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ABSTRACT
Effect of Heavy Multi-Axle Trucks on Flexible Pavement Rutting
By
Hassan Kamal Salama

In this study, heavy axle and truck configurations were investigated to determine their
influence on flexible pavement rutting. Several approaches were considered: 1) analysis
of State of Michigan, in-service pavement data to investigate the effect of multi-axle
trucks on total pavement rutting damage; 2) laboratory simulation of multiple axle and
truck configurations to study their effects on asphalt concrete rutting; and 3) mechanistic
analysis of rutting damage due to multiple axle and truck configurations using a newly

calibrated mechanistic-empirical rutting model.

The analysis of in-service pavement data showed that damage caused by multiple-
axle truck configurations is more significant, showing higher B values than single- and
tandem-axle truck configurations. This indicates that rutting is most influenced by
axle/truck gross weight. In calibrating the VESYS rutting model, time-series, in-service
pavement data were used from the SPS-1 experiment. This important methodological
improvement over previous studies permits more accurate determination of the
permanent deformation parameters (PDP) that lead to better agreement with results from
accelerated loading facilities. Analyses of layer rutting contribution of in-service
pavement data showed that, on average, the total amount of rutting breaks down as

follows: 57% HMA rutting, 27% base rutting, and 16% subgrade rutting. These results



suggest that accounting for subgrade rutting only is no longer valid for designing flexible

pavements.

The laboratory investigation indicates that the rutting damage due to different axle
configurations is approximately proportional to the number of axles. Calculating truck
rutting damage by simply summing the vertical permanent deformation corresponding to
its constituent axle groups result in erroneous predictions. Using Miner’s rule to
determine truck rutting damage from its constituent axles does improve the prediction,
although there are still variations among the damage values corresponding to different

axle and truck configurations.

The results from mechanistic analyses showed that there is little to no interaction
between axles in the vertical strain within the HMA layer. For the vertical strain within
the base layer, the interaction between axles increases with increasing HMA layer
thickness. On the other hand, there is always high interaction between axles in the
subgrade layer (vertical strains). Despite the interaction between axles, the mechanistic
analysis in this study confirmed the laboratory findings related to the proportionality of
axle and truck factors for the HMA layer. Moreover, it extended this same result to

include both the base and subgrade layers.
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CHAPTER 1 - INTRODUCTION

1.1 INTRODUCTION

Truck traffic is a major factor in pavement design because truck loads are the primary
cause of pavement distresses. Different truck types with varying axle configurations may
contribute differently to pavement distresses. The American Association of State
Highway Transportations Officials (AASHTO) pavement design guide converts different
axle load configurations into a standard axle load (where one Equivalent Single Axle
Load, or ESAL, is 18 kips) using the Load Equivalency Factor (LEF) concept. These
LEFs are based on decreases in the Pavement Serviceability Index (PSI), and were
developed for a limited number of pavement cross-sections, load magnitudes, load
repetitions, and for a single subgrade and climate. The PSI is based on the limited
“functional” performance of the road surface, and accounts only to a low degree for other

key performance measures such as fatigue and rutting for flexible pavements.

Moreover, the AASHTO procedure for pavement design only accounts for single
and tandem axle types based on AASHO road test results, and uses extrapolation to
estimate the damage due to tridem axles. Truck axle configurations and truck weights
have significantly changed since the AASHO road study was conducted in 1962. There
remain concerns about the effect of newer axle configurations on pavement damage,
which still are unaccounted for in the AASHTO procedure. Several researchers have
investigated the pavement damage resulting from different axle and truck configurations,
yet these researches were limited only to single, tandem, and tridem axles. The state of

Michigan is unique in permitting several heavy truck axle configurations that are



composed of up to 11 axles, sometimes with as many as 8 axles within one axle group, as

shown in Table 1-1. Thus, there is a need to identify the relative pavement damage

resulting from these multiple axle trucks, which are unaccounted for in current pavement

design. This thesis is concerned with only rutting as a pavement distress.

Table 1-1 Michigan truck configurations
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1.2 PROBLEM STATEMENT

The state of Michigan hosts several trucks that have unusual axle configurations, up
to eleven axles and 164 kips in gross weight and 8 axles within an axle group. The
relationship between these trucks and flexible pavement rutting has not been determined,
since previous research did not address the damage caused by multiple axle/truck
configurations. Therefore, there is a need to examine the relative effect of these heavy
vehicles on pavement rutting using field data from in-service pavements, laboratory
experimentation, and mechanistic analyses.

The Michigan Department of Transportation (MDOT) has very comprehensive
pavement surface distress data files. MDOT also has been collecting rutting data, as well
as traffic count and weight data, along its road network. The traffic and weight data
collection was recently upgraded by using new weigh-in-motion (WIM) technology. This
will allow for a more accurate representation of the distribution of truck axle weights and
configurations along MDOT's trunk-lines. In addition to in-service data, simulating the
effect of these Michigan multiple axle trucks using mechanistic analysis and in the
laboratory will farther explain their relative effect on rutting damage. The conclusions
and recommendations of this research can be accomplished by combining the findings

using in-service data with those from mechanistic analysis and the laboratory experiment.

