are two types of cracking consideéredHDM-4, which are structural and
transverse thermal cracking. The first one is éffety load and age/environment associated
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cracking. It is modelled based on the relationships derivgdPhterson (8) Initiation of all
structural cracking is said to occur when 0.5%h&f tarriageway surface area is cracked. The
second oneis generally caused by large diurnal temperaturangbs or in freeze/thaw
conditions, and therefore usually occurs only intaie climates. For each type of cracking,
separate relationships are given for predicting tinge to initiation and then the rate of
progression.

Ravelling M odel

Ravelling is the progressive loss of surface makéhrough weathering and/or traffic abrasion.
The occurrence of ravelling varies considerably agndifferent regions and countries according
to construction methods, specifications, availabkgerials, and local practice. It is a common
deterioration in poorly constructed, thin bitumisolayers such as surface treatment, but it is
rarely seen in high quality, hot-mix asphalt. Tlemstruction defects indicator for bituminous
surfacing (CDS) is used as a variable in the rangelihodels. The initiation model is basically as
proposed byaterson(8), with CDS replacing the original construction quyavariable (CQ). It

is said to occur on a given road section when (05%e carriageway surface area is classified
as ravelled. The progression model is also basetthatnproposed byaterson (8)but with a
traffic variable introduced as proposedmiey (9)

Potholing M odel

Potholing usually develops in a surface that isegitracked, ravelled, or both. The presence of
water accelerates pothole formation both througereeral weakening of the pavement structure
and lowering the resistance of the surface and tmagerials to disintegration. Potholing models
use the construction defects indicator for the H&i@B) as a variable. Initiation of potholes
arises once the total area of wide structural enackxceeds 20%. Ravelling initiated potholes
arise when the ravelled area exceeds 30%. Prognessipotholesarises from potholes due to
cracking, ravelling and the enlargement of existpugholes. It is affected by the time lapse
between the occurrence and patching of potholes.

Rut Depth M odel

Rut depthis defined as the permanent traffic-associatedrdeftton within pavement layers
which, if channelised into wheel paths, accumulates time and becomes manifested as a rut
(8). Rut depth modelling is performed after the valoéall the surface deterioration of cracking,
ravelling, potholing and edge-break at the endhef year have been calculatddhe rut depth
model is based on four components of rutting:

% Initial densification

¢+ Structural deformation

% Plastic deformation

« Wear from studded tyres
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Roughness M odel

Roughness consists of several components of rosghsiech as cracking, structural, rutting,
potholing, and environment. The total incrementalghness is the sum of these components.
The surface deterioration values used in prediatigghness are those that have been adjusted
so that the total damaged surface area plus thenuagied area equals 100%.

The remaining three models ardge-break, texture depth, and skid resistancey are
characterized by only progression models. Theseetlacgre not common as compared to the
other deterioration models.

OBJECTIVE OF THE STUDY

The main objective of this study is to compare it pavement performance using distress and
deterioration models in KENLAYER and HDM-4, respeely and then to recommend
deterioration model that gives comparable resuh wistress models.

METHODOLOGY

In the present study, a test section in Mumbai dilitan Region (MMR) has been used for
carrying out the analysis of pavement performarsieguKENLAYER Computer Program and
Highway Development and Management Model (HDM-4tidgue cracking and rutting are two
distress models considered in KENLAYER at the buttd asphalt layer and on top of subgrade
respectively. The program is used to predict thdopmance of the new pavement. HDM-4
software is used for determining the annual cooditf the pavement once constructed and open
for traffic. There are eight deterioration modetsinly structured empirical models of flexible
pavement, incorporated in HDM-4, which are usedhtbcate the annual condition of flexible
pavement. Pavement performance has been predisiagl two distress models in KENLAYER
Computer Program and eight deterioration modeldi-4 software, respectively. Comparison
of the outputs has been made to determine the giogedistress and deterioration models.

