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ABSTRACT

The Louisiana Transportation Research C enter (LTRC) recently conducted 

a research e ffo rt using the Accelerated Loading Facility (ALF). The objective o f 

the research was to  evaluate a lim ited number o f a lternative base m ateria ls and 

construction techniques envisioned to provide a s ign ificant reduction in the 

occurrence o f shrinkage and reflected block cracking in the cement-stabilized 

bases. Nine test sections were constructed fo r  this research, using the same 

wearing course m ateria l bu t having different thicknesses o f crushed stone and 

soil cement bases and subbases. The soil cem ent base is the most com m on ly  

used base m ateria l in Louisiana, whereas crushed stone is a preferred base 

material in N orth  Louisiana.

The objective o f this study includes evaluating the ALF test results to 

determ ine the perform ance fo r  each set o f m aterials used in the test sections, 

and assessing the perform ance o f those materials when constructed a t o the r 

conditions and environm ent th roughou t Louisiana. To accomplish the objective, 

activities includ ing literature review, data analysis, and perform ance m odeling  

were perform ed.

From the  analysis it was found  that the com bina tion  o f crushed stone base

over a soil cem ent subbase, known as an inverted pavement, provided better

performance than the soil cement bases while resisting rutting and re tard ing the

iii
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occurrence o f reflection cracking. This find ing  confirmed the results from  o ther 

researches conducted previously.

Based on the analysis it is recommended that an inverted pavem ent 

section should definite ly be considered fo r  use in Louisiana. The pavement with 

crushed stone bases should also be considered even in those areas where the 

subgrade is relatively soft. In addition , soil cement bases o f 4 percent cem ent 

and m ixed in-place should be constructed and the ir perform ance observed and 

com pared to the more standard 10 percent p lant mixed soil cement bases.

W hen the ALF materials were used in the pavem ent structure in the 

regions having d ifferent soil conditions and tra ffic levels, pavement with soil 

cement bases outperformed those w ith crushed stone bases.

Therefore, it is recommended th a t crushed stone m ateria ls s im ila r to those 

used in the ALF test sections be used on ly  in the areas w ith  ADT not more than 

25 ,000  o r  the num ber of ESALs not m ore than 2 3 ,700 ,00  ESALs fo r 20 years 

design period. O n the other hand, soil cement bases can structurally be used in 

any areas with ADT not more than 7 5 ,000  o r the num ber o f ESALs not m ore 

than 4 4 ,5 0 0 ,0 0 0  fo r the 20-year design period. However, one should be 

cautious when using this material in areas where rainfall o r  water tab le  is h igh 

since w ater may weaken the structure and cause a substantial reduction o f 

pavement life.

It is also concluded that none o f the material com bination used in the ALF 

test section can predictably perform satisfactorily in the areas with ADT m ore

iv
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than 75 ,000. In such a situation, therefore, a rig id  pavement should be a better 

candidate to hand le  the tra ffic .

Inverted sections such as those used in lane 009  o f ALF test section can be 

considered as the best o f a ll m ateria l com binations even though its perfo rm ance 

is somewhat low er than  those w ith soil cem ent bases. The results fro m  the 

Louisiana ALF experim ent showed tha t the inverted section has better 

perform ance due to  its ab ility  to substantially reduce the reflection cracking 

in itiated in the soil cem ent m ateria l underneath.

v
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CHAPTER 1

INTRODUCTION 

Background

During the last two decades, two significant changes have occurred in the 

h ighw ay system: the m agnitude and number o f loads have increased and the 

rate o f developm ent o f distress has increased as well. Due to the econom ic 

forces affecting truck transporta tion , highway loads have increased d ram a tica lly  

in intensity and in a number o f applications. Freeme, et al., [1J ind ica ted  that 

the increase in tra ffic  loading in South Africa exceeded design expectation during 

the period between 1977 to 1981 , and the average single axle load (ESAL) per 

vehicle increased from  0.3 to 0 .5 . In the m eantim e, the predom inant distress 

th a t occurs in flexib le pavements has shifted from  fa tig u e  cracking, the d o m in a n t 

distress in the 1970s, to rutting. Based on ava ilab le  data from  the Long Term 

Pavement Performance (LTPP) database, A i-O m a ry  and Darter [2] fo u n d  tha t 

rutting was the predom inant distress that occurred in m ost flexible pavem ent test 

sections.

Every year the United States spends m ore than  $30 billion to m a in ta in  

and upgrade its highway systems [3]. To secure in fo rm ation  on the effect o f 

loads on road conditions, lawmakers and h ighw ay agencies have in itia ted  two

1
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programs: long-term  pavem ent perform ance m on ito ring  program s and

accelerated pavem ent testing p rogram s.

One method o f eva luating short-term  pavem ent perfo rm ance is using fu ll- 

scale accelerated pavem ent testing (APT). APT is de fined  as "the controlled 

application o f a prototype wheel load ing , a t o r above the  appropria te  legal load 

lim it to a prototype o r  actual layered, structural pavem ent system to determ ine 

pavement response and perfo rm ance  under a contro lled , accelerated 

accumulation o f dam age in a compressed tim e p e rio d " [4 ]. O ver 30 such 

facilities exist in North Am erica a lone, with over 21 overseas. These fie ld  and 

laboratory facilities were bu ilt to p rovide data to he lp  better understand the 

relationships between load and  distress and to p red ic t pavem ent performance 

w ith a high degree o f accuracy in a short period o f tim e  [4].

The Louisiana D epartm ent o f  Transportation and Developm ent (La DOTD) 

is conducting pavem ent testing using an accelerated load ing  facility (ALF), the 

mechanical loading m achine developed in Austra lia  also being used at the 

Turner-Fairbank Laboratory in V irg in ia . Along w ith  num ber o f wheel load 

applications, typical perfo rm ance data collected du ring  tests o f pavements with 

ALF include:

• R utting/perm anent de fo rm ation

• Fatigue cracks

• Roughness

• Pavement tem peratures, and
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•  Nondestructive testing (NDT) data fro m  the fa lling  w eight 

deflectometer (FWD).

M etca lf [4] reported tha t various analysis techniques have been used fo r  

the interpretation o f results from  fu ll-sca le  accelerated pavem ent tests. M ost o f 

them related to  practical assessment o f the behavior and perform ance o f the 

tested pavement, predicting rut depth developm ent and tire pressure 

investigations. M etca lf also reported tha t only nine o f these facilities linked the 

experim ental program s to long-term  pavement perform ance m onitoring.

The fo llow ing  list contains the phenomena tha t can be potentia lly  

explained using ALF data:

•  Permanent deform ation and fa tigue cracking development

•  Changes in load intensity as roughness increases

•  Decreases in pavement layer m oduli w ith increases in distress as the 

num ber o f load applications increases, and

•  Development o f pavem ent perform ance prediction models as a 

function o f load applications. These models can be used in pavem ent 

m anagem ent systems.

As can be seen from  the list above, ALF can provide data fo r broad variety 

o f pavem ent behavior studies. However, performance data from  ALF pavements 

have several lim itations, including:

•  Accelerated loading. This type o f loading does not perm it pavem ent 

healing to occur as it does in normal service. As a result, long-term
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behavior o f  a pavement cannot be fu lly  represented from  accelerated 

test results w ithout the application o f a shift facto r o r  through 

validation studies.

•  Environmental effect. Due to the short pavement life, the fu ll effect o f 

environm ent on the material behavio r under tra ffic load w ill likely not 

be reflected properly.

In addition, until recently few studies have been conducted to verify and 

relate the perform ance data collected fro m  the  ALF with that fro m  existing 

pavements.

O ther concerns, particularly fo r analysis using data from  the Louisiana 

ALF, are as follows:

•  After testing pavement configurations, w hat steps should be taken to 

correlate the  test results with field pavem ent performance?

• If the m aterials used in the test section perform ed satisfactorily, will the 

same perform ance occur if used in pavem ent construction in d ifferent 

environments and soil conditions in Louisiana?

• If there are  differences in the perform ance, what factors influence 

these differences?

It is the intent o f this study to evaluate the applicability  o f ALF results to 

o ther environments and  conditions in Louisiana.
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Obfectives of Study

The objectives o f the study are as fo llow s:

1. Evaluate and analyze the ALF test results to  assess the pe rfo rm ance  o f 

each set o f  materials used in the test sections, and

2. Evaluate the  perform ance o f those m ateria ls when constructed a t o ther 

conditions and environments th roughou t Louisiana.

Methodology

To accom plish the above objectives, the fo llow ing activities were 

perform ed:

L iteratu re  R eview

The purpose o f the literature review was to  search fo r previous works 

related to the study, including searching fo r m odels tha t have been developed 

fro m  previous studies. The works by Rao, ef a/. [5] and Rauhut, e f a/. [6 ], fo r 

pavem ent perfo rm ance modeling was used as the starting point because o f the 

comprehensiveness o f these studies. The details on this activity are discussed in 

C hapter 2.

D ata  Collection

LTRC personnel have collected ALF fie ld data from  Decem ber 1995 to 

A p ril 1998. The data  include longitudinal and transverse profiles, cracking, 

FWD data, load intensity, and pavement tem peratures. These data w ere secured 

fo r  d istribution in a C D- ROM form at. Some o f them  were also transferred
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electronically to Bogard Hall BH-234 o f Louisiana Tech University using a 

m odem  and PC ANYWHERE software installed on both com puters.

Other data from  selected sites typical o f the  Louisiana roads were 

obta ined from  the La DOTD includ ing tra ffic  data fro m  the p lanning office and 

m ateria l parameters from  the pavem ent and geotechnical o ffice.

ALF D ata Analysis

The data collected from  the ALF sites were analyzed to assess and 

com pare the perform ance am ong the lanes o f the ALF test sections based on 

rutting, roughness, and surface cracks. The detailed discussion on this task is 

presented in C hapter 3.

Perform ance M o deling

Analysis Tool. There are two analysis tools to be used fo r  this task: LaFLEX, 

a computer program  developed in this study based on AASHTO 1993, and 

VESYS 3A-M, a pavem ent analysis com puter p rogram  developed by FHWA.

Modeling Performance Prediction by VESYS 3 A -M . Data secured from  the 

laboratory and the ALF site were used as inputs fo r  VESYS 3A -M  to estimate the 

performance o f  ALF sections in terms o f rutting, fa tigue crack ing , and roughness/ 

serviceability. The estimated perform ance was then com pared with those 

observed from  the ALF test sections. If a good agreem ent was obtained between 

VESYS prediction and the observed data, no fu rther ad justm ent was needed. 

However, when no such good agreem ent was achieved, an adjustm ent to the
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VESYS model was necessary. The detailed discussion on this task is presented in 

C hapter 4.

Results Im p lem enta tion

Results from  the previous task were used to  evaluate the  perform ance o f 

ALF materials when constructed in different tra ffic  levels, and soil conditions. The 

evaluation was perform ed in terms o f ru tting , cracks, and roughness 

development. The details o f this task are presented in C hapter 6.
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CHAPTER 2

LITERATURE REVIEW 

The ALF Machine

ALF is a fu ll-sca le transportable pavement test device tha t simulates the 

effect o f tra ffic  load ing  on fu ll-sca le  pavements by apply ing controlled wheel 

loading in a repetitive m anner [7]. The m achine was firs t designed and 

m anufactured fo r AUSTROADS by the Road Transport Authority  (RTA) in New 

South W ales, Austra lia . In 1984, the FHWA purchased the U.S. m anufacturing 

rights from  the RTA, and the firs t ALF machine in the  U.S. was assembled and 

located a t the Turner-Fairbanks H ighway Research C enter (TFHRC). The second 

one was purchased by the LTRC and delivered to the Pavement Research Facility 

outside Port A llen, Louisiana, in A p ril 1994. A  schem atic d iagram  and partia l list 

o f features fo r  the Louisiana ALF machine are shown in Figure 2.1 and Table 

2.1 , respectively.

The ALF m achine is constructed from  a 30.5  m (100 ft) long structural 

steel fram e with a moving wheel assembly at the fro n t and the rear. This 

machine travels on rails at speed o f 0 to 17.7 km /h  (11 mph) on a 11.6 m (38 

ft) long test section. The movement is generated by an electric geared m oto r 

attached to the wheel, having the capability to m aneuver uni-directionally. At the

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

ends o f the fra m e , the rails curve upward to pe rm it gravity to accelerate, 

decelerate, and change the direction o f  the wheel assem bly [8]. Loads are 

applied to  the pavem ent only in one d irection, representing the real tra ffic  load , 

and can be d istributed laterally to sim ulate tra ffic w ander, which produces the 

wheel path observed on highways. To move from  one test site to another, the 

ALF is erected by cranes whereas fo r  longer moves tw o loaders are usually used

[9].

F igure  2. 1 The Louis iana ALF m ach in e

The ALF can app ly  approximately 3 80  load cycles per hour using e ith e r a 

single- o r d ua l-tire  wheel assembly that models on e -h a lf o f a single axle. The 

loads applied to  the pavement can be varied from  40  kN  (9 ,000 lb) to 100 kN 

(22,500 lb) by a d d in g  o r subtracting ballast weights [8].
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T ab le  2. 1 Features o f  th e  Louisiana ALF device

Description Features and Specifications

Wheel test loads: Duals: 34.696 kN (7,800 lb) -  111.2 kN (25,000 lb) 

Singles: 36.5 kN (8,200 lb) -5 3 .3 8  kN (12,000 lb)

Rut depth: 0 -  102 mm (4 in)

Speed: 0 -  17.7 km/h (11 mpn)

Load application rate: 360 -720  per hour

Axle loads per day: 100 ,000 -300 ,000

Power requirements: Operating: 480 AC, 3 PH, 60 Hz, 10 Amp avg., 30 Amp 
peak, no hydraulics

Instrumentation: Load cells — four independent, strain gauges with 
amplifiers;

Rut profiles — linear potentiometer with data acquisition 
software

Operating conditions: Environment: -1 7.8°C (0°F) to 40°C (105oF) wet or dry

Size: Length — 28.9 m (94.8 ft), width — 4.51 m (14.8 ft), 
height — 6.4 m (21 ft)

The ALF can provide many benefits to h ighw ay agencies. Principal 

am ong these benefits is the ab ility  to observe the behav io r and the dam age 

patterns tha t develop under tra ffic  loads in a short period o f time, thereby 

avoid ing the need fo r  fu ll scale pavem ent tests like the AASHO Road Test. 

Bonaquist et al. H 01 used the ALF to evaluate the effects o f tire pressure on 

flexible pavement response and perform ance. Sebaaly et al. H 1 ] used data 

fro m  previous ALF research to evaluate relationships between surface cracking 

and the structural capacity o f both th in and th ick pavements.

Another benefit derived from  ALF research is the ab ility  to com pare 

performance o f new w ith currently used materials. Before being extensively
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used, the perform ance o f a new material can be evaluated and its cost relative to 

o the r materials can be assessed. Kadar [12 ] used the ALF test results to assess 

the relative perform ance o f a variety o f aspha lt surface types fo r  pavement 

rehabilita tion. Johnson-C lark et al. [9] em ployed the ALF to  investigate the 

effectiveness o f a geotexfile reinforced seal between the subgrade and gravel 

layers to rehabilita te low  volume roads. M e tca lf [4] described the application o f 

the accelerated load ing  into the fo llow ing categories:

• Pavement perform ance: em pirical com parison and serviceability

• Pavement response: stress/strain m odeling, deflection m odeling,

deform ation m odeling, deform ation m odeling, and fa tigue modeling

• M ateria l response: backcalculation o f modulus

• M ateria l and layer equivalency

• Load equivalency: wheel and axle load configurations 

O ther benefits attributed to the ALF inc lude (13):

•  The generation o f h igher quality and m ore reliable data than could be 

obtained from  o ther forms o f fu ll-scale testing,

•  The establishment o f links between the results from  the tria ls and the 

laboratory characterization o f the m ateria ls

•  The increased awareness and adop tion  o f rational pavem ent design 

methods ra ther than empirical methods
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•  Im proved-cooperation between researchers and practitioners w ho  are 

active in the pavement area, and

•  Ease o f insta lling instruments in a test section versus in real pavements.

Overview of VESYS 3A-M

The com putationa l sequence in VESYS 3A -M  consists o f three m a in  steps: 

p rim ary response analysis, dam age m odeling , and performance predictions, as 

shown in Figure 2 .2 . First, the program  calculates the prim ary response o f the 

layered elastic o r  viscoelastic pavement section to  a vertical surface stress over a 

fin ite  circular area fo r  a given set o f input da ta . The output o f this step (stress, 

stra in, and deflection), com bined w ith add itiona l inpu t data relating to  num ber 

o f load repetitions and em pirica l dam age crite ria , is then used to predict distress 

using the dam age models. Finally, the ou tpu t fro m  the damage model analysis 

is used to calculate the perform ance in terms o f  serviceability index and expected 

life.

VESYS 3A -M  is one o f the VESYS com puter program  series tha t has been 

released by the FHWA since 1972. U nlike  o the r series that opera te  on 

m ainfram e computers, VESYS 3A-M  is designed to  run on a m icrocom puter. 

Since there are m any differences in con figu ra tion  and m em ory between 

m ain fram e and m icrocom puter, m odifications have been made to VESYS 3A-M  

to perm it the p rogram  to run on a m icrocom pute r system. For exam ple, the 

probabilistic m atrix  fo rm ula tion  has been revised to accom m odate this
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com patib ility , as well as the use o f fin ite  m athem atics to  keep exponential values 

w ith in  the opera ting  range fo r certain types o f com puters [1_4].

Traffic loads 
Material properties  
System geometry

M ateria l d istress properties  
T ra ffic  conditions 

Environm ent

D E S IG N  C R IT E R IA

P R IM A R Y  R E S P O N S E  
Stress 
Strain 

Displacement

D A M A G E  M O DELIN G  
Cracking 
Rut depth 

Roughness

P E R F O R M A N C E  P R E D IC T IO N  
Serviceability index 

Expected life

Figure 2. 2 M o d u la r s tructu re  o f  VESYS f l  4]

However, these modifications do not make VESYS 3A-M  less pow erfu l. 

Table 2 .2  shows the VESYS attributes o f a ll versions. It can be seen that VESYS 

3A -M  has features tha t are quite powerful and still o ffers many advantages fo r  

use in design and analysis purposes.

In the p rim ary  response analysis, the pavem ent cross-section is analyzed 

using equations based on the theory o f elasticity and a layered elastic m edium  

subjected to vertical stationary surface loads to determ ine the stresses, strains 

and deflections taken as an approxim ation o f those due to moving tra ffic  loads. 

The basic assumptions included in the analysis are as fo llow s:
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• The bottom  layer is infinite while the upper layers are fin ite  in thickness

•  All layers are infinite in the horizontal d irection , and

• The m ateria l properties are tim e-dependent [14J.

The inpu t data fo r  the prim ary response analysis include:

• M ateria l properties

• System geometry, and

• The design stationary load

The input material properties fo r each layer include creep com pliance, 

coefficients o f varia tion , Poisson's ratio, and m odulus. To take into account the 

environmental effects on the pavement, VESYS 3A -M  accom m odates up to 25 

seasonal periods a year. Thus, the effects o f seasonal m oisture and tem perature 

variations are reflected through the coefficients o f varia tion  o f m ateria ls and 

layer moduli fo r  each layer fo r  each season.

The system geom etry includes thickness o f  each layer and num ber o f 

points in the rad ia l and vertical positions where the p rim ary  responses are to be 

evaluated. For example, the prim ary response and location o f interest fo r  fatigue 

cracking is the horizontal strain a t the bottom  o f aspha lt layer directly under the 

load. Therefore, these locations o f interest must be identified by coordinates with 

the center o f the load being 0 ,0 .
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Tab le  2. 2 VESYS 3A -M  vers ion  features

FEATURES VESYS Versions

2M A G 31 3A 4A 3B 4B 3A-M D 5

Closed-form viscoelastic X X X

3 layers X X X

N layers X X X X X X X X

Viscoelastic (Quasi) X X X X

General response X X X X X X

Probability X X X X X X X X X X X

Minor (crack) X X X X X X X X X X X

System rutting X X X X X X X X X X

Multiple seasons & radii X X X X X X X X X X

Low temperature cracking X X X X X X X X X

Elastic (only) X X X X X X X

Elastic w/creep X X X X

Variable season length X X X

Stress dependent X X

Tandem axle factor X X

Tandem axles X X

Tridem axles X X

Dynamic load X

Layer rutting X X

Microcomputer X

The stationary load is the intensity o f load to be  applied  to the pavem ent 

as specified in the design, expressed as the load in pounds and the radius o f the 

contact area per wheel. For example, if an 80 kN (1 8 -k ip ) single axle load w ith 

a 0 .689  MPa (100 psi) tire pressure is used in the analysis, the input must be 40
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kN (9,000 lb) fo r  the single tire  load intensity and  136 mm (5.35 in) fo r  the 

radius o f contact area.

Pavement dam age is estimated using two m odels: (1) fatigue cracking, 

and (2) rutting. These two dam age  models are em ployed in VESYS since they 

are the most com m only encountered tra ffic  induced types o f dam age in flexib le  

pavements. Each model requires additional in p u t data including tra ffic  

conditions, m aterial properties related to  the distress, and environment. The 

tra ffic  condition data include the num ber o f repeated loads in axles per day fo r  

each analysis period fo r which dam age ca lcu lations are desired. The fa tigue 

m odel requires, fo r  the ho t m ix asphalt layers, k ^  k2 and the coefficients o f 

variation, where k, is the coeffic ient and k 2 is the exponent in Miner's Law. The 

M iner's law can be expressed as:

m n
D = Y ^ - < 1  (2 . 1)

where:

n; =  the num ber o f  load applications a t the state (i)

N ; =  the num ber o f cycles to fa ilu re  fo r  th a t particu la r state (i)

=  k, (1 /a) k2 

m =  total num ber o f cycles

The rut depth model requires perm anent de fo rm ation  properties A lpha 

and Gnu fo r each layer o f the pavement. A lpha and  Gnu are obtained from  

plots o f data from  the repeated load creep test. The slope variance model, based 

on the rut depth variation predictions from  the ru tting  m odel, is used to estimate
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the present serviceability index (PSI). A dd itiona l inpu t data required are the 

te rm ina l serviceability level, level o f re liab ility , standard deviation o f initial PSI 

value, and  the system perform ance properties.