1.3 RESEARCH OBJECTIVES

The overall objective of this research study is to investigate the relative effects of

different axle/truck configurations on flexible pavement rutting. Several axle




configurations including single, tandem, tridem, quad, 5-axles, 7-axles, and 8-axles as
well as twenty different truck configurations are considered in this study, as shown in

Table 1-1. This research will also address the following items:

e Developing a Load Equivalency Factor (LEF), and Axle and Truck Factor (AF,

TF) for rutting using laboratory data.

e (Calibrating a mechanistic-empirical rutting model (VESYS) for flexible

pavements using field data from the SPS-1 experiment.

e Developing regression equations to predict permanent deformation parameters

based on pavement cross-section, material properties, and climatic condition.

e Comparison the finding from the statistical analysis of in —service data, laboratory

test results, and mechanistic analysis.

1.4 RESEARCH APPROACH

The research problem was approached from three different angles 1) field investigation,
2) laboratory experimentation, and 3) mechanistic analysis. Figure 1-1 shows the Flow
diagram of research plan for the three different research approaches. A brief description

of each approach follows:

1.4.1 Analysis of in service data

The field investigation relates different axle/truck configurations that are common in the
state of Michigan (Table 1-1) to rutting. Several regression analyses were performed to
examine the relative effect of these axle/truck configurations on flexible pavement

rutting.



1.4.2 Laboratory experiment

The unconfined compression cyclic load test with loading cycle that simulate different
axle/truck configurations was used to examine their relative effect on permanent
deformation of an asphalt mixture. The specimens were prepared according the new
procedure from the simple performance test for permanent deformation. Five different

axle configurations and five different truck configurations were studied.

1.4.3 Mechanistic analysis

In this analysis, the KENPAVE computer program was used to calculate the vertical
compression strain at the middle of each pavement layer caused by various axle and truck
configurations for different pavement cross-sections. The mechanistic-empirical rutting
model (VESYS), calibrated using field data from SPS-1 experiment, was used to predict

the rutting in the various layers within the pavement structure.




_ Sumnu (g0, ,

ue|d goreasar Jo weideip mo[j [-] 2In31

SUORBPUIURL0I AL
pUB SUOISN[IUOD [BULY

{ vosreduoy |

_ |

_w_-.u_:ovm&ﬁ_zm __ Suni aseg __ Suynu Jy

| ]

1

uosuredwo)

Sumu Qv

susuEy oA
-suonemMSguUOd onn pue AXe JUIIPIP 0} MNP
(apesqns pue ‘aseq ‘DY) dewrep Sunn aAngay

suonemn3guod
onn pue afxe AP 0}
onp a3ewep Sumn YINH A8y

[opow Sumny + (FAVJNH ) suodsal uauaseq

153} peof aoAd uotssaidwiod [erxenun)

(SASHA) 12pow Supru
[eAXAWD MSUBYIIN JO UoleIg e

SisAjeue nSUROIN

suoneredaid sgjdiueg

wawwadxa L10je10qe]

Sumu (o],

suonem3guod
Yonn pue dfxe LIAPIP 0} :Np
afewep 3unpu (€101 2ANEY

smdag-¢
Teauq dnmin -z
Teou Jdung-|
sisAjeue uoissa139y

€JEp AJMAIIS-U JO SIsA[euy

ONILLLNY LNIWIAVd ATEIXA T
NO SSOMIL ' IXV-LL TN AAVIH 40 L0344




1.5 THESIS STRUCTURE

This thesis is divided into seven chapters including this introductory chapter. Chapter 2
highlights the most relevant literature related to this research. Chapter 3 details the field
investigation of truck traffic and flexible pavement rutting. In this chapter, several
regression analyses are performed to examine the relative effect of different axle/truck
configurations on the total pavement rutting. Due to the lack of information on permanent
deformation parameters in the literature, chapter 4 addresses the calibration of a
mechanistic empirical rutting model. Chapter 5 outlines the laboratory experiment
designed to study the relative effect of different axle/truck configurations on permanent
deformation of an asphalt mixture. This chapter describes the sample preparation as well
as the results of unconfined compression cyclic load tests due to different axle/truck
configurations. Chapter 6 employs the calibrated rutting model along with the laboratory
results to facilitate the mechanistic analysis of the effect of different axle/truck
configurations on pavement rutting. Chapter 7 provides the conclusions and

recommendations for future research.



CHAPTER 2 - LITERATURE REVIEW

2.1 INTRODUCTION

Several factors such as traffic, environment, material and design considerations affect
pavement damage over time. Traffic loads play a key role in pavement deterioration.
This deterioration can take several forms of distress in flexible pavements, such as fatigue
(alligator cracking), and rutting. In the past, a small number of researchers investigated
the effect of some truck configurations on pavement damage empirically (using field and
laboratory data) and mechanistically (using theoretical models) (Ilves and Majidzadeh
1991, Saraf and Ilves 1995, Witczak et al. 2002, Gillespie et al.1993, and Hajek and
Agarwal 1990). The majority of these previous works used one approach to investigate a
single type of damage caused by a limited number of axle/truck configurations. This
chapter establishes the connection between the three different approaches and emphasizes
the need for a more inclusive study of multiple damage forms caused by several

axle/truck configurations.

