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Abstract

The response of a pavement system under wheehlpdidis been a subject of research
for many decades. Several models have been dedttopredict pavement performance based
on layer deformation and fatigue cracking. Amolmgnt stand out computer programs based on
linear elasto-static layered systems and viscaelpkistic models; however, newer or more
advanced constitutive models cannot be rigoroustprporated into them. In contrast, finite
element techniques allow incorporation of nonlinead viscoelastic-plastic behavior of the
pavement materials but licensing of software amdnibed to train personnel greatly limits its use
by highway agencies. A mechanistic-empirical (Mapproach for the estimation of pavement
performance is proposed and implemented into avaodt package called Integrated Pavement
Damage Analyzer (IntPave). The program has thaagpof calculating pavement distresses,
i.e. rutting and fatigue cracking, for flexible gaments under any type of traffic load using finite
element analysis. On the other hand, damage dgquosahas been defined by AASHTO based
on an empirical approach, thus being necessary r@ mational approach to estimate damage
based on mechanistic-empirical models. Such metlawe proposed for the determination of
damage factors using IntPave to allow the compartke level of distress caused by a heavy
truck relative to a standard truck. Furthermorepracess based on the M-E models was
developed to estimate permit fees based on thecpeddpavement deterioration that a truck
causes. Case studies are presented to evaluatggeasaused by both legal and overweight
trucks and by trucks with similar gross vehicle gigs but different axle configurations, as well

as determining the effect on the permit fee.

Vi



Table of Contents

Page
F o L0111 F=To (o =T 0 =T o | £ %
Y 01511 =Tt PP P PP PRRPP PP Vi
TaDIE OFf CONENTS ... .. e e e e e e e e e e e e e e aannes Vii
IS o T [ EESP X
LISE OF TADIES ...t r e e e e e e e e e e e e Xiii
(@4 aF=T o] (=3 g A | 1 o Yo 11T £ o I 1
0 R €= o 1T | PP PPRPPPPI 1
1.2 Problem StatemMENT.........ccuiiiiiie e 2
I B © o =T ox 1)Y= SR 5
Chapter 2 Pavement DiSIrESSES ... ....iii i ccccceeeeeeeeiireie e e e e e e e e e e e et e et ennaarerraa s e e eaeeaeaees 6
P22 A 101 (oo (U Tt 1o [P P PP PPPTPPPP 6
2.2 e 1] o USROS 10
2.3 = 1[0 U =T o] = od (] o 11
Chapter 3 Non-Destructive Testing and Evaluation..................oeuvvviiiiiiiiiiieeececeeeeee e, 13
I 0 A 1 1 oo (U {1 o] IO PPPPPRPPP 13
3.2 BOAY WAVES .....cueieiiiiiie ettt e e e e e e e e e e e et e e e e et aa et nnnnnreaesnnn e e e e aeeeas 13
3.3 SUIMACE WAVES ...t mmmme ettt e e e e e e e e e 14
3.4  Seismic wave velocity and diSPersion .........cc.eeuuiiueiiiiiiiiiee e 15
3.5 SEeISMIC METNOUS ...t e e e 17
3.6 Nondestructive evaluation of pavement SYyStemS........ccccevveeiiieeeeiiivieeeeeeiiiiieees 18

Vil



3.7  Spectral analysis of surface waves (SASW) nethQ............oovvviiiiiiiiiiiiininneeee. 19
3.8 Estimation of pavement material propertieS.........coooevvvveerieiiiiieieiiii s 23
Chapter 4 Finite Element ANAlYSIS .......cooieeeeeeii e 24
4.1 T goTo (3 ox 1 o] o BT URPPPPPTTPPPRT 24
4.2 Finite element analysis of pavement SYStemMS ..........uuuiiiiiiiiiieieeeeeeeeeeeeeeee 24
4.3 Integrated Pavement Damage Analyzer (IntPanig¢ element analysis................... 28
4.4  AXISYMMELriC SreSS @NalYSIS...........t e eeeeeeeiiiiiiiiiiaaas e e e e e e e e e eeeeeeeeeeeeeeeeeeaenne 31
4.5  Three dimensional Stress analySiS.......couuuueiiiiiiiiiiiiiie 33
4.6 NONHNEAN MOAEL.....ceeiee e e e e eeaeeees 35
4.7 Sample case of linear and nonlinear modeling.............cccccceeiiiiiiniinieeeeen, 37
4.8 Finite element modeling of wave propagatioteys.............evvvveeiiiiiiiineeeeeeeeeeee 39
4.9 DYNAMIC ANAIYSIS ...t e e e 40
4.10 Explicit time integration algorithmM ...... e 41
4.11 Explicit integration implementation ................uuuueieiiiiii e 43
I S0 | 1010 0 1= 1 PP PTR RPN 47
Chapter 5 Damage FaCLOIS..........ooiiiiiitcmmmmmmm oo e e e e e e e e et e ettt e s e e s eeeaaasaseeeeeeeaaeeeeeeeennens 49
5.1 Modeling Multiple aXIe gGrOUPS ....... ... e eeeeetttiieaes e e e e e e e e e e e eeeeeeeeeeeeeneneeeeennnnes 49
5.2 Seasonal analysis 0N Primary reSPONSE ..ceueeeeeuiiiieee et 50
5.3 (O8] ([0 YRR 51
5.4 Damage factors based 0N AASHTO .........coumrnniiaaaieee e 52
55 Damage factors based on distreSS MOAelS e covveiiiciiiiii e, 55
5.6 (O8] (1[0 YU PP 56
5.6.1 Scenario 1 — Same gross vehicle weight witerdnt axle configurations........ 56

viii



5.6.2 Scenario 2 — Analysis of heavy payloads ... 60
5.7 IMPACE Of OVEIIOAU ... .o 66
5.8 SUMIMABIY ...ttt ettt e et ettt e e e e e ettt e e e e e eeeta e eeeeesnmmmn e eeeeensnanaeaeeenes 67

Chapter 6 Permit Cost Estimation for the Movemédmi@avy Trucks on Flexible Pavements . 68

6.1 ]t e o[8[t o] o IR PP PP PPPPPPPPPPPPPPP 68
6.2 [ FoT0d (o | {011 T 68
6.3 Permit fee eStiMation PrOCESS .......uu e e e e e e 72
6.4 SAMPIE ANAIYSIS. ... ————————————————— 75
6.5 ParametriCc STUAIES .........uuiiiiiiiiiie e e e e e e 78
6.5.1 Impact of threshold to rehabilitation...c...........ooooiiii e, 79
6.5.2 Impact of over/under designing highway ..., 80
6.5.3 Impact of pavemMENt SITUCTUIE.........oooeeeeeiiiiiiee e 81
6.5.4 Impact of existing damage before passingeai/it truck..............ooovvviiiiiinnnnnn. 83
Chapter 7 Summary, Conclusions and RecommendationsS..........cccooeeevevviiiieeeeeeiiiiisieeeen, 87
7.1 SUMIMABIY ...ttt e et ettt e e e e e ettt e e e e e eeeta e e e e eeesnmmas e eeeeesnnnnaeaeeenes 87
7.2 CONCIUSIONS.....cuiiiiiiiiiiie ettt e e e e e e e e e e e e e e eeeens 88
7.3 RECOMMENUALIONS.....ceiiiiiiiiieeee et a e e e 89
Y] (=T =] 0 (o1 T S TP P TP PPPPPPPPON 91
CUITICUIUM VI ...ttt sttt e et e e e e e e e e e e e e e e e e e e e 101



List of Figures

Page
Figure 2.1 — Pavement cross section depicting maxirtensile strains occurring on the bottom
of the asphalt pavement due to loading that caatsgue cracking process............ccccevvvvmeeeee 7
Figure 2.2 — Pavement alligator cracking due tovfideads on SR-532, near IH-5, Washington
SHALE (WSDOT L1996). ...ttt eeeeee et et et ettt ee et e e e e e e e e e et et ee et ene e s eeeeeeseee e e eeeeeeeeas 7
Figure 2.3 — Pavement cross section showing ruttimer the wheel path. ...........cccccceeiii e 8
Figure 2.4 — Rutting under the wheel path (Washingt{sphalt Pavement Association 2002).... 8
Figure 3.1 — Sinusoidal dispersive wave with lomgiqd envelope propagating at group velocity

vy, and carrier, high-frequency wave whose amplitsdaodulated by the envelope, propagating

AL PNASE VEIOCITYp. «vvvreiirriieiiiiiie e 16
Figure 3.2 — Layout for testing setup of the SASWIMO..............ooviiiiiiiii e 21
Figure 3.3 — Seismic Pavement ANAIYZEr (SPA). e ceeeeeeeeeeeeiieiie e e e e e naaaaeaaaaeeee 22

Figure 4.1 — 2D Mesh with element refinement tramsj load applied at upper left corner...... 30
Figure 4.2 — 3D Mesh, tandem axle, dual tire lo@ld@tion...............ccceeeeveiieeeeeeiiiiieeeeen, 31
Figure 4.3 — Pavement structure layers subjectédear and nonlinear analysis................ 36.
Figure 4.4 — Sample pavement structure resultdifterent models: 2 and 3-D models for both
linear elastic analysis and nonlinear analysisguiquation 3.1 constitutive model............. 38.
Figure 4.5 - Rutting comparison VESYS vs. FEA 2ielr for a similar pavement structure. .. 39

Figure 4.6 — Explicit time integration MEetNOU. . .ceevevveiiiiiiiei e 44



Figure 4.7 - 2-D time history response from FE plastrain analysis with explicit time
integration method (blue) compared to Wave2000)(remt an 8 m widex 4 m deep section
subjected t0 @ 5-CYCIe 1 KHZ fOICE. .........commmmeennieiee e e e e e ee ettt e e e e e e eaee s 46
Figure 4.8 - 2-D time history response from FE plastrain analysis with explicit time
integration method (blue) compared to Wave2000)(ret an 8 m widex 4 m deep section
subjected t0 @ 5-CYCIe 1 KHZ fOICE. ......... ot 47
Figure 4.9 - Time history response from FE plamaistanalysis with explicit time integration

method compared to Wave2000, for an 1.8 m wide8 m deep section subjected to a 5-cycle

T 48 (0] o PO P TP PTTPPPP 48
Figure 5.1 - Calculation process of permanent aefdion for trucks. ............ccccevvvvvvvvvvieeeen 50
Figure 5.2 - Seasonal variation effects on ruthlept.............oooviviiiiiiii e 52

Figure 5.3 - Damage factors based on AASHTO antngutfor a typical U.S. Highway
PAVEMENT SITUCTUIE. ...ui it eiit et s et e et e e et e e e et e e e et e e e enma e e e e et e e e et e e e ean e e eenanas 59
Figure 5.4 - Damage factors based on AASHTO me#muton the ratio of truck passes to reach

failure criterion for rutting for a typical U.S. gliway pavement structure considering payload.

Figure 5.5 - Damage factors based on AASHTO me#mabton the ratio of truck passes to reach

failure criterion for rutting for a typical U.S. gliway pavement structure considering payload.

Figure 5.6 - Damage factors based on AASHTO foicglpinterstate Highway (IH), U.S.

Highway (US), State Highway (SH) and Farm to MamRetds (FM) pavement structures. ..... 64

Xi



Figure 5.7 - Damage factors based on Mechanistmrdgeh for typical Interstate Highway (IH),

U.S. Highway (US), State Highway (SH) and Farm tark&t Roads (FM) pavement structures.

Figure 5.8 - Damage factors based on rutting censig cargo for typical Interstate Highway
(IH), U.S. Highway (US), State Highway (SH) and mRato Market Roads (FM) pavement
] LU o1 L | TR PP 65

Figure 5.9 - Effect of extra 20% gross vehicle eign damage factors based on AASHTO

approach and rutting for a typical U.S. Highway @aent structure.............ccccceeeeevviivviceeeee 66
Figure 6.1 - Process for estimating truck permesfe...............uuuvviiiiiiiniieeee e 74
Figure 6.2 - Control pavement SECHON. .......ccacar i 75
Figure 6.3 - Rutting vs. truck passes for standad heavy trucks. ..........cccceevvvvviiiiiiccceee.. 77
Figure 6.4 - Variations in rut depth with numberpasses of standard and several............ i1....
Figure 6.5 - Impact of different heavy trucks omrpig COSL. ..........ouvviviiiiiiiiiiieeeeeee 79
Figure 6.6 - Impact of rutting threshold to rehastion on permit cost. ...........cccc.evvvvveweeme.. 80
Figure 6.7 - Impact of mis-estimation of trafficlume on permit COSt...........cccceeiiiiiiiiiennnns 81
Figure 6.8 - Impact of layer thickness on permagtcQ.............cooevviiiiiiiiiiiiinne e 82
Figure 6.9 - Impact of layer moduli 0n permit COSL..........uuuuuiiiiiiiee e 84
Figure 6.10 - Impact of existing damage on Per Bt f...........ccooviviiiiiiiiiiiiiieeei e 85
Figure 6.11 - Impact of existing damage oNn PermBt f...........ccooeviviiiiiiiiiiiiieeeiceeeee e 85
Figure 6.12 - Impact of existing damage on pergatlbased on heavy truck pass. .................... 86

Xii



List of Tables

Page
Table 4.1 — Interpolation functions for linear tgalar elements (after Zienkiewicz, 1977)...... 32
Table 4.2 — Interpolation functions for linear &tedron elements (after Zienkiewicz, 1977)... 34
Table 4.3 - Sample material parameters for asgbaltrete, base and subgrade layers. ............ 38
Table 4.4 — Interpolation functions for linear qtikederal elements (after Zienkiewicz, 1977). 45
Table 5.1 - Sample seasonal variation for asploaiti@te layer..............ccoevvvvviiiiiiieeneeeee, 51
Table 5.2 - Typical highway pavements structuralperties and cross-sectional thicknesses. .. 56
Table 5.3 - Truck configurations for defined grésads of interest..........cccceeevveiiiiiieicceceennn. 57
Table 5.4 - Damage factors obtained from AASHTO hudtand IntPave for a typical U.S.
Highway pavement SITUCLUIE. ...............ut e eeeeeeeeeentnissssseeeeeeeeaeeeeeseeeeeneeeeeeesnssnnnn s 58
Table 5.5 - Truck configurations for defined grésads of interest..........cccceeeveeiiiiiieiceceennn. 61
Table 5.6 - Damage factors obtained from AASHT@ad equivalency factors for an U.S.
Highway typical pavement SITUCLUIE. .........uceeeemeiiiiiiicieeieiiess s e e e e e e e e e e e eeeeeee e e e eeeaeeneennnne 63

Table 6.1 - Truck configurations CONSIAEIEA. cemmmmm . iiieeeieiiiieieeeer e e 76

Xiii



Chapter 1

Introduction

1.1 General

Pavements are typically subjected to traffic logdamd temperature conditions that lead
to their deterioration during their design livesPavement management decisions must be
implemented by transportation agencies that seekltivess this issue by gathering information
about the pavement conditions, its analysis anectst, and possible preventive maintenance or
rehabilitation. In order to study the pavementigrenance, the response of a pavement system
under wheel loading has been a subject of resdarcimany decades. Various experiments
were carried out which the AASHO Road Test stands @ late 1950’s $27 million investment
which happened to be the largest road experimeits ¢iime. This test program was conceived
and sponsored by the American Association of Staglaway Officials (AASHO) to study the
performance of highway pavement structures of kntwckness under moving loads of known
magnitude and frequency (AASHO 1961). Such stusbame a primary source of experimental
data of vehicle damage to highways for the purpo$esad design, vehicle taxation and costing.
From such tests, empirical derived equations weesgmted in the 1986 AASHTO pavement
design guide.