Using typical input data fo r Louisiana m ateria ls and conditions, a 

p re lim ina ry  run o f VESYS 3A-M  was perform ed, and an analysis o f the results 

revealed the fo llow ing :

1. VESYS 3A -M  requires tha t the design life  have at least two seasons. If the 

user desires to  use the same data fo r  the w hole year, the num ber o f 

seasons must still be a t least two by assuming the same data fo r each 

season. If not, the program  does not always function properly, and e rro r 

messages m ay appear.

2. VESYS 3A-M  requires a m icrocom puter equipped w ith a m ath- 

coprocessor. The math-coprocessor serves two functions: prevents floa ting  

p o in t errors and reduces the com putationa l tim e fo r a run.

3. Prelim inary runs have shown that VESYS 3A-M  is sensitive to the num ber 

o f  seasons, the design life, and the radius o f the loaded area. For certain 

com binations o f design life or num ber o f  seasons, VESYS 3A -M  prints out 

e rro r messages. Therefore, if VESYS 3A -M  prints e rro r messages, one o f 

the three factors mentioned above must be m odified.

4. U n like  the m ain fram e version, the VESYS 3A-M  version does not require 

creep com pliance fo r the pavement m aterials. C reep com pliance data 

are  used on ly to  calculate VARCOEF1, VARCOEF2 and VARCOEF3.
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Road Roughness as the 
Performance Indicator

Two main criteria com m on ly used to assess road perform ance are 

distresses and roughness tha t occur on that road. These two criteria  were also 

com m only used in the pavem ent m anagem ent system. Furthermore, roughness 

has become the prim ary opera ting  characteristics o f a road f l  5 |. C arey and Irick 

[16| showed that surface roughness was the p rim ary variable needed to explain 

the driver's opinion o f the qua lity  and serviceability provided by pavem ent 

surface. Road roughness no t on ly  affects the d irect cost o f the road but also the 

indirect cost in terms o f user cost. A  study by the Transport and Road Research 

Laboratory (TRRL) and the  W orld  Bank from  1971 to  1972 showed tha t road 

roughness affected vehicle operating costs H 71.

Hudson r i5 ]  defined the road roughness as the surface characteristics o f 

a pavem ent that affect vehicle operating costs and the riding qua lity  o f tha t 

pavem ent as perceived by the h ighw ay user. Paterson f l  8| defined roughness as 

the varia tion  in elevation o f a road surface tha t typ ica lly has a com plex pro file  

com prising a spectrum o f  d iffe rent wavelengths and amplitudes. Sayers f l  91 

defined roughness as the varia tion  in surface elevation that induces vibrations in 

traversing vehicles.

As o f present, the roughness measuring equipm ent can be grouped into 

two generic [19]:

• Profilometric M ethods. The longitudinal elevation profile o f the road is 

measured and then analyzed to obta in  one o r m ore roughness
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indices. It includes quasistatic methods and high-speed p ro filo m e te r 

systems. Examples o f  this type include Face D ipstick and  ALF 

profilom eter.

•  Response type road roughness measuring systems (RTRRMSs). A  

vehicle is instrumented with a road meter device, p roduc ing  a 

roughness reading as the results o f the vehicle motions th a t occur 

while traversing the road . RTRRMS systems are less accurate com pared  

with the pro filom etric systems due to th e ir dependence to the vehicle 

responses which vary by tim e. Examples o f the RTRRMS systems type 

include Mays meter car, Bump in tegra to r tra iler, and Bureau o f  Public 

Road rough meter.

Differences arising between roughness measures are due to the w ay  the 

m easuring instrument responds to  the road p ro file  and to the w ay the da ta  are 

processed [18]. For example, data secured from  the p ro filom etric  system 

represent e ither some measure o f d isplacem ent am plitude relative to  a m oving  

average am plitude, o r they represent the response o f a standard vehicle 

response to roughness. In the RRTMSs systems, the differences arise p rim a rily  

th rough characteristics o f each system.

Therefore, in 1982 the IRRE and the W orld  Bank initiated a research e ffo rt 

to study the relationship am ong those measurements, and they established a 

standard tha t is time-stable [19 ]. The research was held in Brasilia, Brazil, in 

1982 by research teams from  the United States, the United K ingdom , France, 

Belgium, and Brazil. Forty-nine road test sites were measured using a varie ty  o f
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test equipm ent and measurement conditions. The sites included a fu ll roughness 

range o f aspha lt pavement, surface trea tm ent, g rave l, and earth roads. The data 

acquired were analyzed to determ ine the su itab ility  o f equipm ent and  to relate 

and  correlate the roughness statistic am ong the  equipm ent.

Since then, most agencies have a dop ted  this standard. The Federal 

H ighw ay Adm in istra tion (FHWA) has required state highway agencies tha t 

roughness data fro m  the Long Term Pavement Performance M on ito ring  (LTPP) 

should be in the fo rm  o f IRI [20 ]. Figure 2.3 shows the interpretation o f com m on 

values o f IRI. As can be seen from  the fig u re , the common values fo r  asphalt 

pavements range from  1.5 m /km  to  6 .0  m /km .

The results o f the W orld  Bank research are known as the In ternational 

Roughness Index (IRI), a standard roughness index which is practica l and 

m easurable by m ost o f the equipm ent used. The equipm ent used to  measure IRI 

can be d ivided in to  fou r classes [2 1 ]:

1. Class 4. A  roughness measure is no t reproducib le o r stable w ith tim e, 

and can be measured on ly com pared  to  IRI by subfective estim ation. 

This class covers panel ratings and measures made with uncalibrated 

RTRRMSs

2. Class 3 . A  measure obta ined fro m  RTRRMS is calibrated to the IRI 

scale by correlation w ith reference measures from  a Class 1 o r  2 

system. An example o f this class includes the Mays Ride M eter.

3. Class 2. A  profile-based m ethod reproducib le  and stable w ith tim e is 

used, and also calibrated independently o f o ther roughness measuring
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instruments. Examples o f  this class include the 690 DNC Profilom eter, 

APL Longitudinal Profile Analyzer, and Autom atic Road Ana lyzer 

(ARAN).

4 . Class 1. A  profile-based m ethod s im ila r to Class 2 is used. A  p ro file - 

based measurement qualifies as a Class 1 measure if it is so accurate 

tha t fu rther improvements in accuracy would not be apparen t. 

Examples o f this class include long itud ina l rod and level, Face D ipstick 

and ALF Profilometer.

IRI (m /km - mm/m)
NORMAL

USE
EROSION GULLEYS AND 
DEEP DEPRESSIONS

5 0  km/h

FREQUENT SHALLOW 
DEPRESSIONS. SOME 
DEEP 6 0  km/h

ROUGH ' 
UNPAVED 
ROADSFREQUENT 

MINOR DEPRESSIONS 8 0  km/h

DAMAGED
PAVEMENTSSURFACE

IMPERFECTIONS
100 km /h

MAINTAINED 
UNPAVED ROADS

OLDER PAVEMENTS

0 - AB SO LUTE  
PERFECTION NEW PAVEMENTS

AIRPORT RUNWAYS 
AND SUPERHIGHWAYS

Figure 2. 3 The  IRI roughness scale

The in-depth discussion on the IRI and how to analyze the p ro file  are 

discussed elsewhere [22]. For the purpose o f this study, a program  called
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PROFILEANALYZER. was developed to  analyze data from  the ALF site. Details on 

the calculation are presented in C hapter 3.

Overview of Availabie 
Performance Models

Available models fo r predicting flexible pavem ent performance, in 

general, can be pu t into four categories: roughness, structural, and composite as 

shown in tables 2 .3  and 2.4 [5].

The first approach in evaluating pavement perform ance based on  

roughness progression was proposed after the AASHO road test, and is 

expressed in terms o f PSI as:

f  X T  \ / >

Z = P° - . Pl .
P o - P f

Where:

!L
X P J

(2 . 2 )

g =  dimensionless dam age param eter defin ing the functional loss o f

serviceability incurred before tim e t, 

p0 =  serviceability index (PSI) a t tim e t =  0,

p, =  serviceability index a t tim e t,

pf =  term ina l serviceability criterion, at which rehabilitation o r

reconstruction is indicated,

Nt =  cumulative num ber o f equivalent 80 kN (18-kip) standard axle 

loads to time t, and
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Table 2. 1 Classification of flexible prediction models based on various condition measures [5]
Roughness Structural Composite

IRI RCI Others Fatigue Deflection SAI PSI PCR PQI PCI

World

Bank

Alberta TRRL, Asphalt

Arizona, Institute,

Australia, Shell,

PEN DOT TRRL,

Mobile

Manual,

Denmark,

Belgium,

Cost

Allocation,

NCHRP 1-

10B,

ARE,

VESYS

AASHO, 

Arizona DOT, 

Asphalt 

Institute

Alberta,

Minnesota

VESYS,

HPMS,

Idaho,

Minnesota,

Fernando

Equation

Washington,

Mississippi,

PARS,

Arkansas

Alberta CERL,

Paver

S3
CO
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Table 2. 2 Classification of flexible prediction models based on distresses-related [5]
Distress -  Related

Alligator Cracking Rutting Permanent Strain Potholing Raveling
World bank World Bank, 

Ohio State, 

Cost Allocation, 

SPDM, 

Monismith, et al., 

NCHRP MOB, 

VESYS, 

WATMODE

Monismith, 

Ogawa-Freeme, 

Barksdale, 

Michigan State, 

TTI

World Bank World Bank

to



p, (3 =  functions o f  axle type, axle load and pavem ent strength

param eters, including the structura l num ber and a soil suppo rt 

param eter.

Hodges, et al [1 7] proposed a m odel w hich explicitly related roughness to 

pavem ent strength. The model is expressed as fo llow s:

R ,= R .+ s ( S ) N t (2. 3)

W here:

Ro, R, =  roughness at time =  0 and t, respectively

s(S) =  function  o f modified structural num ber, and

N f =  cum ulative number o f equiva lent 80 kN (18-kip) s tandard axle

loads a t tim e t

W ay and Eisenberg [23) proposed a m odel based on the relation between

change in roughness per unit o f tim e and pavem ent age. The model takes the

fo llow ing  expression:

AR( = a At -  b ( 2 .4 )

W here:

AR, =  change in roughness,

a, b =  parameters obtained from  regression analysis and a function  o f

environm ent (rainfall, elevation, freeze-thaw cycles, tem pera tu re ,

etc.),

R, =roughness at time t, and

At =  change o f time (age)
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Zaniewski, ef al [241 conducted a study to evaluate pavem ent 

perform ance data obtained from  roughness survey data using Mays m eter from  

1972 to 1981, and to relate perform ance to  pavem ent design. They proposed 

the fo llow ing  m odel:

R ,= C a+C lt (2 .5 )

W here:

R, =  roughness in a hom ogenous section, in /m i.,

t =  year since the treatm ent, and

CD, C, =  regression coefficients.

Potter [251 developed a m odel from  roughness data s im ila r to  th a t o f 

Zaniewski, et al [24] that takes the fo rm :

R, = c 0 + (2- 6)

Where:

R, =  roughness at tim e t,

t =  pavement age, in years

CQ, a, b =  regression coefficients

Uzan and Lytton [26. 271 related increase in roughness to the va riance o f 

rut depth, cracking area, patching and mean ru t depth. Their m odel takes the 

fo llow ing  fo rm :

Pt = 4.436- 1.6861ogI0[ l+  350var(££>)]

-0 .88 IR D 2J -  0.031(C+ P )0-5 (2 ' 7)
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Where:

P, =  serviceability index a t tim e  t,

var(RD) =  variance o f rut depth, in2.,

RD =  mean rut depth, in.,

C =  cracking area, ft2/ !  0 0 0  ft2, and

P =  patching a rea, ft2/ !  000  ft2.

Unlike previous models tha t included surface distress, W atanada, et al.

f28 ] and Patterson [29] developed a m odel tha t included on ly  age, structural 

num ber and tra ffic:

Where:

Rl„ Rl0 =  in ternational roughness index a t times t  and t  =  0 respectively, in 

m /km ,

SNC =  m odified structural num ber,

NE4t =  cum ulative equivalent standard axle load ings to  tim e t, m illion  

80 kN ESAL/lane, and 

t =  age o f pavem ent since overlay o r construction.

G arzia-D iaz and Riggins o f Texas T ransportation Institute (TTI) [30] 

form ulated prediction models using a s igm oida l (S-shaped) functions as fo llows:

RI, = [R Ia + 725/1+ SNC)~4'99 N E^Je ,0.0153/ (2 . 8)

g =  exp (2. 9)
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Where:

g =  norm alized dam age function ,

=  num ber o f 80 kN ESALs o r  the age to  reach g =  l , w here PSI =

PSIfr

N, = n u m b e r o f 80 kN ESALs o r the  age to  a prescribed level o f g (PSI)

at tim e t,

p, P =  site-specific constant developed fro m  perform ance va lidation 

studies.

George, et a l f3 11 developed a m odel based on roughness and distress 

ra ting. The model includes age, tra ffic  vo lum e, thickness o f surfacing, structural 

thickness o f pavements and surface deflection and takes the form :

(  ESAL\
PCR, = 90 -  a[exp(Ageyh -  1](̂  (2 -10 )

Where:

PCR, =  present condition rating (PCR) a t tim e  t, which ranges from  0 to 

100

Age =  tim e since construction in years,

ESAL =  annua l rate o f 80 -kN  ESALs fo r  the design lane,

SNC =  m odified  structural number, and 

a,b,c =  regression constant.

A l-O m ary and Darter [2] developed a m odel based on the deterioration 

types using data fro m  the LTPP database. They correlated IRI to  PSR (0 to 5 

scale) and pavement distress. The forms o f the  m odel are as fo llow s:
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PSR = 5e-°-°°26//</ (IRI in cm /km ) (2 .1 1 )

PSR=5e-0(muR1 (IRI in in ./m ile ) (2. 12)

The roughness correlation to ru t depth m odel is as follows:

IR I = 51 56 R D -  33428 (2 -1 3 )

W here:

IRI =  international roughness index, in cm /km

RD =  m ean rut depth, in m m

W hen all the distresses were included, the m odel became:

PSR = 4 .95- 0 .685D - 0.334P  

-0.051C -  0211RD

W here:

(2 .1 4 )

D =  h igh severity depressions (num ber per 50 m),

P =  high severity potholes(num ber per 50 m),

C =  high severity cracks (num ber per 50 m), and

RD =  average rut depth (mm).

Patterson [18) developed a re lationship between PSI and IRI as fo llow s:

57 =  5e~°Asm (2 .1 5 )

W here:

IRI is in m /km .

Patterson suggested the fo llow ing com parab le  values between SI and IRI:

4.2 S I s  1.0 (m /  km) IR I  

2.5S I =  3.8 (m /km) IR I
(2 .1 6 )

2.0 S I =  5.0 (m /km ) IR I 

1.5 S I =  6.6 {m lkm ) IR I
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C um baa r32] developed the fo llo w ing  relationship fo r  Louisiana 

conditions:

SI - 5  ^  17)

W here:

IRI =roughness index fro m  Class III devices (such as Mays Rid M eter).

W hen using other devices, the IRI should be converted to an equiva lent 

Class III values:

For Class I (Face Dipstick):

C la ss III =  0A6(IR I, C lassI) — 4.26 (2. 18)

For Class II (ARAN, APL Longitudinal Profile Analyzer):

C la ss III =  0.40(7#/, C la ss II)-2 .Z 9  (2. 19)

Effect o f the Initial C ond ition  on Pavement Life. Smith, et al f33] reported 

that the in itia l condition o f a pavem ent has a s ign ificant effect on the life  o f a 

pavement. A  25 percent increase in the in itia l smoothness increases the 

pavem ent life up to 9 percent. A  5 0  percent increase in smoothness increases 15 

percent in pavement life.

The Use of Falling Weight Deflectometer 
to Obtain Laver Moduli

In lieu o f available data fro m  a labora tory, m oduli o f flexib le pavements 

can be predicted directly from  the fie ld  using deflection data secured fro m  the 

Falling W e igh t Deflectometer (FWD) m easurement. The FWD is "an im pulse 

load ing device that is used to s im ulate m oving load in both m agn itude  and
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duration. The FWD is typically equipped w ith a c ircu la r loading p la te  and  

several deflection sensors positioned at discrete locations from  the center o f the 

loading plate" [3 4 ],

The basic premise o f the m ethod is tha t the fie ld  values o f layer m od u li 

have been identified when the surface deflection basin com puted using assumed 

m oduli match the measured deflection basin [35]. In m ost o f  the backcalcu la tion 

com puter program s the initial values o f the layer m odu li are assumed and the 

deflection o f the surface caused by the applied load is calculated and com pared  

to  the measured deflection. If the deflections match w ith in  prescribed lim its, the 

assumed m oduli become the layer m oduli. If not, the process is repeated until 

the computed and measured deflections match. The theory o f linear elasticity is 

used in most ca lcu lation routines where a c ircu lar loaded area and un ifo rm  

stress distribution under the loaded area are assumed [341.

It should be kept in m ind  that the layer m oduli obtained fro m  n o n 

destructive testing devices (NDT) using backcalculation methods are no t un ique 

solutions but are s im ply sets o f m odu li tha t yield the observed deflection (3 5 ). 

However, m any studies, such as th a t reported by Parker (36) have shown tha t the  

results from  fie ld NDT generally agreed with layer m oduli obta ined fro m  

labora tory testing.

It is im po rtan t that the fie ld  deflection measurements be as accurate as 

possible since even small errors can cause differences in modulus values [371. 

Another im portan t feature o f this m ethodo logy is tha t the assumptions used in 

the backcalculation must be representative o f w hat happens in the fie ld  during
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data collection. For example, a study by Toum a, et al (34) showed th a t "if full 

contact [o f the load plate] is assumed, when in rea lity it did not occur, s ignificant 

errors in the backcalculated m oduli values o f the pavements analyzed may 

result."

All input parameters, e .g ., Poisson’s ra tio , effective layer th ickness, depth 

to bedrock, load configuration, and maximum num ber o f iterations, have an 

effect on the values o f layer m oduli. The depth to bedrock pa ram e te r is a 

s ign ificant contributor to the size o f errors and m ay be d ifficult to assess because 

it can vary w ith each deflection site [3 5 ], Uddin, e t a l., also stated, "Ignorance o f 

rig id  bottom  considerations m ay lead to substantial errors in the predicted 

m oduli o f a pavement-subgrade system. The subgrade m odulus m ay be 

sign ificantly overpredicted if a sem i-infin ite subgrade is falsely assum ed, when 

actual bedrock exists at a shallow  depth" [38 ].

Chou and Lytton F35] stated tha t the m oduli o f thin layers o r  sandwiched 

layers are usually d ifficult to ob ta in , because surface deflections are insensitive to 

changes in the moduli o f these layers. Therefore, fo r pavements having thin 

layers, a m ore accurate m easurement o f the thickness is required to  ensure that 

the backcalculated result is accurate. In add ition , surface layer m odu li are very 

sensitive to the layer thickness, fo llow ed by base and subbase layer m odu li.

Hossain and Scofield [39] reported tha t the average backcalculated 

aspha lt m oduli compared favo rab ly  with the average laboratory-determ ined 

m oduli when the condition o f the pavement is good . Pavement cond ition  is the 

prim ary determ inant fo r good agreem ent between calculated and laboratory-
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determined m oduli. They concluded that backcalculated asphalt m oduli seems to 

m ore accurately represent the in-situ m oduli o f the  asphalt concrete. Their 

conclusion was based on the better agreem ent found  on the m oduli obta ined 

from  backcalculation method and laboratory-determ ined fo r  new pavements and 

distress-free pavement in between wheel path locations on  old pavements.

A study by Roberts et al. [40] indicated tha t m odu li predicted from  a

9 ,0 00  lb. load deflection basin produced better m o du li estimates than those 

calculated at other loads. The study also suggested the use o f the 9 ,000 -lb . load 

unless "the stress sensitivity o f the pavement material is o f  interest."

Several com puter programs fo r backcalculation analyses have been 

developed, such as BISDEF, BOUSDEF, CHEVDEF, CO M DEF, ELMOD, ELSDEF, 

EVERCALC, MODULUS, and many more. Each p rog ram  was developed fo r  a 

particu lar application and has its own advantages and disadvantages. For the 

soil, environment, and pavement conditions in Louisiana, MODULUS and 

WESDEF provided the best match between estimated and  labora tory measured 

m oduli [34 ].

Correction of AC M odulus Predicted  
from  Backcalculation Method

Asphalt modulus obtained from  a backcalculation method should be 

corrected to a standard temperature o f 25°C (70°F), as suggested by the 1986 

AASHTO guidelines [411. The relation can be expressed as:
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E * = A E 9 (2 . 20)

Where:

=  asphalt m odulus at a standard tem pera tu re  o f 70°F 

X =  asphalt m odulus adjustment fa c to r

Etp =  asphalt m odulus from  backcalcu la tion  method

Several methods have been proposed to  determ ine X. AASHTO 1986 

provides a chart tha t can be used to calculate X, as shown in Figure 2 .4 .

Baltzer and Jansen [42] proposed the fo llo w in g  model fo r  adjustm ent

factor:

X = io"'(r_20) (2 .2 1 )

W here:

T =  tem perature a t tim e  o f data co llection, in °C 

m =  a constant w ith proposed value o f 0 .0 1 8 .

Johnson and Baus [431 proposed the fo llo w in g  equation:

^  _  jq -0 .0 002 I7S (70 ,-“ 6-7 ‘ij“ ) ^  22)

W here:

T =  tem perature a t the tim e o f FWD data co llection

U llidtz f44 j suggested a model developed fro m  the AASHO Road Test 

deflection data as follows:
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X = -
1

3.177-1.673 lo g r  

Where:

T =  tem perature at tim e  o f data collection, in °C, and must be > 1 °C

(2 -
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AC Moduli Prediction throughout the Year

The m odulus o f hot mix aspha lt changes w ith tem perature. At h igher 

tem peratures the m odulus decreases, bu t a t lower tem perature it increases. It is 

essential, therefore, to take into account the m oduli varia tion  tha t occurs w ith 

tem perature changes during ALF testing to properly analyze the  perform ance o f 

a pavem ent section. For example, the com puter program  VESYS allows up to 24  

seasonal m odulus variations w ithin a year.

C om m only, the asphalt modulus is measured in the labo ra to ry  at 4 .54°C  

(40°F), 25°C  [77°F), and 40°C (104°F). These tem peratures represent typical 

w inter, fa ll/sp rin g , and the summer conditions, respectively, but are not 

necessarily typical fie ld  conditions during ALF testing.

