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ABSTRACT

This study deals with mechanistic Load Equivalence Factors
(LEF) for flexible pavements. It addresses two sets of
objectives. First, a theoretical investigation of cycle
counting methodologies used for mechanistic LEF's calculation
was carried out. Second, a number of these methods were used
for calculating LEF's from in-situ strains.

The study includes an extensive literature review, starting
with the empirical approach proposed by the AASHO Road Test
(AASHO, 1961). Mechanistic methods for LEF's calculation are

1y i and di

Next, the concept of fatigue cycle, as defined by the ASTM
standard E 1049-85, is introduced and its applicability to
flexible pavements is investigated. As a result of the
comparison of all the fatigue cycle counting methods proposed
by the standard, the Range-Pair Counting Method was selected
for LEF's calculation.

The experiment undertaken in order to obtain strain versus
time histories included two experimental trucks, namely a
3-axle configuration and a 5-axle configuration. The experiment
involved 3 levels of speed, 3 levels of loading and 2 replicate
runs of the experimental vehicles for each speed and load

combination. Each set of 2 replicate runs of the experimental



trucks were followed by an equal speed run of the Benkelman
Beam truck.

Resulting strain versus time histories were evaluated in
terms of the quality of the lateral placement. Those
corresponding to the best lateral placements were processed
~y the proposed ASTM Range-Pair Cycle Counting method, by the
mechanistic method employed during the RTAC 1986 study, and
the results were compared to the empirical AASHO LEF's. A new
integral approach, based on the cycle definition provided by
the selected ASTM method for cycle counting, was also
introduced.

Comparative assessment of LEF's calculated by different
methods was made in order to validate numerically and
investigate the suitability of each method for LEF's

calculation.
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Chapter 1

1 AND
The load equivalence concept appeared as a design tool,
intended to transiorm pavement damage from mixed traffic into
damage from a standard axle. The Load Equivalency Factors
(LEF's) emerged from the concept of equivalence as ratios of
pavement life. They index the pavement damage caused by a
candidate axle { to the damage caused by a standard single axle

s (Equation 1.2).

N, (1.1)
LEF =3
The concept of damage can be considered as fundamental,
because it affects activities such as: allocation of pavement
construction and maintenance costs to pavement users, pavement
performance predictions and pavement design. For this reason,
it is important to define equivalency in term of damage by

evaluating the reduction in pavement performance. The indicator

of the ion in p: per is the serviceability,
defined as the ability of the pavement to conveniently
accommodate traffic. The serviceability is influenced by a
combination of different types of surface distress, namely
roughness, cracking, patching, and wheelpath rutting. Failure
is reached when the combination of these distress types equals

a maximum acceptable value, defined as terminal serviceability.



This approach was adopted by the AASHO Road Test, the most
important experiment to date leading to empirical LEF's.
Although the results of this study are still in use, with few
modifications (AASHTO, 1986), changes in axle weights and
configurations create the need to look at alternative
methodologies for LEF's determination.

Quantifying damage in terms of pavement distress yields

LEF's related to a particular type of distress, such as fatigue

cracking or ion of the p: t. Each type

of distress is associated to a pi r and
a corresponding fatigue relationship. For example, the response
parameter associated with fatigue cracking is the tensile strain
at the bottom of the asphalt concrete layer, while the response
parameter associated with permanent deformation of the pavement
is the compressive strain at the top of the subgrade. Pavement
distress-related LEF's are defined as mechanistic. According
to the procedure used to obtain the pavement response parameters,

these LEF's can be theoretical, when the response parameter is

calculated, or when the r par: are based
on experimental measurements.

This study considered onz distress type, namely fatigue
cracking of flexible pavements.

The form of the fatigue relationship which represents this

distress mechanism is shown in Equation 1.3:



])x, (1.2)

where:

N, fatigue life corresponding to the €, level of strain.

m
1

tensile strain at the bottom of the asphalt concrete

layer.
ki.k, = material constants.

Similar to other studies (RTAC, 1986; Hutchinson, 1987) the
exponent k, was considered to be 3.8.

Because the strain versus time histories were experimentally
obtained by monitoring pavement instrumentation (strain gauges)

under load, the LEF's derived are mechanistic and based on

measured p r The axle load used as a
reference was the trailing axle of the Benkelman Beam truck

(18,000 1bs).

i
!
t



Chapter 2
OBJECTIVES

The objectives set forward by the study can be grouped into
two main categories. First, to perform a theoretical
investigation of cycle identification and counting methodologies
used for mechanistic LEF's calculation, focusing on the ASTM E
1049-85 standard approach. Second, to calculate and compare
LEF's based on measured tensile strain versus time histories.
These suggest the following tasks:

1. Review the literature on mechanistic LEF calculation
methods and summarize the findings for effective

reference and use.

2. Introduce the concept of fatigue cycle as defined by
the ASTM standard E 1049-85 and compare all the fatigue

cycle counting P by the in
order to find the most suitable one for pavement

analysis.

3. Validate numerically the selected method for cycle
counting, by comparing its output to that of other
mechanistic methods and by relating it to empirical

LEF's values.



Investigate the suitability of integral methods for
LEF's calculation, based on the cycle definition

established earlier.



Chapter 3
LITERATURE REVIEW

The load equivalency concept relates two different axle
loads, the candidate axle and the standard axle by means of a
specified amount of pavement damage. It was introduced ip
order to facilitate the analysis of pavements under a complex
spectrum of traffic loading. Although the concept was
formalized in the 40's by Grumm, its widespread use started
after the AASHO Road Test. Except for the empirical findings
of the AASHO Road Test, there has been a strong tendency to
define Load Equivalency Factors (LEF's) based on pavement
primary responses. Both calculated and measured deflections,
stresses, and strains were extensively used, and various methods
of LEF's calculation devised. The objective of this chapter
is to summarize chronologically the main methods for LEF's

calculation available to date.

3.1 AASHO Road Test (1962)

The AASHO Road Test was the most extensive road experiment
undertaken to date being the basis for the first empirical
LEF's. The test was conducted by using six traffic loops,
five of which carried traffic while the sixth carried no
traffic, and played a control role. The loops were divided

in sections of different structural designs of roughly 100 ft



long each. The flexible pavement sections included an asphalt
concrete layer, crushed limestone base and an uniformly graded
sand-gravel subbase. The experiment considered various
combinations of each layer.

The main objective of the AASHO Road Test was to relate

pavement performance to axle load applications and to the

structural design of p. Af 1 pt employed
at the AASHO Road Test was the serviceability of a pavement,
defined as its capacity to conveniently accommodate traffic.
Performance is the serviceability history of the pavement. A
subjective appraisal of serviceability was initially described
by the Present Serviceability Rating in a scale of 0 to 5.
The concept of the Load Equivalency Factor was introduced in
order to index the pavement damage caused by various axle
configurations and weights. A reference value, caused by a
single axle on dual tires carrying 18,000 lbs was selected as
standard. This can be mathematically expressed as:

W,(18) (3.1)

Load Equivalence, = V(0

where:

W,(x) = the number of repetition of the candidate axle

producing a given amount of damage, and



Iv,(18) = the number of repetitions of the standard axle of
18,000 lbs producing the same amount of damage.
Typically, the number of repetitions to failure is considered
for both the candidate axle and the standard axle. Failure
was defined as the serviceability level at which rehabilitation
must be undertaken.

The Road Test adopted an objective evaluation of
serviceability, based on measurements of significant pavement
distress types related to performance. Equation 3.2 introduced
the Present Serviceability Index (PSI or p) as a function of
longitudinal pavement profile, and the extent of cracking,
patching and rutting.

p=5.03-1.91log(1+3V)-0.01yC+ P-1.38RD* (3.2)

where:
P = present serviceability index
SV = average slope variance for the wheelpaths
C+P = cracking and patching of the pavement surface
(ft2/1,000ft%), and
RD = rutting in the wheelpaths (in) .
For each section, the serviceability index was calculated
based on measurements made at intervals of two weeks. Each
interval was called "index period" and the last day of each

index period was termed an "index day". Between November 3,



1958 and November 30, 1960 there were 55 index periods. The
total number of axle applications accumulated through the ("

index period (N,) was calculated with the Equation 3.3.
N=n,+n,+..+n, (3.3)

where n, is the number of axles appiied during the "™ index

period.

In order to for the 1 affecting the

rate of damage accumulation, "seasonal weighting furctions"
q., were defined. These were determined on the basis of the
mean deflections measured in the unloaded loop (Loop 1) during
the various index periods. The total number of weighted

applications would be given by Equation 3.4

Wi=qn+qanz*..+qun, (3.4)
The use of weighted load application was found to increase the
correlation and to reduce the mean residuals of the regression
equations described next.

For sections that did not survive the test, five pairs of
simultaneous values of p and Iv’ were taken at p= 3.5, 3.0, 2.5,
2.0 and 1.5. For sections that survived the test period,
serviceability versus accumulated number of axle applications
was chosen at 11, 22, 33, 44 and 55 index days. For modeling
serviceability, various mathematical models were proposed. The

one chosen is given by Equation 3.5.



W) (3.5)
s tie[E)

where:
P = the serviceability value after Iv load applications
cp = the initial serviceability value, (i.e., taken
equal to 4.2), and
c; = the terminal value of the serviceability (i.e.,
taken equal to 1.5).
The function (B determines the shape of the serviceability curve
with increasing axle load applications, while p represents the
number of axle load applications that cause pavement failure
(i.e, terminal p).
After rewriting Equation 3.5 in a logarithmic form and
introducing G to be a function of the serviceability loss,
(Equation 3.6), a new expression relating serviceability,

loading and design parameters was obtained, (Equation 3.7).

(co=p) (3.6)
G I‘m(cu-h)
G =P(logW ~logp) (3.7)

Using the five pair values for p,W, the corresponding values
of G were calculated and a straight line was fitted to the

five pairs of G,W. The slope of the line, B and the intercept

10



on the Jogl/ axis, logp wWere determined. An estimate of the
relationship between 3, the load and design variables was also

produced, as shown below:

5,
Bo(Ly+1,)"™ (3.8)
[5=[5°+—.l_'__2__.__.__,.
(a1Dy+azDe*a3Dy+ay) ' Ly’
where:
B, = minimum value of B
L, = nominal weight of the axle in kips
L, = type of vehicle (1 for single axle and 2 for tandem
axle vehicles), and
D,,D2,D3 = are the thi of the p layers.

The remaining values are regression constants. Assuming that
B estimates obtained from Equation 3.8 are better than p3
estimates based on individual section performance, a feedback
process was employed in order to recalculate logp values from
Equation 3.7. A relationship between p, the load and design

variables was also assumed:

Ao(@, D +a3Dz+agDy+ay)" 13° (3.9)
o
(Ly+L)™

In Equations 3.8 and 3.9, the expression a,D,+a;D,*a;D; was

defined as the Structural Number (SN) or D and the a,coefficients

were described through regression.
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D=0.44D,+0.14D,+0.11D, (3.10)
The regression analysis performed gave the following regression
relationships for B and p:
rs=0‘H0.081(L\+L,)°-ZJ (2.11)
: (D+ 1) P35
10599(D + 1)%96 4% (3.12)
L+ L)

The above relationships perrit the calculation of B and p as
functions of the pavement structure and loading. However, both
equations reflect preset levels of initial and terminal
serviceability, particular subgrade and environmental
characteristics.

As it will pointed out later, (Section 3.8) findings of
the AASHO Road Test are part of current design practices in

use today.

3.2 study by Deacon (1969)

This study describes a mechanistic method for obtaining
LEF's. The methodology was based ot theoretically obtained
strains at the bottom of the asphalt concrete layer which were
considered to relate to pavement fatigue failure. Calculations
were made using a program developed by Chevron Research Company

(Michelow, 1963). The fatigue law is given by Equation 3.13:

12



1\¢ (3.13)
N‘=K(-)

where:

= the number of repetitions to failure at the strain
level e, and

K,C = material constants.

Replacing the fatigue law (Equation 3.13) in the expression
defining the Load Equivalency (Equation 3.1), LEF's with
reference to the standard axle load of 18,000-pound,
single-axle, dual-tire can be easily calculated from known

maximum principal tensile strains using the following equation:
e " (3.14)
Fo=|—
ey

F; = load equivalency factor for configuration i

where:

e, = principal tensile strain under configuration i
e, = principal tensile strain under standard axle, and
C = constant, assumed equal to 5.5 throughout the study.
Three load configurations were modeled, namely, single
tires on single axles, dual tires on single axles and dual

tires on tandem axles. Single axles with single tires were

loaded with 1 to 17 kips in increments of 1 kip. Loads on

13



tandem axles with dual tires were four times those of single
axles with single tires while loads on single axles with dual
tires were twice those of single axles with single tires.
Figure 3.1 presents the load positioning used for stress
determination. The single axle with single tire was modeled
locating the load at the origin (A) of the cartesian coordinate

system.

27N
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Figure 3.1 : Plane view of load arrangement for stress

computations, (After Deacon, 1969).