Application of KENLAYER Computer Program

KENLAYER Computer Program applies only to flexibfmvements with no joints. The
backbone of KENLAYER is the solution for an elastialtilayer system under a circular loaded
area. The solutions are superimposed for multipfeels, applied iteratively for non-linear
layers, and collocated at various times for visasit layers. As a result, KENLAYER can be
applied to layered systems under single, dual,-thuelem, or dual-tridem wheels with each
layer behaving differently, linear elastic, nonkneslastic, or viscoelastic. Damage analysis can
be made by dividing each year into a maximum ofpg&Bods, each with a different set of
material properties. Each period can have a maxinodm2 load groups, either single or
multiple. The damage caused by fatigue crackingpmmthanent deformation in each period over
all load groups is summed up to evaluate the ddgey(R).
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Input Parameters in KENLAYER Computer Program

There are so many input parameters in KENLAYER Cat@pProgram. The parameters can be
inputted both in SI and U.S. customary units. Sahéhe input parameters for linear elastic
analysis are traffic load, material propertiesckhess of each layer, number of periods, number
of load groups etc.

Output Parameters of KENLAYER

For a single and multiple load groups, a maximummiok and ten responses can be obtained,
respectively. Only the vertical compressive stram the surface of subgrade and the radial

(tangential) tensile strain at the bottom of asplager are used for damage analysis.

Highway Development and M anagement (HDM-4)

The International Study of Highway Development dehagement (ISOHDM) has been carried
out to extend the scope of the HDM-IIl model, angbtovide a harmonised systems approach to
road management, with adaptable and user-frieraftyvare tools. This has produced Highway
Development and Management Tool (HDM-4). The scopeHDM-4 has been broadened
considerably beyond traditional project apprais@grovide a powerful system for the analysis
of road management and investment alternatives.

Applications of HDM-4

HDM-4 is a powerful system for the analysis of raadnagement alternatives. With different
application tools, HDM-4 can be applied in projantalysis, program analysis, strategy analysis,
research and policy studies. Project analysis tbalse been used for predicting pavement
performance in this study, which include eight detation models.

Input Parameters in HDM-4

HDM-4 application has been designed to work withide range otlata type and quality{DM-

4 supplies default data that are user definablerdJsan choose the prevailing values in the
environment under study. The flexibility in dataju@ement not only reduces the data entry
work but also permits all potential users with aiety of data to integrate HDM-4 into road
management systems. Some of the main input datéredgare road network data, vehicle fleet
data, traffic data, and road works standards.

Output Parameters of HDM-4
HDM-4 supports flexible options for data and analysesults. Users can make printed or

electronic reports. They can also export data asdlts to standard database for other users. The
file formats are not limited to text, word documeltS excel and lotus 1-2-3 spread sheet. In
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addition, users have direct access to the restétbeae files (DBF). HDM-4 can produce the
following three types of output, which can assistd managers to make informed decisions
% Strategic road maintenance and development plaoduped from long-term predictions
of road network performance,
% Economic efficiency indicators, produced from asayof individual road projects,
< Multi-year work programmes, produced from prioa@tipn of several road projects.

CASE STUDY

The case study is a test section in Mumbai MetitgpoRegion (MMR), which has been built by

City and Industrial Development Corporation (CIDCOf Maharashtra Ltd. in 1990. Test

section is located at the southern most tip of MBI is planned over a total area of 2592Ha.
comprising of 64 sectors. The test section has lbeasrcally planned to cater the port based
services. The area has a humid, warm and wet dip&valent in the west coast of India. The
area is covered by two major deposits of marine #unal deposits and residual deposits
connecting steep hill slopes. The underlying soisists of a thick layer of soft marine clay

deposits, which is very soft and highly compressiiCIDCO has implemented the ground
improvement scheme before going a head with dewstogpal activities in the aread).

Terrain Classification of the ar&mmade by the general scope of the area acrossdlde
alignment The road network of the test section is in thedillup areas and hence it is plain
terrain. However, the percent cross slope for phaid rolling terrain is given as in Table 2.