Present pavement and traffic conditions exceedal ldnits and conditions used in the
AASHTO Road Test because empirical design processsisicted pavement performance
prediction; thus, a suitable mechanistic pavemeatyais and design procedure was necessary

for future versions of the AASHTO guide. In orderaddress the need of this new method, the



National Cooperative Highway Research Program (NEH&eveloped a new pavement design
and analysis tool called The Mechanistic-Empiribasign Guide for New and Rehabilitated

Pavement Structures (ERES Consultants, Inc. 200Bwer techniques based on mechanistic
analysis were further developed to study pavementopnance; several computer programs
have been developed to analyze the structural nsgpof pavement systems based on layered

theory or empirical equations.

1.2 Problem statement

The implementation of the North American Free Tradgeement (NAFTA) among
Canada, Mexico, and the United States has callecattention of some state departments of
transportation along the border to understand tigact of heavier axle loads and new axle
configurations on their highway networks. Highwalgsigned to carry vehicle loads of 80 kips
(350 KN) could be trafficked with gross vehicle dgaof over 120 kips (500 KN), by trucks with
different tire and axle configurations. For exaeypecialized haulage vehicles in Mexico are
equipped with “super-single” tires, and tridem-axbnd triple trailers are used on many long
haul routes in Canada. The use of these heavyg laad new vehicle configurations will have a
major impact on the performance of the U.S. highwaywork. Hence, highway agencies
urgently need tools to predict the additional daenagd the economic impacts of allowing such
trucks in the U.S. highway system.

Over the years, some programs for calculating panemesponse were made available
and distress models were developed to predict paneperformance due to loading. A number
of computer programs have been developed to céécslaesses based on linear elasto-static

layered systems, such as BISAR, ELSYM5, and WESLE#,well as viscoelastic-plastic



programs such such as VESYS (Kenis 1977; Zhou andli& 2002). However, despite the
success of these models, new or more advanceditatimet models cannot be rigorously
incorporated into them. Commercial software based-inite Element Modeling (FEM) with
the capacity to comprehensively model pavement dana#so exists. These software packages
have a steep learning curve and in general areuset friendly. Thus, newer and simplified
tools must be developed to address the need tyzanghvements and provide a forecast of
damage based on a mechanistic analysis while aisg biser friendly and cost effective.

The use of a FEM core in the development of aepent analysis tool provides an
excellent solution for the analysis of pavementqrerance as long as it is capable of reducing
to a minimum the level of knowledge the user needbave of the FE method. Such FEM
program would even be useful for addressing thel méassisting the nondestructive evaluation
of pavements.

The need for evaluating the structural capacitypafements while minimizing traffic
interruption to a minimum testing time prompted theyelopment of nondestructive pavement
testing techniques. Many of these methods invalelection methods, ground-penetrating
radar, impact hammer and wave propagation devi&ssmic methods, i.e. wave propagation
methods, meet the requirements for rapid testirgae suitable for evaluating the structural
integrity of layered pavement systems to deterrtii@eremaining service life of a pavement or
its load-carrying capacity. The Spectral AnalysisSurface Waves (SASW) method is a
technique used for examining the structural intggof pavement systems. This method
outperforms other nondestructive evaluation methgden that it only needs access from one
side of the testing object and it can measure thgedsive characteristics in layered structures.

This technique consists in generating and meastsirgss waves, i.e. Rayleigh waves that



propagate along the surface. Its objective comsistobtaining the Rayleigh wave dispersion
curve to ultimately obtain the shear wave velog@tyfile in order to determine the elastic
parameters and layer thicknesses. However, thigkat requires a backcalculation or inversion
process, also called inversion mapping, to fintieotetical layered system having a dispersion
curve (called a theoretical dispersion curve) thktsely matches the previously obtained
experimental one. Unfortunately, profile propesteannot be formulated as a function of the
dispersion characteristics of the system, resuliting non-linear and non-unique solution. To
accomplish this step, manual trial and error pracesl both complicated and time-consuming,
have been employed. These procedures requirediticad specialist expertise to perform this
task effectively. Automated processes have beerlojged to rapidly determine the stiffness
profiles. Numerical modeling in the form of thaite element method has been used to validate
its testing results. Researchers have been usuagiety of commercial finite element analysis
programs to simulate wave propagation for nondestu® evaluation, such as ABAQUS and
ANSYS, for pavement characterization and deternonabf cavities in flexible pavements.
However, both the licensing of the programs andntheessity for training personnel to manage
them makes them difficult to implement, especialiyjnen a limited budget is available.
Moreover, it has been found that finite element lys®s, despite its advantages, are
computationally expensive and more time consumian tother wave propagation in layered
media theory based methods (Gaatjal 1998). Thus, simpler and inexpensive tools duged

specifically for the analysis of pavements are m@glusing FEM.



1.3  Objectives

The main objective of the research carried on aquilaéned in this dissertation consists
on the development of a methodology to assessntpadt of heavy and super-heavy trucks on
pavements based on a mechanistic-empirical analyBis obtain the pavement performance a
FEM program called IntPave, an Integrated Paverantage Analyzer, was developed. Such
program developed by Tiradxd al. (2007), integrated a finite element analysis cibd has the
capability of analyzing pavement sections using-tarad three-dimensional models, and is based
on generalized Hooke’s law to model the propexigsavement structure. In order to assess the
impact heavy trucks cause, a comparison analyger®rmed based on the distresses caused.
To achieve such purpose a new procedure is propmsethalyze the effect truck traffic on
pavement deterioration by integrating the effecalbfixles comprising a truck into a truck pass,
rather than focusing on axle groups. Furthermihie effect of a truck passage is evaluated with
respect to a standard truck to evaluate the esm@ade caused by such truck. Such comparative
analysis is used to propose a procedure based mechanistic-empirical (M-E) analysis to
estimate permit fees based on a truck axle loaalmjconfiguration and the predicted pavement
deterioration it causes. Moreover, this program t® modified adequately to allow the
inclusion of a time integration of the equation wiotion suitable for solving the wave
propagation problem. Numerical results obtainedugh the finite element method would serve

as guide to seismic testing techniques.



Chapter 2

Pavement Distresses

2.1 Introduction

Pavement distress information is important to eagia in designing pavement systems
and managing highway networks. As pavements ageeaperience traffic loads, pavement
distresses begin to accumulate. Common types wérmpent distresses include cracking,
distortion and disintegration, leading to detetiimra that can cause vehicle hazards. Typical
causes of pavement deterioration include traffiading, environmental conditions and
construction deficiencies. Distresses can compoim@nselves leading to a further rapid
deterioration of the pavement; therefore, timelyintemance must be carried to maintain the
pavement in serviceable conditions.

In the case of asphalt pavements different tydedigiresses may occur: alligator or
fatigue cracking, block cracking, lane and shoulttexpoff or heave, longitudinal and transverse
cracking, pumping and water bleeding, rutting, $weg) bleeding, corrugation, depression,
potholes, patch deterioration, aggregate polishiaggling and weathering.

Fatigue cracking, also called alligator crackirsgconsidered a major structural distress,
and it happens when a series of interconnectedsd@&velop due to fatigue failure of the HMA
surface (or stabilized base) under repeated triaffiding. Cracking initiates at the bottom of the
asphalt surface or stabilized base, where tensédsssor strain is highest under a wheel load, and
propagates towards the surface forming longitudpeaiallel cracks, in a process also called
“bottom-up” cracking (Huang 2004), as shown in Feg@.1. As traffic continues, these cracks
connect forming sharp-angle pieces, less than 3QLcit) on their longest side, which resemble

the skin of an alligator, as shown in Figure 2These cracks appear only in areas subjected to
6



traffic loading, i.e. under the wheel paths. Aseault, this type of distress leads to moisture

infiltration, roughness, and may even deteriorata pothole.

Figure 2.1 — Pavement cross section depicting maxiensile strains occurring on the bottom
of the asphalt pavement due to loading that caatsgue cracking process.

Figure 2.2 — Pavement alligator cracking due toshd@ads on SR-532, near IH-5, Washington
State (WSDOT 1996).

Rutting is a phenomenon that presents itself @spaession in the wheel path which may
be accompanied by pavement uplift occurring aldregsides of the rut, as shown in Figures 2.3
and 2.4. It develops from a permanent deformaitoany of the pavement layers or in the
subgrade caused by consolidation or lateral movewfetine materials due to traffic loading or

by plastic movement of the asphalt mix due to hetather or inadequate compaction during



construction (Huang 2004). Significant rutting daad to major structural failure and is more

noticeable when filled with water after rainfalbtmay lead to hydroplaning.

original pavement surface rut

/ |

o track—

Figure 2.3 — Pavement cross section showing ruttimaer the wheel path.

Figure 2.4 — Rutting under the wheel path (Washingtsphalt Pavement Association 2002).

Pattern-type cracking happening in areas not stdgjeto loading is called block cracking
and, unlike fatigue cracking, it is not relatedlaading but to shrinkage of HMA due to daily
temperature variation causing cyclic stress aralrstrRectangular pieces (blocks) range in size
from 0.1-9 n§ (1-100 ff). Swelling happens when the pavement surfacerystes upward
sharply or gradually forming a wave developing sareeking on the surface. It is caused by

frost heave in the subgrade or by swelling soBteeding develops on the pavement surface due

8



to high asphalt or low air void content, accumulgta film of bituminous material appearing as
a shiny reflecting and sticky surface. Corrugattvelops due to plastic movement forming
ripples along the surface due to shear caused lhyclge acceleration or deceleration.
Depression forms by settlement of the underlyingcsausing roughness and may fill with water.
Lane or shoulder joint separation happens whertgosden. Patch deterioration occurs over
areas where the original pavement is replacedistta aggregates happen under wheel path due
to repeated traffic loading reducing skid resisean®otholes develop on the pavement surface
that are caused by fatigue cracking, localizechtigiration or freeze-thaw cycles.

Evaluation of pavement performance is importamt davement design, rehabilitation,
and management. Different pavement performanceirees are evaluated based on distress,
roughness, friction, structure, traffic, and drg@a Evaluation greatly depends to a large extent
on past experience and engineering judgment. Bgplert systems and predictive models have
been developed to assess pavement damage. Aneifgitier stand out the Surface Condition
Expert for Pavement Rehabilitation (SCEPTRE), dayvedl by the Washington Department of
Transportation to evaluate pavement surface dssteegl recommend feasible rehabilitation
strategies for detailed analysis and design (Ratetial. 1986); and the Expert System for
Pavement Evaluation and Rehabilitation (EXPEAR)eligwed by the University of lllinois for
the Federal Highway Administration and the lllind3epartment of Transportation which
evaluates a pavement section and rehabilitaticrragtives (Hallet al. 1989). On the other
hand, various predictive models based on regresanatysis have been developed to predict
performance of flexible pavement systems. In tbkBowing section a brief overview of
predictive models is shown that addresses the niygpes of distress for flexible pavements, i.e.

rutting and fatigue cracking.



2.2  Rutting

Permanent deformation is considered a major dsstiedlexible pavements. Various
methods have been developed for determining permaleformation and are based on material
parameters that must be obtained based on expe¢ahmathods. Most methods make use of a
repeated-load test, similar to the resilient modukst, where permanent deformations, i.e. rut
depths, are recorded based on a given number ajndésd cycles that may reach 100,000
repetitions.

VESYS (Kenis, 1977; FHWA, 2003) and the new MeckaeiEmpirical Pavement
Design Guide (ERES Consultants, Inc., 2004) moaktiing progress using a constitutive model

in the form,

e =t & (N*T 2.1)
1-a

p

whereg, is the accumulated permanent strajns the resilient elastic straii is the load cycle
number and andu are the rate of increase in permanent deformaig@anst the number of load
applications and the permanent deformation, resygt which are material parameters
measured in the laboratory.

The resilient elastic strain within a pavementlaig simply the total compression of that
layer, given by the difference in deflections oé ttop and bottom of the layer (FHWA 2003).

For any layer this difference is written as:
N, _
RD(N)sz ULLON dN, (2.2)

whereRy, is the rut depth at the™ load repetition and is the layer elastic deflection. This
equation may be rewritten as,
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R, (N) = ﬁ fw* -w- )Nt (2.3)

whereW" andW are the elastic deflection amplitudes of the tog bottom surfaces of the layer.
Zhou and Scullion (2002) demonstrated thatand x are stress and temperature
dependent, and as such are nonlinear. They cadlacseries of lab tests on 100 mm (4 in.)
diameter by 150 mm (6 in.) length cylindrical speens. These specimens were subjected to
different confining pressuress, and axial stresses;, and different temperatures to measure the
permanent deformation as a function of the numlbdoa cycles. Determination ef andu

were proposed as follows:

0 =1.78418 0446558 65— 265284109 , (2.4)
34.03532 0.253670
_ logar,
1/=1.663759- 0.438729 I6G— 1.2519% (2.5)

1.918523 0.066875
whereT is the pavement temperature, measured in °Fgarsdthe deviatoric stress expressed in
psi and obtained from

g,=0,-0,. (2.6)

2.3  Fatigue cracking
To predict fatigue cracking the Asphalt InstituteSM model was implemented. Such
model is suggested by the new MEPDG as well (ERB&s@tants, Inc., 2004). Fatigue
cracking is assumed to be related to tensile stegginccurring at the bottom of the HMA layers
(bottom-up cracking). The form of the load repetis to failure of the cracking model is as
follows:
N, = ke E s, (2.4)
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whereN; is the number of load applications to failuke= 0.0796 k, = 3.291, andks = 0.854 are
regression parameters based on a threshold val@@%fcrack area and a typical HMA mix.