2.2 ANALYSIS OF IN-SERVICE PAVEMENT DATA

Analysis of in-service pavements is crucial since it represents the actual behavior of the
pavement, while laboratory and mechanistic investigations are simulations of the real
world. There were minimal field investigations related to the relative effect of multi-axle
trucks on pavement rutting. Chatti et al., 2004 used field data from the General Pavement
Study (GPS-1) in the Long Term Pavement Performance (LTTP) program to investigate

the relative damage (fatigue and rutting) to asphalt pavements by various axle and truck



configurations. There were no conclusive results from the analysis about the effect of
axle/tru‘ck configurations on fatigue and rutting damage.

In examining their special overload permits, the Ohio Department of Transportation
(ODOT) recognized that trucks traveling from Michigan to northern Ohio cities were
substantially heavier than those in Ohio (Ilves and Majidzadeh, 1991, Saraf and Ilves,
1995). Therefore, a field study was conducted to investigate the effect of Michigan
heavy vehicle weights on pavement performance. The following field data were collected
for this study: traffic, rutting, faulting, cracking, roughness, and deflection measurements.

Regression analysis of rutting data produced the following equation:
RUTF = 0.035 + 0.984 (C13) +0.03(B + C) + 0.0007 (months) 2-1)

where RUTF is rutting (in inches) in flexible pavement,

C13 is the number of FHWA class 13 vehicles in the lane per day in thousands,

B is the total number of trucks in FHWA classes 8-12 in thousands,

C is the total number of trucks in FHWA classes 4-7 in thousands,

months is the number of months of testing with January 1986 as month =1.
They concluded that heavy axle loads affected rutting of flexible and composite
pavements; however, the field traffic and performance data used in the study were from

only four roads linking Ohio and Michigan. In addition, the analysis did not compare the

relative damage resulting from various axle/truck configurations.




2.3 LABORATORY STUDIES

2.3.1 Fatigue

Several methodologies exist to measure the fatigue life of flexible pavements such as the
repeated flexural test, direct tension test, diametral repeated load test (Indirect Tensile
Cyclic Load Test, ITCLT), dissipated energy method, fracture mechanics test, repeated
tension or tension and compression test, triaxial repeated tension and compression test,
and wheel track test (Rao et al., 1990 and Matthews et al., 1993). Matthews et al., 1993
ranked these methods, incorporating the advantages, disadvantages and limitations, as
shown in Table 2-1. They also listed the laboratory fatigue tests (simple fracture, support
fracture, direct axial, diametral, triaxial, fracture tests, and wheel tracking tests) and the
basic concept of each test. Some of these tests were stresses-controlled while others were
strain-controlled. However, all of these tests have been performed using either a single
pulse with rest period or a continuous sinusoidal load. When a vehicle travels over the
pavement, a given point in the pavement is subjected to multiple pulses depending on the
trucks and their axle configurations as shown in Figure 2-1. To determine the fatigue life
under multiple axle loads, Miner’s hypothesis is commonly applied to accumulate the
damage resulting from the different axles within an axle group. This relation is given by

(Miner, 1945).

n oy S + 0 +0m <
N, N,, N, N, N,

(2-2)

1f 2f

({3 ”

where “i” is the i™ level of applied strain/stress at the point under consideration. “n;” is

the actual number of applications at strain level “i” that is anticipated, and “Njf“ is

10



“i”

the number of applications at strain level “i” expected to cause fatigue failure if

applied separately.

Hence, the actual fatigue life of flexible pavements resulting from multiple
axle/truck loads has not been considered directly. Recently, Chatti and El Mohtar, 2004
studied the fatigue life of an asphalt mixture in the laboratory under different truck axle
configurations (single to 8-axles) using the ITCLT by applying load pulses that are
equivalent to the passage of an entire axle group or truck. A unique fatigue curve relating
the number of repetitions to cause failure in the laboratory, and the initial dissipated
energy for various axle configurations was found (see figure 2-2). The results indicated
that multiple-axle groups were less damaging in fatigue per tonnage carried as compared
to single axles (see Figure 2-3). The increased number of axles carrying the same load
resulted in less damage due to the decreased, evenly distributed weight at any given point
on the pavement. This decrease in damage was found to be more significant between
single, tandem and tridem axles, while it starts to level off at higher axle numbers, as
shown in Figure 2-3. Similar results were obtained for trucks with larger axle groups,

which had lower truck factors per tonnage than those with single and tandem axles.
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2.3.2 Rutting