For the single axle with dual tires the points A and B were
simultaneously loaded, while for tandem axles with dual tires
the loads were positioned at points A, B, C and D. Dividing

the distance between duals and the distance within tandem axles

14



in ten intervals, 121 evaluation points were identified in the
first quadrant. For each load configuration and each evaluation
point, the maximum principal tensile stress and strain were
computed.

The study recognizes that tensile strains generated by
tandem axles are more complex than those generated by single
axles. Figure 3.2 presents three strain patterns under a

tandem axle.

\
/1N /// \.\

N X = \
; ///// Q\\‘_/;y/ ’ \ \\\
L // S d \\\\

-
Figure 3.2 : Strain distribution for 36-kip tandem axle,

(After Deacon, 1969).

After identifying the curves for sections P2 and P3 as extreme
limits for the strain pattern of the tandem axles, a procedure
for processing intermediate strain curves, such as those
obtained from section P1, was devised. This was done by
theoretically approximating the effects of a tandem axle by

two passages of a single axle which produces the same maximum

15



principal tensile strain. In other words, the LEF of a tandem
axle is twice the LEF of a single axle whose maximum principal
tensile strain is equal to the maximum principal tensile strain

of the tandem.

2.3 study by Ramsameoj et al. (1972)

This study focused on theoretical development and
experimental verification of fatigue cracking and failure
mechanisms, based on fracture mechanics concepts.

The fatigue 1life was described by the Paris' crack
propagation law (Equation 3.15), as a function of the dominant
parameter controlling crack growth (C). This was the stress
intensity factor, which measures the magnitude of the stress

field in the vicinity of the crack.

dc (3.15)

——=AK*
b7 AK

dC = rate of crack propagation

K = stress intensity factor, and

A = constant of the material.

16



Based on the experimentally obtained average crack growth
curves, the rate of crack propagation was given by Equation

3.16

d (3.16)

c “12 g4
i *
N 5.00%107*K

The stress intensity factor is a function of the bending stress
¢‘, (which cannot account by itself for the cracking and the
subsequent stress redistribution), the crack 1length, the
relative stiffness of the pavement (Equation 3.17), and the

geometrical and boundary conditions.

A’ is the relative stiffness of the pavement expressed as,

(3.17)
A= \/; c

ER? flexural rigidity
12(1-v?)

where:

k = modulus of subgrade reaction
E = Young's modulus
v = Poisson's ratio

h = thickness of the slab

17



The stress intensity factors were determined from Equation
3.18 using the measured change in compliance with increasing
crack length.

E .1 0L (3-18)

| D, - —
& 2(1-v) hé(2c)

where:

K, = stress intensity factor

~

= compliance
P = load, and
2c = crack length
From equation 3.15, and the fact that K is proportional

to the load P, it was concluded that the LEF's for single axle

loads are proportional to the fourth power of the load.

- Case 1 (A+031,612m)

i 5 s00m
oy

ndon
‘ETH4550 on
Loy

Figure 3.3 : LEF calculation for tandem axle, (after Ramsamooj

et al., 1972).
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The stress intensity factor versus distance from the crack tip
distribution for tandem axles (Figure 3.3) was constructed
using the influence line of the stress intensity factor at the
tip of the crack. According to Figure 3.3, the equation for

LEF's calculation is:

LEF:(hu)"*('}Az)" (3:19)
(hes)
where:
hy; = maximum value of the stress intensity factor

produced by the tandem,
hy> = minimum peak-to-trough value of the stress
intensity factor produced by the tandem, and
hys = maximum value of the stress intensity factor
produced by the 18-kip standard axle.
Using this approach, the LEF is defined as the destructive
ratio, or crack ratio produced by one passage of the candidate

axle load as compared to an 18-kip single axle load.

3.4 study by Christison et al. (1978)
This study used measurements of pavement response to
calculate mechanistic equivalence factors of various axle

configurations. The experimental site was built in 1973 in



Alberta consisting of two full depth asphalt concrete pavements.
The instrumentation consisted of transducers measuring
deflection, stress, strain and pavement temperature. The
loading configuration included single axles on single tires,
single axles on dual tires and tandems on dual tires. All the
response parameters obtained for the above configurations were
compared to the effects of the Benkelman Beam truck axle of
80-kN (18,000-1b), adopted as standard axle. The tests were
performed when the subgrade was unfrozen and the pavement
temperature ranged from 2° C to 30° C (36° F to 86° F). Vehicle
velocities ranged from 3 to 56 km per hour (2 to 35 mph).

The definition of the Load Equivalency Factors given by
Equation 3.1 was employed throughout the study.

Failure was defined with respect to two criteria, namely,
the tensile strain at the bottom of the asphalt concrete layer
and the surface deflection.

In the first case, the procedure adopted by Deacon (1969)
was employed, describing fatigue life using Equation 3.13 and
obtaining the equivalency factors for single axles from Equation
3.14. Compressive strain peaks of the strain pattern were
ignored, the load equivalency factor determination making use

of tensile strain only (Figure 3.4).
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Figure 3.4 : Strain peaks extraction from response curve

COMPRESSION

For tandem axle loading, the maximum strain obtained under the
second axle was correlated to that obtained under the leading

axle, by introducing the constant K as shown in Equation 3.20:

(3.20)

where:
K; = ratio of the strain recorded under the second axle

to the strain recorded under the leading axle of
the tandem {, and

n = the number of tandem strain patterns considered.

Equation 3.14 beconmes:

(@) (s
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where:

o
]

load equivalency factor
K = the average ratio of strains, as shown in Equation

3.20

€, = maximum tensile strain caused by the leading axle
load, and
€, = maximum tensile strain caused by the standard axle.

In the second case, failure is defined with respect to the

maximum tolerable deflection using the following relation:
1\¢ (3.22)
n-(3)

where:
N = the accumulated axle load expressed as equivalent
axle load applications
6 = tolerable rebound deflection under the standard
axle, (as per RTAC Pavement Management Guide), and
K.C = experimentally determined constants.
Load Equivalency Factors (F,) for single axles, based on pavement
surface deflection, were predicted using the following

equation:

22



c 3.23
(2 =

where:
6, = surface deflection under candidate single axle, and
b, = surface deflection under standard axle.

For tandem axles (Figure 3.5), an extension of the above formula

was , based on for calculating
load equivalency factors from longitudinal stress intensity

factor profiles (Ramsamooj, 1972).

< Drection of trovel

Figure 3.5 : Deflection peaks extraction from response

curve

The prediction equation was as follows:

w-(@) () o

where:
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The total strain was subsequently correlated to vehicle
velocity and pavement temperature, concluding that the maximum
rate of change in the total strain values occurred at low

vehicle velocities and high asphaltic concrete temperatures.

3.5 gtudy by Treybig (1983)
The objective of this study was to calculate mechanistic

LEF's for different loading configurations, based on

theoretical p: r P s, and to compare the
results to AASHO Road Test LEF's. The study was based on the
premise that relationships can be developed between predicted
pavement response and the AASHO empirical equivalency factors.

In order to make the comparison possible, the pavement
cross section and material properties modeled were selected
to represent AASHO Road Test conditions. The maximum tensile
strain at the bottom of the asphalt concrete layer and the
compressive strain at the top of the subgrade were calculated
by the elastic-layered analysis using the computer program
ELSYM5 (FHWA, 1985). The following equation formed the basis
of the proposed "curvature method", for calculating LEF's,

which is exemplified in Figure 3.7.

e,(xn)]ﬁ i[e...(xn)—eu..(xn)]’ (3-29)

F("")=[e<ls,) e(18,)

=
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b, = surface deflection under the leading axle, and

Ab = maximum deflection under the second axle minus
minimum deflection between axles.
For both fatigue and deflection criteria, the exponent C was
assumed as being equal to 3.

Exploring a new idea, without applying it to the LEF
calculation, the study introduced the concept of "total strain",
defined as the sum of the absolute values of the maximum
compressive strain preceding the tensile peak and the maximum

recorded tensile strain, marked in Figure 3.6 as S, and S,

respectively.
‘”r'_'_'—"'—v—-v—v—-v—,—._,_,_,__,T
& 0
£ -
2 Volocity + 2.3 bmparh
§ 200} Wowecion of Trwet 07 ¢ (673 1)
a 280mm.(11m.)
i .
£ | e
\/ s,
“100
°5 10 15 20 23 30 3

Time - Seconds

Figure 3.6 : Typical strain profile under 80 kN single axle

dual tire load, (After Christison et al., 1978)
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where:

Fulxa)

€(18,)

€,(xs)

€1 (xn)

€1 (Xn)

predicted equivalency factor for axle configuration
n of load x.

maximum asphalt tensile strain or ‘ubgrade vertical
strain for the 18-kip (80kN) equivalent single axle
load (ESAL), in./in.

maximum asphalt tensile strain or subgrade vertical
strainunder the leading axle for axle configuration
n of load x, in./in.

maximum asphalt tensile strain or subgrade vertical
strain under the axle i+l for axle configu: tion
n of load x, in./in.

maximum asphalt tensile strain or subgrade vertical
strain, in critical direction, between axles i and

i+1 for axle configuration n of load x, in./in.

Figure 3.7 applies the curvature method for calculating

strain extraction for the vertical strain at the top of the

subgrade pattern under a tridem configuration.
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Figure 3.7 : Strain extraction based on the curvature

Method for a subgrade vertical strain pattern.

The exponent B, given by Equation 3.26, is primarily
dependent on asphaltic mix composition. For a structural
number of 3.75 and a terminal serviceability of 2.0, the
computed B value was 5.06.

pal09F(xs)

B (3.26)
s,

Log
where:
F(x,) = empirical equivalency factor for an x-kip single

axle load, and

€(x,) = maximum asphalt tensile strain or subgrade vertical

strain for an 18-kip single axle load, (in/in).
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It is specified that in Equation 3.25, zero strain should
be used when the asphalt tensile strain between the axles is
compressive, or if the subgrade vertical strain between the
axles is tensile. Figure 3.8 presents LEF's computed for a
section with a SN of 5.51.

) T T

T
—— M0 Eautvatenc
o Prebiewd Simie

A ricted Tondes maion

ottt

Lttty ractar " B
Figure 3.8 : Develapme.nt of equivalency factors based on
tensile strain using Curvature Method, for SN=5.51, (After
Treybig, 1983).

Compressive strain was also calculated for different
structural numbers as a function of axle load. For this
condition, considering a structural number of 3.75 and a
terminal serviceability of 2.0, B had a value of 4.49. Figure
3.9 shows AASHO LEF's and predicted LEF's based on compressive

strain at the bottom of the subgrade.
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Figure 3.9 : Comparison of LEF based on compressive strain,

Curvature Method versus AASHO, (After Treybig, 1983).

The author suggested the use of asphalt tensile strain for
equivalency calculation only for pavements with asphalt
thicknesses greater than 3 in. (7.6 cm). It is explained that
the elastic layer theory (ELSYM5) computes for certain
conditions compressive strains in thin asphalt concrete layers.
When the above condition is not satisfied, the subgrade vertical

strain should be used.

2.6 Btudy by Southgate et al. (1985)

This study focused on obtaining Load Equivalency Factors

(referred to as Damage Factors) using a mechanistic approach.
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The method followed consists of relating the repetitions to
failure in fatigue to the strain energy density derived from
strains calculated by the Chevron N-layer computer program.
The strain energy is defined as the energy stored by a
solid when a force is applied to it. The strain energy per
unit volume at a specific point in the solid is the strain
energy density at that point. Strain energy density is a
function of material characteristics and nine strain (or stress)
components. The equation for strain energy density derived

by Sokolnikoff (1956) can be expressed as:

Ay? EX . | 2 2 2 13:427)
W= Gel + o vels+ 205+ 2054 203)
where:
e; = the strain component in the ii direction
Ve *teptey
Eyp
(I+p)(1-2p)
E, = Young's modulus of elasticity of the material
U = Poisson's ratio, and
Garty = the modulus of rigidity, or the shear modulus.
2T

The work strain e, may be obtained from the strain energy

density as:



(3.28)

The work strain has the same units as the strain components
e,. However, because the strain energy includes all components
of strain, it is stated that the wcrk strain indicates better
the internal behavior of the pavement under load.

The Chevron N-layer computer program was modified to
calculate strain energy density at the bottom of the asphalt
concrete layer and the top of the subgrade. All the possible
AASHO Road Test layer thicknesses were considered, obtaining
100 possible pavement cross sections. The standard 18-kip (80
kN) four- tired single axle was applied as reference condition
to all 100 structures.

A relationship was established between computer calculated
values of work strain and tensile strain at the bottom of the

asphalt concrete layer, as f llows:

log(e,)=1.1483log(e,)-0.1638 (3.29)
where:
e, = tensile strain at the bottom of the asphalt concrete
layer.

Figure 3.10 presents graphically these relationships. The
work strain replaced the tensile strain in the number of
repetitions to failure relationship, resulting in Equation

3.30:



log(N)=

log(e,)+2.6777807
~0.15471249

(3.30)

where N represents the number to repetitions to failure in

fatigue.

TANGENTIAL STRAIN AT BOTTOM ASPHALTIC CONCRETE

Figure 3.10

o
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Tensile strain versus work strain, (after

Southgate et al., 1985).