Fatigue cracking predictions are calculated baselliner’s law for cumulative damagb,

D :Z%’ (2.5)

i=1 "N

wheren; = traffic for periodi. This is later used for calculating the fatigwedcking area

Fc.=| 6000 =l 2.6)
1+ eC1+Czloglo(1OOD) 60

whereC’', = -2.40874 — 39.748 (1 ky)-2.856,C'; = -2 C’ 5, andhy is the total thickness of the

asphalt layers (ERES Consultants, Inc., 2004).
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Chapter 3

Non-Destructive Testing and Evaluation

3.1 Introduction

In civil engineering practice there is a wide vari®f techniques that make use of
seismic methods that provide detailed informatidow various parameters of individual
subsurface layers. Seismic methods available vl engineers fall into two categories
depending on the measured wave type: body wavesarfdce wave methods; both of them
involve the measurement of the travel times of rs@iswaves. An overview of the wave
propagation theory in a layered medium and a backgt of the seismic methods used for
engineering purposes are discussed. The purpotesadection is to provide a background of
the non-destructive testing techniques. Seisnubrigues require a forward modeling process
that would consists on the determination of theepaent layer and stiffness profile using
numerical methods in order to simulate the resoliined by field testing. The dispersion
curves obtained from both experimental and themak#inalyses must be matched to characterize

the pavement section in order to assess the pavgredarmance.

3.2 Body waves

Wave motion created by a disturbance makes thelesrof the medium to be displaced
as the wave travels through the body of the medidinese waves are called accordingly body
waves, and within an ideal whole-space they candéscribed by two kinds of waves:
compression waves and shear waves. Compressiosleat waves are distinguished by the

direction of particle motion relative to the dinect of wave propagation.
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Compression waves, also called dilatational wapemary waves, oP waves, exhibit a
push-pull motion; thus, the particles of the traiting medium move in the same direction as
the waves being propagated. These waves haveharhiglocity than other types of waves;
consequently, they appear first in a direct trattele record. Shear waves, also called
distortional waves, secondary wavesSowaves, on the other hand, generate a shearingmoti
causing particle motion to vibrate perpendicularthe direction of wave propagation. As
transverse wavess waves exhibit polarization in both the horizonpddne, classified aSH

waves, and in the vertical plane, classifieb&svaves.

3.3 Surface waves

In a half-space, other types of waves occur intadio body waves. These waves are
called surface waves generally consisting of ldayeer-period waves, thus dominating the
output of ground motion at a measuring station.uffiomany different types of surface waves
have been identified, the two major types of waaesRayleigh waves and Love waves. These
waves propagate near the surface of the half-space.

Rayleigh waves are combination Bf and SV waves that can exist at the top of a
homogeneous half-space, hence they develop botértecal and horizontal particle motion,
which, when combined, form a retrograde ellipseselto the surface. As depth increases, the
Rayleigh wave particle motion change gradually woepvertical and then to a prograde ellipse.
The amplitude of these waves attenuates quite lyapith depth.

Love waves Gy) result from the interactions ddH waves; hence, particle motion
associated with Love waves is confined to a hotiigolane and is perpendicular to the direction

of wave propagation. In contrast to Rayleigh watese waves require a velocity structure that
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varies with depth, and as a consequence, they tariton a half-space. The simplest geometry
in which a Love wave occurs is when a layer ofkhessh of material with a low-velocity layer
f1 is underlain by a half-space of material with ghar velocity layers,, thus generating
multiple reflections between the top and bottoniasies of the low-velocity layer.

Miller and Pursey (1955) found that for the casdadly and surface waves propagating
away from a vertically vibrating circular sourcethé surface of a homogeneous, semi-infinite
isotropic solid, approximately 67% of the input eJe propagates in the form of Rayleigh
waves, while compression and shear waves carryrdd@% of the energy, respectively. Both
compression and shear waves propagate radiallyandtitom the source, while Rayleigh waves

propagate along a cylindrical wavefront near thrfese.

3.4  Seismic wave velocity and dispersion

An important characteristic of surface waves isngetvical dispersion which arises from
the fact that waves of different periods travetiterent velocities in heterogeneous mediums
such as earth materials. As a result, surface \waweals are not sharp but spread out in time.
Dispersion occurs when surface waves with diffepariods have different displacements with
depth, and the intrinsic medium velocity varieshwitepth, making surface wave dispersion
valuable for studying the earth structure, as vesllsoil or pavement structures. Because
dispersive waves of different frequencies propagatdifferent speeds, Fourier analysis is used
to decompose a wave into its component frequerfoiesasier visualization. A plot of wave
velocity versus frequency or wavelength is calletispersion curve.

The dispersive characteristics of a wave can beodstrated by means of either phase or

group velocity. Group velocity is the velocity which a long-period envelope wave group
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propagates, whereas phase velocity is the velatityhich a carrier wave, defined by an
individual high-frequency harmonic wave, travelky a medium in which the velocity varies
with frequency the long-period envelope (or wawn changes its shape as it propagates, and,
therefore, group velocity differs from phase vetpcespecially when the wave propagates over
a long distance. Phase velocities contain the imedjunformation to assess the material
dispersive characteristics. It must be pointedtbat both Rayleigh wave velocity and phase
velocity are terms commonly interchangeable throughseismic analysis for pavement

engineering literature.

T v Carrier T
\ ph
Envelope

X >

Figure 3.1 — Sinusoidal dispersive wave with lomgiqd envelope propagating at group velocity
vy, and carrier, high-frequency wave whose ampliisdaodulated by the envelope, propagating
at phase velocitypn.

The shape of a dispersion curve is affected by maéiseeshear wave velocity, Poisson’s

ratio and mass density of each of the composingr&agf a pavement or soil structure, as well as
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their thicknesses. Solution of the dispersion fiamcresults in many roots at a given frequency
called modes. The root with the smallest valuesalked the solution to the fundamental mode,
while other solutions become higher modes. Ri88 %ssessed the relative contribution of the
various modes of surface wave propagation to theradvmotion using mode participation

factors and determined the fundamental mode o$tinice wave to compose between 72% and

86% of the total motion.

3.5 Seismic methods

Seismic methods which make use of body waves imvtdehniques performed entirely
on the surface, like refraction and reflection noeiy and techniques requiring the use of
boreholes, such as crosshole and downhole metHauiface wave methods are commonly used
by seismologists to study the structure of theheamdking use of the surface waves generated by
earthquakes and nuclear explosions. Engineers foavel these methods less popular due to
involvement of bulky field equipment and empiricita analysis procedures causing significant
errors; however, advancements in automation inasigecording, computer data storage and
processing thus improving field instrumentationyehaesulted in a wider acceptance. Surface
wave testing combines the advantages of the othem& methods, but its main advantage lies
on the surface measurement of the predominant wgoee of in the form of Rayleigh waves
generated by a vertically-acting load source onstivéace, as concluded by Miller and Pursey
(1955). There is no need for boreholes, thus ngaKirasier to test hard-to-sample materials
such as gravel and loose sands and perform testingavements where a nondestructive
evaluation is a practical requirement and wheréesddiyers lie beneath stiffer layers (Nazarian

and Stokoe 1983; Stokoedt al. 1988).
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Another advantage on the use of surface wavesa®sid attenuation, which happens for
these types of waves at a smaller rate than foy baes (Ewinget al. 1957). Seismic waves
attenuate or decrease in amplitude as they propdhgedugh the earth due to inelasticity, also
called intrinsic attenuation, which is caused bgleaiation from elasticity which results from
kinetic energy of elastic wave motion being lostheat by permanent deformation of the
medium (Stein and Wysession 2003). As a resutisf their energy spreads two-dimensionally
and decays with distangefrom the source approximately &8, whereas the energy of body

waves spreads three-dimensionally and decays appately ag™

3.6  Nondestructive evaluation of pavement systems

Seismic methods can be implemented for evaluatiegstructural integrity of pavement
systems to determine the remaining service lifa pavement or its load-carrying capacity. As a
practical requirement, it is necessary to evaltiaentegrity of pavements using nondestructive
testing to minimize traffic interruption to a minimm testing time.

One of the parameters to evaluate is the modufusaoh layer. Deflection based
methods have been developed and commonly used. Dyhaflect and the falling weight
deflectometer (FWD) are widespread methods usedddatermining the stiffness of the
comprising layers of a pavement structure. Botlthebe methods employ instruments that are
deployed in a towing vehicle. The Dynaflect metlodsists on the application of a steady-state
load to the pavement surface caused by two couotating eccentric masses applying a peak
dynamic force of 1,000 Ib. (4,500 N) through 44h0 cm) wide wheels at a frequency of 8 Hz,
while deflections are read by five equally spacedpones. In a similar way, the FWD consists

on the application of an impact through a plateg@daon the pavement surface which can vary
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by changing drop height or weight, from 1.5-24 kip$£—-106 kN), and an impulse duration of
25-30 ms simulating the load duration of a movingeal at 40 mph (64 km/h), while load
deflections are read by seven geophones.

Surface waves are used for comprehensive andegiffinondestructive evaluation of
layered systems, such as pavements and soils. mids# commonly used surface wave
techniques are the Spectral Analysis of Surface 4a86ASW) and the Ultrasonic Surface
Wave (USW) (Gucunski and Shokouhi 2005). Theshrtegies have been primarily used for
evaluating elastic modulus and layer thicknesapéled systems. The basic assumption consists
on the horizontally infinitely long and homogenedangers of constant thickness (Gucunski and

Shokouhi 2005).

3.7  Spectral analysis of surface waves (SASW) method

The spectral analysis of surface waves (SASW) niktb@ seismic technique founded
on generating and detecting elastic stress wavhs. method is based on in situ measurement of
shear wave velocity and elastic moduli profile ol sites and pavement systems at small strains,
less than 0.001%; within such range of strains, uticate independent of the strain amplitude
(Nazarian 1984). Nazarian and Stokoe developedxperimental (1985) and theoretical (1986)
features of the SASW method as applied to geoteahand pavement engineering field.

Other practical applications of SASW have addaibn been developed such as the
measurement of the effectiveness of ground impreverat a site at which natural material was
replaced by an engineered fill (Stokoe Il and N@rafi983). Stokoet al. (1988) determined
shear wave velocities of hard-to-sample soils (gmavelly materials and slide debris) and

pavement subgrades. Ret al. (1990) and Bay and Stokoe (1990) assessed ttiressf of
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curing concrete with time. Similarly, Cho (2003)died the applicability and limitations of the
SASW method on high strength concrete and charaetematerial properties of early age high
strength concrete emphasizing compressive strength.

Aouad et al. (1993) studied the relationship between the pavimgterials and
temperature using SASW method finding that it isgpole to quantify changes in the stiffness of
the asphalt concrete surface layer with ambienp&gature changes and that its moduli changes
with temperature as predicted by the AASHTO guide temperatures below 100°F (38°C).
Furthermore, both small-scale laboratory testsfatigcale field studies proved that the SASW
method is a viable technique for characterizingeunwater geotechnical sites where soft soil-like
materials are present (Luke and Stokoe Il 1998).

In order for the SASW method to be practical favg@gment engineering, two simplifying
assumptions are required. First, the pavementtsiiis assumed to be comprised of horizontal
layers with constant material properties. Secomtly plane Rayleigh waves are involved; thus,
the effect of body waves is ignored as evaluatealytinally by Sanchez-Salinero (1987) and
experimentally by Rix (1988), whose results proveat this is justified as long as the source-
receiver spacing is kept within certain limits witspect to the wavelength.

The SASW testing process consists of three phasasing with the field testing,
followed by the determination of a dispersion cuavel, finishing with the determination of the
stiffness profile.

Field testing requires a test setup consistingrofmpact source, two vertical geophones

and a recording and analyzer device, as showrgur&i3.2.
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Portable
Spectral

Figure 3.2 — Layout for testing setup of the SAS\atimod.

The impact source must produce Rayleigh waves nemgboth P- and S- wave energy
within an adequate frequency range. Nazarian (1884hd the highest frequencies should be
within a range of 200-800 Hz for typical soil dep®s6 kHz for flexible pavements, and 10-12
kHz for rigid pavements. Different sources havesrbaised to generate Rayleigh waves
depending on the type of material being testedthediepth to be scanned. Stolbeal. (1988)
summarized types of sources based on receivermrgpaarying from chisels and small hand-held
and sledge hammers to dropped weights. Howeveaheiudevelopments were carried out to
improve the source: Drnevicht al. (1985) used a vibrator connected to a random immct
generator; Gucunski (1991) studied impact sourcasalde of generating low frequency
Rayleigh waves; and Nazariah al. (1993) developed the Seismic Portable AnalyzeAjSR
measuring device similar to the Falling Weight Befometer (FWD) with a source consisting of

two pneumatic hammers: one high frequency and andtw frequency source, as shown in
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Figure 3.4. The Seismic Portable Analyzer is chpab providing different wave propagations
methods: impact echo, impulse response, SASW,solia surface waves and ultrasonic body

waves.
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Figure 3.3 — Seismic Pavement Analyzer (SPA).

Vertically oriented velocity transducers, or geopé® and accelerometers are used in
SASW testing. Geophones work within a frequencygeaof 1 to 1000 Hz, while the
accelerometers reach 20 kHz. Pavement testingresgthe use of both accelerometers and
geophones, while soil testing only makes use ofl#tier, since accelerometers have a low

output at low frequencies.
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3.8  Estimation of pavement material properties

Once the dispersion curves are determined frometfigonse obtained from the receivers
of the seismic testing devices, the determinatibthe pavement stiffness profile is determined
by making use of an iterative process that consistsproposing a pavement profile and
determining if it matches the dispersion curvesnfrthe experimental testing. In order to
automate the process, the forward modeling prosgsieh consists on suggesting a pavement
profile and analyzing it numerically, must be cadriout using the least amount of time and
resources.

A seismic forward finite element modeling code waegrated into the code of IntPave
using an explicit time integration technique thaeagly reduced the calculation time of the
dynamic analysis. Details of the dynamic finitereént analysis process are provided in the

following chapter, where the modeling to analyze pavement performance is explained.
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Chapter 4

Finite Element Analysis

4.1 Introduction

Many models have been developed to predict pavemeriormance based on layer
deformation and fatigue cracking. A number of cabep programs have been developed to
calculate stresses (e.g. BISAR, ELSYMS5, WESLEA) doh®n linear elasto-static layered
systems. A natural extension of layered elastigrams has been viscoelastic-plastic programs
such as VESYS (Kenis 1977; Zhou and Scullion 2002pwever, despite the success in these
models, new or more advanced constitutive modelaatabe rigorously incorporated into them.
On the other hand, finite element techniques pasBesibility for incorporating nonlinear and
viscoelastic-plastic behavior of the pavement niater In order to take into account this
behavior, finite element modeling software, suclhAB&AQUS, has been widely used. However,
both the licensing of the program and the necegsityraining personnel to effectively utilize

these programs within highway agencies hindersfitsient utilization.