Similar to pavement fatigue, several trials have been made to predict pavement rutting
based on laboratory experiments (Leahy, 1989, Ayres, 2002, and Kaloush and Witczak,
2000); however all of these trials were based on single load pulse. In reality, the
pavement is subjected to multiple load pulses due to the passage of large axle groups as
shown before in Figure 2-1. The permanent deformation parameters can be predicted
from laboratory experimental data. Qi and Witczak, 1998 used the unconfined cyclic
creep load test to develop a permanent deformation model that considered not only the
effects of stress level and temperature but also that of loading time and rest period for
asphalt mixtures. They developed predictive equations for the permanent deformation

parameters o as a function of loading time and rest period and p as a function of loading

time, rest period, temperature and stress level as follows:

1 =0.00237082 * t10'065 1478 « td_o' 107480  71.01843 4 0.320862

(2-3)
a =0.751629 + 0.0438023 *log(¢;) —0.0231006 * log(z4) (2-4)
where
t; =loading time (sec) t,=rest period (sec)
T = test temperature (°F) O = stress (psi)

Even though these equations were based on a reasonable number of samples (72) they
were only for a single asphalt mixture. Moreover, this laboratory investigation did not
account for different load configurations (single, tandem, tridem, ect.).

Recently, the National Cooperative Highway Research Program (NCHRP) sponsored a
study to identify a simple test for confirming key performance characteristics of

Superpave volumetric mix designs (Witczak et al., 2002 and Bonaquist et al., 2003). In

15



this study, candidate simple performance tests for permanent deformation, fatigue

cracking, and low-temperature cracking were identified and validated. Table 2-2

identifies the test methods and the response variables measured in each test that was

evaluated for their correlation to permanent deformation performance.

The principal selection criteria for these candidate tests were 1) accuracy 2) reliability 3)

ease of use, and 4) reasonable equipment cost. The confined or unconfined repeated load

test was one of the recommended candidate tests as a simple performance test for

characterizing the permanent deformation.

Table 2-2 Candidate test methods and responses for the SPT (Witczak et al., 2002)

Test method

Mixture response parameters

Dynamic modulus
test

Dynamic modulus

Phase angle

SST shear modulus

Dynamic modulus

Phase angle

Quasi-Direct shear
(field shear test)

Dynamic modulus

Phase angle

Triaxial repeated
load

Slope and intercept of accumulated permanent and total strains

Plastic to resilient strain ratio

Resilient modulus, total and instantaneous

Plastic and resilient strains

Number of cycles to plastic flow

SST repeated shear,
constant-height

Slope and intercept of accumulated permanent and total shear strains

Plastic to resilient strain ratio

Resilient shear modulus, total and instantaneous

Plastic and resilient shear strains

Number of cycles to plastic flow

Triaxial and uniaxial
creep

Angle of internal friction

Cohesion

Compressive strength

Percent strain recovery

Triaxial compressive
strength

Angle of internal friction

Cohesion

Compressive strength

Fracture energy
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2.4 MECHANISTIC ANALYSIS

Heavy trucks have been recognized as a source of pavement damage due to the stresses
and strains imposed by heavy multi-axle loads. Analytical models have been used to
calculate generalized pavement response. These responses ultimately cause the major

pavement damage manifestations such as fatigue and rutting.

2.4.1 Fatigue

Fatigue is one of the main distress types in flexible pavements. Numerous fatigue models
have been formulated based on laboratory testing and calibrated with the field
performance and accelerated pavement testing. Some of the well-known equations

include those developed by Asphalt Institute (AI) and Shell:

-3.291 -0.854
Ny =0.0796*¢; *E,. (AI) (Shook, 1982) (2-5)

-5.671 -2.364
N r= 0.0685*¢; *E,, (Shell) (Claussen, 1977) (2-6)

where
N, /¢ = the number of load repetitions to failure,

&; = the horizontal tensile strain at the bottom of the HMA layer,
E . = the dynamic modulus of elasticity of asphalt concrete.

For the future mechanistic-empirical design procedure being developed under the

NCHRP 1-37A project the following equation is proposed:

5B2

L pras,

Nf = ﬂle"Kla

! (SHRP) (ARA, Inc., 2004)(2-7)

where

17



Nf= number of repetitions to fatigue cracking,
&= tensile strain at the critical location,

E = material stiffness,

K, = laboratory calibration parameter,

Bfi, P, Br = field calibration factors.

Gillespie et al., 1993 provided the most comprehensive mechanistic analysis of heavy
trucks within the NCHRP study titled “Effects of Heavy-Vehicle Characteristics on
Pavement Response and Performance.” In this study, analytical models of truck and
pavement structures were developed to allow a systematic study of the pavement
responses to moving, dynamic loads of various truck configurations. The truck

characteristics included in this study were:

e Truck type (straight trucks, tractor-semi-trailers, and multiple-trailer
configurations),

Axle loads,

Number of axles,

Spacing between axles,

Suspension type (single axle with leaf and air spring and tandem axle with leaf
spring, air spring, and walking beams), and

o Tire parameters (single/dual configurations, radial/bias construction, and inflation

pressure).