The following step is to define the Damage Factor, based on

Equation 3.1, and to express the load-damage factor relationship

(Equation 3.26).

Figure 3.11 shows the variation of the damage

factors for different axle group weights.

log(DF)=a+blog(Load)+c(log(Load))?

where:
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DF = damage factor of total load on axle configuration
relative to standard axle load
Load = axle load in kips, and
a,b,c = regression coefficients.

TOTAL GRowP L0AD, kiPs
o6 e @

3 W e W W
TOTAL GmOUP LOAD, W

Figure 3.11 : Variation of damage factor for selected axle
groups as load on axle group is changed, (after Southgate et
al., 1985).

In order to account for the effect of the uneven axle load
distribution on tandems and tridems, a multiplicative factor
was developed. This factor adjusts the damage factors obtained

for even loaded axle groups. The effect of uneven load
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distribution on the axles of a 36-kip (160 kN) tandem and a
54-kip (240 kN) tridem was investigated. Analysis revealed a
40% increase in the damage factor for tandems with unevenly
distributed load, and the proposed multiplicative factor was:
Iog(MF)-0.00]8635439*00242]88935;}—0.0000906996;71 (3.32)

where:

MF = factor to multiply the damage factor for evenly
loaded axles
p =100 * (Axle load 1 - Axle load 2) / (Axle load 1
+ Axle load 2)
Various uneven loading patterns were “efined for the 54-kips
tridem. Comparing the effect of the unevenly loaded tridems
with the effect of the evenly loaded tridems an overall damage

factor increase of 130% resulted.

3.7 ASTM E 1049-85 141 for Cycle in

Eatigue Analysis (1985)

This standard presents a compilation of procedures employed
for counting fatigue cycles. Cycle counting summarizes random
load versus time histories by means of quantifying the size
and number of component cycles.

The standard defines particular points of a load-time

history, such as the mean crossings, reversals, peaks, valleys,

34
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and ranges. These basic fatigue loading parameters are shown
in Figure 3.12. The mean crossing represents a point at which
the load-time history crosses the mean-load level, but the
definition extends also to the crossing of a load level
considered as reference. Reversals are defined as points of
change of sign for the first derivative of the load-time
history. They can be peaks or valleys, depending on the sign
of the adjacent ranges. The range is the algebraic difference
between successive valley and peak loads (positive range) or

between successive peak and valley loads (negative range).

14) Range

7

Figure 3.12 : Basic fatigue loading parameters, (After ASTM
E 1049, 1985).

The four main methods of cycle counting are: Level-Crossing
counting, Peak counting, Simple-Range counting and Rainflow
counting. The last method comprises three variations, namely,
Range-Pair counting, Rainflow counting and Simplified Rainflow

counting for repeating histories.
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3.7.1 Level-Crossing Counting

This method considers equidistant load levels above and

below the reference load. One count is recorded each time the

positive sloped portion of the load-time history exceeds a
level above the reference load, or the negative sloped portion
exceeds a level below the reference load. Often, other
restrictions are applied to the level-crossing counts in order
to eliminate small amplitude variations of the load-time
history. As Figure 3.13 shows, the largest possible cycle is
constructed first, followed by the second largest, etc., until

all level crossings are used.

Load Levels

Figure 3.13 : Level Crossing counting and derived cycles,

(After ASTM E 1049, 1985).
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3.7.2 Peak Counting

Peak counting considers the peaks above the reference load
and the valleys below the reference load. In order to eliminate
small amplitude loadings, mean-crossing peak counting can be
used, which consists of counting only the largest peak or
valley between two successive crossings of the mean.

Figure 3.14 presents both the peak counting and the

derivation of cycles based on it.

Counts

Load Units

Oycle
Counts

Load Units

Figure 3.14 : Peak Counting and derived cycles, (After ASTM
E 1049, 1985).

The larges cycle is constructed using the highest peak and
lowest valley, followed by the second largest cycle, etc.,

until all the counts are used.



3.7.3 8imple-Range Counting

This method defines a range as the difference between two
successive reversals. A positive range consists of a valley
followed by a peak while a negative range consists of - peak
followed by a valley. If only positive or negative ranges are
counted, then each of them is counted as a cycle. If both
positive and negative ranges are counted, then each is counted
as one-half cycle. Figure 3.15 shows such an example of

single-range counting .

Range | e
twnits) | Counts | Events
[N
[N

Load Units

Figure 3.15 : Simple Range Counting method, (After ASTM E

1049, 1985).
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3.7.4 Rang

air Counting

The Range-Pair method defines a cycle when a range can be

paired with a subsequent range of opposite sign. Three reversals

3
¥
H
i
i
i

are considered at a time, and the ranges between each pair of

reversals are compared. When a cycle is counted, the two

reversal points corresponding to the shortest range are
eliminated. Figure 3.16 presents an example of Range-Pair
counting.

“ T

Figure 3.16 : Range-Pair Colating method, (After ASTM E 1049,
1985).
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3.7.5 Rainflow Counting

The rainflow counting compares every two consecutive
ranges, also taking into account the starting point of the
load~time history. Figure 3.17 presents an example of cycle

counting using this method.

e

Figure 3.17 : Rainflow Counting example, (After ASTM E 1049,
1985) .

When a range that include the starting point is smaller
than the next range, one-half cycle is counted , the first
point of the smallest range is eliminated, and the starting
point moves to its second point. When a range that does not

include the starting point is smaller than the next range, a
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cycle is counted and the smallest ranye is eliminated. The
cycles counted are summarized according to their range value.
The Simplified Rainflow Counting for Repeating Histories

method assumes that a typical segment of a load history is

T ly applied. of the nature of the strain pattern
due to a single vehicle passing, this last version of the
Rainflow method is not directly applicable in this study, and

it will not be presented herein.

3.8 RTAC Vehicle Weights and Dimensions study (1986)

The Load Equivalency Factors study was a component of the
Pavement Response to Heavy Vehicle Test Program, developed as
a part of the Vehicle Weights and Dimensions Study. Its
objective was to determine mechanistic LEF's and to evaluate
the influence of pavement structure on the magnitude >f
calculated LEF.

During the summer of 1985, 14 instrumented pavement test
sites located across Canada were used to measure pavement
response parameters under diverse loading and environmental

conditions, and to allow calculation of mechanistic equivalency

. Two pi were measured,
namely pavement surface deflections and asphalt surface-base

layer interfacial tensile strains.
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The use of deflection data for the determination of LEF
was based on an empirical relationship between the surface

deflection and the anticipated traffic loading, (Figure 3.18).
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Figure 3.18 : Maximum Benkelman Beam Rebound versus Cumulative
Equivalent Single Axle Load, (After RTAC, 1977).

The methodology for LEF's calculation from surface deflection
is identical to that presented by Christison in 1978 (Section

3.4).

the p associated with the fatigue

cracking distress mechanism is the tensile strain at the bottom

of the asphalt concrete layer, the use of strain rasponse data

for the determination of LEF is based on asphalt concrete
fatigue life relationships.

According to Equation 3.13 and the LEF definition presented
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on Equation 3.1, equivalencies based on the tensile strain at

the bottom of the asphalt concrete were predicted for multiple

axle loads by the expression:

where:

Sy

S

2./ S\ (3.33)
- 3(3)

longitudinal interfacial tensile strain recorded
under the standard load

longitudinal interfacial tensile strain recorded
under each axle

the number of axles in the axle group, and

the slope of the fatigue l:fe versus tensile strain

relationship.

According to the above formula and to Figure 3.19, only the

tensile part of the strain profile was taken into account,

neglecting the compressive strain peaks. LEF based on

deflection and tensile strain were calculated for each

experimental site, and average pavement response ratios and

LEF's were tabulated in the form shown in Table 3.1.
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Figure 3.19 : A longitudinal interfacial tensile strain profile
under a tridem group, (After RTAC, 1986).

In order to generate overall statistics, data from all sites
were combined. It is worth mentioning that for both pavement
deflection and interfacial tensile strain analysis, the
selected value of the exponent C was 3.8. This value was
described as being consistent with results of laboratory fatigue
tests on asphalt concrete mixes. Finally, analysis was carried
out to awvsess the influence of pavement structure on the
predicted LEF. The deflection based LEF shown no measurable
trend with changes in equivalent base thickness while the
strain related LEF revealed that for lighter load, LEF decreased

as the asphalt concrete thickness increased.
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Table 3.1
Average Pavement Response Ratios and Load Equivalency

Factors at one Experimental Site, (After RTAC, 1986)

Average Paverent Response Ratios. Load Equivalency Factors
Loading Paverent. Surface Deflections | Interfacial Tensile Strains Based o0
Condition oM Ay, A% | SUS  Sof%  SYS | Deflections  Strams
Single Axle
912 KG L1 106 ) Lig
1127 X6 134 1105 285 1463
Tanden Axle (1.2n)
1352 K5 LO4 060 093 090 11w 1.5
231 K6 Lason L' e 399 2.6%
Tandem Axle (1.5m)
5445 K6 055 0% 061 0.8 0.12 0.315
08l 0.604 om 0%l 0.68 L2
10685 KG 008 055 093 0.9% 0518 L4
11718 K6 0.7 V.64 035 0.9 0.8%8 L8
250 K6 096 0.684 Lo 09% 0.9 2.1
1316 K6 0% 072 LS Lol 1214 2.49
23 K& 0% 0752 L2 LR 1.28 208
142 K6 099 0.619 L® Le 1151 2.2
1536 K6 L on L8 L9 134 250
1552 K6 LEs 0z L85 L0 LE5 252
Tanden Axle (1.89)
14064 kg L 059 om Lo L 2.
22127 kg [ICTERX ) [N 5% 2.9
Triale (2.40)
LU0 066 059 | 0% 038 092 1819 2.46
U5 kg LB o2 R | L® L@ L 2% kS
Triaxle (3.7n)
20509 13 03 0782 | 039 093 09 L.6% 2.8
31664 kg L3l o8 086 | L4 102 108 289 a1




2.9 AASHO Interim Guide for the Design of Flexible Pavements
{1986)

The AASHO Interim Guide for the Design of Flexible Pavements
recommended an empirical design procedure, based on data
accumulated during the AASHO Road Test. The Arpendix F of
this guide details the determination of LEF's. In order to
obtain the load equivalencies as the ratio between the number
of 18,000 1lb. single axle load, W,y and the number of any
other axle load causing the same decrease in serviceability,

W,.,, Equation 3.7 was written as:

6} (3.34)
log,=logp+—

B
Expanding the above equation by introducing the expression for
the logarithm of p, (Equation 3.12), the logarithm of the number
of applications of a specific axle can be expressed as:
_ G, (3.35)
logW,=5.93+9.36log(SN + 1)~ 4.79log(L, + L,) + 4.33log L,+f!—
where SN is the structural number; L, and L, were defired
earlier. Values of W, may be obtained for the 18,000 1b.
single axle (L,=18,L,=1) and a candidate single axle

(Li=X.Lz=1). The subtraction of the resulting expressions

will result in Equation 3.36 :
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Vi) 6.6 (328)
“’g(w,, = 4790g(L,+ 1)=479l0g(18+ 1)+ -2t

For a tandem axle (L,=X,L,=2), another expression was obtained:

% (3.37)
tog 21 ) = 4.7910g(L, + 2)- 4.7910g(18+ 1)~ 4.3310g 2+ St- &t
Wie B B

o By
In Equations 3.36 and 3.37, the ratio of IV, , and lv',, represents
the Equivalency Factor, (Equation 3.1). Analyzing the above
equations and the expression of B, (Equation 3.11), it can be
concluded that the LEF's depend on the candidate axle weight,
its configuration (single axle or tandem), the structural
number of the pavement and the selected value of terminal
serviceability. Although using the Equations 3.36 and 3.37 a
wide range of LEF's can be calculated, the AASHO Interim Guide
presents two sets of values, for p,=2and p,=2.5. Those values
were determined for a axle weight range of 2,000 - 40,000 1lb.
(single axle) and 10,000 - 48,000 lb. (tandem axles), given 6

levels of the Structural Number (1 - 6).

2.10 study by Hutchinson et al. (1987)

The study calculated LEF's using the mechanistic approach,
applied to the same data base as the Canadian Vehicle Weights
and Dimensions Study.

The method developed by the authors, referred to as

47



University of Waterloo method, was used for isolating and
counting of load deformation cycles, in order to accumulate
the induced pavement damage. A parallel to the metal fatigue
area was made, and the peak counting methodology introduced
by the ASTM Standard Practice for Cycle Counting in Fatigue
Analysis was referenced, (ASIM E 1049, 1985).

Although the Canadian Vehicle Weights and Dimensions Study
generated both surface deflection and interfacial tensile
strain data, this study only focused on surface deflection.
Throughout the study, methodology and result comparisons and
references to the Load Equivalency Factors section of the
Pavements Response to Heavy Vehicle Test Program (Christison,
1986) were made. Regression equations for tandem axle groups
as well as the effect of pavement structure, pavement
temperatu- and vehicle speed on the LEF's of the axle groups
were also developed.