4.2  Finite element analysis of pavement systems

Finite element analysis has been commonly usedddel pavement response to either
static or dynamic loads vyielding approximationsusiohs. Pavement layers are generally
considered to be containing homogeneous, lineatieland isotropic materials; however, the
finite element method allows incorporating othertenal constitutive models like non-linear,

anisotripic, stress hardening or softening modeais eonsidered in layered elastic analyses.
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Furthermore, depending on the needs of the mocdeltlae required material response, finite
element analyses for pavement modeling may be twetsional plane strain, axisymmetric, or
three-dimensional, the latter being computationabpensive though more precise. Since the
first implementation of the finite element methaod pavements in Duncaet al. (1968), this
method has been used to determine stresses, sttaffestions, and several other thermo-elastic
and thermo-plastic responses. With the availgbdit computer programs and computers with
faster computation time, finite element methods eh@ained acceptance as finite element
analysis programs can handle more complex georsgtbeundary conditions and material
properties.

Several studies have been conducted to investigatmechanical response of pavement
to traffic. Saliba (1990) presented a brief reviefathe mathematical theory of visco-plasticity
and the computational procedure used in a finkereht program to model tire/soil interaction.
ILLI-PAVE is a two-dimensional axisymmetric pavement stdtiute element software
developed at the University of lllinois at Urbanhdanpaign that incorporates stress-sensitive
material models and provides realistic represaatif the pavement structure and its response
to loading (Thompson 1989MICHPAVE s a user-friendly, nonlinear finite element cortgou
program for the analysis of flexible pavements t@hputes displacements, stresses and strains
within the pavement due to a single circular whked; it accounts for stress-dependent
behavior of granular and cohesive soil layers engavement cross section; and makes uge of
6 model is used to characterize the resilient moolugranular (type 2) materials (Harichandran
et al 1990). Commercial finite element modeling progsdike ABAQUSandANSY Shave been
widely applied for pavement analysis. Chen al. (1995) did a comprehensive study of

pavement analysis programs, including the aforeimieed, and showed that the results obtained
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from ABAQUSwere comparable to those from other programs. hidag) and White (1993)
analyzed flexible pavements subjected to movingldoat various speeds and under FWD
loading for flexible pavements using three-dimenalp dynamic analysis IABAQUS They
further developed a procedure for permitting ovadlled trucks in Indiana and developed load
equivalency factors (LEF) for asphalt pavementdhvgtanular base as well as for full depth
asphalt pavements (White and Zaghloul 1994). Twamand Thompson (1997) uséd-Pave
a nonlinear finite element program, to comparedtuss-anisotropic nonlinear elastic response
to predict the performance of granular bases xillle pavements by reducing significant tensile
stresses generally predicted by isotropic lineasta layered programs. Uddin and Ricalde
(2000) implemented a viscoelastic constitutive maltdormulation for flexible pavements to
model microcraking and crack propagation IABAQUS

Blab and Harvey (2002) used a 3-D FE model of adrpavement in which the
temperature and load dependent performance ofbfeepavements was characterized by a
generalized Maxwell model and improved loading agstions are used based on the required
visco-elastic model parameters from dynamic sheatst The model was evaluated using
simulation calculations for a specific test strueton which rutting tests had been performed
with a heavy vehicle simulator. This evaluation destrated good agreement between the
deformations predicted by the theoretical model theddeformations actually measured.

Hossain and Wu (2002) used a three-dimensionailinear finite element model to
simulate the initiation and propagation of ruttidgmage on the Superpave test sections of the
Kansas Accelerated Testing Laboratory. A creep Rnecker-Prager model were chosen to
characterize the permanent deformation charadterigif the Superpave mixtures and the

aggregate base and subgrade materials, respectively
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Werkmeisteret al. (2003) discuss the use of shakedown approach doacterize the
deformation behavior of unbound granular mater{@&&M) in pavement construction. The
essence of a shakedown analysis is to determinecritieal shakedown load for a given
pavement. The Dresden material law was introduoedniodeling the permanent and resilient
deformation behavior of UGM layers in pavement ¢amtdions under consideration of the
shakedown ranges. They also described a desigrothéthat uses test results from the repeated
load triaxial tests to establish the risk levepefmanent deformations in the UGM layers using a
nonlinear resilient material law implemented intBEaProgram called FENLAP.

Kou and Chou (2004) developed another 3-D finitement model developed in
ABAQUS for flexible pavements implementing brickife elements and a boundary connected
with infinite elements to handle an infinite boungauch as uniform subgrade without rock bed
or continuous pavement in the traffic direction.ulivhgyeet al. (2005; 2006) used viscoelastic
response models from ANSYS/ED finite element soféwéo characterize the response of
flexible pavements under traffic load and analyttexldynamic response of a flexible pavement
with peat foundation, in relation to tire pressuagle load and axle configuration, considering
non-linear viscoelastic characteristics of pavenmeaterial and cyclic wheel loads (Mulungge
al. 2007).

The Mechanistic-Empirical Pavement Design Guide PWDE) software utilizes two
models to calculate critical responses for flexipég/ements considering strains associated with
traffic and climatic loading. A multi-layered liaeelastic theory program called JULEA (Uzan
1989), and a non-linear axisymmetric finite elemamaigram based on DSC-2D by Desai (2001)

were implemented into the MEPDG software (ERES Qbasts, Inc., 2004).
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Similarly, Saadet al. (2005) studied the dynamic pavement response eXible
pavement systems to single wheel traffic loadse 3tudy was carried out with a finite element
program called ADINA using a tree-dimensional dymammodeling technique with implicit
solution scheme. They considered the granular Gasdastic perfectly plastic (Druker-Prager)
and the subgrade as elastoplastic strain hardé@iag Clay) to investigate the effect of base
thickness, base and subgrade quality. Furthermor&aadet al. (2006), they implemented
finite element simulations to evaluate the effectdiigh modulus geosynthetic reinforcement
into a pavement foundation on fatigue and ruttargd how such effects influenced base quality
and thickness, as well as subgrade quality. Theygbetic reinforcement was modeled with a
isoparametric, plane stress displacement-basednfmdg membrane element which can lie in a
three-dimensional plane, thus allowing the elenfentin-plane stresses and no bending nor
compression stresses. The AC and subgrade werel@dodvith eight-node isoparametric

elements.

4.3 Integrated Pavement Damage Analyzer (IntPave) fing element analysis

As part of the work conducted towards the develapgmef this dissertation, the
Integrated Pavement Damage Analyzer (IntPave) sofiwvas developed as a tool with the
capacity to calculate pavement distress under ygy of traffic load and to make a comparison
of the level of distress caused by a standard amonastandard truck. Such pavement distress
evaluation tool consisted of three main modules:fttst one was a stand-alone finite element
analysis program developed in Maffawith the capacity to load an input file and proeln
output file with the pavement distress calculation§he input file contained the geometric

pavement section information, material propertigsl aheir variation as a function of
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temperature, and traffic loading characteristi€be output file contained the rutting calculations
for all the pavement layers and fatigue crackinghef surface layer as a function of traffic load
repetitions. This module was the processor (engised in the other two modules. The next
module was a graphical user interface (GUI) thavesk as a pre and post processor for the
stand-alone finite element program. This modute/jpled an interface to enter all the pavement
section information, material properties and taffiformation in a user-friendly manner. This
user interface generated an input file used byptioeessor, read the output and displayed the
results in a graphical, easy-to-interpret form. e irocessor was also incorporated into a third
module as a Geographic Information System (GISgdasol that allowed the calculation of
pavement distresses and made comparisons betwexs tn a road network. Instead of just
doing the distress calculations at one pavemertiosedhis tool was used to calculate the
pavement distress generated by a truck as it mttwedgh a network of roads, thus generating a
“profile” of pavement distress (Tiradet al. 2006).

The finite element analysis was based on a gemedalHooke's law to model the
properties of pavement structure. The 2D modebkisted on an axisymmetric model, which
was suitable for estimating the rut depth. Usingopen source preprocessor called GMSH, it
was possible to model a 2D mesh with triangulamelats. The advantage of these elements is
their geometric flexibility: they allow modelingtimcate geometries and facilitate transition from
coarsely meshed region of a grid to finely mesheglon. This latter feature is essential in
pavement modeling, since a fine mesh is requireerevthe load is applied, implicating a larger
number of elements. Since the stresses causeobly Hissipate as they move away from the
load application point, a less refined mesh is rededEven though large meshes provide more

accurate results, they require greater computdiime, and having these transitions greatly
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reduces computation time without conceding accuraksysample of this type of mesh is shown
in Figure 4.1. In order to improve computationdinthe constant strain triangle element was

used in the finite element model.
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Figure 4.1 — 2D Mesh with element refinement triamsj load applied at upper left corner.

Another objective of IntPave consisted on the eaabm of the impact of axle
configurations to carry super heavy loads, thusintgpk necessary to estimate the distress using
3D modeling. Three-dimensional models offer sdverdvantages over two-dimensional
axisymmetric ones as actual load configurations banreadily modeled. These model
incorporated four-node tetrahedral elements imieshing for the same reasons the triangular
element were used in the 2D model. A sample mésh3® model is shown in Figure 4.2; the
sample mesh becomes more refined as it gets diodbe load application points, namely the

tire contact areas; in the figure shown a tandeal dule configuration is used as an example.
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Only two tires are shown in the model since onlif bathe model is needed because of plane

symmetry.
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Figure 4.2 — 3D Mesh, tandem axle, dual tire loaaddtion.

4.4  Axisymmetric stress analysis

As already mentioned, triangular elements facditétansition from coarsely meshed
zones of a grid to finely meshed zones, a featsserdial in pavement modeling, as a fine mesh
is required where the load is applied, but no fimesh is necessary at regions located away from
the loading, as they are not of interest to thdyaisa In this section a brief explanation on the
characteristics of the axisymmetric modeling isspreed.

The stiffness matrix for an axisymmetric finite rlent analysis is computed from

K; = [ B'DB,dV = 271{BDB, rdrdz, (4.3)
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whereB is the strain-displacement matr,is the elasticity matrix; is the radial distance to the

node (Zienkiewicz 1977). The strain-displacemeiatrix, B, is defined for an axisymmetric

element as

0
oN,

0z
0

N

or |

(4.4)

whereN; is the evaluated derivative of the shape funcéibnode. The interpolation functions,

N;, for the linear triangular element are shown ibl€at.1.

Table 4.1 — Interpolation functions for linear trglar elements (after Zienkiewicz, 1977).

Linear triangle

Shape functions

The elasticity matrixD, for an isotropic material, axisymmetric modelisd;alculated from
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D=—— , (45)

(L+v)(1-2) v 0 1-v 0
o o o %
2

whereE is the material’'s modulus amds the Poisson’s ratio.

4.5 Three dimensional stress analysis

Two dimensional analyses do not allow modelingxdés, even less axle groups. Thus, a
three-dimensional analysis is necessary to askessffiect an axle or an axle group might have
on the pavement performance. Similar to triangwdlaments, tetrahedral elements allow
transition from fine to coarse meshed regions. s Baction presents a brief explanation on the
characteristics of the axisymmetric modeling.

The stiffness matrix for an axisymmetric finite rlent analysis is computed from
K =BiTDBjVe, (4.6)
whereV® represents the volume of the elementary tetrame(#i®nkiewicz 1977). The strain-

displacement matrixg, is defined as
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whereN; is the evaluated derivative of the shape funcéibnodei. The interpolation functions,

N;, for the linear tetrahedron element are shownahbld 4.2.

Table 4.2 — Interpolation functions for linear &tedron elements (after Zienkiewicz, 1977).

Linear tetrahedron Shape functions

The elasticity matrixD, for an isotropic material is calculated from
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1-v % v 0 0 0
1-v vV 0 0 0
E 1-v 0 0 0
(1+v)(1-2) - :
2
Symmetric % 0
1-2%
L 2 |

4.6  Nonlinear model

The finite element program had the advantage dijaimg problems using either a linear
analysis based on the generalized Hooke’s Law, mordinear analysis for both 2-D and 3-D
models. For the latter approach, the nonlineadehased in the FEA program considered a
load-induced nonlinear behavior based on the slatar elastic layered theory with a simple
modification of the isotropic linear relation. Aterative process was employed to consider the
nonlinearity of the pavement materials. The causte model developed by Barksdade al.
(1997) endorsed a universal relationship for batle fand coarse grained base and subgrade
materials in the form of,

E=koloy (4.9)
whereE is the resilient modulusz and gy are the confining pressure and the deviatoricsstre
respectively; parameteks, k,, andks are coefficients statistically determined from theults of
laboratory resilient modulus tests. The resilimaidulus refers to the unloading modulus during

a triaxial test in which loading, unloading andoeaing are simulated under cyclic loading
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conditions. A resilient modulus is defined as thgo of the repeated deviatoric stress to the
recoverable part of the axial strain. Since tlaesof stress can only be known if the material
properties are known, an iterative process is rsacgsto implement this stress-modulus
relationship shown in Equation 4.9. In order tlement an iterative process to obtain the non-
linear resilient modulus for base and subgrade ma#gtewhile keeping the asphalt modulus
linear, a discriminating process was set betweemehts subjected to linear and nonlinear
analyses, thus the asphalt layers were not includéds nonlinear behavior and, therefore, were

excluded from the iterative process, as showngureé 4.3.

Temperature Dependent Elastic Properties
(Seasonal Variation)

ACP Linear Elastic A’ ACP Linear Elastic (Fixed)

Base Linear Elastic Base Nonlinear (lterative)

Subbase Linear Elastic Subbase Nonlinear (lterative)

Subgrade Linear Elastic

Subgrade Linear Elastic !
(Iterative)

Linear Model Nonlinear Model

Figure 4.3 — Pavement structure layers subjectéddar and nonlinear analysis.

The discrimination of elements permitted the asdage of two global stiffness matrices,
one of them subjected to the iterative processenthié other remained fixed. Since the mesh
refines as it gets close to the surface, a coraitieamount of elements, which happen to lie on

the asphalt layer, are excluded from the iterginaeess, thus reducing the computation time. At
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the end of the analysis, both global stiffness ioagrare integrated into a single one, as shown in

Equation 4.10.