The response was determined in both rigid and flexible pavements for various designs
and properties, with variations in road roughness and vehicle speed. Pavement responses
(stresses, strains, and deflections) were evaluated throughout the pavement. The main

conclusions of the study were:

o Static axle load was found to be the unique vehicle factor that has a significant
effect on fatigue damage.

o Fatigue in flexible pavements vary in a ratio of 1:20 over a range of axle loads
from 10 to 22 kips because fatigue damage is related to the fourth power of the
loads.

o Fatigue damage was not directly related to vehicle gross weight but varied with
maximum axle loads on each vehicle configuration.

18



Axle spacing has little effect on flexible pavement fatigue.

Static load sharing in multiple axle groups has a moderate effect on the fatigue of

flexible pavements.

e Flexible pavement fatigue remained fairly constant with vehicle speed.

Hajek and Agarwal, 1990 highlighted the factors to be considered in calculating the LEFs
of various axle configurations for flexible pavements and developed factors using
different strain criteria. It was concluded that pavement response parameters such as
deflections and strains have considerable influence on LEFs. Moreover, axle weight and
their spacing also contribute to the flexible pavement fatigue damage significantly.
Sebaaly and Tabatabaee, 1992 studied the effect of tire parameters on flexible pavement
damage and LEFs. They compared single and tandem axles of similar per-axle load
levels, and concluded that the passage of one tandem axle produced less fatigue damage
than the passage of two single axles. Chatti and Lee, 2004 studied the effects of various
truck and axle configurations on flexible pavement fatigue using different summation
methods (peak strain, peak-midway strain, and dissipated energy) to calculate the fatigue
damage. The results indicate that the peak-midway strain method agrees reasonably well
with the dissipated energy method. Moreover, Chatti and Lee recommend using the

dissipated energy method because it captures the totality of the stress-strain response

during the passage of the loads.

2.4.2 Rutting

Rutting is a major failure mode for flexible pavements. Two mechanistic modeling
approaches have been developed to predict rutting. The first approach is referred to as the
subgrade strain model, while the second approach considers permanent deformation

within each pavement layer.
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The two most widely used equations related to the subgrade strain model are the Asphalt

Institute (AI) model (Shook, 1982) and the Shell Petroleum model (Claussen, 1977).

N, =1365%107 *g " (AD) 2-8)
- -4
Np =6.15*10 7 *SC (Shell) (2-9)
where

N p = Number of load repetitions to failure

gc = Vertical compressive strain at the top of subgrade.
Failure is defined as the development of 13-19 mm (0.5 to 0.75 in) rut depth in the Al

model and 13 mm (0.5 in) rut depth in the Shell model.

Kim (1999) developed a rutting model related to the second approach—permanent
deformation within each layer—which accounts for the total rutting in all pavement

layers as follows:

RD =(=0.016H 4¢ +0.0331n(SD) + 0.0117,,,,,,,0; — 0.011n(KV)) *

~2.703+0.657(8, pase)* > +0.271(g, 56)°% +

(2-10)
Eqc
0.258In(Ngg4; ) - 0.0341n
EsG
where:
RD = Total rut depth (in)
SD = Surface deflection (in)
KV = Kinematic viscosity (centistoke)
Tannual = Average annual ambient temperature (°F)
Hac = Thickness of asphalt concrete (in)
N = cumulative traffic volume (ESAL)
Easc = Resilient modulus of HMA
Esg = Resilient modulus of subgrade
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£ = Vertical compressive strain at the top of the base (10)

v,base

€, sc = Vertical compressive strain at the top of the subgrade (107

This model is limited to using the ESAL, and therefore can not handle different axle
configurations. Also, the model was calibrated for specific sections in the state of
Michigan (50 sections).

The VESYS rutting model (Moavenzadeh, 1974) was derived so that each term of the
equation corresponds to one pavement layer with two unique permanent deformation
parameters (O and p). The form of the model is more applicable for use in this research

as shown below [Ali and Tayabji, 2000 and Ali et al. 1998].

_ Hac (K \l-a Hb K \-a
Pp = hac ('Z (n,-) AC (gei,AC) + Mpase =k p2 (ni) base (gei,base)
l-apc \i=1 1-arpase \i=1
HsG K \l-asg
+ 2z Eei
hg l-ag i=l( l) ( ei,SG )
(2-11)
where:
P P =total cumulative rut depth (in the same units as the layer thickness),
I = subscript denoting axle group,
K = number of axle group,
h = layer thickness for HMA layer, combined base layer, and subgrade layer, respectively,
n = number of load applications,
g,  =compression vertical elastic strain at the middle of the layers,

= permanent deformation parameter representing the constant of proportionality
between plastic and elastic strain, and

= permanent deformation parameter indicating the rate of change in rutting as the
number of load applications increases.

Moreover, Ali et al., 1998 calibrated the new form of the model using 61 sections from
the Long Term Pavement Performance (LTPP) General Pavement Study 1 (GPS-1) by

backcalculating the permanent deformation parameters for each layer. Ali and Tayabji,
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2000 also proposed using a transverse profile to backcalculate permanent deformation

parameters, and reported one set of values obtained from only one LTPP section (see

Table 2-3).