A li and Parker [451 and Ali and Lopez [461 used a tim e  series analysis to  

develop a m ethodology fo r  predicting seasonal pavement tem perature  and the 

pavem ent layer m oduli appropria te fo r  those tem peratures. The method is 

based on the assumption tha t pavem ent tem perature can be predicted from  

am bien t tem perature. Since am bient tem perature fo llow s some pattern 

th roughou t the year, HM A modulus w ou ld  also fo llow  a s im ila r pattern. If the 

pattern is sinusoidal, HMA modulus can be expressed as [4 5 ]:

E ^ u = A  +  B [S in { [2 K fT  +  C ) i f  (2 .2 4 )

W here:

Ehma =  HM A elastic modulus,

A  =  average annual HMA m odulus fo r the whole year,
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B =  am plitude o f the varia tion in H M A modulus du ring  the year (if

m odulus is constant then B equals 0),

T =  tim e o f observation (e.g. m onth  o f the year 1 to 12),

f  =  frequency (num ber o f tim e increments per cycle,

=  1 /12  if  months are used and  there is 1 cycle per year), and 

C =  phase ang le  tha t controls the  starting point on the  curve and the

peak m onth o r  months.

To determine the pavem ent tem perature, Solaim anian and Kennedy \47] 

proposed a calculation m ethod fo r estim ating the maximum pavem ent surface 

tem perature profile based on the m axim um  a ir  tem perature an d  hourly solar 

rad ia tion . The equation takes the fo llow ing fo rm :

422ar£tl/cosrcosz + 0.7a T * - h c(Ts - T a) - 9 0 k - e a T *  = 0  (2. 25)

Where:

a  =  so lar absorbtivity (default: 0 .9 ),

xa =  sunshine fac to r (0.81 fo r perfectly sunny conditions),

z =  zenith angle  (approxim ately z =  la titude-20 fo r  M ay through

August),

=  Stefan-Boltzman constant [0.1 714 E-8 Btu/(hr.ft2.R4)],

Ta =  m axim um  a ir  tem perature (Rankine),

hc =  surface coefficient o f heat transfe r [defau lt =  3 .5 B tu /(h r.ft2.F)],

Ts =  m axim um  pavem ent surface tem perature (Rankine),
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k =  the rm a l conductivity [de fau lt: 0 .8  Btu/(hr.ft2.F)/ft], and

e =  surface emissivity [de fau lt:0 .9 ].

The above equation must be solved iteratively. If the H M A depth is less

than  8 in., the fo llo w ing  alternative equation can be used to  predict the

pavem ent tem perature  a t any depth [4 8 ]:

Td =  TS(X ~0.063d +  O.OOld2 -0 .0 0 04 d 3) (2. 26)

W here:

Td =  m axim um  pavement tem perature  (°F) a t any depth,

Ts =  m axim um  pavement tem perature  (°F) at the surface, and 

d =  depth (in.).

U llidtz and Larsen [49] proposed the fo llow ing  equation to predict the 

pavem ent tem perature  o f the asphalt based on the a ir  tem perature:

T  = 1 2 T - +3  ?x asp air ‘ J

T, +T, T . + r ,
Cos

(u -u A (2. 27)
T . = - ----- 2-+ -

2

W here:

Tasp =  aspha lt tem perature, in °C

Ta;r =  m ean weekly a ir tem perature , in °C

T, =  m axim um  tem perature during  the year, in °C

T2 =  m in im um  tem perature du ring  the year, in °C

U =  w eek num ber (counted fro m  New Year)

U0 =  num ber o f weeks from  the beginning o f the year to the week o f

m axim um  temperature
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AASHTO 1986 [41] proposed a simple m ethod using a cha rt to predict 

the asphalt tem perature as shown in Figure 2 .5 . The method requires two inputs:

1. Pavement surface tem perature during the NDT test, and

2. M ean a ir  temperature data at the site fo r  5 previous days before the 

NDT test.

O nce the two inputs were prepared, the asphalt tem perature can be 

predicted from  the chart.

PAVEMENT CUAFACE TEMPEAATUAE PLU« M A Y  MEAN AIA TEMPEAATUAE. *F  

20 40 (0  (0  100 l »  140 ICO ICO 200 220 240 240
70

1400EPTH IN PAVEMENT 2SMM (1 IN.)CO

I0M M  (2 IN.) 120 u-

100MU (4 IN.)
40 100

\  300MM
\  200UU (12 IN J -

ISO MM
(( IN.) _

SO
IAJMJK.

•0

40

•  10

100404030 30
PAVEMENT SURFACE TEMPERATURE PLUS $ OAT MEAN AIR TEMPERATURE. «C

•  30 -  30 -1 0

Figure 2. 5 Estim ation o f te m p e ra tu re  r411

Overview of Materials Used 
in the ALF Sections

Cement-stabilized bases were usually utilized in the area w here aggregate 

sources fo r base layers do not meet the required strength o r  in the area
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subjected to  heavy loads. The use o f cement-stabilized bases had been in 

practice since 1935 [5 0 ]. Tayabji [50] reported tha t h igh-quality cement- 

stabilized bases perform  well under very heavy tra ffic . Huntington, et a l., f5 11 

reported tha t cement-stabilized bases have perform ed well fo r  years in W yom ing 

and have provided a cost-effective service life. O th e r successful use o f cement- 

stabilized bases have also been reported elsewhere [5 2 , 53 , 54 , 55 ].

An inverted pavement section consists o f an unstabilized crushed stone 

base sandwiched between a low er cement-stabilized layer and the upper asphalt 

concrete surfacing [56]. The purpose o f putting a crushed stone between the 

surface and the soil cement base is to reduce the crack propagation induced by 

soil cement bases to the surface. The performance o f  the inverted pavement has 

been studied since the early 1960s as reported by Johnson [57] and McGhee

[58]-

O vera ll, inverted pavements had a history o f good  performance. McGhee 

[58] reported tha t the inverted pavement exhibited the lowest overall cost 

compared w ith others in his study. A  study by Tu tum luer and Barksdale [56] 

showed tha t inverted pavements had better perform ance compared with 

conventional and fu ll-depth ho t mix asphalt. In add ition , the study also reported 

that the inverted sections had lower vertical stresses in the subgrade and lower 

resilient surface deflections. Van Vuuren [59] reported tha t inverted pavement 

section perform ed better than tha t o f cement-treated base section.

Barksdale, et al. [60 ] reported that the  effects o f geosynthetic 

reinforcement on stress, strain, and deflection are re latively small fo r pavements
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designed to  carry m ore than abou t 2 0 0 ,0 00  equivalent 18-kip  (80 kN) sing le  

axle loads (ESALs). Thus, geosynthetic re inforcem ent o f an aggregate base w ill 

have re la tive ly little effect on overall pavem ent stiffness. The greatest benefic ia l 

effect o f re in forcem ent appears to  be due to small changes in radial stress and 

strain toge the r w ith s light reductions o f vertical stress in the  aggregate base and 

on the top  o f the subgrade. Barksdale, et al. [60] study also showed tha t w hen 

geosynthetic was used in a thin pavem ent (SN < 2.5 o r 3) on a weak subgrade 

(CBR <  3), it can significantly reduce the perm anent deform ations in the 

subgrade o r  the aggregate base.
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CHAPTER 3

DESCRIPTION OF ALF TEST SECTIONS AND 

PRESENTATION OF THE DATA COLLECTED

This chapter describes the research conducted a t the ALF fac ility  in Port 

Allen. It is d ivided into two m a jo r sections: a description o f the test sections and a 

presentation o f the data collected from  the  fie ld . The first section describes the 

structure and the m ateria ls used in the n ine sections while the second section 

includes a presentation o f the data inc lud ing  ca lculation o f rutting, surface 

cracks, and roughness.

Pavement Test Sections

The LTRC constructed nine sets o f  pavem ent sections divided into three 

phases: phase 1, 2 and 3. Phase 1 consisted o f lanes 00 2 , 003 and 0 0 4 ; phase 

2 consisted o f lanes 0 0 5 , 0 0 6 , and 0 0 7 ; and  phase 3 consisted o f lanes 0 08 , 

009 and 0 1 0 . The materials in each lane are shown in Figure 3.1. A ll lanes 

received the same 89 -m m . (3.5 in.) o f La D O TD  Type 8 wearing course mix.

The noticeable differences am ong the  lanes were the types o f m aterials 

used and the thickness o f the bases. Lanes 002  th rough  004 used conventional 

crushed stone bases.

42
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Figure 3. 1 Cross section o f pavem en t test lanes

Fabrics were placed below  the base in lanes 002  and 003 to  prevent 

intrusion o f the select em bankm ent into the base course. Lanes 005 , 0 0 6 , 007,
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0 0 8 , and 010  included soil cem ent bases, which include variation in the m ix ing 

proces and the cement percentages. Lane 009 w as an inverted pavement, w here 

a crushed stone base was placed between the  surface and a soil cem ent 

subbase. The properties o f each o f the pavem ent m ateria ls are presented in 

Table 3.1.

Notice in Figure 3.1 tha t the select A -4  soil had a variable thickness 

required to make the tota l thickness o f the base and select soil equal 3 0 5 -m m  

(12 in). Such an arrangem ent a llow ed the e levation o f the surface o f the test bed 

to be constant when the wearing course was p laced.

Under the base was a 1524-m m  (5-ft) o f un ifo rm  em bankm ent A -4 select 

soil with a PI between 0 to 10, which was placed over the natural soils a t the Port 

A llen site. The natural soil is a h ighly variable, h igh ly  o rgan ic, fa t clay w ith high 

w ater content. This clay m ateria l was dredge spoil spread over the site from  

canal construction fust across the road. The w ate r tab le  is h ighly variable and  a t 

times there is positive w ater pressure when the M ississippi River level is high.

Times of Loading

The loads were applied to lanes 002, 0 0 3 , and 004  between February 2, 

1996 through September 27 , 1996. A t the beg inn ing  o f the test, the average 

da ily  a ir tem perature was abou t 13°C (55°F), and it rose steadily to about 2 8  °C 

(82 °F) in m id-July 1996. This average daily a ir  tem perature remained steady 

until the end o f August and w ent down to abou t 25  °C (77 °F) at the end o f  the 

test in September 1996.
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Tab le  3. 1 P roperties o f m a te ria ls  used a t ALF tes t sections

M ateria l Density
(kg /m 3)

Moisture
Content

(%)

CBR u c s
(MPa)

M o d u li*
(MPa)

Type 8 WC 2,212 - - 2,000 -  3 ,900

Crushed stone 2,203 - - - 1 3 5 -1 5 0

Stabilized stone 1,933 - - - 1 3 5 -1 5 0

Select soil 1,715 12 - - 3 5 - 7 5

Embankment 

Soil Cement:

1,700 16 10 - 2 5 - 3 5  

1 ,0 2 0 - 1, 070

10% In-place 1,720 14.4

-

2.01 
(7 days) 

2.66 
(28 days)

4% Plant-mixed 1,720 14.1

-

0.98 
(7 days) 

1.35 
(28 days)

‘ Predicted from backcalculation

When lanes 00 8 , 00 9 , and 010 were loaded between N ovem ber 19, 

1996, and M ay 24 , 1997 , the surface tem perature ranged between 10 °C  (50 °F) 

to  40  °C (105°F). A t the beginning o f the test, the  surface tem perature w as about 

18 °C (65 °F), and went down steadily to a b ou t 10 °C (50 °F) in the m idd le  o f 

January 1997. A fter tha t the surface tem perature rose to  reach about 35  °C (95 

°F) in the m idd le  o f April 1997, remained steady to  the end o f the m on th  and 

rose again up to abou t 40  °C (105°F) at the end o f the load ing period.

The ALF load ing fo r  lanes 005, 0 0 6 , and 0 0 7  was applied between 

Novem ber 19, 1997  and February 6, 1998. D uring the loading, the  surface 

tem perature ranged between 1 0 °C  (50 °F) to  1 6 °C  (60 °F). At the beg inn ing  o f 

the loading period , the surface temperature was abou t 16°C  (60 °F); then it went
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down steadily to a b o u t 10 °C (50 °F) a t the end o f  D ecem ber 1997. The 

tem perature rem ained steady a t 13°C  (55 °F) until the end o f the  loading period.

Location of the Test Section

The pavement research facility  lies fust south o f  Port A llen, Louisiana, 

across the Mississippi River from  Baton Rouge. The fa c ility  is located about 1 m ile 

south o f 1-10 on LA 1 South just pass the  Intracoastal W aterw ay on North Line 

Road, west about tw o miles. The research facility  has a 6 -acre  tract.

Data Collection Method

Field measurements included the period ic collection o f cracking, 

transverse and long itud ina l profile, deflection data, a n d  temperatures. The ALF 

load ing  was stopped periodically fo r  m aintenance, and  surface measurements 

were made at those times. To sim ulate h ighway tra ffic , the ALF loads were 

app lied  only in one direction and were norm a lly  d istribu ted abou t an 813-m m . 

(32-in.) wheelpath. The ALF was also m oved a lternate ly between test lanes a t 

approxim ate ly 25 ,000  passes to offset relative environm enta l effects occurring 

during  the loading period . The m agnitude o f the ALF loa d ing  varied with num ber 

o f applications. At the  beginning o f the test, a 10 ,000 lb load was applied and 

a fte r several thousand passes the m agnitude  was increased as shown in Table 

3 .2 .
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Table 3 . 2  Load ing  schem es applied  to  the  ALF test lanes

Lane ALF Load , 
kN (Ibf)

Pass Interval C um ulative ESALs

002 44.5 (10,000) 0 -2 1 7 ,0 0 0 0 -3 2 2 ,0 0 0

64.0 (14,400) 217 ,000 -297 ,000 3 2 2 ,0 0 0 -8 5 3 ,0 0 0

003 44.5 (10,000) 0 -  50,000 0 -  74,000

004 44.5 (10,000) 0 -  258,000 0 -  382,000

005 44.5 (10,000) 0 -  150,000 0 -  222,000

006 44.5 (10,000) 0 -1 5 0 ,0 0 0 0 -  222,000

007 44.5 (10,000) 0 -1 7 5 ,0 0 0 0 -  259,000

008 44.5 (10,000) 0 -1 2 5 ,0 0 0 0 -1 1 1 ,0 0 0

54.7 (12,300) 75,000 -  125,000 1 1 1 ,0 00 -3 1 2 ,0 00

009 44.5 (10,000) 0 -1 0 0 ,0 0 0 0 -1 4 8 ,0 0 0

54.7 (12,300) 100,000-360,000 148 ,000 -1 ,1 9 3 ,0 00

64.9 (14,600) 3 60 ,000 -460 ,000 1 ,1 9 3 ,0 0 0 -
1,864,000

010 44.5 (10,000) 0 -  75,000 0 -  111 ,000

54.7 (12,300) 75,000 -  250,000 1 1 1 ,0 0 0 -8 1 5 ,0 0 0

Deflection testing was conducted on a period ic basis using the fa lling 

weight deflectom eter (FWD). The FWD data were used to  backcalculate the 

moduli o f each layer o f the test sections. The profile  data used to calculate rutting 

and roughness were secured using the ALF p ro filog raph , which consists o f a 

linear variab le  d iffe rentia l transform er (LVDT) mounted on a metal carriage [6TJ. 

It moves transversely across the pavement on a metal fram e. The metal frame 

can be positioned a long the pavement section between two rails mounted on the 

pavement surface, outside the trafficked area.
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The ALF p ro filog raph  measured both long itud ina l and transverse profile. 

For the long itud ina l p ro file , three profile measurements w ere secured fo r  each 

lane, consisting o f one measurement a t the centerline o f  the w heelpath and two 

other measurements a t 305-m m  (1-ft.) to the left and  to  the righ t o f the 

centerline, respectively. For the transverse p ro file , e igh t pro file  measurement 

stations were located a t 1219-m m  (48-in.) intervals. The p ro file  readings were 

taken every 2 5 .4 -m m  (1-in). Generally, the p ro file  data were collected 

approxim ate ly every 2 5 ,0 0 0  passes o f ALF m achine w hen it was moved to load 

another test section o r  stopped fo r  maintenance.

Failure o f a test section occurred when e ither the average ru t depth 

reached 19-m m . (0 .75-in .) o r the serviceability index reached 2.3 .

Evaluation of Laver Moduli from  
Backcalculation Method

The resilient m odulus fo r  each pavem ent layer was predicted from  the 

fa lling  w eigh t deflectom eter (FWD) and Dynaflect da ta . The prim ary purpose o f 

the FWD m easurem ent is to predict the deflection o f a pavem ent when subjected 

to a load. Using the backcalculation m ethodology, this deflection measurement 

can be used to  predict the resilient m oduli o f each layer o f  the pavement. The 

deflection m easurem ent was created by apply ing an im pulse force generated 

from  a two mass assembly in which the fa llin g  w eigh t is d ropped onto a second 

w e igh t/bu ffe r com bina tion  [6 1 ]. The loading plate sits in the pavem ent surface
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and has a d iam eter o f 300 mm (12 in), the p late is segmented into fou r 

quadrants that can move independently.

The measurements were performed on the centerline o f the load ing  path 

o f each pavem ent test section a t 11 stations spaced a t intervals o f  1 .52 m (5 ft) 

a long  the centerline. The geophone configuration can be seen in Table 3 .3 . At 

each station, 20  deflection bowls were recorded. However, on ly  the last two 

bowls corresponding to  the 9 ,00 0 -lb  load level were used in the backcalculation 

analysis. In add ition  to  the deflection measurements, tem peratures o f the a ir  and 

the pavement surface were also collected using an electronic the rm om ete r and 

an infrared d ig ita l therm om eter.

T a b le  3. 3 O ffse t o f  th e  FWD geophones F611

Geophone Number 0 1 2 3 4 5 6

Offset (in) 0 8 12 18 24 36 48

(mm) 0 200 300 450 600 900 1200

The resilient m odulus fo r  each layer was predicted using M O D U LU S 5.0, 

a backcalcu lation com puter p rogram  developed by the Texas Transportation 

Institute. M ODULUS 5 .0  was selected as the analysis too l based on the 

recom m endation from  previous study by Roberts, et al [401. A ccord ing  to 

Roberts, et al, M ODULUS provided the most reasonable resilient fo r  Louisiana 

cond ition . These resilient m oduli were then used to predict the perfo rm ance of 

the test sections using VESYS 3A-M .
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Tables A l .1 th rough  A l .9 in A ppendix 1 show the modulus fo r each layer 

fo r  lanes 002 th rough  010 . The ESALs were obtained by m ultip ly ing the num ber 

o f passes, which represent the num ber o f ALF passes obta ined from  the fie ld , 

with an axle load coefficient from Append ix D o f 1993 AASHTO guide fo r  the 

design o f pavem ent structures. To determ ine the axle load coefficient, the 

structural num ber (SN) o f each section was calculated using the Louisiana "a "  

values. The load equivalency factors fo r  lanes 002 th rough 010  were also 

calculated and the results are presented in Table 3.4 .

Table 3. 4  Axle  lo a d  equiva lency fa c to r  fo r  lanes 002  th ro u g h  010

Load, 
kN (lb.)

Lane
002

Lane
003

Lane
004

Lane
005

Lane
006

Lane
007

Lane
008

Lane
009

Lane
010

44.48
(10,000)

1.48 1.49 1.48 1.48 1.48 1.48 1.48 1.48 1.48

54.71
(12,300)

— “

' '

4.01 4.02 4.02

64.94
(14,600)

6.70 6.70

Surface M oduli Evaluation

All the lanes o f the ALF test sections used the same material fo r  the 

surface layer, a Louisiana Type 8A w earing course. Since the same material was 

used, the predicted m oduli fo r all layers should be in close agreement. Figure 

3.2 shows the corrected and uncorrected m oduli fo r lanes 2 through 10.

As can be seen from  Figure 3 .2 , there is a va riab ility  o f the HMA modulus 

when corrected to 20°C  (68°F), ranging from  the m axim um  o f 3,841 MPa (557
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ksi) fo r lane 009  to  the m inim um  o f 1 ,884 MPa (273 ksi) fo r  lane 006 with 

average o f 2586  MPa (375 ksi). Table 3.5 also shows tha t the  coefficient o f 

variation fo r  the surface layer modulus becomes sm aller w hen the value is 

corrected to  the standard temperature.

S  2500

3  2000

■a 1500

400 w

300 3

002 003 004 005 006 007

Lanes

008 009 010

□ HVAUhoomected IHVAGxrected

Figure 3. 2 Predicted HMA m odu lus  fo r  each la n e

Table 3. 5 S um m ary o f H M A m odulus o f ALF test section

Uncorrected Corrected to 20°C (68°F)

Average, ksi (MPa) 283 (1953) 375 (2586)

Standard Deviation, ksi
(MPa) 127 (877) 108 (742)

Coeff. of Variation (%) 45 29
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Note from  Figure 3.2 tha t lane 003 has the  second highest predicted 

m odu li after lane 00 9  even though the perfo rm ance evaluation showed it to 

have the worst perform ance. Unlike the other lanes w here the predicted m oduli 

were based on the average o f several FWD measurem ents, the predicted m oduli 

fo r  lane 003 was based on ly  on single FWD m easurem ents collected a t the 

beginning o f load ing . Add itiona lly , since the FWD test fo r  lane 0 0 3  was 

performed before load ing  began, the structure m igh t have no t experienced any 

distresses, which according to  the literature affect the m odulus value.

Evaluation of Base M oduli

As described previously, two types o f base m ateria ls  were used in the  ALF 

sections: stone and soil cement materials. The predicted base m oduli obta ined 

from  the backcalculation method are shown in Figures 3 .3  and 3 .4  fo r stone and 

soil cement m ateria ls, respectively.

Lanes 002 , 0 0 3 , 004  and 00 9 , constructed using the stone m ateria l, have 

relatively s im ila r m odu li values ranging from  the m in im um  o f 138.8 MPa (20.1 

ksi) to  the m axim um  o f 157.7  MPa (22.9 ksi). Lane 0 0 7 , which included 4 

percent plant-m ixed soil cem ent with fiber, has a h ig h e r m odulus than tha t o f 

lane 006, which included 4 percent plant-m ixed soil cem ent w ithout fibers. It 

indicates that the use o f fibe r in the soil cement m ay increase the m odulus. Lane 

01 0 , constructed using the same 4 percent p lan t-m ixed  soil cement as tha t o f 

lane 006, has a h ighe r modulus than that o f lane 0 0 7 . This h igher m odulus may
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be associated w ith the  structure o f lane 010 , which used s im ila r materials in both 

the base and subbase.