[GK] :[GK] fixed (ACP) +[ GK] iterated( Base Subgrac (4-10)

After obtaining the total static deflection for @alayer under a user defined load, the
program determines rutting based on a constitutieeel based on the total elastic strain within

a pavement layer shown in Equation 2.2.

4.7  Sample case of linear and nonlinear modeling

Table 4.3 presents properties of a sample pavestantture used to compare with the
different type of models. The models taken intosideration are the ones described in the
previous chapter: a linear model that considersraterials in the pavement structure with a
linear elastic behavior; and, a nonlinear moded toasiders pavement materials to be subjected
to an iterative process that obtains both confipressure and deviatoric stress and implements
the constitutive model shown in Equation 4.2, vilie exception of the asphalt concrete layer
which remains linear elastic. Results of suchyses are graphed on Figure 4.4 for a 9 kips (40
KN) single axle, with 114-psi tire pressure. Samiloading conditions result in similar results
for rutting on the four available cases, both tand three-dimensional linear and nonlinear
analyses. Furthermore, the rutting obtained froem2D FE linear analysis compares well with

the ones obtained through VESYS 5, as shown inr€igLb for a single axle load.
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Table 4.3 - Sample material parameters for asgbalktrete, base and subgrade layers.

Thickness Modulus Material Properties
Layer (in) (ksi)
a H ka ks
ACP 3 500.0 0.78 0.35
Base 12 50.0 0.87 0.25 0.20 -0.20
Subgrade 40 8.0 0.90 0.28 0.20 -0.05
0.25
0.2
~ 0.15
=]
2
£ o1
—e— 2D Linear
—&— 3D Linear
0.05 —*%— 2D Nonlinear n
—4— 3D Nonlinear
0‘ | | | | |
0 0.5 1 1.5 2 2.5 3

Load Repetitions x 10°

Figure 4.4 — Sample pavement structure resultdiftarent models: 2 and 3-D models for both
linear elastic analysis and nonlinear analysisgiEiquation 3.1 constitutive model.
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Figure 4.5 - Rutting comparison VESYS vs. FEA 2iedr for a similar pavement structure.

4.8  Finite element modeling of wave propagation systems

Wave propagation problems present general closed-$olutions that are available only
for cases with simple boundary conditions, othegwilsey contain transcendental functions and
infinite roots, resulting in mode jumping, and asamsequence, they require alternate solutions
such as finite element or finite difference solo§o The finite element method for wave
propagation in multilayered media was developed gewkralized by Lysmer (1970), Lysmer
and Drake (1972) and Zienkiewicz (1977). Lysmer'stimd assumes all displacements vary
linearly with depth within each layer and the thieks of each layer should be small compared to
the wavelength of the shear waves in the layersr{lgr and Waas 1972).

On the other hand, great effort has been aimedet@lop tools for pavement damage

assessment implementing finite element modelingviduate the surface wave analysis. Ganji
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et al (1997) studied the ability of the SASW test tdedé underground obstacles. They also
simulated SASW using the finite element method, ingluse of two computer programs,
ANSYS and ABAQUS, to obtain the numerical solutioihthe surface response of a layered
half-space and a pavement system. They assumes pvapagation to occur along the vertical
plane with no lateral reflected waves, and usedvasymmetric model with an origin at the
impact source. Unlike the static analyses useg@redicting the static responses in other studies,
the analysis consisted of implicit time integratminthe equation of motion. Advantages of the
implicit method are that it is suited to structudghamics problems; it competes with the modal
superposition method, and it may be cheaper wergymmodes would be needed in the modal
analysis. It is unconditionally stable and theesif the time stepit, in contrast with the explicit
method, is limited only by consideration of the wecy rather than the numerical stability.
Besides, nonlinearity can be accommodated withmgtgrouble.

Cho and Lin (2005) developed a numerical modedpwctral analysis of surface waves
(SASW) method to find surface wave velocities mati-layer cement mortar slab system using
GT STRUDL, a general purpose finite element progragnimplementing a direct integration

analysis using Newmarf-method.

4.9 Dynamic analysis

Dynamic analysis of structural systems is a diedension of the static analysis; the
finite element idealization is extended to a sitwatthat is time dependent. Practical time
dependent problems range from transient heat ctoioduand wave propagation to dynamic

behavior of structures.
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The equation of motion governing the linear dynamegponse of the pavement system is

defined as

Md +Cd +Kd =F (4.11)
whereM is the mass matrXC is the damping matriX is the stiffness matri is the external
load vector acting at the nodal points, ahdd, d, are is the vector of nodal displacements,
velocity and acceleration, respectively.

Finite element dynamic analyses are generallysiflad into two distinct categories:
implicit algorithms and explicit algorithms (Belgtsko 1983). In the former, a matrix system is
solved one or more times per step towards the isoluand are generally characterized by
unconditional stability (i.e. no time step resionct is engendered by stability considerations).
Explicit time integration techniques solve the mastystem without storing a matrix or solving a
system of equations and generally require smalk tsteps increments to insure numerical
stability; thus, requiring many time steps. Thepssize restriction is often more rigorous than
required for accuracy; however, the computatioradt er step is generally much less for
explicit than for implicit time integration schemess the solution of a system of equations is

avoided.

4.10 Explicit time integration algorithm

Explicit direct integration is best suited to wau®pagation problems as computer requirements
are low. Cost per time step is small as well asdtitical time step; thus, these algorithms are

not well suited to structural dynamics problemsottBfrequencies and modes are not necessary
to be computed as compared to implicit methods.rthEumore, nonlinearity can easily be

accommodated.
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The explicit methods are only conditionally stabl€he stability limit is approximately
equal to the time for elastic waves to transvelse dmallest element. The explicit central
difference method is an explicit second order methar approximating the solution of the
second order differential equatigh( xX) =f (x, y) with initial conditionsy(xo) = Yo andy’'(Xo) = Yo'
(Cooket al. 2001).

With At the time step, velocity and acceleration at tite@ sare approximated by these

conventional central difference equations (Bathe\Aison 1976; Coolet al 2001):

% =iiﬂxﬂ— X1), (4.12-3)
or
X, = %_, — 20K, (4.12-b)
and
xﬂ:iz(xﬂ—z)ﬁ X.,) - (4.13)
At

These equations are derived from Taylor seriesrestipas ofx.; andx;.; about timeaAt:

2 3
X = % T ALK +A—;D>',<+A—2D}'<+...,and (4.14-a)
2 3
%1 = % —AtlK +A—;D>}<-A—éﬁx+..., (4.14-b)

when subtracting the latter from the former equatigelds Equation 4.12-a, whereas the
addition of them yields Equation 4.12-b. Thusntating Equation 4.14-b those terms higher

than the second order, the displacenidhnis obtained as follows:

A%
X = Xi‘AtDSJ’TD&- (4.15)
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Adequate accuracy is likely to be provided by a Ibmgt for computational stability.

Substituting Equations 4.12-a and 4.13 into 4.44 following relation is obtained

(izlvl +—1dei+l=Fi —(K NSV —[—12M -1 }1 . (4.16)
P, oAt A? ot

4.11 Explicit integration implementation

Implementation of the central difference methodoithe finite element analysis is
conducted by optimization of the code. One of tmportant techniques for the software
implementation is to use a diagonally lumped masdrimn so that the calculation of nodal
acceleration is simply a division without invertiige mass matrix, and the linearization is
straightforward. For both dynamic and static asedy the elastic stiffness matrix is the same;
however, the mass of the structure is lumped ahtites.

Assuming that the system has no physical dampingchwgreatly reduces matrix

manipulation, and defining the effective stiffn@satrix K¢ as

1
K. =—1[M , 4.17
eff Qtz ( )

allows Equation 4.8 to be reduced to

1
Keﬁd i+1 :Fi _(K _WM i K eg i1 (418)
If the equivalent force is defined as
Fog =K e [d i1, (4.19)

then, for each time step, Equation 4.18 can benddfas

2
Feq = Fin _(K _EM j Ko @ (4.20)
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Thus, displacement, acceleration and

velocity aleutated at time stept 1 as

di+1 = Feq K _e%f '

. L= -+ Q
di+1 — d|+l 2d|2 d| -1 , and
At
d = d,—d,
ot
respectively. This process is summarized in Figuée

DefineM andK

A

y

Initialize displacemend(0),
velocity d (0), and acceleratiod (0)

A

y

Time

A

step

A

y

Determine equivalent forc€e.

A

4

Find displ

velocity d;, and acceleration ;

acemenrd;,

y

Solution ati is set equal to solution at 1

A

4

End analysi

Figure 4.6 — Explicit time integration method.
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Since no stiffness and mass matrices of the com@ktment assemblage need to be
calculated, the solution can be carried out ondleeent level and relatively little storage is
required.

The stiffness matrix for an axisymmetric finite rkent analysis is calculated using Eq.
4.3, where the strain-displacement matiéx,and the elasticity matriXD, are calculated using
Eq. 4.4 and Eq. 4.5, respectively. However, thapshfunctions implemented are the ones

corresponding to the quadrilateral linear elemesttewn in Table 4.4.

Table 4.4 — Interpolation functions for linear quikderal elements (after Zienkiewicz, 1977).

Linear quadrilateral Shape functions

n A
N*'=0.25x (1-&)(1 -n)

i[ N?=0.25x (1 +&)(1 -n)

> N3=0.25x (1 +&)(1 +n)

N%=0.25x (1-&)(1 +n)

Implementation of this algorithm into IntPave wasmpared to Wave2060 a stand-
alone software package for computational ultrasomitich solves the 2D acoustic (elastic)
wave equation based on a method of finite diffeesn(CyberLogic, Inc. 1999). Figure 4.7
presents the response for a 4 m widg m deep section subjected to a 5-cycle modulhitiedz
force for both 2-D FE time history response usirlgnge strain analysis and explicit time
integration method compared to the response prdvigeWWave2000. The material’'s properties
arep = 2,000 kg/m, E = 480 MPa,v = 0.33,¢ = 596 m/s, and; = 300 m/s. From the graph it

may be seen that both numerical results were gimila

45



2.5

=
o

Distance to source (m)
N

0 | 1 | 1 | | 1 | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Figure 4.7 - 2-D time history response from FE platrain analysis with explicit time

integration method (blue) compared to Wave2000)(ifed an 8 m widex 4 m deep section
subjected to a 5-cycle 1 kHz force.

Figure 4.8 presents the time histories for the ss@otion subjected to the 5-cycle 1 kHz
force but modeled as axisymmetric. Unlike the platrain, the energy of the finite element
analysis diminishes as the wave propagates awaw fiee source as expected due to the

spherical propagation of the wave.
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Figure 4.8 - 2-D time history response from FE platrain analysis with explicit time
integration method (blue) compared to Wave2000)(ifed an 8 m widex 4 m deep section
subjected to a 5-cycle 1 kHz force.

In a similar manner, time history responses foraisymmetric finite element analysis
using the implemented explicit time integration hoet were obtained for a 1.8 m1.8 m
section subjected to a 28 Hamming windowed impulse with propertips: 2,000 kg/m, E =

480 MPa,v = 0.33,¢c = 596 m/s, and; = 300 m/s, as shown in Figure 4.9.

4.12 Summary

Implementation of the time integration of the equatof motion into the finite element

analysis code of IntPave proved suitable dolving the wave propagation problem. In this
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Figure 4.9 - Time history response from FE plam&istanalysis with explicit time integration
method compared to Wave2000, for an 1.8 m wide8 m deep section subjected to a 5-cycle
1 kHz force

manner, the numerical results obtained throughfitiiee element method serve as guide to
seismic testing techniques. Using the explicitetimtegration technique greatly reduced the
calculation of the dynamic analysis and would gas#rve for automating the process to rapidly
determine the pavement layers or stiffness profilesrder to assess the pavement performanc.
This process can be incorporated into the grapb®ad interface of IntPave that already includes

the analysis of the performance of pavements.
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Chapter 5

Damage Factors

5.1  Modeling multiple axle groups

The determination of rutting caused by a truckdpgosed to a single axle) requires an
additional procedure to account for the effect amdraction of axle groups. As summarized in
Figure 5.1, the first step consists on determinimegrut depth generated by a single repetition for
the first axle group. To add the contribution Wb of the second axle group, the number of load
repetitions of the second axle group to achieveuhdepth already accumulated by the first axle
group is backcalculated, and a new rut depth isutatied based on the obtained number of load
repetitions plus one. The process repeats uhtdxd groups are considered, obtaining a final
rut depth for a single pass of the entire truadirfiwhich the final deformation is backcalculated.

From this deformation, rutting can be obtainedaioy number of truck passes.
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RuttingRp,i=1(N = 1)

!

Calculate number of repetitions of axl
group; + 1 to reach rutting of axle group
N (Rp,i)

v

Add 1 pass of axlg i:
Ni+1 =N(Rp,i)+1

.

Calculate rutting for axle; i:
Rp,i+1(Nj+1)

D

A

analyze
new axle

Is last axle group?

no
if (i ==n)

Calculate static deformation
W

:

Calculate rutting for truck at arly pass:
Ro

Figure 5.1 - Calculation process of permanent aeddion for trucks.

5.2  Seasonal analysis on primary response

Pavements are subjected to different climatic domas, for that reason, it was necessary
to develop the program to perform an analysis ¢basiders seasonal changes on the pavement

structure material properties caused by temperatodemoisture effects. To avoid reassembling
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global stiffness matrices for the asphalt mateaier every season, the previous assembled
stiffness matrix was multiplied by the ratio of nubas of elasticity of the following to the

previous season, resulting in less computation.time

5.3 Case study

Variation in material properties with respect toei (due to temperature variation) can be
simplified into five seasons, as shown in Table 5Tlhese parameters shown for the asphalt
concrete layer were obtained from US281 near Jack&sbrX (Zhou and Scullion 2002).
Typical cross-section of the site consists of an.8§203 mm) asphalt concrete layer, a 15-in.
(381 mm) base layer on top of subgrade. The effeseasonal changes on rutting is evident as

shown in Figure 5.2 where it is evident that réteutting is greater at higher temperatures.

Table 5.1 - Sample seasonal variation for asploaiti@te layer.