For the estimation of LEF functions in a mechanistic way,

the study recommended the following steps:
i) select the pavement response parameter

i) measure the response parameter under different axle
groups

iii) isolate and count damage related response cycles under

an axle group accumulating the damage created by cyclic

loading
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iv) express damage as the equivalent number of passes of a

standard axle load.

Analyzing the pavement surface deflection, it was observed
that the pavement does not recover fully after the passing of
successive axles, and the maximum and residual deflections
increase under successive axles in most cases. Considering
the deflection signature of a tridem axle group, the counting
of cycles is exemplified and the results are compared to those
obtained in the Canadian Vehicle Weights and Dimensions Study.
The Load Equivalency Factor for an axle group is defined
(Equation 3.38) as the sum of the LEF of each axle belonging

to the group,

[Dl(.\’)]C‘[02(,\')}‘{03(,\')]‘ (3.38)
D(S) D(S) D(S)

LEF(X)
where:
D1(X) = the largest deflection cycle under the axle group
D2(X) = the second largest deflection cycle under the axle
group
D3(X) = third largest deflection cycle under the axle group

D(S) = deflection under the standard axle, and

C = material constant.
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The method for individual LEF calculation used by the
authors, (Figure 3.21), was derived from the ASTM Standard
mentioned above. It implies the extraction of the deflection
under the axle group for the largest load-deflection cycle
D1(X), followed by the deflection for the second largest
load-deflection cycle D2(X) and the deflection for the third

largest load-deflection cycle D3(X), as shown in Figure 3.20.

13 s

LIPUSLIPUSILIPUSLIPUSLEP UL
00 o1 02 03 04 05 06 07 08
DEFLECTION (mm)
Figure 3.20 : Hypothesized load-deflection history for tridem

pass, (After Hutchinson et al., 1987).

The Load Equivalency Factor for each axle results by calculating
the ratio of the extracted deflection over the deflection under
the standard axle load D(S), and raising the result to the
exponent C. Throughout the study, an exponent value of 3.8
was used, considering this value as being representative for
the AASHO Road Test and making possible the comparison to the

results obtained by RTAC (1986).

50



D1

TIME
—_— ———
Uof W Methoa (Christison Method)
Figure 3.21 : Comparative methods for deflection peak

extraction, (After Hutchinson et al., 1987).

The study acknowledged the sensitivity of LEF estimates to
the method employed to isolate and count damage cycles, as
well as to the value of the cumulative damage function exponent
€. The use of the ASTM Standard methodology produced higher
LEF values than those obtained by considering the deflection
under the lead axle as the primary damage cycle, as used in
the Canadian Vehicle Weights and Dimensions Study (Section
3.8). Compared to the RTAC (1986) results, the average increase
in LEF values obtained by the Waterloo method was 8% for tandems

and 16% for tridems.
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side, considering asphalt concrete's plastic behavior.

The use of the area unCer the deflection curves was examined
7+ an alternative indicator of relative damage. This, however
was also rejected because: "since the area under two
superimposed curves is just the sum of areas of the individual
curves, the load equivalency is always 2 (assuming equal areas)
and is independent of curve shape or axle separation".

Using both Equation 3.24 and Equation 3.33, LEF's were
calculated for different axle separations. In both cases,
when the axle separation equals the length of loading side of
the assumed deflection profile, there is a discontinuity in
the shape of the LEF curve, as shown in Figure 3.23. Based
on this discontinuity and on discrepancies in LEF's obtained
by the Canadian Vehicle Weights and Dimensions Study from
deflection responses, Equation 3.24 is considered as yielding
unrealistic LEF's.

The study concludes that "completely satisfactory" methods
for deriving primary response equivalency factors from measured
peak deflection or areas under the response curves cannot be
obtained. Equation 3.24 should not be used, while Equation

3.33 can be accepted until some better scheme is developed.
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3.11 sBtudy by Majidsadeh et al. (1988)
This study analyzed the LEF calculation procedur: employed
in the canadian Vehicle Weights and Dimensions Study (RTAC,

1986), based on theoretical considerations.

VAR
\

5

INoRMaL12ED

DEFLECTON PROFILE
'UNDER MOVING W

EL

NORMALIZEO DEFLECTION d/d,
»

i

DISTANCE FROM LOAD

Figure 3.22 : Assumed deflection profile for an axle, (After

Majidzadeh et al., 1988).

The deflection profile under a tandem axle with a small
axle separation was simulated by superposing the single axle
response, (Figure 3.22).

The loading side of the deflection profile was considered

sinusoidal and having a shorter duration than the unloading
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Figure 3.23 Load equivalency factors for various axle

spacing, (After Majidzadeh et al., 1988).

3.12 study by Hajek et al. (1989)

This is a study based on data accumulated throughout the
Vehicle Weights and Dimensions Study (RTAC, 1986) and
theoretical pavement response data calculated using the
computer program ELSYMS (FHWA, 1985). The objectives were to
evaluate the influence of axle spacing on flexible pavement
damage, and to determine the maximum weights of individual

tandem and tridem axles which will cause the same damage as



single axles with the maximum legal load.

For the determination of LEF's, peak and valley values were
extracted from both strain and deflection response curves
according to the ASTM E 1-49-85 Peak Method. For the deflection,
this method consists of extracting the whole value of all the
peaks of the response curve. For the strain response, the
method consists of extracting the response curve peaks taking
into account both tension and compression. Figure 3.24 presents
peak deflection or strain values involved in LEF calculation

for a tridenm.

Peak Method
ANFNALFO L Compression
Dy Tension
S S
1st 2nd  Adaxle
1st 2nd  3rdaxe
Surface Deflections, or Vertical Tensile Strain at the bottom of
Strain on the Top of Subgrade Asphalt Concrete Layer
(Interfacial Strain)

Figure 3.24 : Peak method used to calculate the effect of

multiple axle groups. After Hajek et al. (1989).

Three approaches of summation of discrete response values
were compared, namely the method used in the Vehicle Weights
and Dimensions Study (RTAC, 1986), the method proposed by

Hutchinson et al. (1987), and the Peak Method proposed here.
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For surface deflections, the assumption of zero deflection
between loads is made (rest position) and the total deflection
under each axle measured from the rest position was extracted.
It was assumed that the inclusion of the total deflection under
each axle models best the overall pavement response even though
deflection between two subsequent axles does not reach a zero
level. The above procedure, discussed also by Prakash et al.,
is also recommended for subgrade strains summation.

For interiacial strains, the peaks-to-trough rise and fall
are extracted as presented in Figure 3.24. This procedure was
considered to be identical to that recommended by the ASTM
Standard Practice for Cycle Counting in Fatigue Analysis (ASTM,
1985).

The study yielded the following results. First, summation
methods influence LEF values; second, the Peak Method produced
the highest LEF's, followed by the method proposed by Hutchinson
and that used in the RTAC study (1986). It was concluded that
based on available information and data, it was not possible

to positively recommend any particular summation method.

3.13 study by Govind et al., (1989)
This study attempts to derive a fatigue failure model
adopting a theoretical approach based on calculated pavement

responses (stresses, strains and displacements). The model
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estimates the dynamic load and determines induced pavement
responses for specific load configurations and pavement
profiles. Using the rate of change of stress, damage transforms
are obtazined and related to pavement 1life according to the
load equivalency concept. The model is calibrated employing
AASHO Road Test data. The fatigue damage forecasting may be
performed for any axle weight and axle group configuration.
The rationale of this study was to develop damage transforms
relating the fatigue damage domain to one of the simulated
pavement responses, namely stress. According to the
observation that fatigue is determined both by load magnitude
and its rate of application, the rate of change of force,
stress or energy can be considered as representative of damage.
Also, because the size of the test specimen influences the
rate of energy absorption and dissipation, it is necessary to
normalize the power (i.e., rate of change of energy) by the
volume of the specimen. Equation 3.39 shows the dimensional

representation of power per unit volume:

M (3.39)
Power per unit wvolume =-L—

73
where:

L = the length dimension

M = the mass dimension, and

57



T = the time dimension.
The stress history of the pavement is a function of both time
and distance because it can be thought as a function of time
at a particular point in space, or as a function of distance
for a particular point in time. Eguation 3.40 presents the
differential with respect to time of the stress history for
small magnitudes of time increments.

6o(t.x)]_do (3.40)
ot | at

where:
o(t,x) = the stress function
6 = denotes the process of partial differentiation
t = notation for time, and
x = notation for distance.
The dimensional analysis of Equation 3.40 reveals the following
dimensional relationship:
do_ M (3.41)
dt IT?
Examining the dimensional equivalency of Equations 3.39 and
3.41 it was concluded that the rate of change of stress can
be adopted as the parameter used to derive a damage function.

In deriving the damage transform, three operations are

- , namely, on over time duration of the event,
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the use of absolute values of the exact differential, and
normalization with respect to time. The damage transform

presented in Equation 3.42 applies to single-peak events.

(3.42)

where:

to = initial moment of the event

= final moment of the event.

An event comprising of more than one peak will be divided into
subevents starting at each successive negative to positive
change in slope. Equation 3.43 introduces the damage transform

for an event comprising m single stress peak subevents D.

..iD-"‘,Ai(,M_ H?ﬂm) (3.43)

The damage transforms can be used to compare the effects

of different loading events. Considering two single peak

events a and b, the law of equivalency can be expressed as:
D \" (L (3.44)
LEF=| —| = —
(Da) La

D, = damage by the event a

D, = damage by the event b



L, = number of cycles to failure of the specimen

undergoing the event a, and

L, = number of cycles to failure of the specimen

undergoing the event b.
The calculation of the exponent n was done using the AASHO Road
Test data and the standard 18-kip axle as reference. Given a
specific load x, the values L, and L, were obtained at the
AASHO Road Test, while the damage transforms D, and D were
calculated from the simulated stress patterns. Using the
right part of Equation 3.44, the n value can be obtained.
Subsequently, a regression analysis was done in order to find
the range of value the variable n can take. The range 3<n<7
was found to be reasonable. Sensitivity analysis of ESAL
with respect to n using the methodology described above was
performed and the results tabulated. Also, an ESAL table, for

PSI=3 and six levels of the Structural Number, was provided.

3.14 study by Tseng and Lytton (1990)

The objective of this study was to calculate the fatigue
damage properties K, and K, (the ones referred to as K and C,
respectively in Equation 3.13) based on the fracture mechanics
and compare them to coefficients obtained by regression analysis

on experimental fatigue data. The most commonly used fatigue
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we(t)

-

distress function, presented by Equation 3.13, was employed
through the study. From a phenomenological point of view, A,
and K, can be obtained as regression constants based on
laboratory fatigue life determination.

The approach adopted for deriving laboratory fatigue damage
properties due to multiple axle loads, and for converting them
to field values is of interest.

It is known that a multiple axle load generates multiple
tensile strain peaks, reducing the fatigue life in terms of

number of axle loads to failure.

axle spacing

e e apeed

Figure 3.25 : Wave shape of loading pulse produced by a tandem.

fwi(t)

Normalized Strai
Ht(t) rain,

After Tseng et al. (1990).

The study relates the tensile strain at the bottom of the
asphalt concrete layer produced under a multiple axle to that

produced under a single axle load by introducing the parameter
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£ according to Equation 3.45. The first integral corresponds
to the shaded area in Figure 3.25 while the second integral

corresponds to the shaded area presented in Figure 3.26.

atn
f wa(t)*dt
o

T (3.45)
,{., w,(1)"dt

E=

where:
wnL(t)" = the wave shape of the normalized tensile strain at
the bottom of the asphalt concrete layer produced
by a multiple axle load
w,(t)" = the wave shape of the normalized tensile strain at
the bottom of the asphalt concrete layer produced
by a single axle load
At, = time required for the strain caused by a multiple
axle load to build up and completely decay
At, = time required for the strain caused by a single
axle load to build up and completely decay
n=K, = damage property.
Considering theoretical calculations, the wave shape of

the loading due to a tandem axle is obtained by superposing

the tensile strain waveform due to each individual axle.
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Figure 3.26 : Wave shape of loading pulse produced by a single

w,(t)

axle, (after Tseng et al., 1990).

It was that 1 y loading is applied

without rest periods between applications, causing residual
stresses in fatigue samples, laboratory fatigue tests
underpredict field fatigue life. In order to solve this
problem, a shift factor between laboratory and field fatigue

life was proposed, as shown in Equation 3.46.

SF=(SF.)(SFy) (3.46)

where:
SFy = the shift factor due to residual stresses, and
SFn, = the shift factor due to healing during the rest

period.
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The shift factor due to residual stress considers the behavior
of the residual stress during a rest period and can be estimated

by Equation 3.47.

el 1
¥ Npa \lzpot™

(3.47)

where:
N ;. = the number of load cycles to failure for the tensile

strain altered by the residual stress

z
3
u

the number of load cycles to failure for the total
tensile strain

K2, = the value of K, determined from the laboratory
Po = the percent of total strain remaining in the

pavement as residual strain immediately after the
passage of the load, and

m

the exponential relaxation rate.

The shift factor due to rest periods is related to the
healing of the material after the rest period, and can be
estimated by Equation 3.48.