Goeff. ofVariation (°/Q:

002 003 004 009

Lanes

Figure  3 . 3 Predicted m o d u li fo r  stone m ateria l base laye r 

It seems tha t there is no clear evidence o f differences between the p lan t 

mixed soil cem ent m ateria ls and the mixed in-place m ateria l, as can be seen by 

com paring lane 0 0 5  w ith lane 008. Lane 005 has a modulus o f 1038.8 MPa 

(150.7  ksi), whereas lane 008  has a modulus of 1054.9  MPa (153.0 ksi). 

However, h igher percentages o f cem ent increased the m odulus as shown by 

com paring lane 0 0 5  w ith lane 0 0 6 . Lane 005, which included 10 percent 

cement, has a h igher m odulus than lane 0 0 6 , which included 4 percent cement.
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Figure 3. 4  Predicted m o d u li fo r  so il cem ent base laye r

Evaluation of Subbase M oduli

The predicted subbase modulus fo r  each lane is shown in Figure 3.5. 

Lanes 002 through 008  included the same m ateria l as a subbase, the select soil 

m ateria l. Since all lanes received the same material type, they should in theory 

have abou t the same modulus value. However, Figure 3.5 shows tha t there is 

considerable variation in the m oduli ranging from  the m in im um  o f 35 .6  MPa 

(5.2 ksi) fo r  lane 002 to the maximum o f 77 .6  MPa (11.3 ksi) fo r  lane 008 , with 

an average o f 51.7 MPa (7.5 ksi) and coefficient o f variation o f 33 percent.

This variability m ay be ascribed to  e ither the variab ility  o f the material 

itself o r to the nature o f the backcalculation method, o r both. These values, 

however, are still in the range com m only reported fo r this type o f material.
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Therefore, a range o f 35 MPa (5 ksi) to 75 MPa (11 ksi) can be considered as 

appropria te  fo r  use in m echanistic studies.

80.0

70.0

60.0
(J
|  50.0 

§ 40.0
3
■§ 30.0 
2

20.0 

10.0

0.0
002 003 004 005 006 007 008

Lanes

Figure 3. 5 C om parison  o f seiect soil subbase  m odu li

Evaluation of Subqrade M oduli

The average subgrade modulus fo r each test lane is presented in Figure 

3.6. As can be seen from  the figu re , the average m odulus o f the subgrade fo r all 

lanes is relatively uniform  except fo r  lane 009, ranging fro m  a m in im um  o f 19.5 

MPa (2.8 ksi) to a maximum o f 4 8  MPa (7.0 ksi) fo r lane 009  with average o f 31 

MPa (4 ksi). This result is not surprising because the FWD testing was conducted 

a t d ifferent times o f the year. The large variability m ay be associated with the 

tem perature and moisture content ranges during the testing and data collection.

Coeff. Of Variation (%): 

WAh
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CoefF. Of Variation (°/Q:

s 3ao

v  220

002 003 004 006 006 007

Lane

006 009 010

F igu re  3. 6 C om parison  o f su b g ra d e  m oduli

Rutting Calculation

The m axim um  rut depth fo r  each station was calculated by p lo tting  the 

transverse p ro file  data  and m easuring the m axim um  difference between the top 

and bottom elevation o f the p ro file , as shown in F igure 3 .7 . Note that the  vertical 

scale o f Figure 3 .7  was exaggerated to show the  c lear form  o f the transverse 

profile. The top  elevation was obta ined using a 1219-m m  (48-in) stra ightedge 

beam as suggested by Johnson-C larke, e ta /. [9].
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Figure 3. 7  A  sam p le  ca lcu la tion  o f  ru t depth from  a transverse  p ro file  

In each wheel path the largest difference between the top  and bottom 

elevation shown in Figure 3.7  is the ru t depth. If the bottom  elevation is not 

sm ooth, an average value o f the bottom  elevation was calculated from  the 

profile .

To autom ate the plotting and ca lcu la tion process, an MS Excel 97  macro 

(written in Visual Basic language) was prepared. The macro firs t converted the 

transverse p ro file  data in a pla in text f ile  fo rm at, put the data in MS Excel 97 

worksheet, and then created the p lo t from  the data. A  1219 -m m . (48-in.) 

straightedge line  was also created so th a t it can be moved a long  the chart to 

determ ine the top  elevation, which should connect the nearest 1219-m m . (48- 

in.) distance between left and right p ro file , as shown in Figure 3 .7 . Each
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transverse pro file  file  contains data fo r  stations 2 th rough  8. Tables A2.1 th rough  

A2.9 in Appendix 2 show the rut depth fo r  lanes 002 th rough 010.

Roughness Calculation

The roughness o f the test section, expressed in the international roughness 

index (IRI), was determined from  the longitudinal p ro file  as generated by the ALF 

pro filograph. IRI measurement, expressed in m /km , has a normal range from  0  

fo r  perfectly smooth to 20 fo r unpassable roads [1 81. IRI is an index th a t can be 

used to express the roughness condition o f a pavem ent that impacts vehicle 

response. It is calculated fo r a single longitudinal pro file  w ith the sample interval 

no larger than 1 ft. (300 mm) fo r accurate calculation. This profile is assumed to  

have a constant slope between sam pled elevation points. The pro file  is then 

smoothed w ith a moving average o f 250-m m  (1 ft) base length, see Figure 3 .8 , 

and further filtered by quarter-car sim ulation [2 2 ]. The simulated suspension 

motion o f the quarter car is linearly accumulated and divided by the length o f the  

profile to yield IRI. Thus, IRI has units o f slope such as inch/m ile o r m /km . The 

idea o f expressing roughness measurements in such units is unlike roughness 

measurement in metal, which is usually conducted over a short distance, in th a t 

roughness measurement fo r  a h ighw ay can be in increments as long as 10 

miles. Thus, the use of units in in /m ile  is appropria te fo r  the application.
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Original point elevation Yr (i> 
Smoothed point elevation Ys (i)
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Measured
Profile i+ki-k

Selected base length

Figure  3. 8 M oving  a ve rag e  f i l te r  

An MS Excel 97  m acro, IRI PROFILER, written to automate the analysis, 

was based on an a lgorithm  proposed by Sayer [22] using the W orld  Bank 

defin ition and com puta tion  method fo r IRI. The output from  the analysis is 

predicted roughness o f the profile in IRI units and presented in Tables A3.1 

through A 3 .9  in A ppend ix  3.
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CHAPTER 4  

PERFORMANCE PREDICTION OF ALF 

TEST SECTIONS 

Introduction

To determ ine the perform ance o f the  ALF section m ateria ls  when 

constructed in o ther conditions and environm ent, a perform ance p red ic tion  study 

was conducted. There have been a num ber o f s im ila r research studies as 

reported in C hapter 2. VESYS 3A-M  was selected to make the perform ance 

predictions in this study because o f its capab ilities and the fa m ilia r ity  o f the 

researcher with the program.

As discussed in C hapter 2, VESYS 3A -M  predicts the  pavement 

perform ance in terms of rutting, fatigue cracking and serviceability developm ent. 

To verify the va lid ity  o f the VESYS model, it is necessary to calculate the rutting, 

cracking and PSI from  field loadings and com pare  the calculated values with the 

measured data. Rutting and cracking v/ere discussed in C hap te r 3. The 

calculation o f PSI from  measured profile  data is discussed in the next section.

Slope V arian ce

O ne o f the components required to ca lcu la te  PSI is the s lope variance o f 

the road profile . Slope variance (SV) is a statistical term tha t indicates the

60
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variation o f slope o f a pavem ent from  the m ean slope value [631. It is com puted 

from  the longitud ina l p ro file  using the fo llow ing  equation:

Z  Y2- - ( Z Y ) 2
SV = ---------- 2----------- (4. 1)

n — 1

Where:

SV =  slope variance, in 10'6 rad.

Y =  slope between two points 305-m m . (12-in .) apart

n =  num ber o f sets o f readings

The slope between two elevations (Y) a t any po in t is calculated as fo llow s:

h - hY  _  m  ' m 2)
d

Where:

Y; =  slope between two points

h;+1 =  elevation o f the profile one reading ahead o f i

h: =  elevation a t po int i

d =  distance between the two points =  305-m m . (12-in.)

Since the long itud ina l profile  measured a t the ALF site was in 2 5 .4 -m m  (1 

in.) intervals, an adjustm ent needs to be m ade in o rde r to  be consistent w ith the 

AASHO definition on slope variance as expressed in the equation 4 -1 . Therefore, 

pairs o f data every 30 5 -m m . (12-in.) were used in the calculation procedure. 

However, to take into account all the data, as m any as 12 slope variance 

calculations were made using different sets o f data a t appropriate intervals (1,
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13, 25,..), (2, 14, 26 ,..), (3, 15, 27,..) and so on. The average o f this ca lculation 

was the slope variance o f the long itud ina l profile.

To autom ate the calculation, an MS Excel 97  m acro  called SLOPEVAR was 

written. The m acro works by firs t converting the long itud ina l p ro file  into MS Excel 

form at, the user is asked to specify the range o f the  data fo r  each pro file  and 

then the slope variance is calculated.

Present S erviceab ility  Index

The present serviceability index (PSI) was developed a t the AASHO Road 

Test as a way o f characterizing the rid ing quality o f the road [631. At the road 

test, a panel o f 15 engineers drove over selected pavements and rated the 

pavements using a scale o f 0 to  5. Zero represents a road tha t was impassable, 

while 5 represents a road in perfect condition. Since the  ratings may vary am ong 

raters because o f hum an nature, the rating numbers assigned to a pavement by 

panel members were averaged and designated as the Present Serviceability 

Rating (PSR). The PSR was then correlated to objective measurements m ade by 

profile measuring devices th rough a regression analysis procedure. The resulting 

present serviceability index (PSI), which is the predicted value o f PSR, fo r flexible 

pavements is expressed as fo llows [63]:

PSI =  5.03 -1.91 log (l + SV) - 0.01 VC +  P  -1 .3 8 (R D )2 (4. 3)

Where:

PSI =  present serviceability index ranging between 0 to 5 .0

SV =  slope variance calculated from  the road pro file  using eq. 4-1
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C =  m a jo r cracking, in ft2/ !  ,0 00  ft2

P =  bitum inous patch ing, in ft2/ !  ,0 0 0  ft2

RD =  Average rut depth o f both wheelpaths, in inches m easured a t the

center o f a 4 -ft. span in the m ost deeply rutted pa rt o f the 

wheelpath.

Since no patching was perform ed in the ALF test sections, o n ly  rutting,

cracking and slope variance were included in the PSI calculation using ALF data .

Using the above equation, the  PSI fo r  lanes 0 0 2  through 0 !0  a re  shown in

Tables A4.1 through A4.9 in Appendix 4.

Input Data Preparation

Follow ing is the list o f the prim ary inpu t data required to  run VESYS 3A-M :

1. Seasonal data in terms o f  temperatures fo r  the  whole analysis period . The 

break periods in the ALF loading were assumed to be the seasonal periods. 

For exam ple, there are 10 seasonal periods used in analyzing lane  00 2 . For 

o ther lanes, see Appendices A ! o r A2.

2. Thickness o f each layer. The thickness o f each layer o f each lane is given in 

Figure 3 .1 .

3. M ateria ls properties, including resilient m odu li, perm anent de fo rm ation  

coefficients A lpha and G nu fo r each layer, Poisson's ratios, and  fa tigue 

coefficients k, and k2 fo r the surface layer. Resilient m oduli are presented in 

A ppend ix  1. Permanent deform ation  coefficients A lpha and Gnu are 

presented in Table 4 .1 . A lpha  and Gnu were compiled from  the  previous
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works by Hadley [64 ] fo r typical Louisiana m ateria ls  and from  Anderson, et 

a/., [65] fo r  g ra nu la r materials. Notice tha t data fro m  Anderson, e f a /., [65] 

were correlated to the  materials used at lanes 0 0 2  through 0 0 4  o f the ALF 

test sections using the  density and moisture content. For exam ple, since the 

crushed stone m ateria l o f lane 002 has an average density o f 2 2 1 4  k g /m 3 

(138.2 lb /ft3), which corresponds to Anderson's pavem ent no.5 , the  selected 

values fo r  A lpha and Gnu were 0.801 and 0 .0 6 9 3 , respectively. Poisson's 

ratios fo r selected m ateria ls are presented in Table 4 .2 . Fatigue coefficients k, 

and k2 a t 25°C (77°F) are presented in Table 4 .3 , as ca lcu la ted from  

laboratory fatigue tests perform ed by the LTRC. Values o f k, and k2 fo r  all 

seasonal periods are calculated using equation 4 .4  as follows [66 ]:

k.(T) =  k.(TR)  e' 0-m336X>
(4. 4)

kz(kx)  =  1.75-0.252 lo g (k J

Where:

kiO”) =  fatigue coefficient k, a t tem perature T, °F

k,(TR) =  fatigue coefficient k, a t reference tem perature TR, (77°F), see 

Table 4. 3

k2(k,) =  fatigue coefficient k2 fo r  the corresponding k,

X =  T2-TR2

4. Traffic in terms o f the m agnitude and the num ber o f equivalent s ing le  axle 

loads applications pe r day. O the r inputs required to  run the VESYS program  

are tra ffic  data, which include the load m agnitude and the num ber o f load 

applications. The load m agnitude is input as the tire  pressure and the radius
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o f the loaded area . In this study the tire  pressure is set to 0 .689  MPa (100 

psi) and the radius o f the loaded area is 136 m m  (5 .35  in). The num ber o f 

load app lica tion  is represented by the num ber o f  axle load application per 

day, defined in VESYS as LAMBDA. It is calculated by d ivid ing the num ber o f 

ESALs at every break o f the ALF loading by the num ber o f days the ALF 

machine operated fo r  tha t period.

5. Analysis period to  be included in the dam age analysis. The analysis period is 

defined in VESYS 3A-M  by TRANDOM and NTRANDOM. TRANDOM 

represents an a rray  o f times at which a p rin tou t o f the values computed in the 

dam age m odel is desired [14]. In this study, TRANDO M  is defined as the 

num ber o f days o f the ALF testing fo r  each lane. NTRANDOM  represents the 

num ber o f points in the TRANDOM and LAMBDA arrays. In this study, it is 

defined at every regu la r break o f the ALF load ing  where the fie ld data 

collection was perform ed so that the com parison w ith observed data could be 

made a t the sam e num ber o f ESALs.

6. Service life in terms o f the initial serviceability (PSI;) and te rm ina l serviceability 

(PSI,). The predicted service life is the time required to reduce the in itia l PSI, to 

the fina l PSI,. A  PSI, o f 3.6 and PSI, o f 2.3 were used as input data. The reason 

fo r setting PSI, a t 3 .6  and not 4.2, as com m only used fo r  newly constructed, 

road is tha t the average PSI from observed data on the ALF construction was 

about 3 .6 ; the PSI, was set at 2.5 as recom m ended by the LTRC.
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Table 4. 1 Permanent deform ation  A lpha and G nu fo r  lanes 002 th rough  010

Lanes W C / 
Type 8

Crushed
Stone

Soil
C em en t

Select
Soil

Em bank
m ent

002 Alpha 0.4706 0.801 - 0.689 0 .735
Gnu 0.0247 0.0693 0.0505 0 .048

003 Alpha 0.4706 0.808 - 0.689 0.735
Gnu 0.0247 0.0688 0.0505 0 .048

004 Alpha 0.4706 0.808 0.689 0 .735
Gnu 0.0247 0.0688 0.0505 0 .048

005 Alpha 0.4706 1.00 0.881 0 .735
Gnu 0.0247 0 .00 0.0751 0 .048

006 Alpha 0.4706 _ 1.00 0.700 0.735
Gnu 0.0247 0 .00 0.0518 0.048

007 Alpha 0.4706 - 1.00 0.689 0 .735
Gnu 0.0247 0 .00 0.0505 0.048

008 Alpha 0.4706 _ 1.00 0.635 0.735
Gnu 0.0247 0.00 0.0399 0.048

009 Alpha 0.4706 - 1.00 0.689 0 .735
Gnu 0.0247 0 .00 0.0505 0.048

010 Alpha 0.4706 - 1.00 0.689 0 .735
Gnu 0.0247 0 .00 0.0505 0.048

Table 4. 2 Poisson's ratio fo r  selected materials [64 ]

M a te ria ls Poisson's Ratio

Type 8 W earing Course 0 .35

Crushed Stone 0 .4 0

Soil Cement 0 .35

Select Soil 0 .40

Subgrade/Em bankm ent 0 .40
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Table 4 . 3 Fatigue Coefficients and k2 a t 25°C  (77°F)

Sample #  o f Cycles to 
Failure, Nf

In itia l Strains, 8; ki k2

1 3251 2.227 x 10-3 3.93 x TO'4 2.6082

2 57451 5 x  10-4 9.78 x 10-7 3.2644

3 8051 6.83 x IQ '4 3.05 x lO '5 2.8881

Analysis of Results and Discussions

Rutting

Figures 4.1 th rough 4 .9  show  the comparison o f rutting developm ent fo r  

the VESYS 3A-M  prediction and the observed data. O n ly  observed data from  

stations 3 through 6 were used in the comparison to m in im ize the bias caused by 

the touchdown effects a t Stations 1 and 2 and the lif t-o ff effects a t stations 7 and 

8 when the ALF load was lifted from  the pavement. In add ition , instead o f 

averaging the data o f stations 3 th rough 6, an envelope o f values was used fo r 

the comparison due to the large va riab ility  in the fie ld  da ta .

As can be seen from  Figures 4.1 through 4 .9 , in genera l, good 

agreem ent existed between VESYS 3A-M  predictions w ith those observed data 

even though VESYS tends to  underestimate the rutting developm ent for any 

m ateria l configurations used in the lanes. Except fo r  lane 0 0 6 , the VESYS 

predictions were near the bottom  o f the envelope o f observed rutting. This 

phenomenon was expected due to the nature o f the prob lem . VESYS 3A-M  

model was developed to predict the behavior o f norm al in-service pavements 

and no t those experiencing accelerated loading. In accelerated load ing , a 20-
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year lifetim e o f loads are applied in a period of a few  months. As a result, there 

is no chance fo r  the hot m ix asphalt pavement to heal; a ll the loads m ay be 

applied a t elevated temperatures, and oxidative hardening o f asphalt has no 

tim e to develop. The effect o f all o f these factors reduces the rate o f rutting 

development. Consequently, rutting occurs faster in an accelerated test situation 

than in a pavem ent serving tra ffic  in the fie ld .

Based on the figures, it can be concluded tha t when VESYS 3A -M  is to  be 

used to pred ict the behavior o f in-service real pavements, no fu rther ad justm ent 

o r m odification is needed fo r the model. W hen more accurate results are needed 

fo r  accelerated load testing, the agency should perform  add itiona l labora to ry 

testing to m ore accurately determine the  material input parameters including 

resilient m odu li, and A lpha and Gnu fo r  each material to be used in the design.

Cracking

Figures 4 .1 0  through 4 .18  show the comparison between VESYS 3A-M  

predictions o f cracking with observed cracking data. Two distinctive 

characteristics were observed from  the figures: VESYS 3A-M  overestimated the 

cracking developm ent fo r test sections with crushed stone bases and 

underestimated the cracking development fo r  the soil cement bases. In add ition , 

VESYS 3A-M  did not predict tha t any fa tigue cracks w ould occur in the lanes with 

soil cement bases. The observed data, however, showed the opposite result: 

lanes with soil cement bases developed more cracks than those w ith crushed 

stone bases.
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There are two plausible reasons to  expla in th is contradiction:

1. The cracks observed on the lanes w ith soil cement bases a re  not fa tigue  

cracks. Rather, they are reflection cracks tha t develop as the soil cem ent 

bases shrink du ring  curing. The VESYS m odel, however, is designed to  

model cracks o f  the fatigue type which are initiated by strain a t the bottom  

o f the asphalt layer.

2. Fatigue cracks modeled by VESYS m odel d id  not develop in the lanes w ith  

soil cement bases because o f the m uch h igher resilient m odu li o f the soil 

cement base. Consequently, the stra in a t the bottom o f aspha lt layer is 

very small, m aking  crack development very slow. To verify this assertion, a 

set o f sample da ta  using a lower va lue o f m oduli fo r  soil cem ent base was 

run and fa tigue  cracks did develop a fte r a reasonable num ber o f load 

applications. Table 4.4 shows the strain a t the bottom o f the asphalt layer 

fo r lanes 002  through 010. It can be seen that in average the tensile 

strain at the bottom  o f asphalt layer fo r  lanes with soil cem ent bases were 

only about one tenth o f the strains occurring with g ranu la r bases.

Present Serviceability Index

Figures 4 .19  through 4.27 present the comparison o f the present 

serviceability index (PSI) development between VESYS 3A-M  developm ent w ith 

those estimated from  observed data. Despite the poor estimate o f cracking by 

VESYS 3A-M, the PSI development showed good  agreem ent between predicted 

PSI and that calculated from  field data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

Table 4 . 4 Tensile stra in  a t the bottom  o f asphalt layer 
fro m  VESYS 3A-M  analysis

Lanes Tensile Strain, s
002 0 .556  x 1 O'5

003 0.466 x 10‘5

004 0.611 x 10'5

005 0 .647  x 1 O'6

006 0.640 x 1 O'6

007 0.570 x 1 O'6

008 0 .667  x 1 O'6

009 0.448 x 1 O'5

010 0 .838  x 10-6

This is expected since the VESYS model fo r  PSI is influenced m ain ly by 

slope variance and m in im a lly  by rutting and cracking. In add ition , the slope 

variance model is ca lcu la ted from  the profile used to  p redict rutting. VESYS 3A-M  

relates the mean slope variance to the mean and variance o f rut depth using the 

fo llow ing  equation [1 4 j :

E \ _ S V \ = ^ , \ y a r [ R T [ H E lR T ] f

(1  )
4 R ->

Var[SV ] =  crn~ E [R T ])2 Var[R T ]

W here:

E[SV] =  the m ean slope variance 

Var[SV] =  va riance  o f the slope variance

B, C =  pavem ent roughness properties due to  m ateria l va riab ility  

a n =  variance o f the random  variab le  ob ta ined from  the prim ary 

response in VESYS 3A-M  3A-M m odel
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Var[RT] =  va riance  o f rut depth  prediction

E[RT] =  m ean value o f ru t depth prediction

Since there was good agreem ent between VESYS and field rutting, one 

can expect good agreem ent fo r  PSI as well. Note also from  the figures tha t the 

initia l fie ld PSI fo r  a ll lanes are approxim ately 3 .6 0 , indicating that the test 

sections stated ou t in good to fa ir  condition . The com m on value fo r the in itia l PSI 

is 4.2. This slightly low  in itia l PSI com pared with the no rm a l fie ld  initial PSI values 

m ight contribute to  the  rate o f dam age  development o f  the test sections.