Season Temp (°F) Modulus (ksi) a u
1 89 211 0.610 0.260
2 84 243 0.638 0.263
3 92 194 0.598 0.250
4 95 180 0.568 0.245
5 91 200 0.598 0.259
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Figure 5.2 - Seasonal variation effects on rut lilept

5.4  Damage factors based on AASHTO

Pavements are designed to allow an anticipated auofbaxle repetitions of a particular
magnitude given an expected service life. Desigthods typically express the damage caused
by mixed traffic loads in terms of a base refereagée load, namely the 80-KN (18-kip)
equivalent single-axle load (ESAL). Damage causgdne pass of a vehicle or an axle group
over a pavement can be described by the numbeBAf & necessary to have the same pavement
life. If a different axle loading is present, agquéevalent axle load factor (EALF) is obtained to
convert different axle load repetitions into theueglent standard axle load repetitions. This
value depends on the type of pavements, thicknesstroctural capacity and the terminal

conditions at which the pavement is considerecdail These load equivalency factors (LEFS)
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for both flexible and rigid pavements are tabulatedthe AASHTO Guide for Design of
Pavement Structures (AASHTO 1993).
The following regression equations describe theegss for determining the equivalent

axle load factor for flexible pavements,

1 W, G G
log| —— |=log| —= |= 4.791od 18 Y- 4.79l0d_, +L,)+ 4.33ldg+—t-—} (4.14
g( EALF) g(WlBJ q )- (@_x 2) dg X 18 ( )

4.2-
Gt = |Og (Flptsj ) (415)

0.081L, +L,
(SN+2)* B2

)3.23

B, =0.40+ (4.16)

whereWy is the number of-axle load applicationdM;g is the number of 18-kip single-axle load
applicationsLy is the load in kip on one single axle, one sdataoflem or tridem axless; is the
axle code (1 for single axle, 2 for tandem axlew] 8 for tridem axles); SN is the structural
number;p; is the terminal serviceability; is a function of; as shown in Equation 4.15; afig

is the value of3 whenL is equal to 18 anl, is equal to 1 (Huang 2004).

The equivalent axle load factor is calculated fackesingle axle group. However, both
formulations do not take into consideration whenaate group is larger than a tridem axle.
When an axle group consists of four axles or mive EALF is obtained for sets of tridem axles
adding to the number the one corresponding to &mra &ALF calculated for either a single or
tandem axle, until all axles are totaled. Besit@ssidering the number of axles within an axle
group for determining the equivalent axle load dactthe axle spacing is also taken into
consideration. The equivalent load factors arewated for a standard axle spacing of 48 in.
On the other hand, if the axle spacing exceeds.7éhen the EALF for that given axle must be
calculated as a single axle. Whenever the axleisgas within 48 in. and 72 in. then the EALF
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must be calculated for these two distances, aradljian intermediate value must be obtained by
linearly interpolated from these values. In orttecompute the load factor for a truck, then all
axles’ EALFs must be added together. If a damag®f is desired from a comparative analysis,
then a ratio of EALFs is obtained from a case trogla standard truck and multiplied by a ratio
of carrying cargos of each truck.

Load equivalency factor for a vehicle consistinq@ixles is obtained as the sum of load

equivalent factors for all i axles, as shown in &tpn 5.1.

LEF, . = >, LEF. (5.1)

i=1

In order to establish a comparison between twooke$ damage could be normalized to
a reference vehicle. It is possible to make usthe$e AASHTO factors to establish damage
factors based on the comparison of two vehiclesdas a ratio of equivalent single-axle loads
per vehicle, setting one of the trucks as the eglfee vehicle. Usually, a 356 kN (80 kip) T2S2
standard truck is set as reference vehicle. Tihisgdamage factor is a multiplier for converting
the number of vehicles with distinctive axle configtions and axle loading to the number of
standard vehicles, usually 356 kN (80 kip) T3S2ksu

Another appropriate measure that might be takeilo iconsideration consists on
normalizing damage per weight of cargo transporfBaus, a ratio of load equivalency factors is
obtained from a heavy truck by a standard truck modtiplied by a ratio of carrying cargos of
each truck, as reflected in Equation 5.2,

LEF
DF = Heavy EPayloa%tandard (52)

LER..c.q Payload

Heavy
to account for the number of trips necessary tayc#ine same amount of cargo, hence

compensating the heavier truck for requiring leggetitions than the lighter truck.
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5.5 Damage factors based on distress models

The traditional equivalency approach based on AASKToad equivalency factors has
limitations when evaluating damage as they failctmsider the load characteristics such as
number of tires per axle, tire spacing, and compigbe configurations. Moreover, these load
equivalency factors are derived from the empiregliations explained in the previous section
and, despite being developed to depend on the dfgEmvement, structural capacity and its
terminal condition, they lack a mechanistic basis previously described, IntPave has the
capability of calculating distresses for trucksemwonsidering non-standard axle configurations,
and, unlike AASHTO, it rather focuses on the dameayesed by the tire pressure rather than the
axle. Damage factors based on a failure critedepending on the type of distress using a
mechanistic-empirical method may be establishegrtwvide a comparative tool similar to
damage factors based on AASHTO load equivalendpife.c Moreover, a similar criterion can
be established to develop these factors basedeguatlfement service life. Damage factors based
on fatigue cracking or rutting can be establishedh® number of repetitions to reach failure. In
the case of fatigue cracking failure would be atdi at 20% cracked area in the wheel path,
whereas failure in rutting is commonly establisla¢d rut depth of 12.5 mm (0.5 in.). Damage
factors based on distress, either rutting or faigtacking, for comparing two vehicles are thus

defined as shown in Equation 5.3:

N
DF — d, Standard [!:)ayloa%tandard' (53)
Ny heawy Payload,.,

whereNy is the total number of truck repetitions or pagsesroduce failure in the given type of
distress. The damage facOF is compensated by the payload ratio to accounth®mumber

of trips required by each truck to carry a simdarount of cargo.
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5.6 Case study

This study aims to address the effects of heawk&wn pavement rutting as compared
to standard trucks. Two case studies are showrthfsrpurpose. Determination of damage
factors requires the consideration of typical higlgveross-sections and gross loads of interest.
When defining the trucks for each load categoryprapriate truck axle configurations were
assigned to each load group to fulfill the requieaits of overweight permit policies in most
highway agencies. Typical highways cross-sectivase defined for the Interstate Highways,

U.S. Highways, State Highways and Farm to Markeid®@pas shown in Table 5.2.

Table 5.2 - Typical highway pavements structuralpperties and cross-sectional thicknesses.

ACP Base Subgrade
Pavement Type
Thickness E Thickness E E
Interstate H|ghway 254 mm 3,450 MPa 305 mm 345 MPa 69 MPa
(20in.) (500 ksi) (12in.) (50 ksi) (10 ksi)
U.S. Highway 152 mm 3,450 MPa 305mm 345 MPa 69 MPa
(6in.) (500 ksi) (12in.) (50 ksi) (10 ksi)
State Highway 76 mm 3,450 MPa 305 mm 207 MPa 69 MPa
(31in.) (500 ksi) (12 in.) (30 ksi) (10 ksi)
Farm to Market Road 25 mm 2,070 MPa 254 mm 207 MPa 69 MPa
(1in.) (300 ksi) (10in.) (30 ksi) (10 ksi)

5.6.1 Scenario 1 — Same gross vehicle weight with diffareaxle configurations

Table 5.3 presents axle load configurations ofdsiferent trucks that will be compared
to a standard 355 kN (80 kip) T3S2 truck. All kadave a gross vehicle weight (GVW) of 520
kKN (117 kips), about 46% heavier than standard .loaducks 1 and 2 have similar axle

configuration, i.e. two tridem axles, whereag tremaining trucks consist of atandem and a
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Table 5.3 - Truck configurations for defined grésads of interest.

Truck Standard Casel Case2 Case3 Case4 Case5 Caseb
T3S2 T4S3 T4S3 T3S4 T4S4 T4S4 T4S4

Steering Axle, kN 53 53 53 53 53 53 53
(Ibs.) (12) (12) (12) (12) (12) (12) (12)
Rear Tractor Axle, 151 233 209 213 187 160 187
kN (kips) (34) (52.5) 47) (48) (42) (36) (42)
Trailing Axle, kN 151 233 258 253 280 307 280
(kips) (34) (52.5) (58) (57) (63) (69) (63)
Trailing Axle Type Tandem Tridem Tridem Tridem  Quadrum Quadrum Quadrum

. 1.22m 122m 1.22m 122m 122m 122m 137m
Axle Spacing

(48in)  (48in) (48in) (48in) (48in.) (48in) (54in.

Truck
Configuration

. 355 520
Gross Vehicle
Weight, kN (kips) (80) (117)
. 147 198
Empty Vehicle
Weight, kN (kips) (33) (44.5)
209 322
Payload, kN (kips) 47) (72.5)

guadrum axle. The difference lies on how loadingdigributed onto these axles. Furthermore,
the impact of axle spacing is evaluated on Truckand 6, which differ only on their axle
spacing, maintaining identical axle loading andfigpmation.

Almost all highway agencies use the AASHTO load iemjency factors to compare

damage relative to standard T3S2 356 kN (80 kiymkis. Table 5.4(a) presents the AASHTO
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damage factors obtained for a typical U.S. Highwayement structure (as defined in Table 5.2)
at the GVW'’s defined in Table 5.3. Case 3 wheeer#dar tractor axle is heavily loaded provides
the highest damage factor, while Cases 1 and 2ewtlex load on the rear tractor axle is
distributed on three axles yield the lowest damiagéors. Considering the payload hauled for

each trip, Cases 2 and 3 result in less damadee tpavement as compared to the standard truck.

Table 5.4 - Damage factors obtained from AASHTOhudtand IntPave for a typical U.S.
Highway pavement structure.

a) AASHTO Method

Truck Standard Casel Case?2 Case3 Case4 Caseb5 Caseb
T3S2 T4S3 T4S3 T4S4 T4S4 T4S4 T4S4

Load equivalency

factor (LEF) 2.38 3.15 3.33 5.38 4.25 3.81 4.74

Damage factors

without payload 1.00 1.33 1.40 2.26 1.79 1.60 1.99

Damage factors

with payload 1.00 0.86 0.91 1.47 1.16 1.04 1.29

b) Using IntPave

Truck Standard Casel Case?2 Case3 Case4 Caseb5 Caseb

T3S2 T4S3 T4S3 T4S4 T4S4 T4S4 T4S4

Damage factors

Damage factors
with payload 1.00 1.17 1.42 3.06 1.56 1.02 1.16

Damage factors from IntPave are shown in Tablebb#f a terminal rutting of 12.5 mm
(0.5 in.). Similar to the AASHTO procedure, thegest damage factor corresponds to Case 3.
However, the smallest damage factor is obtainedClase 5 as opposed to Case 1 from the
AASHTO process. This perhaps occurs because theHY2 procedure does not consider the
interaction of the different tires in an axle grouphis observation is supported by comparing

Cases 4 and 6 where the only difference is theispdetween axles within the axle group. In
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the AASHTO methods the damage factors from Casasl4 are fairly close, with Case 6 (with
farther axle spacing) yielding a higher damageoiactThe results from IntPave demonstrate a
different trend, when the axles are placed cloSasé 4) the damage factor is greater than Case
6. This trend is more intuitive since the intel@etbetween the axles is more significant as they
become closer to one another.

The damage factors considering the hauling of #ndgad from the two methods are
compared in Figure 5.3. The damage factors fraarukting criteria of IntPave are significantly

greater than the ones from AASHTO in almost albesas

4.0

—#— AASHTO
—@— Rutting

35 oo

Damage Factor

Standard Truck1 Truck2 Truck3 Truck4 Truck5 Truck6

o B Bl B B P B

Figure 5.3 - Damage factors based on AASHTO artthgutor a typical U.S. Highway
pavement structure.

To match the results from the two methods, the itehrut depth in IntPave was varied.
As shown in Figure 5.4, as the terminal ruttinghanged from 6 mm (0.25 in.) to 25 mm (1 in.),

the damage factors in rutting dramatically decreaseéomparing the AASHTO damage factor,
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terminal rut depths of greater than 25 mm (1 ira$ ko be assumed to obtain similar results
between the two methods. These results clearlybéxhat the damage factors depend on failure

criteria, and axle loading and configuration.

=#—6 mm (0.25 in.) threshold
4594 - =—8—12 mm (0.5 in.) threshold -
~—#—25 mm (1 in.) threshold

Damage Factor
N

Standard Truckl Truck2 Truck3 Truck4 Truck5 Truck 6

e B B B B B B

Figure 5.4 - Damage factors based on AASHTO me#matlon the ratio of truck passes to reach
failure criterion for rutting for a typical U.S. glhway pavement structure considering payload.

5.6.2 Scenario 2 — Analysis of heavy payloads

The second case scenario takes into consideragianyrtrucks. Axle configuration and
loading for four different trucks are shown in Tall.5. Once again, the damage factors from
these trucks were compared to a standard 355 kKig3ar3S2 truck. GVW increments of 178
kN (40 kips) were considered starting from the géad 355 kN (80 kip) truck until a GVW of

1,068 kN (240 kip) is reached. For each GVWe #ixle configuration was changed until they
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Table 5.5 - Truck configurations for defined gréssds of interest.

Truck Standard Case 1 Case 2 Case 3 Case 4
T3S2 534 kN 712 kN 890 kN 1,068 kN
(120-k) (160-k) (200-k) (240-k)
. 53 53 53 53 53
Steering Axle, kN (Ibs.) (12) (12) (12) (12) (12)
151 169 160 169 160
Rear Tractor Axle, kN (Ibs.) (34) (38) (36) (38) (36)
. 151 311 498 667 854
Trailing Axle, kN (Ibs.) (34) (70) (112) (150) (192)
Trailing Axle Type Tandem Quadrum  Trunnion  TrunnionTrunnion

Truck Configuration

Gross Vehicle Weight, kN 355 534 712 890 1,068
(Ibs.) (80) (120) (160) (200) (240)
Empty Vehicle Weight, kN 147 165 165 182 200
(Ibs.) (33) (37) (37) (41) (45)
209 369 547 707 867
Payload, kN (lbs.) (47) (83) (123) (159) (195)
Payload ratio 1.00 1.77 2.62 3.38 4.15

exerted “legal” loads according to Texas regulaionin order to have the trucks “legal’,
appropriate truck axle configurations were assigoegach load group to fulfill the requirements
of Texas Oversize/Overweight Permit Rules and Reguls. In that regulation, the maximum
axle weight limits for an axle or axle group aredxh on the lesser of a 115 kN/m (650 Ib/in.) of
tire width or a maximum load of 110 kN (25 kip) farsingle axle, 200 kN (46 kip) for a two
axle group, 270 kN (60 kip) for a three axle groBpQ kN (70 kip) for a four axle group, and

270 kN (60 kip) for trunnion configuration with atél of 16 tires per two axles (TxDOT 2007b).
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As shown in Table 5.6, damage factors increasbea§&VW increases. Nonetheless, if
rutting criterion is taken into consideration difat trends become evident for the two heaviest
trucks, as shown in Figure 5.5, as their damagmifmadecrease compared to the Case 2 truck,
whereas AASHTO considers these trucks similar ggh8y more damaging than Case 2.
Although the GVW is larger for the two heaviestcks, the load is distributed over a larger
number of tires. This feature is manifested ondamage factors based on the rutting criterion,

but not on the AASHTO criterion.