SF Ny ll‘.n,m‘, t\" (3.48)
"TNo T No \lo

where:

N; = number of cycles to failure with a rest period
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No

ne

mg,h

number of cycles to failure without a rest period
number of rest periods of length !,

the time len¢th of a lozd pulse without rest periods,
and

the time length of a load pulse with rest periods,
and

regression constants.

The shift factor is used to adjust laboratory-obtained K, and

K,to field loading conditions. For validation, the methodology

presented above was applied to field sections of the AASHO

Road Test and to Florida pavement sections. It was concluded

that good fatigue life predictions may be obtained by using

it.
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3.15 of for LEF's Calculation

Table 3.2 i

4

Summary of Methods for LEF's Calculation

Deacon (1969)

T

AC strain

e {
Calculated i

Ramsamooj (1972) F=( H1 )**( H2 )“ r

Stress intensity
factors

Measured

Christison
(1978) c c i
F=( D1 ) +( D2 ) !

Deflection

Measured

AC strain

Measured

* AC - Asphalt Concrete



Table 3.2

Summary of Methods for LEF's Calculation (Continued)

Treybig (1983)

Subgrade strain

Calculated

AC strain

Ccalculated

Southgate (1985)

F N18 log(N) log(€ 2.6777807
Strain energy N : -0.15471249
density
Calculated
RTAC (1986)
Deflection as Christison (1978)
Measured
AC strain as Treybig (1983)
Measured
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Table 3.2

Summary of Methods for LEF's Calculation (Continued)

Hutchinson

(1987)

Deflection

Measured

Hajek (1989)

c < ¢
Deflection F-(D—[la) ‘(DD_lz) .(ﬂ)

D1 i e \
Calculated & { \
measured
AC strain

Calculated &

measured

Govind (1989)

AC stress Damage Factors (LEF's) were calculated

Calculated based on the rate of change of stress.
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Table 3.2

Summary of Methods for LEF's Calculation (Continued)

Tseng (1990)

AC strain The AC strain pattern was used to modify

Calculated the value of the exponent C.
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Chapter 4

CRITICAL OVERVIEW OF LITERATURE

The following chapter discusses the methods for LEF's
calculation reviewed in Chapter 3. It is structured in three
sections, starting with the AASHO Road Test and its influence
on the more recent research. The second section analyzes the
mechanistic methods for LEF's calculation, and the third section
is dedicated entirely to the cycle counting methods introduced
by the ASTM E 1049-85 standard.

4.1 The AASHO Road Test

The AASHO Road Test produced LEF's related to pavement
performance, as defined by serviceability. The LEF values
produced were based on statistical analysis of empirical data.
They were functions of axle load, axle configuration (single
or tandem), type of pavement (flexible or rigid), terminal
serviceability and Structural Number. Also, they inherently

accounted for a number of other factors, such as variable

impact of the traffic the , vehicle dy ics.
tire contact pressure as well as axle spacing and tire type.
With few modifications the AASHO Road Jest LEF's are still a
part of current pavement design practices (AASHTO Design Guide,
1985) .

Subsequent efforts to obtain LEF's have adopted a

mechanistic approach, being based on either measured or
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calculated response parameters. However, AASHO LEF's were
extensively used by researchers in order to verify proposed
LEF calculation methodologies.

The studies mentioned bellow used AASHO Road Test data as
a basis for LEF's calculation. Deacon (1969) computed asphalt
concrete strain responses for AASHO Road Test sections,
concluding that theoretically obtained LEF's offer evidence
of the validity of the AASHO Road Test LEF's in design
situations. Christison (1978) otained a close agreement
between LEF's based on measured asphalt concrete
strain/deflection and AASHO LEF's. The same LEF's served as
.verification basis for Treybig (1983). Etxtensive use of the
AASHO Road Test pavement cross-section data and loading
configurations was made by Southgate (1985) in order to verify
the proposed strain energy density method. Govind (1990)
calculated normal and longitudinal stress profiles and normal
displacements produced at the AASHO Road Test, and used them
as input to a fatigue failure model.

There is no doubt that the intent to validate a LEF's
calculation methodology by comparing empirical LEF's to
mechanistic LEF's cannot be conclusive. This is because the
empirical LEF's are based on performance, which represents an

overall assessment of pavement serviceability, while the
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mechanistic LEF's reflect one particular type of distress,
such as fatigue cracking or rutting, usually described by a

simple fatigue relationship (Equation 3.13).

4.2 istic for LEF's pation

Advanced analytical and experimental techniques combined
with an improved knowledge of fatigue behavior of bituminous
mixes, led to the develorment of mechanistic methodologies for
LEF's calculation based on calculated or measured pavement

response parameters. These logies can be classified

into two categories. The first category comprises most of the
work done in this area, and includes methods based on strain
magnitude. Considering a method belonging in this class, there
are four main aspects which must be pointed out; the first is
related to the type of response parameter the method is based
on, (eg., deflection, tensile strain at the bottom of the
asphalt concrete layer, or compressive strain at the top of
the subgrade) . The second considers how the response parameter
is obtained (calculated or measured). The third explains the
way the method treats the part in compression of the
trough-peak~trough cycles, when analyzing tensile strain at
the bottom of the AC layer. The fourth aspect clarifies the

relationships with earlier methods.
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Deacon (1969) considered the tensile strain at the bottom
of the asphalt concrete layer as the response parameter. The
computed strain patterns were symmetric curves in tension. The
recommended methodology was to identify single axles producing
the same tensile peak as the tandem. As a result, the LEF of
the tandem axles would be twice the LEF of a single axle

carrying the same load.

Ramsamooj (1972) used the stress intensity factor, a
function of stress compliance and crack length, as the response
parameter for LEF calculation. The influence lines of the
stress intensity factors were determined on the basis of
experimental measurements. The resulting stress intensity
factor curves for tandems had also a symmetrical shape
characterized by two equal peaks (Figure 3.3). However
Ramsamooj adopted a new approact, extracting one maximum peak

and the following peak-to-trough value (Table 3.2).

Experimental techniques allowed the measurement of pavement
response parameters, making possible the calculation of LEF's
from in-situ pavement response parameters. The curves based
on measured response parameters were shown to have unequal
peaks as a result of the visco-plastic behavior of the asphalt

concrete.
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Christison (1978) measured deflection and asphalt concrete
strain responses. For deflection peak identification, the
method proposed by Ramsamooj (1972) was followed. The only
difference was that Christison dealt with deflection patterns
with unequal peaks, situation that raised the issue of an
identification order for the deflection cycles. Christison
proposed the identification of the deflection peak under the
leading axle of the tandem as a first cycle, followed by the
peak-to-trough value of deflection as a second cycle. However,
the deflection peak under the trailing axle of a tandem axle
is bigger than the peak under the leading axle because of
residual deflections. This would suggest a cycle identification
method based on the highest deflection peak. Dealing with
asphalt concrete strain, Christison faced both tension and
compression. It was decided to ignore the part in compression,
considering only the tension part of the strair response. Also,
a constant K was introduced, as an average ratio of the strain
recorded under the second axle divided by the strain recorded
under the leading axle of a tandem axle, for all the experimental
runs. This constant was employed in the LEF's expression

(Equation 3.31).

Treybig (1983), used calculated subgrade strain and asphalt
concrete strain for calculating LEF's. The mathematical

formulation of the proposed Curvature Method included a



comprehensive formula for LEF calculation, which could be
applied for any response parameter (Equation 3.25). The
subgrade strain response versus time was similar in shape to
that of deflection. 1In this case, Treybig used the method
proposed by Christison (1978). However, for the AC strain,
Treybig explicitly commented that the compressive values of
the AC strain between axles should be neglected. That is, the
LEF calculation was based only on the tensile peaks of the AC

strain curve.

The RTAC study (1986), used Christison's (1978) method for
calculating LEF's on the basis of deflection, and the method

proposed by Treybig (1983) for asphalt concrete strain.

Hutchinson et al. (1987) was the first to use of the ASTM
E 1049-85 Standard for calculating LEF's from measurements of
pavement deflection. Although the Peak Counting method (which
constructs the largest cycle first, followed by the second
largest, etc.) was described, the Range-Pair method (which
adopts a sequential left-to-right cycle determination approach)
was used for the calculations. The applied method considered
the highest deflection peak and the subsequent peak-to-trough

deflection values.

Majidzadeh (1988) calculated strain response patterns under

tandem axles on the basis of a simulated single-axle strain
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pattern. The governing assumption was that "the response of
multiple axle can be obtained from the superposition of the
single axle response". Also, it was considered that the load
received by the tandem was equally distributed to the component
axles. The analysis was directed at pavement responses in
general, without differentiating between strain and deflection.
Varying the distance between the axles of the tandem and
plotting LEF's versus axle separation, a discontinuity in the
curve was observed (Figure 3.23). This discontinuity was the
base for questioning the LEF's calculation methodologies

employed at the time.

Hajek (1989) applied another method of the ASTM E 1049-85
Standard, namely the Peak Counting Method. Both calculated
and measured deflections and asphalt concrete strains were

used. For these the method r

the consideration of all peaks of the curve. In the case of
asphalt concrete strains, a peak included both the part in

tension and the part in compression of a single cycle.

From the above discussion a number of conclusions is drawn.
rirst, there have been a tendency to devise more elaborate
methods of peak identification and counting. Another trend
is the development of methodologies applicable to any type of

response parameter. The introduction (Hutchinson et al., 1987)
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of the cycle concept, including both tension and compression
in the case of the asphalt concrete strain can be considered
as an innovation.

It is worth observing that one of the main differences
between methods employing calculated and measured response

parameters is the of the dy ic/viscous

of pavement loading. The computer programs used to calculate
pavement response, (eg., ELSYM5, BISAR, etc.) model only static
load under ideal (i.e., -elastic, isotropic) material

conditions. Therefore, reflecting

real material properties and loading characteristics are more

credible than calculated response parameters.

The second category of methods for LEF's determination,
utilized the pavement response curves in a different manner,
devising methods that are based on the actual shape of the
pavement response versus time (Govind, 1989; Tseng, 1990).
Also, other methods employed new concepts, such as the strain
energy density, which is indirectly related to the pavement

response curves (Southgate, 1985).

Govind (1989) developed a model which simulated response
parameters (stress, strain and deflection) and derived Damage

Transforms based on the rate of change of stress. The Damage

were ly used for LEF's calculation



(Equation 3.44).

Tseng (1990) integrated the processed response curves,
aiming at the development of "fatigue damage properties", and
developed shift factors for converting them to field values.

Southgate (1985) related fatigue life to calculated strain

energy density, considering that the latter indicates better

the i 1 behavior of the p: under load. Because the

proposed Damage Factors accounted only for evenly loaded axle
groups, a multiplicative factor was statistically derived,
for the case of unevenly axle loading inmultiple axles (Equatian

3.32).

4.3 Methods for cycle counting by the ASTM E 1049-85
Standard

The following section will analyze comparatively the
methods proposed by the ASTM Standard Practices for v ycle
Counting in Fatigue Analysis (ASTM L 1049-85). Each method
will be described in terms of its basic elements and the
recommended procedure for cycle counting. The purpose of this
analysis is to evaluate the suitability of each method proposed
by the ASTM in calculating pavement LEF's. Although the
standard presents the processing of load versus time cycles,

in its Section 4 it is stated that "cycle counts can be made
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for time historins of force, stress, strain, torque,
acceleration, deflection, or other loading parameters of
interest". In accordance with the topic of this study, the
discussion that follows deals exclusively with strain versus

time loading histories,

A few definitions follow:

A reversal is defined as the point at which the first
derivative of the strain versus time history changes sign. If
the sign changes from positive to negative, the reversal is a
peak. On the contrary, the reversal is defined as a valley
(alternatively referred to as trough).

A range is defined as the algebraic difference of strain
values belonging to two successive reversals. If a valley
precedes a peak, the range is called positive range or increasing
strain range. If a peak precedes a valley, the range is called
negative range or decreasing strain range.

An overall range is defined by the algebraic difference
between the largest peak and the smallest valley of the strain
versus time history, which are not necessarily successive

events.

Each method for cycle counting should be evaluated from
two points of view, namely the basic element processed (range

or reversal), and the cycle construction procedure. Considering
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axle of the group is subsequently related to the cycle produced
by the standard axle load (Equation 3.14). According to this
requirement dictated by the LEF's calculation methodology, the
method used for cycle counting should be able to identify and
yield the value of the strain cycle produced by each individual
axle. Consequently, methods making use of non successive
ranges or methods constructing overall ranges do not seem to
be suitable for LEF calculation.

Also, the fatigue behavior of asphaltic pavements, and the
dependence of distress types on specific pavement response
parameters suggests the ‘se of methods able to differentiate
between trough-peak-trough and peak-trough-peak cycles.
Considering fatigue cracking and the associated response
parameter, namely tensile strain at the bottom cf the asphalt
concrete layer, the cycles of interest will be of
trough-peak-trough type. For compressive strain at the top
of the subgrade, related to rutting, only peak-trough-peak
cycles will be counted. Methods employing non sequential
ranges or construct overall ranges do not comply with the above

requirement and do not seem to be suitable for LEF's calculation.