Conclusion

Based on the  above discussions, it can be concluded tha t VESYS 

reasonably predicted the rutting and PSI developm ent over the perform ance 

period. The poor agreem ent in fa tigue cracks developm ent between VESYS 

predictions and observed data is m a in ly  due to the shortcom ings o f the p rogram  

to adequately m ode l fatigue behav io r o f HMA ove r soil cement bases. In 

addition, the cracks observed in the  fie ld  were not fa tigue  cracks. Rather, they 

are surface cracks th a t occurred due to the shrinkage in soil cement bases tha t 

reflected to the surface. Therefore, when more accurate prediction is desired, a 

new performance m ode l needs to be developed fo r H M A over cement stabilized 

bases.

It is worth m ention ing  here th a t the comparison analysis using VESYS 3A- 

M  made in this chapte r is not to be used to predict the perform ance o f in-service
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pavements because the data used were from  the accelerated ALF experiments 

and have some lim itations fo r  s im ulating in-service pavem ent perform ance.
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CHAPTER 5

RELATIVE PERFORMANCE COMPARISON 

USING OBSERVED DATA 

Rut Depth Data

One o f the criteria  that can be used to evaluate the perform ance o f a 

flexib le  pavement is its ab ility  to carry loads before reaching a critical rut depth. 

The slower the rut depth  development, the better the pavement structure performs. 

Figure 5.1 was obta ined by averaging the rut depth on stations 4 , 5 , 6 and 7 

since these stations are  in the m iddle o f each test lane so that the  touchdow n effect 

can be ignored and a uniform  load application  can be expected. As shown in 

Figure 5.1 , the ALF load ing  was term inated a t different rut depths on the test 

lanes. In lane 002 , fo r  example, the ALF load ing continued a fte r 2 7 1 ,0 0 0  passes 

where the rut depth reached approxim ately 25-m m  (1-in.), w h ile  the loading on 

lanes 006 and 008 was term inated with rut depths o f less than 15-m m . (0.60-in.).

Therefore, to com pare the relative perform ance fo r each lane, a rut depth 

o f 19-m m .(0.75-in .) was chosen as a basis fo r the com parison. Since not all the 

lanes were loaded until the rut depth reached 19-m m . (0 .75  in.), a simple 

regression was perform ed to determine the relationship between ru t depth and the

100
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number o f ESALs fo r  each test lane. Table 5.1 presents each m odel and the 

coefficient o f determ ination (R2).

1.4

1.2

002
1.0

004

JZ
® 0.6 ■ 008.

0.4 -

■010

0.2

0.0
500 2000 25001000 1500

ESALs (x 1,000)

Figure 5. 1 Average rutting development for lanes 002 through 010

Using the above models, the approximate num ber o f ESAL applications 

required to produce a rut depth o f 19-m m .(0.75-in.) was determ ined and the 

relative perform ance com parison was shown in Figure 5 .2 . It can be seen from  

Figure 5.2 tha t lane 010 , constructed using 305-m m . (12-in.) o f 4  percent p lant 

mix soil cement base w ithout subbase material, provided the best perform ance in 

terms o f rutting resistance, fo llowed by lanes 009 and 00 2 ; whereas lanes 004 , 

005, 006, 0 0 7  and 008 have comparable perform ance. Lane 0 0 2 , which is the 

crushed stone control section, performed better than lanes 003 , 0 0 4 , 00 5 , 006 , 

007 and 008.
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A  post-m ortem  evaluation showed tha t the de fo rm ation  occurred not on ly 

in the surface layer but also in the  base layers [62], Therefore, the hypothesis tha t 

the base layer contributed to the ru t depth developm ent can be justified.

Table 5. 1 Regression model fo r  rut depth versus ESALs

Lanes M odel R2

02 Rut =  0.0012 ESAL+ 0 .05 0.98

03 Rut =  0.0031 ESAL +  0 .3149 0.99

04 Rut =  1E-6 ESAL2 + 1 E-4 ESAL +  0.5689 0.90

05 Rut =  1 E-5 ESAL2 -  0 .0014  ESAL +  0.1694 0.93

06 Rut =  1 E-5 ESAL2 -  0 .0 0 1 7  ESAL +  0.2025 0.91

07 Rut =  6E-10 ESAL4 -4 E -7  ESAL3 +7E-5 ESAL2-0 .0054  ESAL 0.95
+  0.285

08 Rut =  0.0021 ESAL -  0 .0743 0.97

09 Rut =  0.0005 ESAL +  0 .0126 0.98

10 Rut =  0 .0004 ESAL +  0 .0388 0.91

Roughness Data

Figure 5 .3  summarizes the  IRI fo r lanes 002 th rough  0 1 0  where each p lo t 

is the average o f the three lines o f the p ro file  data described earlie r. Data from  

the first 152-cm . (60-in .) o f the pro file , where the touchdow n o f the load occurs, 

were excluded to e lim inate the effect o f premature distress occurring there.
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Figure 5. 2 Performance comparison at a rut depth o f 19-m m . (0 .75  in.)

To express the roughness in terms o f serviceability index (SI), the fo llow ing 

equation suggested by Patterson [181 was used :

S I=5 .0e -°mm (5 .1)

Where: IRI is in m /km

The results are shown in Table 5.2. As can be seen from  the Table, at the 

end o f the load ing the SI va lue fo r  a ll test sections is be low  2.0 , m eaning that the 

sections have reached an unacceptable condition.
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Figure 5. 3 S um m a ry  o f roughness deve lopm ent fo r  lanes 00 2  th ro u g h  0 1 0

Table  5. 2 A p p ro x im a te  re la tion  be tw een IRI and SI fo r  each lane

Lanes Beginning o f Test End of Test

ESALs IRI S! ESALs IRI SI

002 0 1.03 4.2 853,000 6.49 1.6

003 0 2.12 3.4 74,000 6.06 1.7

004 35,000 4.05* 2.4 382,000 5.48 1.9

005 0 1.94 3.5 222,000 9.97 0.8

006 0 2.29 3.3 222,000 5.41 1.9

007 37,000 2.38* 3.3 259,000 6.2 1.6

008 74,000 2.38* 3.3 311,000 6.5 1.6

009 111,000 1.93* 3.5 1,863,000 8.32 1.1

010 0 1.59 3.8 815,000 9.84 0.9

*N o data  available a t ESALs =  0
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In Figure 5 .3 , the roughness developm ent o f each lane shows large 

variab ility , making perform ance com parisons difficult. Therefore, to  make the 

relative perform ance com parison am ong the lanes, an analysis s im ila r to tha t 

used to compare the rutting developm ent was conducted. First, a regression 

analysis was perform ed on data from  each lane to  develop a re la tionsh ip  between 

ESALs and IRI. Then, setting IRI =  3 .8  as the term inal ride  qua lity  level, the 

num ber o f ESALs required to reach an IRI o f 3 .8  was predicted from  the regression 

equations.

Figure 5.4 presents the perform ance com parison o f the  lanes using both 

the rutting and roughness criteria . It shows a com parable result and pattern o f 

perform ance from  both criteria . Both show tha t lanes 002 , 0 0 9  and 0 1 0  perform  

best despite the fact tha t these three are ordered d ifferently fo r  the two criteria. 

Based on the rutting criteria , lane 0 1 0  is the best, while based on roughness 

criteria , lane 009 is the best. For o ther lanes both rutting and  roughness criteria 

show tha t these lanes have a relatively s im ila r perform ance.

Cracking Development

Field surface cracking was recorded by sketching the cracks on a surface 

distress map. Each lane was d ivided into 4 panels, each conta in ing 48  sub panels. 

The use o f the distress map w ill help not on ly in determ ining the intensity o f the 

cracking but also in identifying the location o f distress. The length o f each crack 

was measured using a distance-m easuring device called Plan W heel. In this 

measurement, on ly cracks having w idth m ore than 0.1 m m . (0 .04  in.) were

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

recorded. The fie ld  surface crack measurements were conducted at intervals o f 

approxim ately 2 5 ,0 0 0  ALF passes.

2000
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©o

(/)

1200

800
<
0)
UJ 400

0 -M
I t

002 003 004 005 006 007 008 009 010
Lane

□  IRI I Rut Depth

Figure 5 . 4  P erform ance com parison  based on ru ttin g  and  roughness 

The fie ld  da ta , which were in lineal m /m 2 was then converted to m2/ l ,0 0 0  

m2 to conform  to  the VESYS defin ition . VESYS defines the intensity o f fa tigue cracks 

as follows:

IC A =  ̂ x 1,000 (5 .2 )

Where:

N =  num ber o f square m eter (square feet) in one o r  both wheel path, 

con ta in ing  class 1 cracking,
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B =  band w id th  o f wheel paths, usually taken as 0.61 m. (2 ft.) per wheel 

path,

L =  length o f  pavem ent section, m (ft).

Almost a ll the  cracks on the test sections occurred on ly  in areas subjected to 

ALF loading. The fa tig u e  cracks initia lly occurred as ind iv idual long itud ina l cracks; 

then, transverse cracks appeared and progressed as the long itud ina l cracks grew 

longer and w ide r. These transverse and long itud ina l cracks gradually 

interconnected into  an a llig a to r cracking pattern as tra ffic  increased.

Figure 5 .4  shows the crack development fo r  lanes 002  th rough 010. As 

can be shown fro m  the Figure, the overall evaluation showed that lanes 009 and 

002  provided the best perform ance in resisting cracking fo llow ed by lanes 004 

and 010. As fo r  lane  0 1 0 , even though it seems to have a good crack resistance, 

the result is not conclusive because the loading was term inated a t approxim ately 

759 ,000  ESAL w hen the IRI reached 10. Lane 04 also showed good cracking 

resistance. This perfo rm ance pattern is very s im ila r to those obta ined from  both 

the roughness and rutting evaluations.

The crack deve lopm ent in Figure 5.4 also showed tha t the crushed stone 

base material, lanes 0 0 2 , 0 04  and 009, resisted cracking much better than the 

soil cement bases, represented by lanes 004, 005 , 006 , 0 0 7 , 008  and 010. It 

also indicated th a t in -p lace  soil cement, represented by lane 0 0 8 , has a slightly 

better perform ance in resisting cracking than tha t o f p lant-m ixed soil cement 

which occur in lanes 0 0 5 , 006  and 007, which have the worst performance. As
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shown in Figure 5 .4 , a fte r abou t 200 ,000  ESALs lanes 005, 006 an d  007  

developed very steep crack developm ent curves.

700  ■

0 07

600

500 W

O 400 ‘005"
0 02

008

300

200

n n 4100
010

1500 2000 2 5 0 01000500

E S A L s  ( x  1 ,000)

Figure 5. 5 C rack deve lopm en t fo r  lanes 0 0 2  th ro u gh  010 

The data in Figure 5 .4  show no clear difference in cracking developm ent as 

a result o f the percentage o f cement in the soil cem ent o f lanes 005, 0 0 6  and 

007. The data also show tha t the best perform ance was achieved when using 

stone as the base over a soil cement subbase in lane 0 0 9 . In other w ords, using 

soil cement as the subbase, rather than as base m ate ria l, gives superior cracking 

resistance. When used as bases, the soil cement m ateria ls fo rm  shrinkage cracks 

which later reflect to the surface. However, the stone base intercepted those cracks 

and delayed the ir reflection to  the surface. Post-mortem evaluations showed that 

there was evidence o f cracking in the soil cement bases [621.
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Reflection cracking plus softening o f the soil cement im m edia te ly below the 

HMA m ay help expla in why lanes 005  through 008  fa iled  according to the 

roughness criteria . The rapid roughness developm ent on these lanes may be due 

to the prem ature cracking, water penetration and softening o f the soil cement th a t 

later contributed to the acceleration o f the roughness developm ent.
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CHAPTER 6

IMPLEMENTATION OF ALF RESULTS 

Methodology

The m ethodology used to evaluate the perform ance o f the ALF m ateria ls 

when constructed at different soil conditions and tra ffic  level is described as 

fo llows:

1. Overview  the pavement design practices in Louisiana

2. O b ta in  inform ation on roadbed soil conditions in Louisiana

3. G roup parishes having re lative ly sim ilar soil conditions

4. Select the levels o f tra ffic  representing the Louisiana road systems

5. Design the pavement structure fo r  each set o f ALF materials based on 

the soil conditions and tra ffic  levels

6. Analyze the pavement sections using VESYS 3A -M  and predict th e ir life 

in terms o f rutting and present serviceability index (PSI), and

7. C om pare the predicted life  am ong the sections.

Each o f the items above is discussed in the fo llo w ing  sections.

110
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Pavement Design Practices !n Louisiana

The Louisiana DOTD adopted the AASHTO pavement design guidelines 

[41] fo r  their routine design with m odifications fo r  some o f the inp u t parameters to 

take into account the Louisiana conditions. Tables 6.1 through 6 .3  present the 

suggested input param eters fo r use in design.

Surface M ate ria ls . There are five  surface material types com m only used in 

Louisiana: Type 3 , Type 7, Type 8, Type 8F, and Type 9. The use o f each type o f 

the materials depends on the design tra ffic  volume as shown in Table 6.1 . For 

example, Type 8 , the material used a t the ALF test sections, is recomm ended fo r  

roads with current average daily tra ffic  (ADT) ranging from  2 ,5 0 0  to 6 ,999. For 

o ther traffic levels, the suggested surface m aterial types are presented in Table 

6.1 . The suggested thickness fo r each layer o f the surface m ateria l can be seen in 

Tables 6.2.

Table 6. 1 Pavem ent type  w ith  respect to  tra ff ic  vo lum e

C urrent T ra ffic  
Volum e, A D T

W earing
C ourse

Binder
Course

S hou lde r
W earing

Less than 2,500 Type 3 Type 3 Type 9

2 ,5 0 0 -6 ,9 9 9 Type 8 Type 8 Type 9

7,000 and up Type 8F Type 8 Type 9

General Aviation Airport Type 7 Type 7 -

Structural Coefficients. Table 6 . 3 presents the layer coefficients ("a" values) 

com m only used in Louisiana. The layer coefficient fo r Type 8 was 0 .4 4  assuming 

tha t the average m odu li fo r this aspha lt type was about 3 ,100  MPa (450,000 psi).
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Another specific m ateria l type, the soil cement, was assigned a layer coeffic ient o f 

0 .14 .

Tab le  6. 2 Surface lif t  thickness specifica tion

Course M inim um M axim um Preferred

Wearing Course 38 mm (1.5 in) 51 mm (2 in) 38 mm (1.5 in)

Binder Course 51 mm (2 in) 76 mm (3 in) 51 mm (2 in)

Base Course 51 mm (2 in) - -

Leveling Course 25 mm (1 in) Varies -

Serviceability Index. Table 6 .4  shows the suggested serviceability index fo r  

Louisiana. As can be seen from  the Table, the initial serviceability index fo r  

Interstate and Primary roads were 4 .3 . This value was based on the average value 

encountered in new road constructions in Louisiana, which ranges between 4 .2  to 

4 .6  [67]. In add ition , serviceability o f 4 .3  is the m inim um  acceptable value being 

targeted fo r m a jo r highways as the La DOTD implements the ro lling  p ro filog raph  

fo r construction contro l and acceptance.

Reliability Level. According to  the AASHTO guidelines [4JJ, re liab ility  is 

defined as "the p robab ility  that a pavement section designed using design- 

performance process w ill perform satisfactorily over the tra ffic  and environm ent 

conditions fo r the design period." The suggested values fo r  re liab ility  level varies 

with the functional class. For the Interstate system, fo r  example, AASHTO suggests 

values between 85 to 99 .99 , while Louisiana suggested 99. Table 6 .5  presents the 

suggested re liability levels fo r both AASHTO and Louisiana.
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T ab le  6. 3 Layer coe ffic ien ts  fo r  some m a te ria ls  co m m on ly  used in  Lou is iana

Layer Material Type Layer 
U.S. Units 

(SN/in)

Coefficients
M etric  Units 

(SN/mm)
Surface Type 8 WC, BC 0.44 0.01732

Course Type 8F 0.44 0.01732

Type 3 WC 0.42 0.01654

Type 3 BC 0.42 0.01654

Untreated Sand Clay Gravel 0.07 0.00276

Materials Sand/Shell, Shell 0.14 0.00551

Base Course Crushed Stone or Crushed Slag 0.14 0.00551

Recycled Portland Cement 

Concrete

0.14 0.00551

Cement Soil Cement 0.14 0.00551

Treated or Sand Clay Gravel 0.14 0.00551

Cement Sand/Shell, Shell (5%) 0.20 0.00787

Stabilized Recycled Portland Cement 

Concrete

0.20 0.00787

Base Course

Asphalt Base Hot Mix Base Course 0.33 0.01299

Course

Subbase Soil Cement 0.14 0.00551

Course Crushed Stone 0.14 0.00551

Sand/Shell, Shell 0.14 0.00551

Sand Clay Gravel 0.11 0.00433

Sand 0.11 0.00433

Old Gravel, Shell Roadbed (8") 0.11 0.00433
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Table  6. 4 Serviceability index suggested fo r  each fu nc tion a l class

Functional Class APSI Pr P,
Interstate 1.5 4.3 2.8

Primary 1.8 4.3 2.5

Collectors 2.0 4.0 2.0

Local 2.0 3.5 1.5

Tab le  6. 5 R eliab ility  level fo r  each loca tion  and  fu n c tio n a l class

Location Functional
Class

AASHTO Suggested 
Reliability Level

Louisiana R e liab ility  
Level

Urban Interstate 8 5 - 9 9 .9 9 99

Principal 80-99 97

Collectors 8 0 - 9 5 90

Local 5 0 - 8 0 70

Rural Interstate 8 0 - 9 9 . 9 9 97

Principal 7 5 - 9 5 95

Collectors 7 5 - 9 5 85

Local 5 0 - 8 0 70

Overall Standard Deviation. The app lica tion  o f the re lia b ility  concept

requires the selection o f a standard deviation representative o f local conditions. In 

lieu o f ava ilab ility  o f local data, AASHTO suggests a value o f 0 .4 5  and 0 .3 5  fo r 

flexib le and rig id  pavements, respectively. Louisiana DOTD suggests th a t 0 .4 7  be 

used fo r flexib le pavements.

Roadbed Condition

Generally, the soil condition in Louisiana can be categorized as fa ir  to poor 

due to the nature o f the land. Temple and Shah f681 divided the p rinc ipa l soils in 

Louisiana into e ight categories as follows:
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■ Silty clay

■  Lime treated soil

■  Silty sand

■ Silty-clayey sand

■ Clay loam

■ Fine sand

■  Well graded sand

■ Heavy clay.

This classification was mostly based on data from  soil survey reports [691 

fo r  Louisiana parishes. Even though the soil survey report used d iffe rent names fo r  

each local area, when these classifications were related to the AASHTO method 

the soils generally fe ll in to  the categories listed above.

Resilient Moduli

The use o f the resilient modulus value to define the soil characteristics in 

Louisiana is relatively new. It was a fte r the extensive tests on resilient m oduli as 

part o f the Louisiana ALF base project in 1987 [68] and tests by M oham m ad, et 

a l., [70] that laboratory determ ination o f resilient m oduli became part o f standard 

labora tory work. For this reason, on ly a few resilient modulus data points are 

available to describe soil characteristics across Louisiana. Before 1986 soil 

support values (R-values) were used to characterize the soil in pavement design. 

Roland [71] has perform ed extensive w o rk  on estimating soil support values from  

soil classifications and other engineering properties. Another correlation was
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developed to relate the R-values to resilient m oduli. Figure 6.1 shows the 

re lationship between soil classification and resilient modulus, w h ile  Figure 6.2 

shows the relationship between R-values and resilient modulus. In gene ra l, the 

resilient m odulus fo r soils across Louisiana range from  48.3 MPa (7 ,0 0 0  psi) to 

82 .7  MPa (12,000 psi).

S a n d A - 2 - 4 ( 0 )
A - 2 - 5 ( 0 )S a /  Lo

S I / C I

M r
( k s i )

o

2 2  24

M o i s t u r e

Figure 6. 1 Resilient m odu lus  fo r  typ ica l Louisiana soil types f671

It also a policy o f the La DOTD not to  perm it a subgrade soil m odulus to 

fa ll be low  41 .4  MPa (6,000 psi). W hen a soil has a modulus be low  4 1 .4  MPa 

(6 ,000 psi), the soil will be im proved to raise the subgrade modulus to  a m in im um  

value o f 41 .4  MPa (6,000 psi).
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(ksi) 10
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R-Value

Figure 6. 2 Soil resilient modulus — R-values correlation f671

G ro u p in g  Parishes w ith  S im ila r  
Soil Condition

The Louisiana soil conditions can be d ivided into three levels o f m odu li 

values: low , medium, and high as presented in Table 6.6. Low m odu li are 

assigned to  parishes with m odu li ranging between 5 2 .4  MPa (7,600 psi) to  57 .9  

MPa (8 ,4 0 0  psi); medium values fo r  those with m oduli ranging between 6 0 .7  MPa 

(8 ,800 psi) to 65.5  MPa (9 ,500  psi); and high values fo r  those with m odu li 

ranging between 68.3 MPa (9 ,900  psi) to 77 .9  MPa (11 ,300  psi) o r more.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

Tab le  6. 6 Range o f m odu li used in th e  analysis

Level M odu li Range, 

MPa ( psi)

Parishes

1 5 2 . 4 - 5 8 . 0  

(7,600 -  8,400)

Allen, Ascension, Assumption, Concordia, East Baton Rouge, 

Iberville, Jefferson, Jefferson Davis, Orleans, St. Bernard, St. 

Charles, St. James, St. John, St. Martin, Vermillion.