—ll- AASHTO

8_ ,,,,,,,,,,,,,,,,,,,,,,,,,, —
—&— Rutting

Damage Factor

Standard Truck 1 Truck 2 Truck 3 Truck 4

Figure 5.5 - Damage factors based on AASHTO meé#mation the ratio of truck passes to reach
failure criterion for rutting for a typical U.S. gliway pavement structure considering payload.
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Table 5.6 - Damage factors obtained from AASHT©ad equivalency factors for an U.S.
Highway typical pavement structure.

a) AASHTO

Truck Standard 534 kN 712kN 890 kN 1,068 kN
T3S2 (120-k) (160-k) (200-k) (240-k)

Load equivalency factor (LEF) 2.38 3.87 13.5 13.6 15.0

Damage factors without payload 1.00 1.63 5.69 5.74 6.31

Damage factors with payload 1.00 0.92 2.17 1.70 1.52

b) Using IntPave

Truck Standard 534 kN 712kN 890 kN 1,068 kN
T3S2 (120-k) (160-k) (200-k) (240-k)

Damage factors without payload 1.00 1.88 8.72 4.92 3.87

Damage factors with payload 1.00 1.06 3.33 1.46 0.93

Furthermore, according to the AASHTO criteria, Casnd Case 2 trucks are considered
to have equal axle configurations, even thoughfdhmer truck has a 311 kN (70 kip) quadrum
trailing axle group while the latter has a 498 KINZ kip) trunnion. As such, it seems that the
AASHTO procedure pays attention to axle loadinglevioiverlooking the number of tires per
axle. Case 1 carries 78 kN (17.5 kip) per axleglthe quadrum axle and Case 2 truck carries
125 kN (28 kip) per axle along the trunnion; howevke former carries 120 kN (4.4 kip) per
tire while the latter carries 16 kN (3,500 Ib) pee.

Figure 5.6 compares the damage factors obtainedllftnucks considering all pavement
types whose properties were shown in Table 5.2. eBoh pavement type the standard 355 kN
(80 kip) truck was used as basis for comparing rotheeks. The AASHTO method does not
have an established methodology for consideringiggonith more than three axles and, thus,
load equivalency factors are appended to get ahr@stjmate of the total equivalency for the
trunnion cases. The trends between the AASHTO odedimd the mechanistic one developed by

IntPave are different, as shown in Figure 5.6 add respectively. For the AASHTO method,
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Damage Factor

Standard Truck 1 Truck 2 Truck 3 Truck 4

L B

Figure 5.6 - Damage factors based on AASHTO foicgidnterstate Highway (IH), U.S.
Highway (US), State Highway (SH) and Farm to MafRetds (FM) pavement structures.
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Figure 5.7 - Damage factors based on Mechanistprdgeh for typical Interstate Highway (IH),
U.S. Highway (US), State Highway (SH) and Farm tarkét Roads (FM) pavement structures.
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the impact of the pavement structure on the darfeegers is rather small and no trend between
the type of pavement and the damage factor is piziddowever for the mechanistic approach,
as the pavement structure becomes more substahgatjamage factor becomes larger. The
trends from the mechanistic methods seem more mabkn

Figure 5.8 presents the damage factors for the améstiic method when the hauled loads
to compensate for the number of trips requiredatwyca given load is considered. In this case,
the damage factors are substantially less, andnresases the damage factors are less than one,

indicating less damage to the pavement relatitha@standard truck

Damage Factor

0.0 T T T T
Standard Truck 1 Truck 2 Truck 3 Truck 4

Figure 5.8 - Damage factors based on rutting censig cargo for typical Interstate Highway
(IH), U.S. Highway (US), State Highway (SH) andrRao Market Roads (FM) pavement
structures.
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5.7 Impact of overload

The impact of overloaded trucks was also evaluakex.this purpose, the GVW'’s for the
trucks defined in Table 5.5 were increased by 2045 making the trucks “illegal”, as they fail
to comply the overweight regulations. As showrFigure 5.9 for a U.S. Highway pavement
type, such overloading has an impact on damagertactDamage factors based on AASHTO
doubled, being consistent with the “fourth powewrlawhile the mechanistic damage factors
based on the rutting criterion increased by a facfo2.7 to 1. AASHTO would tend to

underpredict damage when loading exceeds regugation

35
—@— AASHTO
30 4 —*—Rutting 7A 77777777777777777777777777
—l — AASHTO + GVW 20%
—A — Rutting + GVW 20% /
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® 204 - A R
@ \
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Standard Truck 1 Truck 2
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Figure 5.9 - Effect of extra 20% gross vehicle eign damage factors based on AASHTO
approach and rutting for a typical U.S. Highway graent structure.
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5.8 Summary

Different models have been developed over the yeaevaluate pavement distresses.
Models developed based on the elastic layer thieave proven efficient on estimating distress
under daily traffic and different climatic seasondowever, these models fail to consider the
impact of truck configuration on damage rigoroushor that reason, the finite element program
Integrated Pavement Damage Analyzer (IntPave) waseldped for rigorously analyzing
distress of pavements. The developed programheaadvantage of rapid execution time due to
optimizations performed on the programming codarthermore, IntPave allows comparing the
level of distress caused by a standard and a raowstd truck. Case studies were presented
based on typical highway pavements to determineadanfiactors based on the number of truck
passes to reach failure in rutting and compare th@rdamage factors based on traditional
AASHTO load equivalency factors. It was found th& traditional equivalency approach had
limitations when evaluating damage as they failctmsider the load characteristics such as
number of tires per axle, tire spacing, and comglebe configurations. As a consequence, in
some cases these factors tend to be mis-estimaidéd study also proved that overloaded
vehicles that are not within the overload permitligies do greatly increase pavement

deterioration as proven by all approaches for daneagiivalencies.
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Chapter 6

Permit Cost Estimation for the Movement of Heavy Tucks on Flexible Pavements

6.1 Introduction

A methodology based on a mechanistic-empirical (Magalysis was developed for the
estimation of permit fees based on the truck as#aling and configuration and the predicted
pavement deterioration it causes. This methodolagg implemented into IntPave and a
parametric study was carried to demonstrate theatpn the cost of the permit fee based on

various heavy truck loads and axle configuraticaffit volume and pavement structure.

6.2 Background

Trucking accounts for about 80% of freight transabon in the United States (NRC
2002). At the Federal level, trucks are considéleghal” provided they meet weight guidelines
of the 1975 Federal Bridge Formula B; however, oelsi operating on the state and local
highway system are not subject to such guidelin&dditionally, at least 30 states permit
exceptions to the Interstate system axle load dimitgross weight limits either with or without
special permits (Sivakumat al 2007). In Texas, for instance, a gross vehiagit (GVW)
that exceeds 250,000 Ib (1,100 kN) is consideragpésheavy load” and requires a permit
before traveling on a state-maintained roadwayesysfChenet al. 1995). These permits are
typically requested to transport loads such assfoamers, generators, or combustion turbines.
Implementation of the North American Free Trade e&gnent (NAFTA) among Canada,

Mexico, and the US has called the attention of sdmgbéway agencies along the borders to
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understand the impact of heavier axle loads and ael configurations on their highway
networks. Highways designed to carry vehicle loafi80 kips (350 kN) could be trafficked
with gross vehicle loads of over 120 kips (500 kHY, trucks with different tire and axle
configurations. The use of heavy loads and newclelconfigurations has a major impact on
the structural and functional performance of thghhiay network. Hence, highway agencies
urgently need tools to predict the additional daenagd its economic impact of allowing such
trucks to use the highway system.

Accurate predictions of pavement performance andisiresses are critical to obtain
meaningful results from any developed permit faeregion algorithm. However, the inputs to
these algorithms need to be readily available arr tcomputational speed needs to be
acceptable. Mechanistic-empirical (M-E) modelsdtém meet these criteria. In these models,
the design procedure calculates pavement resp@asesstresses, strains, deflections) and uses
those responses to compute incremental damagetiover Then the Mechanistic-Empirical
Design Guide empirically relates damage to obsepa@ment distresses. The outputs from the
procedure are pavement distresses and smoothness.

The fact that the highway system accommodatessa wariety of vehicles serving a
multiplicity of uses has led to the developmenthafhway cost allocation studies that seek to
distribute costs equitably among all vehicle class&he theoretical foundation of the proposed
methodology for assessing super-heavy permit feassfrom the principles of these studies.
Highway cost allocation studies (HCASs) have bemmdacted at the federal and state levels to
compare the expenses that various groups of higlusaxs necessitate to provide and maintain

the highway infrastructure to the revenues thahegoup generates.
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All federal and most state HCASs use the costgionad approach for the allocation of
highway development, maintenance, and operatiots.cadnder this approach, each user pays
the highway costs that it creates. Although thigopbphy of this approach appears logical, it is
controversial in terms of what costs to consid€he cost-occasioned approach is widely used
because it promotes an economically efficient aliionn of scarce resources (ECONorthwest
2007). The principal alternative to the cost-otmasd approach is the benefits approach. Under
this approach, the greater the benefits, the greéhéeshare of user fees a vehicle class pays,
regardless of its contribution to highway costsil@et al 2001). Within the cost occasioned
approach, the most common method for allocatingscts different vehicle classes is the
incremental method. Under this method, the minimdesign (considered adequate for light
vehicles only) is considered a common respongibdit all highway users and shared by all
vehicle classes based on common measures sucliake\railes traveled (VMT). The costs of
the pavement's extra thickness required to cargvhevehicles and the cost of load-related
repairs are allocated based on standard 18-kipk{80single axle load (ESAL) or VMT-
weighted ESAL.

In 1982, the Federal Highway Administration (FHWAQonducted the first
comprehensive HCAS, under which mechanistic-emgdiridistress prediction models were
developed to estimate the amount of damage thigrelit vehicle classes and the environment
cause to the pavement (FHWA 1997). The 1982 HCASS wefined in 1997 and new
mechanistic-empirical distress prediction modelsrewdeveloped and used in the current
nationwide pavement cost model (NAPCOM) for alloogthighway costs (Carey 2001).

NAPCOM uses EASL-based models for assessing tlativelincremental truck damage. The
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1997 HCAS was amended in 2000 to include estimates pollution-related costs attributable
to highway use by motor vehicles.

At the state level, several state departmentgasfsportation (DOTs) have conducted
highway cost allocation studies to address the@llbighway systems and conditions. The 1999
Arizona Simplified Model for Highway Cost AllocatioStudies (Carey 2001) and the Indiana
1983 and 1988 highway cost allocation studies (Ewval 1990; Sinha and Fwa 1987) use
Federal HCAS procedures, whereas the 1998 and Q@83Jon cost-responsibility study (Carey
2001; Stowerset al 1999) and the Minnesota 1990 highway cost allonastudy (Mn/DOT
1990) use a simplified version of the Federal HgA&&cedures. The details of these studies are
summarized in Boilét al. (2001).

Generally, highway cost allocation studies havenbaevised to resolve the complicated
distribution of revenues and expenses among diftegeoups of highway users and assess the
equity of highway user tax structures (Bo#éal 2001). These studies provide an opportunity
for assessing the cost of permit fees for supewhdaads based on a sound theory. The
proposed process in this work applies HCAS primdplin conjunction with new models, to
generate realistic estimates of permit fees fovpdaads that is based on the allocation of
pavement damage and cost of repair for any givearpant segments.

A rationale process for allocating permit fee isgmsed hereby. The practical use of the
process is for the policy makers to make more méxd decision on the permit fee cost structure.
An example of the day-to-day use of this procesdeiscribed by Tiradet al (2006) where
IntPave was linked to a GIS map of the routes iwNerk State to conduct the damage analysis

automatically.
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6.3  Permit fee estimation process

Generally, the permit fee for heavy and super-heangks is established to recover
administrative costs of issuing the permit, sucHoasl inspection costs and permit processing
fee. What is lacking is a formal, yet practicalethodology to aid highway agencies in
determining permit fee for super-heavy loads carsig) the cost of repairing highway
infrastructure due to the added damage that thesdslcause. A simple allocation cost
methodology for estimating the permit fee for thieseks is presented here.

The proposed permit fee is estimated based onrdtkgbed long-term damage caused by
heavy loads and on the estimated cost for repainegleteriorated pavement. The cost of repair
is allocated based on the extra damage causeclpassing of a heavy vehicle compared to the
damage caused by a standard truck.

The process requires the pavement structural piepesis well as the axle and load
configurations of both a case (heavy) truck ander defined standard truck (usually an 80-kip
T3S2 truck). As mentioned before these propegresinput to IntPave FE module to estimate
pavement performance, as previously discussed. piteess of permitting can be itemized in
the following 10 steps:

1. The variations in damage as a function of truckspaqcalled thdamage curvebereafter)
are developed for the standard truck and heavk trei@ predefined failure threshold (e.g.
0.5 in. of rutting or 20% of cracking).

2. The number of passes of the standard truck to refsélae failure threshold is determined as
Nstd:f.

3. The amount of distress after 100 passes of thelatdriruck,dnstg100iS €stimated from the

standard truck damage curve.
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4. The number of passes of the heavy truck to causesdame amount of distreS8y,ck.eq IS
determined from the heavy truck damage curve.

5. The damage caused by one extra pass of the haasky afterNyyckeq (Called dyyckeqr1) 1S
determined from the heavy truck damage curve.

6. The extra number of equivalent standard truck mabsgond 100 passes necessary to cause
dwuckeqr1 Futting is estimated from the standard truck danagee (calledNsg.eq-

7. The percentage of pavement life reduction due ® mass of the heavy truckR, can be

calculated as

ANstd'e
LR = —2¢%9x100%. (6.1)

std: f
8. The pavement design life in years, or a lower distress threshold, as a functionhaf t
average annual daily truck traffilBADTT, is calculated as

_ Nstd:f
n=——————, (6.2)
360x AADTT
9. The present-worth valueRWV, of repairing the pavement when the failure thoéshs
reached is then calculated based on the estimagtata repair strategy defined by the user,

Cost based on the distress limit, and the per annuendst ratei, as

pwy =0t (6.3)
@+i)”
10.The permit feePF, is simply calculated from
PF = PWVx LF. (6.4)

The number of 100 passes was selected for stabilithe analyses, as will be shown

afterwards; however, the user has the choice efc8ef) a failure criteria based on acceptable
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distress threshold levels above which pavementiktation would be required. This process is

summarized with each step marked in the flow cimalfigure 6.1.