Kenis (1997) used the Accelerated Pavement Tests (APT) performance data to validate

and calibrate the two flexible pavement-rutting models used in VESYS 5. In their study,

they suggested a range for the permanent deformation parameters for the pavement layers

as shown in Table 2-3.

Table 2-3 Permanent deformation parameters
(Ali et al., 1998, Ali and Tayabyji, 2000, Kenis, 1997, and Bonaquist, 1996)

Calibration Pavement layer 1 o
HMA 0.701 0.7
LTPP Base 0.442 0.537
(Ali et al., 1998) Subbase 0.333 0.451
Subgrade 0.021 0.752
HMA 0.000103 0.1
Transverse profile
Base 1.163 0.95
(Ali and Tayabji,2000)
Subgrade 0.0008 0.644
HMA 0.6to 1.0 0.5t00.75
APT
) Base 03t00.5 0.64 t0 0.75
(Kenis and Wang, 1997)
Subgrade 0.01 to 0.04 0.75
Asphalt concrete 0.1t0 0.5 0.45t0 0.9
APT Granular base/subbase 0.1t00.4 0.85t0 0.95
(Bonaquist, 1996) Sandy soil 0.05t0 0.1 0.8t00.95
Clay soil 0.05t0 0.1 0.6t 0.9
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The future mechanistic-empirical design procedure being developed under NCHRP 1-
37A (ARA, Inc., ERES division, 2004) provides a rutting model for the HMA layer

(equation 2-12) as well as unbounded layers (equation 2-13).

£ 1.734 B 0.39937 p

P _0.0007 g T rzZn r3 (2-12)

£ r

y
where:
£ p = plastic strain E  =resilient strain
r

T = layer temperature N = number of load repetitions

B:1, Pr2, Br3 = field calibration factors
. _ ( p_) ’
§ (N)= B . h|Z|le \¥
a s v £ (2-13)
,

where:

5" = permanent deformation for the layer N = number of load repetitions

_ . . h = thickness of the layer
g, = average vertical strain
. & - .

€0,PB =material parameters " =resilient strain
B = field calibration factor

The field calibration factors for those two models are shown in Table 2-4.

Table 2-4 Field calibration factors for the new mechanistic-empirical design guide

Optimization Bri B2 Br3 Bos Bsc

Method one 0.551 | 0.900 | 1.200 | 1.050 | 1.350
Method two 0.509 | 0.900 | 1.200 | 1.673 | 1.350

As mentioned previously, there are several rutting models available in the literature

(more literature in Kim, 1999). However, each rutting model has specific limitations, as
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listed in Table 2-6. Ullidtz’s, 1987 literature review shows that the subgrade strain
models (AI and Shell models) are based on unreasonable assumptions, since they only
account for subgrade rutting while neglecting upper pavement layer rutting. He also,
reported that the subgrade rutting in the AASHO road test was only 9% of the total
rutting as shown in Table 2-5.

Table 2-5 Percent layer distribution of rutting (Ullidtz, 1987)

Pavement layer Percent observed rutting
Asphalt concrete 32
Base 14
Subbase 45
Subgrade 9

The rutting model form of Ali et al. (1998) is more appropriate to apply in this study;
however the calibration of the permanent deformation parameters is the weakest point.
The previous calibration process of that model has several limitations as shown in Table
2-6. Hence, a calibration procedure for this model is suggested in this study using the
LTPP Special Pavement Study-1 (SPS-1) data. This experiment provides rut data for
various combinations of layer thickness and base types with fine as well as coarse grained

subgrade soils and for different climatic zones (Hanna et al., 1994).

24



00T (VLE-1 SIHOND
Sumru spei3qns pue aseq JO UOINQLRUOD PAXI] « “[e 13 yezoum spm3 uBisp TN 9
‘[opour 3y ut 19mod se pasn A3y} asnesaq IARISUIS L661 ‘SIS SASTA ¢
K124 218 s1ajourered asay) JO SwIOS 19AIMOY ‘sidjawered uoneuuojap Jusueunad oy Jo a3uel IPIN
*SUONIPUOD
JeJIWIs I9pUN S[eLIS)eW Jejiuwls JoJ Jo juswdAed swes ay) 10§ pasn 3q AJuo ued siajourered asay]l <«
*SaNJBA JNI WNWIXew 000¢ SASTA )
ay) Suisn asoy} woly JuIYJIp A1939[dwod 219m sid)owered uoneurioyap jusueuusd pajeiqies YL « ifqede] pue 1y
‘uonoIpaid Jnu 9]qeUOSBIIUN SIAIT SUONDIS JUISIP 10] [dpows sy} Suisn «
“Suynu Jo junoure 331e] PAIQIYXI YOIGm ‘UONDS duo 10§ A[uo sem ssad01d uoneiqied syl «
*BJep SILIaS awn uey) Jayjel dap I 3saze] Ay 10§ AJuo sem ampadoird uoneiqied Y «
‘suondipaid sjemodeur pap[alf ejep pajelqijes ay) spisino [apous sigy Suis) <« 8661 '[e1 IV SASHA 1)
‘syidap jru pamseswt pue pojoipaid usamiaq 1oeds I3re] «
‘A[UO SuUONd3s UBIYOIA 10 PAIRIQI[ED SBM [POW SIY] <
IaAe] yora urynm Sumru jo1paxd jou saop 1 ‘Sumni 2103 3y spo1paxd [spous A YW « 6661 W NSKW [4
STVSH Ul 3q 0} sey dyjel], «
‘adeys
-§ pa10adxa 3y mo[[oj J0u pIp ones sFewep Suryru pue Sumru paaIasqo usamiaq diysuonejar oyl « | LLO61 UISSNE[D —— .
‘asealout suonesijdde peoj jo 1aquinu oy} se SuruspIey el 10§ JUNOIIE JOU PIP S[APOW ISAY], « ‘861 Yooys
‘s19A®] Joo woyy Sumnu 3y 193[3u pue Sunu aperdqns 10§ AJuUO JUNOIE S[IpoOU ISAY], «
suoneuy sloqiny Sweu [3SpoA # ISPON