II 6 0 . 7 - 6 5 . 5  

(8,800 -  9,500)

Acadia, Avoyelles, Beauregard, Bossier, Calcasieu,

Cameron, Desoto, East Carrol, Evangeline, Catahoula, 

Iberia, Jackson, Lafourche, Lasalle, Livingston, Madison, 

Morehouse, Pointe Coupee, Richland, Sabine, St. Helena, St. 

Landry, St. Mary, St. Tammany, Tensas, Terrebonne, Vernon, 

Washington, Webster, West Baton Rouge, West Carro l.

III 68.2 -  77.9 

(9 ,9 0 0 -  11,300)

Bienville, Caddo, Caldwell, C lairborne, East Feliciana, 

Franklin, Grant, Lafayette, Lincoln, Natchitoches, Ouachita, 

Plaquemines, Rapides, Red River, Tangipahoa, Union, West 

Feliciana, W inn.

Traffic Analysis

To determ ine the level o f tra ffic  com m on on Louisiana highways, a search 

o f the Louisiana tra ffic  monitoring report was conducted. In addition, the criteria 

used by the pavement design and geotechnical section o f the LaDOTD was also 

considered. As shown in Table 6 .1 , the LaDOTD sets a criteria tha t Type 8 

m ateria l be used fo r roads with ADT m ore than 2 ,5 0 0 . From the 1996 tra ffic  

m onitoring  report, it was found that the ADT fo r Louisiana roadway system varies 

from  as low as 500  to as high as 150 ,000 . H igh-volum e traffics were encountered
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at urban Interstate systems, w hile m oderate traffic volumes w ere mostly 

encountered in urban state highway system. Reviewing the pattern o f tra ffic  

volum e in Louisiana, Tabie 6.7 is presented to classify the tra ffic  levels to  be used 

in this study.

Table 6. 7 T ra ffic  level used in th e  s tu d /

Level ADT Range Design ADT

1 2 ,5 0 0 -5 ,9 9 9 9 4,000

11 6 ,0 0 0 -9 ,9 9 9 8,000

III 1 0 ,0 0 0 - 19,999 15,000

IV 20,000 -  29,999 25,000

V 3 0 ,0 0 0 -4 9 ,9 9 9 40,000

VI >50,000 75,000

Conversion of ADT to ESALs

In order fo r  the tra ffic  data to be useful in pavement design, vo lum e  data 

must be converted to the number o f 18 ,000 equivalent single axle loads (ESALs). 

Equation 6.1 can be used to compute the num ber o f ESALs fo r 1 year fro m  ADT 

data [71 ]:

ESAL= A D T x  TKS x  DD x L D x T F x 3 6 5 x ( l+  {§ )" (6. 1)

Where:

ESAL =  N um ber o f 80 kN ESAL applications in the design lane fo r  year 1

ADT =  In itia l two-way average da ily  tra ffic , vehicle per day

TKS =  Percent o f ADT that is heavy trucks (FHWA class 5 o r greater)

DD =  D irectional distribution o f truck tra ffic

LD =  Lane distribution o f trucks in design lane
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TF =  Average truck fac to r fo r  a ll trucks, ESALs per truck

GR =  growth rate in percent pe r year

N =  num ber o f years in the analysis period

Note tha t the truck fac to r (TF) in the above equation is the  average o f all 

vehicle class in lieu o f more deta il data. O therw ise, more de ta il truck  factor fo r  

each class should be used, as discussed in the next section.

Growth Rate. Future tra ffic  can be reasonably estimated fro m  the current 

tra ffic  level by giving an appropria te  tra ffic  grow th rate. The fo llow ing  factors 

should be considered when selecting a tra ffic  grow th rate [72]:

•  Historical trends exhibited by AD T and ADTT tra ffic  vo lum es

• Future highway system changes and land usage in the vic in ity

• General expected future trends in truck volumes in the vicin ity, based 

upon economic, po litica l, and o the r factors.

Unless a detailed study is needed fo r  a specific location, the  LaDOTD office 

o f p lann ing  usually uses 3 percent as the estimated tra ffic  g row th.

D irectional D istribution. The d irectiona l d istribution is the  percent o f truck 

trave ling in one direction. In most cases, it is reasonable to  assume that 50 

percent o f the truck traffic is traveling in each d irection (72).

Lane D istribution. The lane d istribu tion  fa c to r is the percentage o f truck 

tra ffic  in the design lane, usually the ou ter lane. The lane d is tribu tion  may vary 

am ong roads depending o f the num ber o f lanes and the tra ffic  vo lum e. In many 

o f occasions, outer lanes usually carry m ore truck tra ffic  than the  inner lanes. In
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lieu o f project-specific data, Table 6 .8  can be used to estimate the  lane 

distribution factor.

Table 6. 8 Lane distribution factor guidelines from  AASHTO [411

N um ber o f Lanes in Both D irections 80 kN ESAL T ra ffic  in Design Lane (%)

1 100

2 8 0 - 1 0 0

3 6 0 - 8 0

> 4 5 0 - 7 5

Calculation of th e  Total N u m b e r  
of ESALs

An MS Excel spreadsheet m acro was developed to calculate the num ber o f 

ESALs fo r the whole perform ance period, as shown in Table 6.9. To determ ine the 

percentage o f ADT fo r  each functiona l class, one can use Table 6. 10, based on 

the 1986 average classification counts fo r Louisiana roads. The de fin ition  o f 

functional class is presented in Table 6 .11 . The average truck factor fo r Louisiana 

tra ffic , expressed in ESALs/truck, is presented in Table 6.12 fo r te rm ina l 

serviceability o f 2 .5  and Table 6 .13  fo r  te rm ina l serviceability o f 2 .0 . These 

statewide averages are used fo r  pavem ent design and were developed fro m  all 

the W -4 w eight tables developed in the state vehicle w eigh ing program . The value 

in Table 6.12 was obta ined fro m  the 1996 data. These data are usually updated 

annually.
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Tab le  6. 9 A  sam p le  o f  spreadsheet used to  ca lcu la te  18 -k ips  ESALs

Functional Class: 
Performance Period: 
ADT/ADTT:
Directional Distribution (%): 
Lane Distribution (%):

02 (Rural Principal A re as)  

2 0

4 ,000
50
90

Class % ADT ADT per 

Class

% Annual 

Growth

Avg. Initial 

Truck Factor 

(ESAL/Truck)

% Annual Accummulated 

Growth in 18K ESALs 

Truck Factor

1 0.52 21 3 0.0005 0 46

2 68.36 2,734 3 0.0005 0 6,034

3 16.42 657 3 0.0188 0 54,497

4 0.46 18 3 0.1932 0 15,689

5 2.13 85 3 0.1932 0 72,648

6 1.22 49 3 0.4092 0 88,132

7 0.03 1 3 0.4092 0 2,167

8 1.23 49 3 0 .8814 0 191,389

9 8.8 352 3 1.1 0 1,708,891

10 0.49 20 3 1.45 0 125,431

11 0.18 7 3 1.84 0 58,470

12 0.02 1 3 1.84 0 6 ,497

13 0.12 5 3 1.84 0 38,980

Total 100 3,999 Total 2 ,368,870
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Table 6. 10 Classification counts (%) of vehicles

FC* Tv** CYCLE
%

CARS
%

2A-4T
%

BUSSES
%

2A-
SU
%

3A-
SU
%

4A-
SU
%

4A-
ST
%

5A-ST
%

6A-ST
%

5A-
MT
%

6A-
MT
%

7A-
MT
%

NONE
%

NOT
CLASSED

%

AXLE
FACTOR

01 1,820,026 0.77 62.38 11.88 0.34 2.12 0.90 0.04 3.59 12.27 0.41 0.62 0.11 0.19 0.00 4.36 0.797

02 301,393 0.52 68.36 16.42 0.46 2.13 1.22 0.03 1.23 6,36 0.49 0.18 0.02 0.12 0.00 2.46 0.882

06 333,947 0.49 64.85 19.10 0.45 2.71 1.50 0.22 1.38 5.80 0,56 0.21 0.19 0.30 0.00 2.28 0.885

07 424,785 0.43 70.31 19.66 0.34 2,59 1.14 0.05 0.79 2.53 0.18 0.00 0,00 0.07 0,00 3.37 0,942

08 90,255 0.99 69.62 21.50 0.55 2,22 0.87 0.10 0.61 0.88 0.09 0.00 0.00 0.05 0.00 4.63 0.967

11 654,774 0.70 67.61 13.38 0.23 1.84 1.19 0.12 1.93 7.30 0.46 0.31 0.06 0.39 0.00 4.48 0.857

12 10,703 0.13 86.82 5.04 0.00 1.82 1.26 0.04 0,74 3.06 0.04 0,03 0,00 0.00 0.00 1.03 0.942

14 1,704,121 0.28 74.12 16.64 0.17 1.91 0.92 0.04 0.67 2.19 0.21 0.03 0.01 0.13 0.00 2.67 0.949

16 141,205 0.35 74.41 15.92 0,23 1.69 2.44 0.09 0.49 1.87 0.21 0.00 0,00 0,06 0.00 4.14 0.949

17 114,653 0.93 80.05 13.04 0,24 1.55 0.46 0.03 0.37 0.30 0.05 0.00 0.00 0.14 0,00 5.36 0.971

♦FC = Functional class. See Table 11 ♦*TV =  Tota volume
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T ab le  6 .1 1  FHW A func tio na l class descrip tion

Code Description Code Description

Rural Urban

01 Principal Arterial -  Interstate 11 Principal Arterial -  Interstate

02 Principal Arterial -  O ther 12 Principal Arterial -  O ther

Freeways and Expressways

06 M inor Arterial 14 Principal Arterial — O ther

07 M a jo r Collector 16 M ino r Arterial

08 M inor Collector 17 Collector

09 Local 19 Local

T ab le  6. 12 1 9 96  Louisiana equ iva lency  facto rs  fo r  each c lassification ve h ic le  
fo r  PS!t =  2 .5

FHWA Vehicle 
Classification

Description Equivalency
Factors

1 Motorcycles 0.0005

2 Passenger Cars 0.0005

3 Other Two-Axle, Four-Tire Single Unit 

Vehicles

0.0188

4 Buses 0.1932

5 Two-Axle, Six-Tire Single Unit Trucks 0.1932

6 Three-Axle Single Unit Truck 0.4095

7 Four or More Axle Single Unit Trucks 0.4095

8 Four or Less Axle Single Trailer Trucks 0.8814

9 Five Axle Single T ra ile r Trucks 1.1000

10 Six or More Axle Single Trailer Trucks 1.4500

11 Five or Less Axle M ulti Trailer Trucks 1.8400

12 Six Axle M ulti T ra ile r Trucks 1.8400

13 Seven or More Axle M ulti Trailer Trucks 1.8400
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Table 6. 13 1996  Louisiana equivalency factors fo r  each classification vehicle 
for PSI, =  2.0

FHWA Vehicle 
Classification

Description Equivalency
Factors

1 Motorcycles 0.0004

2 Passenger Cars 0.0004

3 O ther Two-Axle, Four-Tire Single Unit 

Vehicles

0.0143

4 Buses 0.1694

5 Two-Axle, Six-Tire Single Unit Trucks 0.1694

6 Three-Axle Single Unit Truck 0.3836

7 Four or M ore Axle Single Unit Trucks 0.3836

8 Four o r Less Axle Single Trailer Trucks 0.8523

9 Five Axle Single Trailer Trucks 1.0450

10 Six o r M ore Axle Single Trailer Trucks 1.4500

11 Five o r Less Axle M ulti Trailer Trucks 1.8400

12 Six Axle Multi Trailer Trucks 1.8400

13 Seven or M ore Axle M ulti Trailer Trucks 1.8400

Analysis Method

Using the subgrade m odulus (Table 6.6) and  tra ffic  levels (Table 6.7) 

discussed in the previous sections, the cells in Table 6 .14  represents the 

combinations o f subgrade m odulus and tra ffic  level included in this study. Tables 

6 .15  and 6.16 summarize the actual values o f the tra ffic  levels and subgrade 

m oduli used in the analysis. For each tra ffic  level and  subgrade shown in cells 1 

th rough 18 in Table 6 .14 , nine pavem ent sections representing lanes 002 through 

010  o f the ALF study were included fo r a total o f 162 sections. Each section was
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designed using the AASHTO method to determ ine the layer thicknesses fo r each 

section. These results are presented in Tables A5.1 through A 5.9  in Appendix 5.

Once the thickness fo r  each pavement was determ ined, VESYS 3A-M  was 

run using material in fo rm ation  and thicknesses fo r  each pavem ent to predict the 

rut depth and PSI a t the  end o f the perform ance period.

Tab le  6. 14 Design com b ina tions  o f subgrade  and tra ffic  leve l included in th is 
study

T ra ffic  Level

I II III IV V VI

S
ub

gr
ad

e

1 1 2 3 4 5 6

II 7 8 9 10 11 12

III 13 14 15 16 17 18

Tab le  6. 15 S um m ary o f tra ffic  level used in  the  analysis

Level A ve rage  ADT ESALs

1 4,000 2 ,370 ,000

II 8 ,000 4 ,7 4 0 ,0 00

III 15,000 8 ,883 ,000

IV 25 ,000 14 ,805,000

V 4 0 ,000 23 ,690 ,000

VI 75 ,000 44 ,446 ,000
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Table 6 . 1 6  Sum m ary o f subgrade level used in the  study

Level Modulus, psi

1 8 ,000

II 9 ,150

III 10,600

Perform ance C riteria

There are two criteria used in th is  study to evaluate the pavem ent 

perform ance: rutting and serviceability index. A  pavement is considered to 

perform  satisfactorily when it meets these two requirements while carrying the 

design traffic. The Louisiana DOTD sets the criteria  fo r the m axim um  rutting 

a llow ed to occur in a roadw ay a t 19 mm (0.75 in). A t this rut level, the road is 

usually in a deteriorated condition and the w heelpath ruts begin to hold w a te r 

causing a safety prob lem . In add ition , setting ru t level deeper than 19 mm (0 .75  

in) m igh t cause dange r to  drivers pa rticu la rly  during rainy seasons where 

hydroplaning m igh t occur. From the VESYS analysis it was also found tha t a t this 

rut level, the serviceability index is usually be low  2 .0 . The second perform ance 

criterion is the serviceability index (PSI). In this study the lowest acceptable 

serviceability is 2 .5 , based on the La D O TD  requirements fo r p rim ary road 

functional class (Table 6.4). A t a P, o f 2 .5 , the  road should receive rehab ilita tion  to 

restore the riding quality.
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Results and Discussions

Rutting Evaluation

Figures 6.3 th rough  6.8 show the VESYS predictions o f rutting a t the end o f 

the 20-year perform ance period fo r  pavements designed in parishes w ith 

subgrade m odu li o f 55 .2  MPa (8,000 psi). As can be observed from  Figures 6 .3  

through 6.8, in the regions with subgrade m od u li o f 55.2  MPa (8 ,000 psi) and 

tra ffic  up to abou t 4 0 ,0 0 0  ADT, VESYS predicted tha t all pavem ent sections could 

perform  satisfactorily under given conditions except fo r those designed using 

materials s im ila r to those in lane 004. O ne can also observe th a t at the tra ffic  

level up to 15 ,000  ADT, pavements designed using soil cement bases experienced 

little rutting com pared with pavements with crushed stone m ateria ls. However, a t 

the higher tra ffic  level, the pattern changes. Pavements w ith soil cement bases 

rutted to the sam e level o r  higher than pavem ents with crushed stone bases. For 

example, at 2 5 ,0 0 0  ADT pavements designed using crushed stone materials 

(lanes 002 and 003) and soil cement m ateria ls (lane 005 , 0 0 7  and 008) were 

predicted to ru t to  abou t 51 mm (0.5 in). At 4 0 ,0 0 0  ADT pavements with materials 

s im ila r to lanes 0 05 , 007  and 008 rutted to  abou t 16.5 m m  (0.65 in), w hile  

pavements w ith crushed stone bases were predicted to rut to  abou t 15 mm (0 .60 

in). A t 75,000 ADT, pavements with s im ila r m ateria ls to lanes 0 0 5 , 007 and 008  

were even predicted to  rut to about 25 mm (1 in).

In general, pavements with materials s im ila r to  those in lanes 006 and 010  

outperformed a ll o ther m ateria l combinations a t any tra ffic level included in this
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study. Pavements with sandwiched sections (lane 009), however, ou tperform ed all 

conventional configurations a t the higher levels o f  tra ffic .

Figures 6.9 through 6 .14  show the ru tting  prediction a t the end o f the 20- 

year performance when designed in parishes w ith subgrade m odu li o f 63.1 MPa 

(9 ,150  psi). As can be seen from  the figures, the patterns are a lm ost identical to 

those in parishes with subgrade moduli o f 5 5 .2  MPa (8,000 psi). For exam ple, up 

to 4 0 ,0 0 0  ADT all pavement sections perfo rm ed satisfactorily. A t tra ffic  levels up 

to 15,000 ADT, pavements with soil cem ent bases outperform ed those with 

crushed stone bases. A t the higher tra ffic  level, say at 40,000 ADT, pavements 

w ith crushed stone bases (lanes 002 and 003) outperform ed pavements designed 

using materials s im ila r to lanes 005, 007  and 00 8 . Pavements w ith crushed stone 

bases performed satisfactorily even with 7 5 ,0 0 0  ADT. Again, pavements with 

bases sim ilar to lanes 006 and 010 ou tperfo rm ed all other pavements at any 

tra ffic  levels.

Figures 6.15 through 6 .20  show the ru tting prediction at the end o f the 20- 

year performance when designed in parishes w ith subgrade modulus o f 73.1 MPa 

(10 ,600  psi). Up to tra ffic  level o f 2 5 ,0 0 0  ADT all pavements perform ed 

satisfactorily since none o f them was predicted to rut more than 19 mm (0.75 in). 

A t 4 0 ,0 0 0  ADT, pavements with crushed stone bases could fail since the rutting in 

these pavements is slightly less than 19 mm (0.75 in). At the h igher tra ffic  level, 

say 75 ,000  ADT, pavements designed using m ateria ls sim ilar to lanes 00 6 , 009 

and 010  would perform  well. Surprisingly, pavements designed using materials 

s im ila rto  lanes 002 and 003 also performed well.
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As Figures 6.3 through 6 .20  show, pavements designed using m ateria ls 

sim ilar to those used in Lane 004 o f ALF test section have the worst perform ance 

at all locations in Louisiana and at a ll tra ffic  levels included in the study. 

Therefore, com binations o f crushed stone and  stone-stabilized select soil fo r  base 

and subbase materials should be avoided un til reasons fo r  the ir p oo r perform ance 

can be evaluated.

Figures 6.3 through 6.21 also show  tha t pavements designed using soil 

cement bases show superior performance to  those designed using crushed stone 

materials. These predictions are, in fact, in line with the perform ance observed fo r 

existing soil cem ent pavements in Louisiana. However, one should note tha t the 

VESYS model used in this study cannot m odel the cracks occurring in the soil 

cement that reflect through the HMA m ateria l and fo rm  surface cracks. These 

cracks have become a m ajor issue because once they become prevalent, w a te r 

infiltrates th rough the surface materials. O nce  wafer penetrates and stays in the 

base, the strength o f the base material is reduced. Eventually, the pavem ent 

performance w ill be shortened as has been demonstrated very noticeably in the 

ALF test sections.

The results showing that pavements designed using materials o f Lanes 0 0 6  

and 010 (soil cement bases) have better perform ance than those designed using 

crushed stone materials seem to contradict the results from  the ALF test sections. 

As presented in C hapter 3, lane 002 w hich was constructed using crushed stone 

material had better performance than those o f lanes 0 05  th rough 008. O n e  

should keep in m ind that this sim ulation study assumed tha t the m ateria l
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properties fo r the bases and subbases a re  un iform  th roughou t the perform ance 

period and there was no w a te r in the subbase. When the ALF experim ent was 

conducted, these conditions were not m et. A  post-m ortem  evaluation revealed the 

presence o f water in both the base and subbase. The post-m ortem  evaluation also 

revealed that the soil cem ent bases experienced rutting, w hich is not expected fo r  

this type o f materials. The effect o f w a te r in the subbase is m ore  serious in the soil 

cement bases than those in crushed stone bases because w a te r can stay longer in 

soil cement bases than in crushed stone bases causing the base to soften. In 

add ition , studies o f m oisture-induced dam ag e  in flexible pavements confirm  th a t 

the strength and m oduli o f asphaltic concrete mixtures are adversely affected by 

the presence of moisture [7 3 ], O ther studies also confirm ed th a t wheel loads on 

flooded sections are m any tim es m ore d am ag ing  than those on a dry pavements

[Z4].

Serviceability Evaluation

All the sections in this s im ulation study were designed to meet class 2 

functional requirements. The La DOTD practice involves designing class 2 roads 

w ith an initial serviceability index (SI) o f 4 .3  and a term inal serviceability index o f 

2 .5 . Figure 6.21 through 6 .3 8  show the  predicted PSI fo r  pavements designed 

using materials s im ila r to those used in Lanes 002 through 10. The Figures show 

tha t at the average subgrade modulus o f  55.1 MPa (8,000 psi) and tra ffic  o f up to

15,000 ADT, VESYS predicted that, except fo r  pavements w ith  lane 0 0 4  materials, 

all pavements designed e ither using crushed stone bases o r  soil cement bases
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should carry the design tra ffic  a t serviceability levels above the m in im um  fo r any 

area in Louisiana. As shown in the figures, a t the end o f the perform ance period 

all pavements have a PSI o f 2 .5  o r higher.

At the tra ffic  level o f 25 ,000  ADT, on ly  pavements with soil cement bases 

have a PSI above 2 .5 . Pavements with crushed stone bases fe ll be low  2.5 , the 

a llow able  m in im um  value fo r the class 2 func tiona l class. At a h ig h e r tra ffic  level, 

say, at the AD T o f 4 0 ,0 0 0 , on ly pavements designed using m ateria ls s im ila r to 

lanes 006 and 0 10  could have a PSI above 2 .5  a t the end o f the  perform ance 

period. However, a t the tra ffic  level o f 7 5 ,0 0 0  ADT no ALF pavem ent sections 

have a PSI above 2 .5 .