Select distress type ang
prediction model

v v
Standard truc Case truc
(STEP1) v (STEP1) ,
Generate damage curves Generate damage curves
(STEP) v (STEP 9 v (STEPY) v
. Calculate number of truck
Calculate number Calculate rutting by 100
passeN yyckeqto cause
of truck passes to standard truck passes > e fheeE
reach failureNsy: . '
sttt sttd.lOO CItruck:eq = sttd:lOO
(STEP ¢) (STEP Y v

Calculate extra number of
equivalent standard truck Calculate rutting of 1
passes beyond 100 passe extra pasSthuckeq +1

ANstd:eq to CauSd'(ruck:ec|+ 1

[

(STEP ) v

Percentage of life reduction | p_ ANy eq

due to one pass of case truck: N..
std: f
(STEP ) v
. Nstd' f . .
Years to reach failuren, :m Select repair option
X
(STEP 9 v
\ 4
. Cost
Present worth value of repailPWV = < Cost
(@+i)"

(STEP 1)) y
Permit fee:PF = PWVx LR

Figure 6.1 - Process for estimating truck pernesfe

74



6.4  Sample analysis

In this section a case study is presented to ifitesthe proposed process. The permit fee
for a 160-kip (700 kN) truck is obtained for a regpentative Texas State Highway system
flexible pavement whose properties are shown imfeig.2. Since rutting is usually considered
the main mode of distress due to heavy loads, ¢kelts from that model is shown here. A
failure criterion of 0.5 in. rut was set beforgygrering pavement rehabilitation. Repair methods
and typical average unit prices used in this studge obtained from TxDOT’s FY 2007 average
low bid unit price database (TxDOT 2007a). Thesi prices may not necessarily be applicable
to other agencies. Axle and load configuration tfer 160-kip truck and the standard 80-kip
truck are shown in Table 6.1, along with other kraonfigurations to be used in this case study.
Appropriate truck axle configurations were assignied each load group to fulfill the
requirements of Texas Oversize/Overweight PermguRgions. The maximum weight limits
for an axle or axle group are based on the leds&1660 Ib/in. of tire width or a maximum load
of 25 kip (110 kN) for a single axle, 46 kip (208)kfor a tandem axle, 60 kip (270 kN) for a
tridem axle, 70 kip (310 kN) for a quad axle, a®dké (270 kN) for trunnion configuration with

a total of 16 tires per two axles ((TxDOT 2007b).

E =500 ksi, H=3in.v=0.33,0 =0.7§, n=0.25

E =50 ksi, H=12 inv = 0.33,a =0.74, n = 0.4C

Subgrade E = 10 ksy = 0.33,a = 0.90,u =0.40

Figure 6.2 - Control pavement section.
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Table 6.1 - Truck configurations considered.

Truck (Ci‘r)]'tfol) 120k 160-k 200-k 240k
Steering Axle (Ibs) 12,000 12,000 12,000 12,000 00@,
Tandem Axle (Ibs) 34,000 38,000 36,000 38,000 35,00
Trailing Axle (Ibs) 34,000 70,000 112,000 150,000 92000
Trailing Axle Type Tandem Quad Trunnion Trunnion uimion

Truck Configuration

Empty Vehicle Weigh 33 37 37 a1 45
(kips)
Cargo [Payload] (kips) 47 83 123 159 195

Figure 6.3 shows the rutting curves for the fir&0 Jpasses of a 160-kip truck and a
standard 80-k T3S2 truck. These rutting curveshosvn in Figure 6.4 to failure (0.5 in. of rut).

From Figure 6.4, the number of standard truck gasseeach failure is about 0.8 million.
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From Figure 6.3, the rut depth caused by 100 stdntack passe%instdioo, IS 131 mils.
From the horizontal dashed line marked as 2, thevelgnt number of heavy truck passes
necessary to reach the same amount of rutNggueq is 5. The sixth pass of the heavy truck
accounts for an extra 27 mils of rutting. The gqlent number of standard truck passes to cause
the same 27 mils of ruttind\sieeq, IS 18 (follow horizontal dashed line marked3as Using
Equation 6.1, the pavement life reduction due te pass of such 160-kip truck is 0.0022%.
Assuming a pavement design life;, of 5 years after which a mill-and-overlay hashb®
performed, a repair cost of about $86,000/lanegrariticipated. Given a discount rate of 3%,

and using Equation 6.4, the permit fee for the &i@Otruck is about $1.62 per lane-mile.

6.5 Parametric studies

The flexible pavement system in Figure 6.2 is cder®@d as the control section. The
control truck considered was a standard 80-kipktagcshown in Table 6.1. As shown in Figure
6.4, pavement rehabilitation should be initiateteraf.8 million passes of the control truck,
considering an accumulated rut depth of 0.5 inthasthreshold for rehabilitation. Average
annual standard truck traffic of 160,000 was assilgas control traffic volume for this case study
based on an average period to rehabilitation & fiwars and adequate design of pavement. The
repair strategy considered for this case studyilisngn2 in. and a 3 in. overlay, with an assumed
average cost of $12.25 A/dA discount rate of 3% is assumed throughoutshisly.

Four other truck configurations, shown in Table, GrMere considered as heavy trucks
with gross vehicle weights ranging from 120 ki2#0 kip. The variations in the rut depth with
the number of passes of the four heavy trucks laceiacluded in Figure 6.4. The rut depths for

trucks with GVW'’s of 200 and 240 kips are less than 160-kip truck simply because based on
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the current interpretation of the legal axle loatte 160-kip truck legally can exert more
pressure per tire than the other two heavier trudise truck with a gross vehicle weight of 160
kips was used as the control heavy truck. Unléissravise noted, this truck is analyzed in this
parametric study.

The costs of permit for the four heavy trucks areven in Figure 6.5. For the control
heavy truck the estimated cost is $1.62/mile. Ag#iis truck yields higher permit fee than
trucks with GVW'’s of 200 and 240 kips because Iggdle 160-kip truck exert more pressure to

the pavement as discussed above.

$1.80
$1.60 -
$1.40 -
$1.20 -
$1.00 -
$0.80 - $0.72

$0.60 - $0.54
$0.40 -
$0.20 -
$

$1.62

Cost of Permit per mile

$0.18

120 160 200 240
Gross Vehicle Weight, kips

Figure 6.5 - Impact of different heavy trucks omrpie cost.

6.5.1 Impact of threshold to rehabilitation

The assumed threshold to rehabilitation has anrexga@l impact on the cost of permit
as shown in Figure 6.6. As the failure thresholcreases from 0.3 in. to 0.9 in., the cost of
permit decreases from about $36/mile to almost.zerd herefore, the selection of a realistic

threshold is necessary.
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Figure 6.6 - Impact of rutting threshold to rehaailon on permit cost.

6.5.2 Impact of over/under designing highway

The impact of mis-estmation of traffic volume oretleost of permit was also evaluated.

Variations of actual AADT to about 30% more (ii#me to rehabilitation is reduced to 3 years)

and to half of the design AADT (i.e., time to relidtion of 10 years) were evaluated. As

shown in Figure 8, the cost of permit somewhat eleses as the traffic volume decreases. The

trend would reverse if the rate of increase indbst of construction was greater than the interest

rate. The effect of over or under designing theep@ent has relatively small impact on permit

fee as compared to the impact of rutting threskmie:habilitation.
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Figure 6.7 - Impact of mis-estimation of trafficlume on permit cost.

6.5.3 Impact of pavement structure

For a mechanistic permit cost analysis, the pavérsgocture plays an important role. For
example, the impact of the HMA layer thickness ba permit cost is demonstrated in Figure
6.8a. All other structural parameters were madiat their control values. For each HMA
thickness the volume of traffic was adjusted tddyee period of five years to rehabilitation. The
thicker the HMA layer is, the lower the cost of mérwill be.

In the same manner, as the thickness of the bassages, the cost of permit increases as
well, as shown in Figure 6.8b. This counter-inaittrend occurs because the control base is not
as high a quality as it should be. As the basemes thicker, the rutting of the base became
more sever, even though the rutting of subgradarhedess. For comparison purposes, the cost
of permit as a function of base thickness for aigagd base (modulus of 225 ksi) is also shown
in Figure 9b. In this case, the contribution o$d#o total rutting is small and the cost of permit

decreases to about 10 cents/mile.
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Figure 6.8 - Impact of layer thickness on perm#tco

The moduli of the HMA, base and subgrade are peetliin Figure 6.9. As the modulus
of the HMA increases, the cost of permit decreéBegire 6.9a). The increase in the modulus of

the base has a drastic impact in the cost of pamivell (Figure 6.9b). As the base modulus
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decreases from 225 ksi (semi-rigid) to 25 ksi (Meky quality) the permit cost increases from 10
cents/mile to over $5/mile. As reflected in Fig@®c, the modulus of subgrade is also very
important. For a stiff subgrade (modulus of 30 ksé cost of permit is about 10 cents/mile, but

on a very soft subgrade (modulus of 5 ksi) the sear to $30/mile.

6.5.4 Impact of existing damage before passing of heaviuck

All the permit costs discussed so far have beerdas the assumption that the heavy
truck passes over a new pavement (i.e. after 186gsaof standard truck). However, a heavy
truck may pass at any time in the life of the pagein The existing rutting at the time of the
passage of the heavy load impacts the permitTée. variation in equivalency of one pass of the
heavy truck as a function of the number of pas$élseostandard truck before the passage of the
heavy truck is shown in Figure 6.10. The progaassif rutting as the function of standard truck
passes is shown in Figure 6.11. As the numbeas$gs and as a result the rut depth increases,
the number of equivalent standard trucks decre@®escracking, this pattern may be the
opposite). The cost of permit, as shown in Fig6r&2, naturally decreases as the load
equivalency decreases to an asymptotic value.eShecdesignation of the permit fee is a matter
of public policy, this type of results can be adguto the policy makers in deciding on the permit

fee.
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Figure 6.9 - Impact of layer moduli on permit cost.
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Chapter 7

Summary, Conclusions and Recommendations

7.1  Summary

The objective of this study was to develop a tamtiable for analyzing flexible pavement
systems based on finite element analysis optimiaedenerating a mesh and matrix assemblage
suitable for calculating typical pavement distressaused by truck traffic. The developed tool
was called IntPave, an Integrated Pavement Damagéy2er; a finite element analysis program
developed with a graphical user interface suitédnl@nalyzing flexible pavement systems. With
the use of such tool the impact of heavy and supaxy trucks was assessed, according to their
axle configurations and pavement structure at @rgilevel of distress and compared to a
standard truck. In order to carry out this comgaamiit a new procedure was proposed to analyze
the effect truck traffic on pavement deterioratmnintegrating the effect of all axles comprising
a truck into a truck pass, rather than focusingawle groups. Moreover, the effect of a truck
passage is evaluated with respect to a standarkl tiolevaluate the extra damage caused by such
truck. Such comparative analysis was be useddpgse a procedure based on a mechanistic-
empirical (M-E) analysis to estimate permit feesdahon a truck axle loading and configuration
and the predicted pavement deterioration it cau3éss procedure is based on the estimation of
the incremental damage caused by the heavy triibks incremental damage is transformed to a
permit fee based on the present-worth value ofinegathe pavement. Furthermore, by taking

advantage of the finite element code already implaed, a time integration technique was
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developed as a tool for simulating wave propagatsoitable for assessing seismic non-

destructive testing.

7.2

Conclusions

Case studies were presented based on typical hyjghawsements to determine damage

factors based on the number of truck passes tdrialbre in rutting and compare them to

damage factors based on traditional AASHTO loadivadency factors. Based on the study

carried out the following conclusions can be made:

Traditional equivalency approach had limitationsewlevaluating damage as they fail to
consider the load characteristics such as numbdired per axle, tire spacing, and
complex axle configurations. As a consequencapoime cases these factors tend to be
mis-estimated.

Overloaded vehicles that are not within the ovetlparmit policies do greatly increase
pavement deterioration as proven by all approafdresamage equivalencies.

A parametric study was carried to demonstrate ¢insiivity of the cost of the permit fee
to the gross vehicle weight and axle configuratidhseshold to rehabilitation, traffic
volume, and pavement structure moduli propertiesthitknesses.

Assigning permit fees to the passage of heavy laads highway network is rather
complex and impacted by a number of interactingupeters.

The more substantial the pavement structure islothier the incremental damage and as

a result the permit fee will be.
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7.3

The most critical layer in the pavement for readbnatiff subgrades is the base layer.
The higher the quality of the base is, the lesspbenit fee will be. Thicker lower
guality base promotes more incremental damage saad@sult higher permit fee.

The damage to the pavements when the subgradérésmely soft is significant, and as
such the hauling of heavy load on such roads shaatithe permitted.

The policies of a local highway agency in termshaf damage threshold to rehabilitation
have a significant impact on the permit fee. Thwrarelaxed this threshold is, the lower
the cost of permit will be.

Unlike for the actual pavement design, the uncetyain the traffic volume has a small
impact in the cost of the permit for passage oéavly load.

The existing pavement damage at the time of thegugsof the heavy load also impacts

the permit fee, and may be considered.

Recommendations

The following recommendations were derived frons gtudy:

A further study on the sensitivity of andu rutting parameters must be carried as it was
found that these parameters, specifically the acftecrease in permanent deformation

against the number of load applicatiomscan make a significant impact on rutting and,
as a consequence, in damage equivalencies.

The effect of gross vehicle weight and axle configions on damage and the cost of
permit fee were analyzed; however, tire pressuemaher factor that still must be taken

into consideration for further study. Though tbad exerted by tires might be the same,

the pressure can be different, as the tires infliet same weight on a different area, as
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long as the pressure is within requirements. Hamevarying pressure does have an
effect on how soon failure is attained.

The effect of the time of passage of the heavy lmadhe permit fee was analyzed for
one type of distress, i.e. rutting; however, aHartstudy on the effect of the time of
passage must be carried on for fatigue cracking.cofbination of the both major
structural distresses should also be considered.

Implementation of linear quadrilateral elementstloe dynamic analysis proved suitable
for analyzing the wave propagation problem; howgeserall-sized elements are required.
Higher-order elements, such as spectral elemeatspe implemented to overcome this
problem, with the purpose of improving the analysysattaining better accuracy and

reducing computation time.
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