All the methods discussed below will be exemplified using
the strain versus time history for a tandem axle, supported
by the corresponding J versus € diagram, both presented in

Figure 4.1.
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the basic element processed, the cycle counting methods can
be classified in two categories. The first category includes
methods dealing with ranges, such as the Simple Range Counting,
the Range-Pair Counting, and the Rainflow Counting. The second
category, represented by the Peak Counting method, considers
response reversals as the basic element.

A further differentiation of cycle counting methods, which
yields three categories, is on the basis of the cycle

construction p e. First, making use of ranges

construct cycles based on successive ranges (Range-Pair
Counting). Second, methods based on non successive ranges
(Simple Range Counting), and third, a combination of the
precedents ‘Rainflow Counting). These methods construct a
cycle by pairing two ranges defined as half-cycle each. If
there are leftover ranges after the pairing is completed, they
are recorded as half-cycles. In the case of the Peak Counting
method, a cycle is constructed by pairing two reversals, namely
one peak and one valley. Half cycles start and end at zero

strain and include only one reversal (Figure 4.3).

The subsequent use of cycle values produced by the methods
discussed above, dictates another group of basic requirements.
For example, based on the premise that damage is additive, the
calculation of LEF for a multiple axle load is based on fatigue

cycles caused by individual axles. The cycle produced by each
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strom units

Figure 4.1 : Strain pattern produced by a tandem.

Throughout the text, the same sign convention will be employed,
namely positive ordinate for tensile strain and negative
ordinate for compressive strain. In quantitative terms, the
strain versus time history consists of five reversals, three
in compression and two in tension. For the sake of simplicity,
each reversal was assigned a conventional numeric value, namely
1.5 strain units for B, 3 for C, 2 for D, 5 for E, and 1 for
F. Where appropriate, those values will be employed explaining
numerical procedures characterizing the analyzed methods.

4.3.1 The Simple Range Counting Method

The first method to be considered is the Simple Range

Counting. It defines each range of the strain history as a
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half cycle. Two ranges, not necessarily successive, having
the same numerical value, are paired and form a cycle without

differentiating between their signs.

Figure 4.2 presents each extracted range, both in terms of
€ versus ¢ and 0 versus €. The ranges obtained (A~B 1.5 strain
units, B-C 4.5 strain units, and so on) represent half cycles.
Because in this particular example there are no equal half
cycles, their pairing and the construction of full cycles is
not possible. In this case, the method yields six half cycles.

It becomes evident that the Simple Range Counting is not
differentiating between trough-peak~trough and
peak-trough-peak cycles, being concerned only with the absolute
value of each range. Also, the method is not isolating cycles
produced by a specific axle, allowing the construction of
cycles based on ranges that are not necessarily successive.
As a result of the two observations presented above, the Simple
Range Counting method was found to be unsuitable for strain
cycles identification and counting for calculating LEF's in

flexible pavements.

83



Figure 4.2

Range extraction based on the Simple Range

Counting method.

4.3.2 The Peak Counting Method

The Peak Counting method considers each reversal, in tension

or compression, as half a cycle.
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Figure 4.3 : Cycle identification according to Peak Counting

method.

Each half cycle starts and ends at zero strain, and its numerical
value is the absolute value of the reversal point's strain
level. Figure 4.3 presents the half cycles corresponding to

each reversal of the strain pattern.
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Figure 4.4 : Cycle construction according to Peak Counting

method.

The cycle construction, depicted in Figure 4.4, is based
on the following procedure. The first cycle is to be formed
by composing the largest tensile and compressive half cycles.
The second cycle is composed by the second largest tensile and
compressive half cycles. If there is a remaining half cycle,
it will be counted separately. Cycles based on eventually non

successive reversals may be composed. Also, because tensile

and ive 1s are the constru cycles

cannot represent a specific type of distress. As a result of



these reatures, this method has to be rejected as unsuitable.

4.3.3 The Rainflow Counting method

The Rainflow Counting i s three s at the

same time, namely the starting point of the strain history and
two consecutive strain ranges. According to the method, if
the first range is smaller than the second range, and the
starting point of the history belongs to the first range, the
method will yield half cycles. If the starting point does not
belong to the analyzed ranges, full cycles will be yielded.
Figure 4.5 shows the application of the Rainflow Counting
method for the strain pattern under a tandem axle. The Rainflow
Counting procedure is not including backward counting when
reaching the ending point of the loading history, while
uncounted ranges are still available. The remaining sequence
of ranges will generate a number of half cycles equal to the
number of ranges in the sequence (see Step 4 in Figure 4.5).
Any two half cycles having the same absolute value can be
paired as a full cycle. According to this procedure, the
Rainflow Counting may yield koth full cycles and half cycles.
The possibility to obtain half cycles is the feature that makes
this method unsuitable for flexible pavement strain cycle

counting.
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Figure 4.5 :

Cycle identification according to the Rainflow

Counting method.

4.3.4 The Range-Pair Counting Method

The g ir ing method each pair of
successive ranges and extracts a cycle when the first range
of the pair has a lower value than the second one. The cycle
has the same value as the lowest range. If the final point
of the history is reached without using all the ranges, the
final point of the history becomes the starting point, and the

pairing procedure is repeated backwards. Figure 4.6

ates the g i G i method applied as



recommended by the standard. It yields full cycles, each
composed by subsequent ranges, and all the cycles are of the
same type, in this case peak-trough-peak.

5 e D

. Gae @
Cycle 1= 15 strom unts
Cycle 2 = S stran unts
ad — : Cycle 3 = 1 stran unts
%

Figure 4.6 : Cycle counting according to Range Pair Counting

method.

This method is suitable for flexible pavement strain cycle
counting, because is compatible with the requirements presented
at the beginning of the section. However, the type of failure,
either compressive or tensile should determine the type of

cycle to be counted. For fatigue cracking, with the pavement
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failing in tension, only trough-peak-trough cycles should be
extracted. According to Figure 4.7, the type of cycles counted

depends also on the slope of the first rangs.

tension

€
compression trough

Figure 4.7 : Cycle extraction depending on the slope of the

first range.

If the starting range is negative (or decreasing strain),
the method will extract peak-trough-peak cycles. For a positive
(or increasing strain) starting range, the method will extract
trough-peak-trough cycles. Because an approaching axle or
axle group will generate always an initial compressive reversal,
starting with a negative range, the method recommended by the

standard will yield always peak-trough-peak cycles.



In order to obtain trough-peak-trough cycles, compatible with
the type of distress considered, a restriction should be added
to the cycle counting methodology proposed by the Standard
ASTM E 1049-85. Either trough-peak-trough or peak-trough-peak
cycles should be counted in relation to the failure type
studied, but not both. Figure 4.8 presents the results of the
Range-Pair Counting method considering the fatigue cracking

type of distress.

Figure 4.8 : Cycle counting according to restricted Range

Pair counting method.

For strain versus time histories made of an odd number of
ranges, another point has to be considered. The leftover
(unpaired) range obtained when reaching the end point of the
history will change the sign of the cycles to be counted. In
that case, the backward counting will yield cycles having an
opposite sign than the forward counting, fact which disagrees

with a specific type of failure (either compressive or tensile).
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In conclusion, the Range-Pair Counting method seems to be
the only method suited for cycle counting of the strain histories
generated by axle or axle group on flexible pavements. An
addition could supplement the ASTM Standard, namely only the
cycles whose direction agree with the type of failure should

be counted.
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Chapter S
THE EXPERIMENTAL PROGRAM

This chapter offers the description and characteristics of
the experimental site, using information provided by Taylor
(1989). Also, it includes the description of the experiment
undertaken in order to obtain the strain measurements used in
the study at-hand.

5.1 The experimental site

The pavement instrumentation used for this study was built
in the fall of 1988 on the Saskatchewan Provincial Highway 16,
about 16 km North East of Saskatoon. During the summer of
1988, this highway, which was originally a two-lane structure,
was widened to four lanes.

Figure 5.1 presents the instrumentation layout. The
measuring system was instaled on the outer wheel path of the
outside lane. It consists of 7 deflection transducer assemblies
and 21 strain transducer assemblies. Transversely, the
transducers are organized in three blocks of three rows each.
The first row of each block consists of longitudinal strain

tr s, the i ate row consists of deflection

transducers while the last row consists of longitudinal and
transverse strain transducers. The distance between

consecutive rows is 1 meter.
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Figure 5.1 : Instrumentation layout

94

Ep—

-~ e

.

~ e

= 1500

150300

—_—

'

2

o3

O

Cable
boxes

Shoulder




The downstream block consist of three transducers of the
same type in each row, while the middle and the upstream block
consists of two transducers of the same type in each row. The
initial design proposed the transducers to be arranged in seven
columns along the wheel path, equally spaced apart by 150 mm.
Each row included one deflection and two strain transducers.
However, during the construction the distances between the
seven columns were modified, arriving at the layout presented
in Figure 5.1. The temperature of the asphalt concrete is
provided by thermocouples.

The strain assemblies consists of two foil strain gauges
(Alberta Research Council type), one of which is active. They
are embedded in an asphaltic mastic carrier which is placed
at the interface between the base and the surface course before
the placement of the asphaltic mix (Figure 5.2).

The deflection transducers ( linear variable displacement
type), were installed in a steel housing and anchored deep
into the subgrade. Because of their sensitivity to humidity
and dust, they are removed from the steel housing when not

used.
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Figure 5.2 : The strain gauge carrier and its location

The thickness of the surface layer ensures that the strain
gauge carrier is not damaged during the paving process. Due
to the temperature of the paving material, at the time of

construction, the asphaltic mastic had softened and was firmly

into the ing layer.
The thickness of the asphaltic concrete layer, initially
planed to be 110 mm, was increased to 175 mm (sea Figure 5.3)

in order to increase the life of the measuring devices.

5.2 The experament

The experiment was conducted during the summer of 1990.

It monitored two

P e . nhamely
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longitudinal tensile strain at the bottom of the asphalt

concrete layer and deflection.

Wearng surfoce
asphalt concrete

ase course
granular materil

| Subkose course
wm granular material

I Subgrade
sandy, gravelly glacial till

Figure 5.3 : Cross section of flexible pavement structure

However, only the longitudinal tensile strain provided by 12
strain gauges was analyzed in this study. Based on the notation
used in Figure 5.1, the strain gauges monitored were S1 to S5
and S7a to Si2a. The remaining strain gauges measuring
longitudinal tensile strain (Tl and T2) were not monitored.
It was stated above that strain gauges are located in 7

alignments along the wheel path, each of them having a specific

placement relative to the edge of the p: . This
experiment made use of strain gauges placed along 6 such

columns.
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Besides the Benkelman Beam truck, whose trailing axle is
used as reference, another two configurations were tested,
namely a 3-axle truck and a 5-axle truck. The Benkelman Beam
truck and 3-axle truck belonged to the Saskatchewan D.O.T.,
while the 5-axle vehicle was rented. Figure 5.4 presents the
vehicle data pertinent to experiment, namely distances between

axles, distances between tires, tire widths and tire pressures.

Benkelman Beam Truck 3-Axle Truck
e sressars 75 o 108 prese fiaersg 165 ps. tonden 95 o,
- o i
== = ‘_:1:}, T %
] [ N :7:
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1 2
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S-Axle Truck 8 ent S e
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Figure 5.4 : Dimensions of the test vehicles
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The two test vehicles were considered at three levels of
static load. As presented in Table 5.1, the first level of
load, listed as Load Code 1, was the heaviest, while the third
level of load (Load Code 3) was the lightest.

Figure 5.5 shows the dimensions of the tires and dual tire
groups belonging to the BB truck, the 3-axle truck, and the

5-axle truck.

BB 3-oxle S-axle
truck truck truck
=l =l a3en | ~2tcn

Single tires of
steering axles

- I—az en = i—e):n -1 l——zlcn

I | l Dual tire configurations
= = i = = of axles belonging to
| ' I tandem groups

~fuscn  <|l-w0sen A0
- ks o ses o -3
Figure 5.5 : Dimensions of the tires of the experimental

trucks



These dimension were used in order to determine the best
lateral placement with respect to the strain gauges (Section
6.1)

The experiment started with the heaviest load, subsequently

varying the load by unloading part of the cargo.

Table 5.1: Static Loads of Test Vehicles [kg]

Load 3-Axle truck 5-Axle truck

code

Steering | Tandem* | Steering | Tandem 1| Tandem 2

1 4200 16300 4790 16890 17550
2 4160 13450 4500 10950 9250
3 4020 11240 4320 5020 2940

* Load values are suspect due to improper weighing
procedure.

The static load values were obtained using bathroom type
scales. The tandem of the 3-axle vehicle was improperly
weighted, positioning the scales under only one axle of the
group each time, instead of weighing both axles at the same
time. This caused the redistribution of the loads, overloading
the axle on the scale and reducing the load on the other axle
of the tandem. The standardized weight of the trailing axle

of the B.B. truck is 8150 kg, while the measured value was
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8280 kg.

Besides the three levels of static load of each vehicle,
three levels of speed, namely 20, 40 and 50 km/h were included.
At each level of static load and speed, a number of 2 replicate
runs of the 3-axle and 5-axle vehicles was performed, followed
by only one run of the B.B. truck.