In parishes tha t have an average subgrade modulus o f 63.1 MPa (9 ,150 

psi), see Figures 6 .27  through 6 .32 , and up to  tra ffic  level o f 1 5 ,00 0  ADT, VESYS 

predicted tha t a lm ost a ll pavements designed using ALF materials should perform  

satisfactorily. A t the end o f the performance period , the serviceability index is a t o r 

above 2.5 except fo r  those designed using m ateria ls sim ilar to those used in Lane 

004 , which has a PSI at 2 .48. A t the higher tra ffic  level, say, a t 2 5 ,0 0 0  ADT, only 

pavements designed using cement treated m ateria ls performed satisfactorily. A t

40 .00 0  ADT on ly  pavements designed using materials sim ilar to  lanes 006 and 

010  were predicted to perform  as expected. However, at traffic level h igher than

75 .000  ADT, none o f the pavements would perfo rm  satisfactorily since a t the end 

o f the perform ance period, all pavements had predicted PSI below 2 .5 .

In parishes tha t have an average subgrade modulus o f 73.1 MPa (10,600 

psi), see Figures 6 .33 through 6 .38 , and up to  tra ffic  level o f 2 5 ,0 0 0  ADT, VESYS
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predicted that a lm ost a ll pavements designed using ALF materials should perform  

satisfactorily. A t the  end o f the perform ance period , the serviceability index is at o r 

above 2.5 except fo r  those designed using m ateria ls sim ilar to those used in Lanes 

002 and oo3, w hich has a PSI a t 2 .49 . A t the h igher tra ffic  level, say, a t 40 ,000  

ADT, only pavements designed using cem ent treated m ateria ls perform ed 

satisfactorily. Pavements designed using m ateria ls sim ilar to lane 0 0 9  has a PSI o f 

2 .48 a t the end o f perform ance period. However, at tra ffic  level h igher than

75 ,000  ADT, none o f the pavements would perfo rm  satisfactorily since a t the end 

o f the perform ance period, a ll pavements had predicted PSI below 2 .5 .

W hy is It D ifferen t from  
the ALF Results?

As shown in C hapter 5, based on the ALF test results, lanes 0 0 2 , 009  and 

010 outperform ed o ther test sections and w ere recommended fo r  use in new 

pavement constructions. In this simulation study, however, m ateria ls s im ila r to 

those used in lanes 0 0 6 , 009  and 010 outperform ed other m ateria l types and

combinations. These differences can be explained as follows:

1. Typical section. The thickness o f the ALF test sections were based on the 

typical sections in Louisiana, i.e., 38 m m  (1.5 in) fo r w earing course, 51 

mm (2 in) fo r  b inder course, 216 mm (8.5 in) fo r base e ither soil cement or 

crushed stone m ateria ls, and 89 mm (3.5 in) fo r subbase to ta ling  394  mm 

(15.5 in) fo r  the whole structure. In o ther words, it seems tha t the

thicknesses were not designed to carry the same tra ffic  levels but were
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selected to  keep the pavem ent geometry a t the  test site a b o u t the same. In 

designing an ind iv idual pavem ent using d iffe rent m ateria ls w ith d ifferent 

resilient m odulus and "a "  values, those cross sections m ade w ith materials 

having h igher resilient m oduli would have th inne r layers. The resilient 

moduli fo r  crushed stone m ateria l ranges from  137.9 MPa (20 ,0 00  psi) to 

482.6 MPa (70 ,000  psi) w hile  that fo r soil cement m ateria l ranges from  

689.5 MPa (100,000 psi) to 3792.1 MPa (550,000  psi). Realizing the 

difference between soil cement and crushed stone m ateria ls, one would 

expect tha t the thickness o f the pavement m ade from  these two materials 

would be d iffe rent when designed fo r the same num ber o f equiva lent single 

axle loads (ESALs). Likewise, one would expect tha t the num ber o f ESALs 

carried to fa ilu re  would vary fo r  the same layer thickness o f these two 

materials in a pavement, as in the case o f the ALF test sections.

2. Environmental Effect. As m entioned in the previous section, th is sim ulation 

study assumes the un iform ity  o f the m aterial properties. For exam ple, the 

study assumed that the resilient modulus fo r  soil cem ent is constant at 

1034.2 MPa (150,000  psi) fo r  the whole perform ance period . Data from  

the ALF test sections showed tha t lanes w ith soil cement bases experienced 

surface cracks. These cracks were caused by the reflection o f cracks 

initiated in the soil cement bases due to shrinkage. Rainfall data also 

showed th a t the rate o f the to ta l rainfall in the ALF site was h igh during the 

experiment. The surface cracks allowed the w ater to in filtra te  the pavement 

structure. In addition , the w ater table in the ALF site is h igh particularly
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when the w a te r level o f  the M ississippi River was a t its peak. The presence 

o f water in the base and subbase m ay reduce the strength and the resilient 

modulus o f the  pavem ent structure substantially. This hypothesis was 

supported by the  post m ortem  eva lua tion  in which there  was evidence tha t 

rutting also occurred in the pavements with soil cement bases and 

subbases, which was not expected to occur fo r  this type o f m ateria l. As fo r  

lane 0 0 9 , the inverted section, the  w ate r pore pressure effect should not be 

as severe as in o the r lanes w ith soil cem ent bases due to the existence o f 

crushed stone layer between H M A  and soil cement m ateria l. This layer 

could function  both as crack resistant interlayer and fo r  drainage. 

Therefore, the perfo rm ance o f th is lane was much better than other lanes 

with on ly soil cem ent bases.
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average ADT of 40,000 and subgrade modulus of 10,600 psi
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Figure 6. 20 Predicted rutting comparison at the end of a 20-year performance period for pavements designed for an
average ADT of 75,000 and subgrade modulus of 10,600 psi
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Figure 6. 22 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 8,000 and subgrade modulus of 8,000 psi
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Figure 6. 23 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 15,000 and subgrade modulus of 8,000 psi
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Figure 6. 24 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 25,000 and subgrade modulus of 8,000 psi
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Figure 6. 25 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 40,000 and subgrade modulus of 8,000 psi
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Figure 6. 26 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 75,000 and subgrade modulus of 8,000 psi
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Figure 6. 27 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 4,000 and subgrade modulus of 9,150 psi
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Figure 6. 28 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 8,000 and subgrade modulus of 9,150 psi
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Figure 6. 29 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 15,000 and subgrade modulus of 9,150 psi
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Figure 6. 30 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 25,000 and subgrade modulus of 9,150 psi
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Figure 6. 31 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 40,000 and subgrade modulus of 9,150 psi
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Figure 6. 32 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 75,000 and subgrade modulus of 9,150 psi
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Figure 6. 33 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 4,000 and subgrade modulus of 10,600 psi
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Figure 6. 34 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 8,000 and subgrade modulus of 10,600 psi
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Figure 6. 35 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 15,000 and subgrade modulus of 10,600 psi
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Figure 6. 36 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 25,000 and subgrade modulus of 10,600 psi
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Figure 6. 37 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 40,000 and subgrade modulus of 10,600 psi
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Figure 6. 38 Predicted PSI comparison at the end of a 20-year performance period for pavements designed for an average
ADT of 75,000 and subgrade modulus of 10,600 psi



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Based on the analysis o f data from  the ALF site as discussed in C hapter 5, 

the fo llow ing conclusions are draw n:

The 2 16 -m m . (8.5-in.) crushed stone base (lane 002), 102-m m . (4-in.) 

crushed stone base over 152-m m . (6-in.) o f 10 percent mixed in place soil cement 

(lane 009) and 12 in. o f 4 percent p lan t mixed soil cement base (lane 010) 

perform ed better than any o f o ther base com binations fo r all the perform ance 

criteria  considered.

1. For this series o f tests, the 2 1 6 -m m . (8.5-in.) crushed stone base perform ed 

better than any o f the 216 -m m . (8 .5 -in .) soil cement bases in terms o f rut, 

roughness and crack developm ent. This is a surprising find ing  and is 

counter to the general experience and pavem ent design practices in 

Louisiana.

2. The soil cement bases with 4 percent cem ent performed as well as those 

with 10 percent cement, com pare the perform ance o f lanes 006  and 0 0 7  

with 005 .

3 . The mixed in-p lace soil cement perform ed as well as the p lant mixed soil 

cement, com pare lanes 008  and 009  with 005 .
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4. The 4 percent, 305-m m . (12-in.) soil cem ent base performed much better 

in both rutting and cracking than any o f the  o ther 216-m m .(8.5-in.) soil 

cement bases with either 4 o r 10 percent cement.

5. The com bination o f 102-m m . (4-in.) crushed stone base over 152-m m . (6- 

in.) o f 10 percent soil cement (lane 009) outperform ed all o f the 21 6 - 

m m .(8.5-in.) soil cement bases as well as the 2 1 6-m m .(8.5-in.) crushed 

stone bases. Add itiona lly  this material con figura tion  should have the least 

problem w ith reflection cracking from  the soil cement through the HM A 

surface.

6 . Crushed stone bases should definitely be considered fo r use in Louisiana 

even in those areas where the subgrade is relatively soft with predicted 

m oduli o f a round 35 MPa (5 ksi).

7. Com binations o f crushed stone over soil cem ent appear to be an excellent 

material com bination to carry tra ffic  loads w hile  resisting rutting and should 

retard the occurrence o f reflection cracking.

8 . Soil cement bases using 4 percent and mixed in-place should be 

constructed and their perform ance observed and compared to the more 

standard 10 percent p lant mixed soil cement base.

Based on the discussions on the perform ance o f ALF materials when 

constructed in d ifferent environment and traffic levels as presented in C hapter 6 , 

the fo llow ing conclusions are drawn:

1. Pavement structures using crushed stone m ateria ls fo r the base s im ila r to 

those used in the ALF test sections should be lim ited initially to  roadways
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with ADT not m o re  than 25 ,000  o r  the num ber o f ESALs not more than  

23.7 m illion ESALs fo r  a 20 year design period.

2. Soil cement bases can structurally be used in any areas w ith ADT not m ore  

than 40 ,000  o r  the num ber o f ESALs less than 44 .4  m illion  fo r  the 20 year 

design period. However, one should be cautious when using this m ateria l 

in the areas w here  a high ra in fa ll o r  the potential fo r  a high water tab le  

exists since w a te r m ay weaken the structure and cause a substantial 

reduction in pavem ent life.

3. None o f the m a te ria l com bination used in the ALF test section perform ed 

satisfactorily in the areas when the ADT was more than 75 ,000 . In such 

situations, a fu ll depth hot mix aspha lt o r a rigid pavem ent should be 

considered.

4. Inverted sections such as that used in lane 009 o f ALF test section provided 

the best overall perform ance characteristics of all the m ateria ls. The results 

from  the Louisiana ALF experiment showed that the inverted section 

provided better perform ance due to  its ability to substantially reduce the 

reflection cracking initiated in the soil cement material underneath.

5. The different results between the ALF experiment and the sim ulation study 

are believed to  be principally due to  the approach used in designing the 

thickness o f the  section, which is set to  have sim ilar to ta l thickness fo r  the 

different m ateria ls and the inab ility  o f the model to change the m ateria l 

characteristic due  to environmental changes.
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Recommendations

1. Recommendations fo r m ateria l usage in the fie ld . The various pavement 

material com bina tion  tested in the ALF test sections have been analyzed using 

a simulation study to evaluate the predicted perform ance in d iffe ren t subgrade 

conditions and  tra ffic  situations. Based on the analysis, the fo llow ing 

recomm endations presented in Table 7.1 are m ade regard ing the use o f each 

cross section type.

Table 7. 1 Recommended use o f ALF test materials based on tra ffic  and subgrade 
modulus

Subgrade Resilient 
M oduli, MPa (psi)

Traffic, ADT Recommended Base M aterials

5 2 .4 -5 8 .0 < 15,000 Lanes 002 and 003
(7 ,6 0 0 -8 ,4 0 0 ) 15,000 <ADT<40,000 Lanes 005, 006, 007 , 008 , 009, 

010
>  40,000 Full depth or rig id pavements

6 0 .7 -6 5 .5 < 25,000 Lanes 002 and 003
(8 ,8 0 0 -9 ,5 0 0 ) 25,000 <  ADT < 40,000 Lanes 005, 006, 007 , 008 , 009, 

010
>  40,000 Full depth o r rig id pavements

6 8 .2 -7 7 .9 < 25,000 Lanes 002 and 003
(9 ,9 0 0 -1 1 ,3 0 0 ) 25,000 <  ADT < 40,000 Lanes 005, 006, 007 , 008 , 009, 

010
>  40,000 Full depth or rig id pavements

2. Im plem entation. Since results from  both the ALF experim ent and the sim ulation 

study showed tha t the inverted section has outstanding perfo rm ance, the La 

DOTD should start incorporating this pavement structure into app rop ria te  new 

construction o r reconstruction projects on an experim ental basis. Any 

construction projects should be routinely examined and to assess perform ance 

under tra ffic on experim ental conditions.
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3. Further ALF research. A  fu rth e r and more detail study is needed fo r soil cem ent 

material in o rder to determ ine its material properties and its behavio r in 

different level o f stress and , more importantly, to  determ ine the effect o f w ate r 

presence in the soil cem ent to  its performance. In add ition , further research is 

needed to seek any m ethod to reduce the reflection cracking from  the soil 

cement to the hot mix asphalt surface.

4. Duplication. In any experim ental program , duplication  o f a few test sections is 

critical in helping to define the variations in test results. It could be very 

desirable to replicate a t least one o f the g ranu lar base sections and one o f the 

cement stabilized base sections to begin to assess variab ility .
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Table A 1 . 2 Predicted layer m oduli fo r lane 003

Passes ESALs, 
x 1,000 x 1,000

Date Surf.
Temp

Pav.
Temp

AC AC 
Uncorrected, Corrected, 

ksi ksi

Base, ksi Subbase,
ksi

Subgrade,
ksi

0 0 1 /1 6 /96 78.2 71.1 533 533 20.1 10 5

Table A1 . 3 Predicted layer m oduli fo r lane 004

Passes 
x 1,000

ESALs, 
x 1,000

Date Surf.
Temp,

op

Pav.
Temp,

°F

AC
Uncorrected,

ksi

AC
Corrected,

ksi

Base, ksi Subbase,
ksi

Subgrade,
ksi

0 0 1 /1 7 /96 69.6 63.3 629 490 22.6 14.8 4.9

210 325 8 /1 6 /9 6 97.6 88.7 150 323 20 5 1.9

258 400 8 /2 3 /9 6 87.3 79.4 150 225 20 5 2

325 504 9 /5 /9 6 99.9 90.8 211 591 28.9 7.9 2.5

Average 285 407.25 22.875 8.175 2.825
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Table A1. 4 Predicted layer moduli for lane 005

Passes 
x 1,000

ESALs, 
x 1,000

Date Surf.
Temp.,

°F

Pav.
Temp.,

°F

AC
Uncorrected,

ksi

AC Corrected, 
ksi.

Base,
ksi

Subbase, Subgrade, 
ksi ksi

0 0 6 /1 9 /9 7 110 100 139 611 153 17.7 3.3

25 40 10 /17 /97 110 100 77 339 150 5.2 4.9

50 79 10 /31 /97 100 90.9 102 275 150 5.1 4.6

100 159 12 /2 /97 74 67.3 303 258 150 5.2 4.8

125 199 12 /16 /97 90 81.8 228 399 150 5.2 4.9

175 278 2 /1 7 /9 8 60 54.5 351 200 151 5.2 3.9

Average 200 347 151 7.3 4.4
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Table A 1. 5 Predicted layer moduli for lane 006

Passes 
x 1,000

ESALs, 
x 1,000

Date Surf. Pav. AC 
Temp., °F Temp., °F Uncorrected,

ksi

AC
Corrected,

ksi.

Base,
ksi

Subbase,
ksi

Subgrade,
ksi

0 0 6 /1 9 /9 7 125 113.6 75 450 150 5 2.6

25 39 1 0 /7 /97 94 85.5 150 300 103 5 3.2

50 77 10 /20 /97 100 90.9 76 205 100 5 6.1

75 116 1 1 /3 /97 70 63.6 300 240 100 5.1 4.5

100 155 12 /1 /97 80 72.7 250 263 100 5.1 4.6

125 194 12 /16 /97 80 72.7 250 263 151 5.5 3.7

175 271 2 /1 7 /9 8 60 54.5 350 192 150 5 2

Average 207 273 122 5.1 3.8
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Table A 1 . 6 Predicted layer m oduli fo r lane 007

Passes ESALs, 
x 1,000 x 1,000

Date Surf. 
Temp.,

Pav. AC 
°F Temp., °F Uncorrected, 

ksi

AC
Corrected,

ksi.

Base, ksi Subbase, Subgrade, 
ksi ksi

25 39 1 0 /7 /97  110 100 75 375 151 5 3.9

50 77 10 /20 /97  100 90.9 75 300 150 5.3 5

75 116 10 /31 /97  100 90.9 75 203 154 5.1 4.2

125 155 12 /1 /9 7  80 72.7 250 675 151 5.9 3.9

Average 119 388 152 5.3 4.3
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Table A 1 . 7 Predicted layer m oduli fo r lane 008

Passes ESALs, Date Surf. Pav. AC AC Base, Subbase, Subgrade,
x 1,000 x 1,000 Temp., °F Temp.,°F Uncorrected, Corrected, ksi ksi ksi

ksi ksi.
0 0 2 /1 2 /9 6 68.9 62.6 433 321 156 15.3 4.7

25 38.75 11 /30 /96 88.7 80.6 164 246 151 13.5 4.1

50 77.5 12 /6 /96 66.1 60.1 350 227 150 7.9 3.6

75 155 2 /1 3 /9 7 81.8 74.4 262 328 155 8.3 3.8

Average 302 281 153 11.3 4.1
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Table A 1 . 8 Predicted layer m oduli fo r lane 009

Passes 
x 1,000

ESALs, 
x 1,000

Date Surf. Pav. 
Temp., °F Temp., °F

AC
Uncorrected,

ksi

AC
Corrected,

ksi.

Base, ksi Subbase,
ksi

Subgrade,
ksi

0 0 2 /1 2 /9 6 72.3 65.7 522 443 20.1 161.4 10.2

25 39 2 /2 1 /9 6 73.6 66.9 710 603 20.9 151.8 9.7

50 78 1 2 /6 /96 84.7 77 710 922 20.7 152.3 9.4

100 157 2 /1 3 /9 7 67.2 61.1 800 559 37.7 150 5.5

225 626 4 /2 3 /9 7 73 66.4 699 559 21.8 157.2 8.1

275 813 5 /8 /9 7 80 72.7 481 536 21.3 150 7

300 907 5 /1 6 /9 7 81 73.6 422 540 21 150 6.5

325 1000 5 /2 0 /9 7 101 91.8 186 539 20.3 150 5.7

360 1132 5 /2 9 /9 7 108 98.2 142 539 20.4 150 5.5

385 1344 6 /3 /9 7 99 90 201 503 20.6 150 6

410 1557 6 /6 /9 7 109 99.1 127 432 20.2 150 4.9

435 1769 6 /1 2 /9 7 111 100.9 136 510 20.2 150 5

Average 428 557 22 152 7.0
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Table A 1 . 9 Predicted layer m oduli fo r lane 010

Passes 
x 1,000

ESALs, 
x 1,000

Date Surf. Pav. 
Temp., Temp., °F 

°F

AC
Uncorrected,

ksi

AC Corrected, Base, ksi 
ksi.

Subbase,
ksi

Subgrade,
ksi

0 0 2 /1 3 /9 6 57.6 52.4 412 222 178.6 0 5.5

25 39 2 /2 1 /9 6 73.6 66.9 327 281 150.6 0 5.2

50 79 12 /3 /96 68.6 62.4 300 240 150 0 4.6

75 118 1 /7 /97 66.1 60.1 300 205 150.1 0 4.6

100 158 2 /7 /9 7 63 57.3 380 228 151.2 0 5.1

150 368 4 /2 3 /9 7 112 101.8 87 435 169 0 4.7

193 548 4 /2 3 /9 7 112 101.8 75 375 153.9 0 4.6

Average 269 284 158 0 4.9
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Table A2. 3 Rut depth for lane 004

Load Date Data 

Taken

Passes ESALs Rutting

Sta 1 Sta 2 Sta 3 Sta 4 Sta 5 Sta 6 Sta 7 Sta 8

10000 7/15/96 23857 36,978 0.42 0.53 0.46 0.46 0.61 0.50 0.69 0.88

10000 8/2/96 109,000 168,950 0.72 0.77 0.64 0.61 0.73 0.60 0.76 0.99

10000 8/9/96 158,977 246,414 0.88 0.81 0.62 0.62 0.73 0.59 0.71 0.98

10000 8/12/96 183,982 285,172 0.92 0.84 0.61 0.69 0.76 0.65 0.78 1.03

10000 8/16/96 209,000 323,950 0.88 0.92 0.66 0.70 0.77 0.62 0.73 0.99

10000 8/20/96 233,984 362,675 0.99 1.18 0.73 0.78 0.88 0.67 0.95 1.08

10000 8/23/96 258,000 399,900 1.06 1.28 0.75 0.81 0.95 0.66 0.99 1.03
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Table A2. 6 Rut depth for lane 007

Load Date Data 

Taken

Passes ESALs Rutting

Sta 1 Sta 2 Sta 3 Sta 4 Sta 5 Sta 6 Sta 7 Sta 8

10000 10/7/97 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10000 10/10/97 25000 38,750 0.20 0.29 0.21 0.17 0.15 0.22 0.14 0.11

10000 10/31/97 50000 77,500 0.23 0.42 0.23 0.21 0.12 0.13 0.15 0.16

10000 11/6/97 75000 116,250 0.26 0.41 0.21 0.22 0.18 0.18 0.16 0.18

10000 11/25/97 100000 155,000 0.36 0.49 0.27 0.20 0.18 0.19 0.20 0.29

10000 12/16/97 125024 193,787 0.27 0.57 0.29 0.21 0.12 0.18 0.18 0.19

10000 1/8/97 150061 232,595 0.40 0.73 0.35 0.27 0.15 0.14 0.15 0.23

10000 2/6/98 175156 271,492 0.59 1.09 0.50 0.38 0.17 0.17 0.15 0.32
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Table A2. 7 Rut depth for lane 008

Load Date Data 
Taken

Passes ESALs Rutting

Sta 1 Sta 2 Sta 3 Sta 4 Sta 5 Sta 6 Sta 7 Sta 8

10000 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10000 12/23/96 50000 77,500 0.04 0.04 0.04 0.09 0.04 0.04 0.04 0.06

10000 1/31/97 75000 116,250 0.27 0.30 0.15 0.14 0.21 0.21 0.29 0.19

10000 2/21/97 125000 290,750 0.40 0.51 0.44 0.27 0.57 0.59 0.66 0.31
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Table A3. 1 IRI and RN values for lane 002

Load Data Passes ESALs Average IRI, m/km Average RN

Taken Sample Interval Sample Interval

25 mm 
in.)