TABLE 2 Terrain Classification of Test Section

Sr.No. Terrain Classification Per cent Cross Slope of the Area
1 Plain 0-10
2 Rolling 10-15

The test section for this study has six-lane cgemeay. The cross-slope of the
carriageway is 2.5%. The test section has seveardagnd all layers are assumed to be linear
elastic for the analysis. The cross-section oftés¢ section used for analysis is shown in Figure
1.

Traffic data has been collected and provided by@ID Traffic data at Punjab Conware
has been used and the same is shown in Table 8mp$®ns made are: standard axle load is
100 kN, annual increase of load repetitions is B8¥gction and lane distribution factors are 0.5
and 0.6 respectively, and construction time isdrye
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FIGURE 1 Cross-section of test section for the analysis.

RESULTSAND DISCUSSIONS

The output using the two softwares, viz., KENLAYERmputer program and HDM-4, are
presented separately and then comparison has baéa im order to determine the governing
distress and deterioration models.

Pavement Performance Using KENLAYER

Traffic loads have been considered using Equiveitandard Axle Load (ESAL) and Spectrum
of Axle approaches. Al and Shell design method#eHaeen used for predicting pavement
performance.

In ESAL approach, all axle loads have been coederito equivalent standard axle load
for the design period. Since it is strengtheninghefalready existing road, the design period has
been taken as 10 years. ESAL at the end of 10 yeaisd using annual growth rate of 5% as
per the recommendation by the consultant is 51.ilfbmstandard axles (msa) and the same has
been used for predicting pavement performance.zdotal tensile strain at the bottom of asphalt
concrete layer and vertical compressive strainhentop of subgrade are treated using Al and
Shell design methods. Vertical compressive straigaverning in both cases. Sum of damage
ratio is 0.0558 and design life in years is 18 ggih method while sum of damage ratio on the
top of subgrade and design life in years are 0.0&7@® 17, respectively while using Shell
method.

In the case of spectrum of axle method, loads ansidered axle wise. Single axle with
single wheel, single axle with dual wheels, tandard tridem axles have been considered. The
damage ratio due to the axle loads is computedraigha and summed up. The summation of
damage ratio at the bottom of asphalt concreteparttie top of subgrade is compared and the
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smaller of the two is taken as governing one. \¢atttompressive strain on the top of subgrade
is governing in both Al and shell methods. Sum afdge ratio and governing design life in
years using Al method are 0.06138 and 16 respégti®im of damage ratio and governing
design life in years using Shell method are 0.0582& 19 respectively. Table 4 indicates the
summary and governing design life using distresdet®in KENLAYER.

TABLE 3 Traffic Data for the Study

Date 2/3- Car/Jeep/ Truck 2- Trailor Trailor Trailor Trail Total

Wheeler Tempo axle 3-axle 4-axle 5-axle 6-axl | (4+5+6+7+8)
From To 1 2 3 4 5 6 7 8 9
Up 821 925 1672 1154 1575 15y 5 4563

30-09-03 | 01-10-03
Down | 969 914 1814 1227 1601 168 104820
Up 779 695 1127 831 1388 58 P 3406

01-10-03 | 02-10-03
Down | 1299 1048 1856 931 1613 81 3 4484
Up 345 235 584 810 1332 68 ) 2794

02-10-03 | 03-10-03
Down | 367 240 671 811 1453 67 D 3002
Up 596 679 1460 1036 1570 12y 0 4193

03-10-03 | 04-10-03
Down | 1017 890 1664 918 1588 173 0 4343
Up 413 302 723 916 1470 155% D 3264

04-10-03 | 05-10-03
Down | 439 375 147 873 1304 106 D 3030
Up 494 355 701 824 118% 65 8 2783

05-10-03 | 06-10-03
Down | 355 296 720 768 1056 56 18 2618
Up 670 608 1055 828 561 164 30 2658

06-10-03 | 07-10-03
Down | 688 552 976 864 816 149 38 2863
Total | 9252 8114 15770 | 12791 | 18512 | 1594 | 154 | 48821
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TABLE 4 Summary of Design Life Using Distress Models inNEAYER