sjopow Suipnu juowaaed ajqixafy Sunsixa sy Jo suonENIWI 9 -Z JqeL

25



2.4.2.1 Contribution of pavement layers to rutting

Rutting is the load-induced permanent deformation of a flexible pavement. According to
the magnitude of the load and the relative strength of the pavement layers, permanent
deformation can occur in the subgrade, the base, or hot mix asphalt (HMA) layers.
Susceptibility of pavement layers to rutting varies according to pavement material
properties and climatic conditions. For example, rutting of HMA layers is more common
during hot summer seasons than it is during the winter, and permanent deformation is
more likely in unbound sub-layers during wet spring seasons. Suitable rehabilitation of
existing rutting requires knowledge of the relative contributions of the layers (i.e.,
subgrade, base, and HMA) to the total permanent deformation in the pavement. There are
two main ways to identify the layers primarily responsible for the rutting of a flexible
pavement: 1) trenches and 2) transverse surface profile. The rut depth measurements are
not precise in the trenched unbounded layers (base, subbase, and subgrade) due to the
inconsistency of layer thicknesses and noise caused by individual particles at the surface.
Moreover, digging trenches is expensive and difficult to maintain. On the other hand,
measuring a transverse surface profile is easier, less hazardous, and far less costly than
cutting a transverse trench to examine underlying layers. Therefore, great effort has been
made to investigate and analyze the transverse surface profile in order to determine
rutting within the pavement layers (White et al., 2002, Harvey and Popescu, 2000, and
Chen et al., 2003).

Simpson et al., 1995 introduced a technique in which the area under the transverse
surface profile can be used to determine whether rutting can be attributed to the effect of

heave, or changes in the subgrade, base, or asphalt layer. This technique is based on a

26



linear elastic model to predict the shape of the surface profile. A single line, representing
the original pavement surface, was drawn between the two end points of the profile. They
used the total area bounded by the original and the current road surfaces and the ratio
between the amount of area above and below the original pavement line to determine the
possible main contributing layer to rutting. Figure 2-4 shows the variation of transverse
profile shapes and indicates for each where the rutting originated within the pavement

structure based on the area technique.

d- Heave

Figure 2-4 Transverse surface profile for various rut mechanism (Simpson et al., 1995)

White et al. (2002) indicated that Simpson’s technique did not accurately differentiate
rutting caused by asphalt or base layers. Their argument suggests that the discrepancies

were created because Simpson used a linear elastic theory to estimate the shape of the
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surface profiles. White has extended Simpson’s method using a nonlinear visco-elastic
finite element model to predict pavement deformation. The FEM analysis matched
Simpson’s predictions and in addition, it was able to separate the effects of the base from
those of the HMA layer. However, the authors noted that the rut depths on all of the
sections analyzed in their research were greater than 5 mm (0.2 in). The rut depth has to
be well defined to accurately determine the reference line between the two end points of
the surface profile. White’s procedure required that the transverse profile measurements

be greater than 3.6 meters (12 ft), especially when a shoulder was present in the section.

2.4.2.2 Variables affecting permanent deformation parameters

There are several variables affecting permanent deformation parameters o and p (see
equation 2-11) . These variables can be divided into four groups 1) environmental, 2)
material properties, 3) cross sections, and 4) construction quality. Simpson et al., 1994
developed a rutting model to predict the total rut depth for LTPP data (GPS-1 and GPS-
2). The model uses a multiplicative regression equation and includes several variables as

shown in Table 2-7.