Table 5.2 presents the characteristics of all the runs;
the type of the truck, the load code, the nominal speed, the
pavement temperature, and the distance from the pavement edge
to the outside of the outmost tire.

Abbreviations were used for the truck types, namely BB for the
Benkelman Beam truck, 3A for the 3-axle truck, and 5A for the
5-axle truck.

It is worth mentioning that each of the runs presented next

1 1 strain r from all the 1z strain

gauges monitored. The experiment produced a total of 648
strain versus time histories, 216 for each vehicle
configuration.

Based on Table 5.2, it was observed that in general the
actual speed was different from the proposed nominal speed.
For the nominal speed of 20 km/h the average actual speed was

21.94 km/h with a standard deviation of 2.798.




Table 5.2:

Run Characteristics

Run |Truck) Load | Truck | Pav. White line - outside of
nr. | type |class| speed | temp. outmost tire distance
(cm]
(km/h] °c Axle|Axle|Axle |Axle|Axle

1 2 3 4 5

1 BB 1 18 27.4 10 5 L] " -
2 3A 1 22 27.5 30 22 22 e -
3 3A 1 22 27.4 41 31 31 ] -
4 BB 1 40 27.4 37 30 - - -
5 3A 1 40 27.6 21 13 13 L] -
6 3a 1 40 27.6 47 39 39 - -
7 BB 3 54 27.6 31 25 - = o
8 3a 1 53 27.6 33 25 25 - Lo
9 3a 1 53 27.6 57 50 50 C) =
10 BB 2 20 29.7 15 12 L - -
11 3a 2 26 29.8 25 18 18 = =
12 3a 2 29 29.8 32 25 25 = =
13 BB 2 40 29.9 41 37 - = =
14 3a 2 40 30.0 31 24 24 - -
15 3A 2 40 30.0 31 23 23 - -
16 BB 2 51 30.1 21 18 - o =
17 3a 2 53 30.3 30 22 22 ;i -
18 3A 2 51 30.3 28 21 21 - -




Table 5.2:

Run Characteristics

(continued)

Run |Truck] Load | Truck | Pav. White line - outside of
nr. | type Jclass| speed | temp. outmost tire distance
{cm]
[km/h] °c Axle|Axle|Axle(Axle|Axle
1 2 3 4 5
19 BB 3 20 30.6 29| 25| - - -
20 3A 3 26 30.6 38| 32| 32 - -
21 3a 3 26 30.6 42 34 34 - -
22 BB 3 39 30.7 20 25| = - -
23 32 3 40 30.8 45| 37] 37 - -
24 3a 3 40 30.9 47 | 39| 39 - -
25 BB 3 50 30.9 35 31| - - -
26 3a 3 51 30.9 27 | 20| 20 - -
27 3A 3 51 31.0 38| 30| 30 - -
28 BB L 19 26.2 27| 24| - - -
29 5A 1 21 26.2 24| 15( 15 [ 12 12
30 5a 1 21 26.3 47 37 37 33 33
3% BB 1 37 26.4 s5 | 52| - - -
32 5A 1 38 26.4 65 55 55 51 51
33 SA 1 40 26.5 44| 35| 35 | 30 30
34 BB z 46 26.7 45| 41| - - -
35 5A 1 50 26.8 45| 35| 35 | 32 32
36 SA 1 50 27.0 34| 24 24 | 21 21




Table 5.2:

Run characteristics

(continued)

Run |Truck} Load | Truck | Pav. White line - outside of
nr. | type jclass| speed | temp. outmost tire distance
[cm]
(km/h] w© Axle|Axle|Axle|Axle|Axle
3 2 3 4 5
37 BB 2 21 28.3 29 25 - - -
38 5A 2 21 28.6 37 27 27 24 24
39 SA 2 21 28.7 45 37 37 s 35
40 BB 2 40 28.8 55 51 - - -
41 5a 2 40 29.0 42 33 33 31 31
42 5A 2 40 29.0 48 39 39 36 36
43 BB 2 48 29.1 85 52 - - -
44 5A 2 51 29.0 38 30 30 30 30
45 5A 2 51 29.0 30 22 22 21 21
46 BB 3 20 30.4 46 43 - - -
47 5a 3 21 30.4 38 30 30 28 28
48 5A 3 21 30.4 43 34 34 33 33
49 BB 3 40 30.4 43 39 4 - ”
50 5a 3 40 30.5 40 33 33 31 31
51 5a 3 40 30.6 36 28 28 27 27
52 BB 3 46 30.6 27 23 - = -
53 5A 3 50 30.6 45 37 37 36 36
54 5a 3 51 30.6 44 36 36 36 36




For the 40 km/h nominal speed, the average actual speed was

39.67 km/h with a standard deviation of 0.81. For the proposed

nominal speed of 50 km/h the average actual speed was 50.55
km/h with a standard deviation of 2.11.
The pavement temperature varied from 26.2 °C to 31 °C, the

variation range being 4.8 °C.

Figure 5.5 presents the layout of the video logging system.

CENTERLINE
LINE OF CONTRASTING
MARKINGS
—
P
VEHICLE WHEEL
CAMERA
Figure 5.6 :

Layout of video logging camera system. After
Taylor (1989)



In order to determine the lateral placement of the experimental
vehicles during each run, and to calculate their position with
respect to the transducers, lines of contrasting color were
painted across the lane. The passage of each vehicle was video
recorded, and subsequent playback permitted to establish the

position of each axle.



Chapter 6
METHODOLOGY

This chapter presents the procedure followed in order to
select the runs and the strain gauges whose strain versus time
histories were used for LEF's calculations. Also, it delineates
the calculations involved and relates each step to the computer

software developed as a tool during the study.

6.1 Belection of runs and strain gauge responsss to apalyze

As stated in section 5.2, the experiment involved two
vehicle configurations (a 3-axle and a 5-axle truck) at three
levels of speed (20, 40, and 50 km/h) and three levels of load.
Two replicate runs were made for each configuration at each
level of speed and load. For each run, the 12 strain versus
time histories were recorded, corresponding to 12 strain gauges
monitored during the experiment. Based on the number of
replicate runs (2) and the number of strain gauges monitored
(12), it can be concluded that, at a given level of speed and
load, each configuration generated 24 strain versus time
histories.

At this point, two analysis alternatives were available.
First, to calculate the LEF's for all the 24 strain versus

time histories corresponding to each vehicle, level of speed



and loading. This alternative involves statistical analysis
of the results in order to isolate the effects of many parameters
affecting the values of LEF's, such as the lateral placement
of the candidate configuration in relation to each strain
gauge; lateral placement of the reference axle (the drive axle
of the BB truck) and the relative distance between the candidate
truck and the BB truck for a specific run.

The second alternative was to select only one of the two
replicate runs, and only one of the 12 strain versus time
histories related to the run selected. This alternative yields
9 strain versus time histories for each truck configuration,
that is one strain versus time history for each level of speed
and load considered. The selected loaa versus time histories
reflect the best lateral placement of the candidate truck in
relation to a specific strain gauge, and the smallest distance
between the candidate truck and the corresponding BB comparison
axle.

Given the limited number of runs performed, and the wide
range of lateral placement values obtained, it was considered
that the second analysis alternative serves better the purpose

of this study.

An important requirement in the selection of the best strain
versus time histories was the identification of the evaluation

criteria involved, namely the lateral placement of a specific
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vehicle in relation to a given strain gauge and the distance
between the candidate vehicle and the BB truck used for
comparison. Both distances introduced above involve

measurements from the center of a tire or tire group.

The first step of the selection process delineated above
was the elimination of one of the two repiicate runs available
for each level of speed and loading. The elimination criterion
was the distance between the center of the tire or tire group
of the candidate truck and the corresponding BB truck. Let
us consider a specific position of a certain axle belonging
to the candidate truck in relation to a given strain gauge.
If the rear axle of the BB truck is closer to the strain gauge
than the candidate axle, it will generate higher response,
fact that implies lower LEF (Equation 3.14). On the contrary,
if the candidate axle is closer to the gauge than the standard
BB axle, the induced response will increase due to the better

lateral placement of the axle, and the LEF will also increase.

Tables 6.1 and 6.2 show the rela“ive placement data of the
3-axle truck runs, and the 5-axle truck runs respectively. In
Table 6.1, D1 represents the absolute value of the distance
in centimeters between the center of the right-hand side tire
of the steering axle of the 3-axle truck and “he center of the
right-hand side of the dual tire configuration of the trailing
axle of the BB truck.
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Table

6.1: Relative lateral placement [cm] (3-axle truck)

Speed Load BB Run | Replic | Run D1 D2
cd.

20 1 1 first 2 8.75 17.50
second 3 19.75 26.50

2 10 first 11 3.25 6.50

second 12 3.75 13.50

3 19 first 20 3.25 7.50

second | 21 0.75 9.50

40 i 4 first 5 25.25 16.50
second 6 0.75 9.50

2 13 first 14 22.25 12.50

second 15 22.25 13.50

3 22 first 23 3.75 12.50

second 24 5.75 14.50

50 1 7 first 8 8.25 0.50
second 9 15.75 25.50

2 16 first 17 4.25 4.50

second 18 6.25 3.50

3 25 first 26 20.25 10.50

second 27 9.25 0.50
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Table 6.2: Relative lateral placement [cm] (5-axle truck)

speed | Load |BB Run[Replic] Run D1 D2 D3
cd

20 i 28 |ffirst] 29 | 15.80 7.80 | 10.80

30 7.20 14.20 10.20

2 37 first 38 3.75 3.25 0.25

39 4,25 | 13.25 | 11.25

3 46 |first] 47 | 20.75 | 11.75 | 13.75

48 | 15.75 7.75 8.75

40 i 31 | first| 32 2.75 4.25 0.25

33 | 23.75 | 15.75 | 20.75

2 40 first| 41 24.75 16.75 18.75

42 | 18.75 | 10.75 | 13.75

3 49 Jfirst] 50 | 14.75 4.75 6.75

51 18.75 9.75 10.75

50 1 34 first| 35 11.75 4.75 7.75

36 | 22.75 | 15.75 | 18.75

2 43 |first| 44 | 29.75 | 20.75 | 20.75

45 | 37.75 | 28.75 | 29.75

3 52 |first] 53 6.25 | 15.25 | 14.25

54 5.25 | 14.25 | 14.25
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D2 represents the distance between the center of the right-side
dual tire configuration of any axle of the 3-axle tandem group
and the same center of the trailing axle of the BB truck.

In Table 6.2, D1, D2, and D3 denote the same distances,
corresponding to the steering axle, the first and the second
tandem of the 5-axle truck. The above distances are shown for
each of the two replicate runs, together with the number of
the run.

The selection of one of the two runs was based on the lowest
of the D1 and D2 distances, and the lowest of the D1, D2, and
D3 distances for 3-axle 5-axle truck runs, respectively. When
a specific run had a better lateral placement of the steering
axle (D1) than its replicate, but a worst tandem lateral
placement (D2 and/or D3), the run was rejected and its replicate
was selected. This was because almost always tandems were
heavier than steering axles (Table 5.1).

From Table 6.1 can be seen that for the steering axle of
the 3-axle truck, the relative lateral placement is between
0.75 cm (run 6) and 22.5 cm (run 14). The tandem distances
range from 0.5 cm (run 8) to 17.5 cm (run 1). The 17.5 cm
distance is a rather big value, that could affect the quality
of the run 1. Table 6.2 reveals the following value ranges
for the S-axle truck runs: from 2.75 cm (run 32) to 29.75 cm

(run 44) for the steering axles; from 3.25 cm (run 38) to 20.75



cm (run 44) for the first tandem and from 0.25 cr (runs 32 and
38) to 20.75 cm (run 44). Although run 44 has a better relative
lateral placement than its replicate (run 45), its values are
high and the impact of this situation on corresponding LEF's
has to be considered.

The results of the selection are presented in Table 6.3
for the 3-axle truck runs, and in Table 6.4 for the S5-axle

truck runs.

Table 6.3: Selected Runs (3-axle truck)

Speed | Load cd. | BB Run Run
20 1 1 2
2 10 11

3 19 20

40 1 4 6
2 13 14

3 22 13

50 2 7 8
2 16 18

3 25 27
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Because the previous step linked the position of the BB
truck to the position of the closest candidate truck, at each
level of speed and loading, this step must determine the best
BB truck placement in relation to the 12 strain gauges monitored
at the experimental site. The selection criterion was the
absolute distance between the center of each strain gauge and
the center of the rig.t-side dual tire configuration of the

rear axle of the BB truck.

Table 6.4: Selected Runs (5-axle truck)

Speed | Load code | BB Run Run
20 1 28 29
2 37 38

3 46 48

40 % 31 32
2 40 42

3 49 50

50 3 34 35
2 43 44

3 52 54




The second step of the selection process involves the
identification of the strain versus time history to be used;
one out of 12 available for the already selected run. However,
before starting the selection process, there were two problems
to be solved. First, it was necessary to check the quality
of the sensors involved, based on the available strain
responses. Second, it was necessary to define an acceptable
strain gauge-tire group distance range, and to approximate the
lateral placement producing the highest responses. The
qualitative evaluation of the strain gauges was based on the
strain response under the trailing axle of the BB truck.