(1 152 mm 
(6 in.)

304 mm 
(12 in.)

25 mm (1 152 mm 
in.) (6 in.)

304 mm 
(12 in.)

2/6/96 0 0 1.03 0.94 1.32 3.3 3.64 3.62

10,000 2/19/96 25,000 38,750 1.41 1.39 1.08 3.21 3.46 3.76

10,000 2/26/96 50,000 77,500 1.45 1.39 1.18 3.41 3.57 3.69

10,000 3/11/96 75,000 116,250 1.8 1.59 1.52 3.05 3.36 3.43

10,000 4/19/96 100,000 155,000 1.98 1.81 1.7 3 3.33 3.4

10,000 4/19/96 188,830 292,687 2.44 1.92 1.87 2.75 3.16 3.24

10,000 4/25/96 217,553 337,207 4.23 3.86 3.95 2.17 2.39 2.44

14,000 5/6/96 231,945 440,830 3.8 3.67 3.64 2.19 2.4 2.42

14,000 5/9/96 243,644 525,062 4.88 5.03 4.78 1.86 1.9 2

14,000 5/10/96 251,525 581,806 4.91 4.51 4.39 1.8 2 2.03

14,000 5/24/96 262,191 658,601 5.56 5.29 5.19 1.69 1.82 1.94

14,000 6/18/96 271,000 722,026 6.18 6.19 6.28 1.51 1.63 1.6

14,000 9/12/96 296,775 907,606 6.49 5.98 6.05 1.41 1.63 1.61
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Table A3. 2 IRI and RN values fo r lane 003

Load Date 
Data

Taken

Passes ESALs Average IRI, m/km Average RN

Sample Interval Sample Interval

25 mm (1 
in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

25 mm (1 
in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

10,000 6/11/96 0 0 2.12 2.13 2.05 3.07 3.15 3.14

10,000 6/17/96 5,234 8,217 3.72 3.2 3.22 2.37 2.69 2.67

10,000 6/18/96 10,448 16,403 3.32 2.75 2.63 2.6 2.86 2.87

10,000 6/21/96 25,000 39,250 4.37 4.18 4.08 1.99 2.22 2.31

10,000 6/28/96 49,990 78,484 6.06 5.28 5.16 1.57 1.95 1.95
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Table A3. 3 IRI and RN values for lane 004

Load Date Passes ESALs Average IRI, m/km Average RN
Data ------------------------------------------------------------------------------------

Sample Interval Sample Interval
Taken __________________________________________________

25 mm (1 
in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

25 mm (1 
in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

10,000 7/15/96 23,857 36,978 4.05 3.52 3.55 2.16 2.47 2.38

10,000 8/2/96 109,000 168,950 4.22 3.97 4.2 2.08 2.2 2.09

10,000 8/9/96 158,977 246,414 4.85 4.47 4.36 1.81 1.94 2.04

10,000 8/12/96 183,982 285,172 5.25 4.7 4.63 1.75 1.9 2.05

10,000 8/16/96 209,000 323,950 4.25 4.08 4.4 2.15 2.28 2.26

10,000 8/20/96 233,984 362,675 4.89 4.42 4.21 1.77 2.1 2.12

10,000 8/23/96 258,000 399,900 5.48 4.88 4.62 1.73 1.84 2.05
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Table A3. 4 IRI and RN values for lane 005

Load Date Data Passes ESALs Average IRI, m/km Average RN

Taken Sample Interval Sample Interval

25 mm 
(1 in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

25 mm 
(1 in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

10,000 10/7/97 0 0 1.94 1.54 1.38 3.18 3.51 3.62

10,000 10/10/97 25,000 39,750 2.43 2.38 2.23 2.69 2.75 3.14

10,000 10/31/97 50,000 79,500 1.97 1.72 1.74 3.17 3.39 3.39

10,000 11/3/97 75,000 119,250 2.59 2.3 2.01 2.83 3.01 3.11

10,000 12/11/97 100,003 159,005 3.05 2.84 2.86 2.62 2.75 2.77

10,000 12/18/97 125,035 198,806 4.43 4.14 3.97 2.09 2.29 2.31

10,000 1/8/97 150,064 238,602 9.97 9.76 9.4 1.1 1.14 1.19
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Table A3. 5 IRI and RN values for lane 006

Load Date Data 

Taken

Passes ESALs Average IRI, m/km Average RN

Sample Interval Sample Interval

25 mm (1 152 mm 304 mm 25 mm (1 152 mm 304 mm
in.) (6 in.) (12 in.) in.) (6 in.) (12 in.)

10,000 9/29/97 0 0 2.29 2.16 2.14 2.9 3.13 3.12

10,000 10/10/97 25,000 38,750 2.21 1.83 1.63 3 3.37 3.49

10,000 10/20/97 50,000 77,500 1.87 1.46 1.56 3.25 3.5 3.45

10,000 11/3/97 75,000 116,250 2.47 2.09 2.13 2.8 3.27 3.28

10,000 12/16/97 125,041 193,814 3.31 2.77 2.37 2.36 2.72 3.01

10,000 1/8/97 150,036 232,556 5.41 4.69 4.72 1.73 1.99 1.95
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Table A3. 6 IRI and RN values for lane 007

Load Date Data Passes ESALs Average IRI, m/km Average RN

Taken Sample Interval Sample Interval

25 mm (1 152 mm 
in.) (6 in.)

304 mm 
(12 in.)

25 mm (1 152 mm 
in.) (6 in.)

304 mm 
(12 in.)

10,000 10/10/97 25,000 38,750 2.38 2.36 2.36 2.93 3 3.05

10,000 12/16/97 125,024 193,787 2.86 2.86 3.03 2.69 2.9 2.87

10,000 1/8/97 150,061 232,595 3.53 3.26 3.21 2.19 2.4 2.56

10,000 2/6/98 175,156 271,492 6.2 5.57 5.15 1.6 1.89 2.01
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Table A3. 7 IRI and RN values for lane 008

Load Date Data Passes ESALs Average IRI, m/km Average RN

Taken Sample Interval Sample Interval

25 mm 
in.)

(1 152 mm 
(6 in.)

304 mm 
(12 in.)

25 mm 
in.)

(1 152 mm 
(6 in.)

304 mm 
(12 in.)

10,000 12/23/96 50,000 77,500 2.38 2.19 2.49 2.93 3.02 2.87

10,000 1/31/97 75,000 116,250 4.89 4.21 3.95 1.9 2.21 2.25

12,300 2/21/97 125,000 290,750 6.5 6.11 6.14 1.25 1.36 1.34
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Table A3. 8 IRI and RN values for lane 009

Load Date
Data

Taken

Passes ESALs Average IRI, m/km Average RN

Sample Interval Sample Interval

25 mm (1 
in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

25 mm (1 
in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

10,000 1/14/97 75,000 117,750 1.93 2.24 2.12 3.04 2.69 3.05

10,000 2/13/97 100,045 157,071 1.65 1.66 1.95 3.32 3.45 3.34

12,300 2/21/97 125,000 250,652 2.03 1.7 1.59 3.07 3.36 3.46

12,300 3/11/97 150,000 344,402 3.73 3.06 3.08 2.3 2.75 2.72

12,300 3/21/97 175,055 438,358 4.07 2.97 3.02 2.14 2.68 2.73

12,300 4/18/97 200,057 532,116 2.48 2.46 3 2.82 2.88 2.65

12,300 4/29/97 250,048 719,582 3.49 3.29 3.29 2.37 2.54 2.73

12,300 5/11/97 275,056 813,362 3.63 3.38 3.12 2.29 2.58 2.66

12,300 5/15/97 300,000 906,902 4.51 4.24 3.95 2.03 2.14 2.42

12,300 5/21/97 325,063 1,000,888 4.48 3.85 3.9 2.08 2.35 2.34

12,300 5/30/97 360,069 1,132,161 6,08 5.69 5.42 1.47 1.64 1.7

14,600 6/6/97 410,077 1,557,229 6.38 6.07 5.81 1.45 1.59 1.67

14,600 6/11/97 435,077 1,769,729 8.03 7.71 7,62 1.1 1.16 1.2

14,600 7/10/97 460,077 1,982,229 8.32 8.03 8.2 1.02 1.12 1.14
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Table A3. 9 IRI and RN values for lane 010

Load Date Data Passes ESALs Average IRI, m/km Average RN

Taken Sample Interval Sample Interval

25 mm (1 
in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

25 mm (1 
in.)

152 mm 
(6 in.)

304 mm 
(12 in.)

10,000 11/15/96 0 0 1.59 1.4 1.53 3.4 3.62 3.59

10,000 12/23/96 50,000 79,000 3.06 2.94 2.76 2.69 2.85 2.9

10,000 1/10/97 75,000 118,500 1.71 1.55 1.55 3.2 3.51 3.52

12,300 2/21/97 125,000 328,500 2.8 2.34 2.22 2.69 3 2.96

12,300 3/11/97 150,000 433,500 5.03 4.13 4.29 1.82 2.26 2.14

12,300 3/21/97 175,000 538,500 4.89 3.99 4.23 1.98 2.34 2.21

12,300 4/18/97 193,285 615,297 9.6 9.41 10.18 0.53 0,59 0.54

12,300 4/29/97 250,048 853,702 9.84 9.14 8.6 0,61 0.78 0,85
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Table A4. 1 PSI for lane 002

ESALs 
X 1 ,000

Slope 
Variance 
(x 1E-6)

Cracks 
( f t2 / l 000  ft2)

Rutting
(in.)

PSI

0 9.38 0 0 .0 8 3 .08
39 4 .106 0 0 .06 3 .67
77 2.05 0 0 .1 8 4 .06

116 4.52 0 0 .2 0 3 .56
155 3.736 0 0 .3 7 3.55
293 3.31 2 .592 0 .3 9 3 .59
337 4.21 4.913 0 .42 3.39
441 4.163 13.037 0 .6 7 3.01
52 5 4 .575 15.977 0 .83 2.62
582 6.807 30 .6379 0.91 2.13
659 3.354 48 .587 1.06 2 .19
722 12.463 102.745 1 .17 0 .88
908 16.382 323.4 1.34 0.01

Table A4. 2 PSI fo r  lane 003

ESALs 
X 1,000

Slope 
Variance 
(x 1 E-6)

Cracks 
( f t2 / l 000  ft2)

Rutting
(in.)

PSI

0 3.3 0 0 .12 3.80
8 10.278 0 0.31 2.89

16 6.48 0 0 .3 7 3 .18
39 14.762 13.926 0 .4 8 2 .39
78 13.982 24.371 0.61 2.23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A4. 3 PSI for lane 004

ESALs 
x 1,000

Slope 
Variance 
(x 1 E-6)

Cracks 
(*2 /1 0 0 0  ft2)

Ruffing
(In.)

PSI

0 11.605 0 .0 0 5.00
37 1 7 .9 2 7 13 0.51 2.20

169 14 .97 14.7 0 .6 4 2.12
246 2 1 .4 4 8 25.912 0 .6 4 1.83
285 2 3 .5 1 5 49 .90264 0 .6 8 1.67
324 12 .16 55 0 .6 9 2.17
363 2 0 .0 9 9 60 0 .76 1.62
400 2 1 .1 9 3 74.6605 0 .79 1.51

Table A4. 4 PSI fo r  lane 005

ESALs Slope Cracks Rutting PSI
x 1,000 Variance ( ft2 / l 000 ft2) (in.)

(x 1 E-6)

0 4 .6 0 3 0 0 .0 5 3.60
39 8 .6 8 0 0.11 3.13
79 3 .9 8 4 0 0 .16 3.66

119 3 .9 7 2 56.092 0 .26 3.53
159 4.311 136.942 0.31 3.40
198 6.151 311.408 0 .34 3.06
239 8 .4 7 2 387.6159 0 .62 2.44

Table A4. 5 PSI fo r  lane 006

ESALs 
x 1,000

Slope 
Variance 
(x 1 E-6)

Cracks 
( f t2 / l 000 ft2)

Rutting
(in.)

PSI

0 4 .8 2 8 0 0 .04 3.57
38 5 .1 2 6 0 0 .1 3 3.50
77 3 .0 0 3 0 0 .15 3.85

116 7 .0 6 8 0 0 .1 8 3.25
155 5 .3 0 7 0 0.21 3.44
194 5 .3 0 7 75.434 0 .20 3.36
232 7 .6 7 3 297.0945 0 .43 2.82
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Table A4. 6 PSI for lane 007

ESALs 
x 1,000

Slope 
V ariance 
(x 1 E-6)

Cracks 
(f+2/1000 ft2)

Rutting
(in.)

PSI

0 0 0.00
39 4 .8 1 7 0 0.19 3.52
77 4 .8 2 3 29 .787 0.17 3.47

116 6.481 34.815 0.20 3.25
155 7 .906 68 .084 0.21 3.07
194 4 .823 185.684 0.20 3.38
233 4 .8 2 3 357.4422 0.23 3.31
271 4 .823 640.224 0.31 3.19

Table A4. 7 PSI fo r  lane 008

ESALs Slope Cracks Rutting PSI
x 1,000 Variance (ft2 /l 000 ff2) (in.)

(x 1 E-6)

0 0 0.00
77 3 .608 0 0.05 3.76

116 13.973 0 0.18 2.74
291 6 .623 338.487 0.47 2.86
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Table A4. 8 PSI fo r lane 009

ESALs 
x 1,000

Slope 
Variance 
{x 1 E-6)

Cracks 
( ft2 / l 00 0  ft2)

Rutting
(in.)

PSI

0 4 .2 3 5 11.992 0 .0 4 3.62
79 5 .5 2 8 12 0 .05 3.44

118 3 .4 4 2 12.5 0 .0 9 3.75
157 4 .0 5 9 13 0 .09 3.64
251 15.63 14.313 0 .0 7 2.65
344 2 0 .3 0 3 24.7579 0 .2 0 2.39
438 6.501 50 0 .26 3.19
532 10 .438 74.6605 0 .30 2.80
719 8 .1 4 5 90.521 0 .39 2.89
813 12 .986 105 0 .45 2.46

1000 7.951 153.963 0 .59 2.60
1132 10.353 374.85 0.71 2.13
1557 8 .9 4 6 415.8553 0 .89 1.83
1769 14 .04 430 1.04 1.07
1982 14.616 461.8895 1.31 0.16

Table A4. 9 PSI fo r  lane 010

ESALs 
x 1,000

Slope 
Variance 
(x 1 E-6)

Cracks 
( ft2 / l 000  

ft2)

Ruftin
9

(in.)

PSI

0 1.532 0 0 .04 4 .26
79 6 .7 7 9 0 0 .10 3 .32

118 4 .2 2 0 0 .07 3 .65
328 5 .4 9 5 11.218 0.11 3 .43
433 19 .669 30.5603 0 .23 2 .39
538 13 .243 40 0 .3 4 2 .60
615 13 .795 50 0 .42 2.49
854 15 .983 70 0 .57 2 .15
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Table A5. 1 Thickness design using lane 002 materials

Cell No. Surface, in. Base, in. Subbase, in.

1 5.0 12.0 7.0

2 5 .0 16.0 6.0

3 6.0 15.0 8.0

4 6.0 18.0 8.0

5 7.0 17.0 9.0

6 7.0 21 .0 8.0

7 5.0 12.0 4 .0

8 5.0 16.0 4.0

9 6.0 15.0 5 .0

10 6.0 18.0 4.0

n 7.0 17.0 5.0

12 7.0 21 .0 4.0

13 5.0 10.0 4.0

14 5.0 16.0 0.0

15 6.0 13.0 4.0

16 6. 16.0 4.0

17 7.0 15.0 4.0

18 7.0 18.0 4.0
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Table A5. 2 Thickness design using lane 003 materials

Cell No. Surface, in . Base, in . Subbase, in .

1 5.0 12.0 7.0

2 5 .0 16.0 6.0

3 6 .0 15.0 8.0

4 6.0 18.0 8.0

5 7.0 17.0 9.0

6 7.0 21.0 8.0

7 5.0 12.0 4.0

8 5.0 16.0 4 .0

9 6.0 15.0 5.0

10 6.0 18.0 4 .0

11 7.0 17.0 5 .0

12 7.0 21.0 4 .0

13 5.0 10.0 4.0

14 5.0 16.0 0.0

15 6.0 13.0 4 .0

16 6. 16.0 4.0

17 7.0 15.0 4 .0

18 7.0 18.0 4 .0
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Table A5. 3 Thickness design using lane 004 materials

Cell No. Surface,
in.

Base, in. Subbase 1, 
in.

Subbase 2, 
in.

1 5 .0 7.0 7.0 7.0

2 5.0 10.0 8.0 7.0

3 6.0 10.0 7.0 8.0

4 6.0 12.0 8.0 8.0

5 7.0 11.0 8 .0 9.0

6 7.0 14.0 9.0 10.0

7 5.0 7.0 5 .0 7.0

8 5.0 10.0 5 .0 7.0

9 6.0 10.0 7.0 4.0

10 6.0 12.0 8 .0 5.0

11 7.0 11.0 8.0 5.0

12 7.0 14.0 9 .0 6.0

13 5.0 7.0 4 .0 6.0

14 5.0 10.0 4 .0 6.0

15 6.0 10.0 5 .0 4.0

16 6.0 12.0 6.0 4.0

17 7.0 11.0 6.0 4.0

18 7.0 14.0 7.0 4.0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A5. 4 Thickness design using lane 005 materials

C ell N o. S urface , in . Base, in . Subbase, in .

1 4 .0 16.0 6.0

2 4 .0 19.0 7.0

3 4 .0 22 .0 8.0

4 5 .0 22 .0 7.0

5 5 .0 24 .0 9.0

6 6 .0 24 .0 9.0

7 4 .0 15.0 4.0

8 4 .0 19.0 4.0

9 4 .0 22 .0 5.0

10 5 .0 21 .0 4.0

11 5 .0 24 .0 5.0

12 6 .0 24 .0 5.0

13 4 .0 13.0 4.0

14 4 .0 16.0 4.0

15 4 .0 20 .0 4.0

16 5 .0 22 .0 0.0

17 5 .0 22 .0 4.0

18 6 .0 22 .0 4.0
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Table A5. 5 Thickness design using lane 006 materials

Cell No. Surface, in . Base, in . Subbase, in.

1 4 .0 18.0 7.0

2 4 .0 22.0 7.0

3 5.0 22.0 7.0

4 5.0 25.0 8.0

5 5.0 28.0 9.0

6 6.0 28.0 9.0

7 4.0 18.0 4 .0

8 4.0 22.0 4 .0

9 5.0 22.0 4 .0

10 5.0 25.0 4.0

11 5.0 28.0 5 .0

12 6.0 28.0 5.0

13 4.0 15.0 4 .0

14 4.0 19.0 4 .0

15 5.0 19.0 4 .0

16 5.0 22.0 4 .0

17 5.0 25.0 4.0

18 6.0 26.0 4 .0
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Table A5. 6 Thickness design using lane 007 materials

C ell N o . Surface, in . Base, in. Subbase, in .

1 4.0 16.0 6 .0

2 4.0 19.0 7 .0

3 4.0 22.0 8 .0

4 5.0 22.0 7 .0

5 5.0 24.0 9 .0

6 6.0 24.0 9 .0

7 4.0 15.0 4 .0

8 4.0 19.0 4 .0

9 4.0 22.0 5 .0

10 5.0 21.0 4 .0

11 5.0 24.0 5 .0

12 6.0 24.0 5 .0

13 4.0 13.0 4 .0

14 4.0 16.0 4 .0

15 4.0 20.0 4 .0

16 5.0 22.0 0 .0

17 5.0 22.0 4 .0

18 6.0 22.0 4 .0
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Table A5. 7 Thickness design using lane 008 materials

C ell No. Surface, in . Base, in . Subbase, in.

1 4 .0 16.0 6.0

2 4.0 19.0 7.0

3 4.0 22 .0 8.0

4 5.0 22 .0 7.0

5 5.0 24 .0 9.0

6 6.0 24 .0 9.0

7 4.0 15.0 4 .0

8 4.0 19.0 4 .0

9 4.0 22 .0 5.0

10 5.0 21 .0 4 .0

11 5.0 24 .0 5.0

12 6.0 24 .0 5.0

13 4.0 13.0 4 .0

14 4.0 16.0 4 .0

15 4.0 20 .0 4 .0

16 5.0 22 .0 0.0

17 5.0 22 .0 4 .0

18 6.0 22 .0 4 .0
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Table A5. 8 Thickness design using lane 009 materials

Cell N o. Surface,
in.

Base, in. Subbase 1, 
in .

Subbase 2 , 
in.

1 5.0 6 .0 5 .0 9.0

2 5.0 6 .0 9 .0 7.0

3 6.0 6 .0 8 .0 10.0

4 6.0 6.0 11 .0 10.0

5 7.0 6 .0 10 .0 11.0

6 7.0 6 .0 14 .0 10.0

7 5.0 6 .0 5 .0 6.0

8 5.0 6.0 9 .0 5.0

9 6.0 6 .0 8 .0 6.0

10 6.0 6.0 11.0 6.0

11 7.0 6.0 10.0 7.0

12 7.0 6 .0 14.0 6.0

13 5.0 6 .0 4 .0 4.0

14 5.0 6.0 7 .0 6.0

15 6.0 6 .0 7 .0 5.0

16 6.0 6.0 10.0 4.0

17 7.0 6.0 9 .0 4.0

18 7.0 6.0 12.0 6.0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A5. 9 Thickness design using lane 010 materials

C ell N o. Surface, in. Base, in. Subbase, in .

1 4 .0 6.0 13.0

2 4 .0 6.0 17.0

3 4 .0 6.0 20.0

4 5 .0 6.0 20.0

5 5.0 6.0 23.0

6 6.0 6.0 23.0

7 4 .0 6 .0 12.0

8 4 .0 6.0 15.0

9 4.0 6.0 19.0

10 5.0 6.0 18.0

11 5.0 6.0 21.0

12 6.0 6.0 21.0

13 4 .0 6 .0 10.0

14 4 .0 6.0 13.0

15 4 .0 6.0 17.0

16 5 .0 6.0 16.0

17 5.0 6.0 19.0

18 6.0 6.0 19.0
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