Table 2-7 Variables affecting the permanent deformation parameters
(Simpson et al., 1994)

Environmental Material properties Cross sections Construction
quality

Freeze index Air voids in HMA HMA thickness | Base compaction

Annual precipitation % passing sieve 200 in Base thickness

Average annual minimum subgrade

temperature % passing sieve 4 in HMA

Number of days above 90 °F Asphalt viscosity
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In a further study, Simpson et al., 1995 distinguished the rutting contribution from each
pavement layer using the same LTPP data. A general model for the total surface rutting,
subgrade rutting, base rutting, HMA rutting, and heave was generated using neural
network analysis. The variables that were considered in each model are listed in Table 2-

8.
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2.5 SUMMARY

The main goal of this research is to investigate the relative effects of different axle/truck
configurations on rutting of flexible pavements. Although some research has been
conducted on the subject, there is still a need to extend this research to include new,
heavy, multi-axle trucks. This section will detail the research approach based on the
literature review presented above for analysis of in-service pavements, laboratory

investigation and mechanistic analysis.

2.5.1 Analysis of in-service pavements

It appears that previous field investigations were very limited and did not answer the
research question. Therefore, in the present study, actual field data from the state of
Michigan were analyzed to study the effects of various axle and truck configurations on
rutting. The Michigan Department of Transportation (MDOT) has very comprehensive
pavement performance data as part of their Pavement Management System (PMS).
MDOT also collects rutting and roughness data, as well as traffic count and weight data,
throughout its network. Collection of traffic and weight data has been recently upgraded
by using new Weigh In Motion (WIM) technology. This allows for a more accurate
representation of the distribution of truck axle weights and configurations along MDOT's
trunk-lines. The details of the truck traffic and pavement rutting data, as well as the

analyses conducted, are explained in the following chapter.
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2.5.2 Laboratory investigations

2.5.2.1 Fatigue
The relative effect of different axle/truck configurations on fatigue cracking has been
extensively investigated in the laboratory at Michigan State University (Chatti and El

Mohtar, 2004).

2.5.2.2 Rutting

Based on the literture review, the most suitable rutting test that can characterize the
relative permanent deformation damage for asphalt mixture was the unconfined cyclic
creep test. The unconfined cyclic creep test will be utilized according to the new
procedure for sample preparations (coring, sawing, and capping). Different axle/truck
load configurations will be simulated as a series of different load pulses, and the

cumulative permanent strain and flow number will be used for relative comparisons.

2.5.3 Mechanistic analysis

The mechanistic analysis will consider the relative effect of different axle/truck
configurations on the entire pavement system (HMA, base, and subgrade layers). This

analysis will be compared with the field investigations.

2.5.3.1 Fatigue

The relative effect of different axle/truck configurations on fatigue cracking has been
extensively investigated mechanistically by Gillespie et al., 1993 and Chatti and Lee,
2004. Based on the results, fatigue is greatly affected by individual axles (as opposed to
gross weight of the truck), and large axle groups cause less damage per tonnage carried

than smaller axle group.
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2.5.3.2 Rutting

The study of relative effects of different axle/truck configurations on permanent
deformation was limited to single and tandem axles only. Based on the literature review,
the most suitable rutting model for calculating the permanent deformation in each
pavement layer due to different axle/truck configurations is the VESYS model. Even
though several trials have been made to backcalculate the permanent deformation
parameters, they yield a wide range for these parameters. Therefore, this research will
consider calibration of the VESYS rutting model using in-service data from the LTPP

SPS-1 experiment.
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CHAPTER 3- ANALYSIS OF FLEXIBLE PAVEMENT
RUTTING FROM IN-SERVICE DATA

3.1 INTRODUCTION

The Michigan Department of Transportation (MDOT) has very comprehensive pavement
surface distress data files. The data include flexible pavement rutting as well as traffic
count and weight data. Therefore, these data can be utilized to investigate the relative
effect of Michigan multi-axle trucks on actual pavement rutting. In addition, investigating
the relationship between truck traffic and pavement rutting from in-service pavements

can be used to verify mechanistic and laboratory findings.

3.2 SITE SELECTION PROCEDURE

The following summarizes the steps that have been done for the site selection:

o Extract the stations rut data that have available traffic for the years 2000 and 2001
from the FHWA program (VTRIS).

e Match those stations rut data with the control sections using the Permanent Traffic
Recorder, PTR, file provided by MDOT.

e Locate the stations in each county using the control section in the 2001 Physical
Reference/Control Section, PR/CS atlas and determine exactly the location of the
weigh stations on the control sections.

o Traffic data in the sufficiency rating book and Michigan annual average 24-hour

commercial traffic volumes maps were used to examine the variation of the traffic
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relative to the weigh station segment. The variation on the considered length of the
control section was limited to a maximum of 10%.

In some cases, the truck traffic data were valid only for a small portion of the control
section (the weigh station segment), especially when there are several main exits and
entrances on the road as shown in figure 3-1.

In other cases, the traffic data were valid for two consecutive control sections where

there are no main exits or entrances on the road as shown in Figure 3-2.

Beginning of the CS Location of the Ending of the CS
18024 weigh station 18024

ITUSTIN
300

OSCEOLA
. 520 520
D ®
Y EVART
20

LT W W - SO, W

MECOSTA J2

&
Segment taken into & oon
consideration

Figure 3-1 Variation of the traffic along CS # 18024
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