Method of Design Method Design Lifein Governing Design
Treating Traffic Years Life
ESAL Asphalt Institute (Al) 18
Shell 17 16
Spectrum of Axle | Asphalt Institute (Al) 16
Shell 19

Pavement Performance Using HDM-4

HDM-4 has been used for predicting pavement perdmce for the analysis period of 15 years
using the parameters adjusted for Indian conditiopslaya (11)for the four deterioration
models. These deterioration models are crackinglireg, potholing and roughness. It has been
found that these deterioration models are goverfongredicting pavement performance out of
the eight deterioration models in HDM-4. Allowallilmits for pavement distress as per HDM-4
and Indian conditions are given in Table 5.Maximumit for Indian conditions has been used to
determine the maximum performance of the pavenmnthe available ones. The results using
HDM-4 are shown in Table 6 and Figure 2.

TABLE 5 Allowable Limits for Pavement Deterioration as pdM-4 and Indian Condition

. . Maximum Limit
Sr.No. Deterioration Model HDM-4 Indian Condition

1 Cracking (%) 15 20

2 Raveling (%) 20 30

3 Potholing (No/km) 5 8

4 Edge-break (Atkm) 100 -

5 Rutting (mm) 15 20

6 Roughness IRI (m/km) 6 -

7 Texture Depth (mm) 0.3 -

8 Skid Resistance SCRIM at 50km/hr 0.3 35SN

TABLE 6 Summary of Pavement Performance Using Deteriord#iodels in HDM-4

S No. Deterioration Model Predicted Pavement Goyerning Life
Performancein Years in Years
1 Cracking 9
2 Raveling (%) >15
3 Potholing (No/km) 10
4 | Edge-break (Atkm) >15
5 Rutting (mm) >15 9
6 Roughness IRI (m/km) 10
7 Texture Depth (mm) >15
8 Skid Resistance SCRIM at 50km/hr >15
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FIGURE 2 Perfor mance of pavement using deterioration models



Gedafa 13

Comparison of Pavement Performance Using KENLAYER and HDM-4

The governing design life using distress modelKENLAYER is 16 and it is governed by
vertical compressive strain on the top of subgrasiag Al design method while considering
traffic using spectrum of axle approach. The maxmmumber of years the pavement performs
using deterioration models in HDM-4 is governed drgcking and it is 9 years. However,
rutting and cracking distress and deterioration @®ddo not give comparable result.
Comparison is made in Table 7.

TABLE 7 Comparison of Pavement Performance Using Distned&terioration Models

Type of Model Performance Period
Rutting Distress Model 16
Deterioration Model >15 (analysis period)
Cracking Distrgss Model Large
Deterioration Model 9

CONCLUSIONS
The following conclusions have been made basethisrstudy:

« KENLAYER Computer Program can be used to prediet prerformance of flexible
pavement more easily and efficiently since it isrdfsiendly.

+ HDM-4 is a powerful system for the analysis of raadnagement alternatives. It can be
applied in project analysis, program analysis, tsgya analysis, research and policy
studies

% KENLAYER gives comparable result using Al and Shi#isign methods considering
traffic based on ESAL and Spectrum of axles appgresc

% Prediction has been done using eight pavementideetton models in HDM-4 using
adjusted values for Indian condition and crackiag been found to be governing.

% Pavement performs for 16 and 9 years using KENLAY&R HDM-4 respectively.
Performance is less using deterioration modelschvimdicates the early failure of the
pavement due to various reasons.

« The use of Al design method for determining dedifm in years by KENLAYER
computer program using spectrum of axle approactcsmmended.

+ Design life using vertical compressive strain oa tbp of subgrade is governing using

KENLAYER Computer Program and cracking is governinghe case of HDM-4. It is

recommended to use cracking deterioration modeidan the output of the analysis.

Rutting and cracking distress models in KENLAYERdanutting and cracking

deterioration models in HDM-4 do not give compaeafgsult.

X/
°
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