All the strain responses generated by the same strain gauge
as a result of the BB truck runs characterized by the same
speed, are compatible and can be compared. According to this
observation, the experiment comprised 6 runs of the BB truck
at each level of speed (20, 40 or 50 km/h). In conclusion,
each strain gauge monitored yielded 6 strain versus time
histories for BB runs having the same nominal speed. By
plotting these six responses for each strain gauge, at each

level of speed, the relationship the gauge r

and the lateral placement can be evaluated.
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6.2 Selection of the values characterizing the atrain cycles

It was decided to process the cycles belonging to the strain
versus time histories generated by the experimental vehicles
using four methods. First, the peak value of the strain cycle
were calculated cf. the Standard ASTM E 1049-1985 (see Section
4.3). Second,the peak values were processed as recommended
by the RTAC (Vehicle Weight and Dimensions Study, 1986), based
on the tensile part of the strain cycle only. Third, the
strain cycle was integrated, and fourth, only the tensile part
of the strain cycle was integrated.

The study focused initially on the cycles produced by the
trailing axle of the BB truck. Appendix A presents the results
of this analysis, the six graphics describing the behavior of
each strain gauge being grouped together. For a specific
speed, there are two plots, the left one showing the peak
values calculated by the methods proposed by ASTM (filled
square) and RTAC (cross). The right plot deals with integral
values, using the same notations. Above each filled
square-cross pair, it is presented the number of the run which
generated the original time versus time history.

A general observation concerning the plots was that all
the parameters plotted, peaks or integrals, followed the same
trend, namely decreased with increasing axle distance from the

strain gauge. As expected, considering both tensile and



compressive parts of the cycles yielded higher values than
considering only the tensile part. Also, for higher speeds,
the values of the strain response was lower.

Based on visual observation of the graphics presented in
Appendix A, four of the strain gauges, namely S5, S6, S9a and
S10a, were found to behave inconsistently, yielding increased
strain values for increased lateral placement, or yielding a
wide strain range for the same lateral placement of the BB
truck. The strain versus time histories produced by the four
strain gauges named above were excluded from subsequent
evaluation. The strain response of the remaining 8 strain
gauges offered further insight on the behavior of the strain
versus lateral placement. It was observed that the maximum
strain was obtained when the center of the dual tire group was
20 cm to the left of the center of the strain gauge. Based
on the width of each BB tire, and the transverse distance
between the two tires (Figure 5.5), maximum strain was obtained
when the outside tire of the group is exactly above the strain
gauge. In order to verify this observation, all the peak
strain values calculated according to the methodology proposed
by ASTM were pooled, without differentiating between strain
gauges, for each experimental speed. Pooling peak values

generated by different strain gauges can be irrelevant because



there are many factors related to the material and experimental
site characteristics which may affect the response value of a

specific strain gauge.
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Figure 6.1 Pooled strain peaks versus lateral placement at

three levels of speed.

However, despite some range variations, the trend in the gtrain

values versus lateral placement was easy to identify, and



verified the observation that the maximum strain was obtained
when the center of the dual tire group was 20 cm to the left
of the center of the strain gauge.

Figure 6.1 presents the strain versus lateral placement
plots for the gauges S1-S4, S7a, S8a, Slla and Sl2a, at three
levels of speed. The numeric labels inside the plots indicate
the number of the gauge which produced the plotted peak. Both
the plots presented in Appendix A, and the plots in Figure 6.1
used the following convention related to the lateral placement
of an axle: the distance is positive when the center of the
axle group is at the right of the center of the strain gauge,
and is negative when it is at the left. Considering this
convention, and the information provided by Figure 6.1, it was
decided to eliminate all the strain versus time histories where
the lateral placement was outside the range -40 to 0 cm. From
all histories characterized by lateral placements inside this
range, the closest to the -20 position was selected.

Table 6.5 presents the results of the above selection for
the 3-axle truck runs, while Table 6.6 presents the 5-axle
truck runs selected.

The four parameters presented at the beginning of the
Section 6.2 were also calculated for the strain versus time
histories produced by the selected runs of the 3-axle and the

5-axle truck.



Table 6.5: Runs and Gauges Selected for LEF's Calculation
(3-axle truck)

Speed Load cd. BB Run Run Gauge
20 2 1 2 3
2 10 11 3
3 19 20 3
40 1 4 6 3
2 13 14 2
3 22 13 3
50 % 7 8 3
2 16 18 3
3 25 27 3

Table 6.6 Runs and Gauges Selected for LEF's Calculation
3 (5-axle truck)

. Speed | Load cd. | BB Run Run Gauge
20 1 28 29 3
2 37 38 2
3 46 48 2
40 1 31 32 2
2 40 42 2
3 49 50 2
50 3 34 35 2
: 2 4 m 2
1 3 52 54 3

i
i

The peak value of the strain cycle as defined by the Standard
ASTM E 1049-1985; the peak values as recommended by the RTAC

method; the integral of each strain cycle, and the integral
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of the tensile part of the strain cycle were obtained by using
a computer program developed during the study. Details about
its structure and operation, together with the steps involved
in the processing of one of the runs, were provided in Appendix

B.
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Chapter 7
RESULTS AND DISCUSSION

This chapter presents and discusses the results of the
study. Section 7.1 introduces the LEF's calculated by the
ASTM Range-Pair Counting Method. First, the LEF's obtained
from each axle/axle group are shown for the speed and load
combinations tested. The influence of the lateral placement
is analyzed and the effects of increasing load and speed on
LEF's are described. Second, the concept of the "vehicle"
LEF's is introduced and compared to the sum of the LEF's of
individual axles/axle groups.

Section 7.2 deals with the comparison of LEF's obtained by
two mechanistic methods, namely the proposed ASTM Range-Pair
Counting Method and the RTAC Method.

Section 7.3 deals with the comparison of the mechanistic
LEF's obtained by the ASTM Range-Pair Counting Method and the
empirical LEF's based on the results of the AASHO Road Test.

Section 7.4 discusses the suitability of an integral method
for mechanistic LEF's determination. This method retains the
cycle definition proposed by the ASTM Range-Pair Counting
Method. However, instead of identifying the peak value of the
cycle, its integral value is calculated. LEF's values which
served as a basis for all the descriptive or comparative plots

can be found in Appendix C.



2.1 LEF's obtained by the ASTM Range-Pair Counting Method

As presented in Chapter 4 and 6, discrete methods for LEF's
calculation use the peak values of the strain versus time
cycles. The following section describes and analyzes
mechanistic LEF's obtained by the ASTM Range-Pair Counting
Method for individual axles and entire configurations,
respectively.
Table 7.1 presents the LEF's for the 3-axle truck, while Table
7.2 presents the LEF's for the 5-axle truck. The LEF's presented
in both tables are discussed in Section 7.1.1 (individual
axles/axle groups) and Section 7.1.2 (vehicle), respectively.

7.1.1 LEF's for individual axles and axle groups

For flexible pavements, the ASTM Range-Pair Counting
Method, uses trough-peak~trough strain cycles (Section 4.3.4),
taking into account both the tensile and the compressive part
of each cycle. LEF's are calculated using Equation 3.14, based
on the peaks generated by the axles of the candidate vehicle
and the peak generated by the standard axle of the BB truck.

As a result of the experiment conducted, it was possible
to calculate LEF's for each axle/axle group of both truck
configurations, at three levels of speed and three levels of

loading.



Table 7.1: Discre’e LEF's for 3-axle Truck

RUN LOAD SPEED STEERIN TANDEM | VEHICLE
CODE  km/h G

2 20 0.5 3.54 4.04
6 1 40 0.05  3.46 3.52
8 50 0.23 2.38 2.62
11 20 0.37  1.04 1.41
14 2 40 0.004  0.71 0.71
18 50 0.83 1.54 2.38
20 20 0.06 0.75 0.81
23 3 40 0.023 0.06 0.08
27 50 0.37 1.11 1.49

Table 7.2: Discrete LEF's for 5-axle Truck

RUN LOAD SPEED STEERIN TANDEM TANDEM | VEHICLE
CODE km/h G 1 2
29 20 0.69 3.00  2.87 6.57
32 1 40 0.22 1.23 1.93 3.40
35 50 0.49 2.24 3.13 5.86
38 20 0.19 1.28 1.06 2.54
42 2 40 0.13 0.95 0.50 1.58
44 50 0.03 0.66 0.34 1.03
48 20 0.05 0.09 0.011 0.15
50 3 40 0.03 0.05 0.004 0.09
54 50 0.045 0.002 0.0005 0.048




The cnsuing analysis presents the effect of speed and level
of loading on mechanistic LEF's based on the Range-Pair Counting
method. Expected trends are described and inconsistencies
explained.

Early research done on LEF's (Christison et al., 1978),
suggested that "the potential damaging effect of a given load
on pavements, as expressed in terms of interfacial strains or
surface deflections, is highly dependent on vehicle velocity".
Accordingly, it was anticipated to obtain decreasing LEF's for
increasing speed. Besides, lower levels of loading will produce
lower LEF's. In both cases, the decrease in LEF values is a
result of lower levels of tensile strain produced at the bottom
of the asphalt concrete layer.

The effects of speed and load on LEF's are easy to
distinguish from Tables 7.1 and 7.2. Additionally, bar graphs
(Figures 7.1 to 7.40) were used in order to facilitate the
analysis of the results. LEF's were grouped by speed, and at
each level of speed by level of loading. The height of a given
bar is the LEF value corresponding to the speed and load
combination represented.

When comparing two different graphs, it is important to
remember that usually they have different vertical scales,
because each graph was scaled according to the highest strain

level it contained.
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Figure 7.1 presents the LEF's for the steering axle of the
3-axle truck. Given the small variation between the three
levels of load (4200 kg, 4160 kg, and 4020 kg), almost equal
LEF's were expected for all three levels of loading at a given

speed. However, the LEF's varied across the levels of loading.

STEERING AXLE  3-AXLE TRUCK

Figure 7.1 : LEF's for 3-Axle Truck, Steering Axle,

Calculated by the ASTM Range-Pair Counting Method
For example at 20 km/h, the variation was between 0.06 and
0.5. Inconsistences were found also across the levels of
speed. For example, LEF's obtained at 40 km/h are significantly
lower than those obtained at 50 km/h. Also, the LEF's obtained
at 50 km/h for the lightest load classes exceed those obtained
at 20 km/h. It is believed that the inconsistent trend in
LEF's values was a result of the relative lateral placement

of steering axles versus the BB truck standard axle. Because



the small values of strain peaks produced by those light axles,
slight differences in lateral placement could significantly
influence the strain ratio of the candidate axle over the BB
axle.

For example, let us consider two cases; namely a candidate
axle peaking at 300 microstrain and a BB axle peaking at 250
microstrain compared to a candidate axle peaking at 60
microstrain and a BB axle peaking at 50 microstrain. The
candidate axle peak over BB peak ratio is 1.2 in both cases,
producing an LEF of 2, given an exponent of 3.8. Let us suppose
a relative lateral placement of the candidate axle which will
produce a peak decrease of 10 microstrain unite in both cases.
The candidate axle peak over the BB axle ratio becomes 1.16
for the first case, and 1 for the second case. The corresponding
LEF's will be 1.75 and 1, respectively. In conclusion, reducing
by 10 microstrain units the candidate axle peak, generated a
LEF drop of 14% for the first case and a drop of 50% for the
second case. Hence, LEF's of light axles are more sensitive
to lateral placement than LEF's of heavy axles.

Besides, considering the short duration of strain cycles
produced by an axle, vehicle dynamics can be considered as

another factor affecting the strain magnitude.



Figure 7.2 presents the LEF's for the tandem axle of the
3-axle truck. The expected trends, namely lower LEF's for
increasing speed and decreasing axle load are in general

followed.

TANDEN  3-ANLE TRUCK

516300 kg 222 13450 vg G 11240 19

Figure 7.2 : LEF's for 3-Axle Truck, Tandem, Calculated by
the ASTM Range-Pair Counting Method

For the same speed, the LEF's are consistently decreasing
with decreased load, but across speeds, a certain amount of
inconsistency is present at 50 km/h for the lowest levels of
loading. As expected, the LEF's obta ed at 40 km/h are lower
than those obtained at 20 km/h. However, for load classes 2
and 3, the highest speed (50 km/h) yielded the highest LEF's.
In order to determine the cause of this discrepancy, the strain
versus time histories for all the runs were examined for the

various levels of speed and load tested, considering both the



3-axle and the BB truck. This overall assessment indicated
that for the BB truck the level of strain decreased consistently
with increased speed and decreased load. However, for the
3-axle truck, it was found that at 50 km/h, load classes 2 and
3, the strain response was very high, exceeding that of the
previous level of speed (40 km/h) and loading (1lst loading
class). Other parameters, namely the lateral placement, the
actual speed and the temperature of the pavement were
investigated for all the runs, without finding any particular
reason for the high levels of strain generated by 3-axle truck
runs at 50 km/h. In conclusion, vehicle dynamics remains the
only possible explanation of the inconsistencies observed.

For the 5-axle truck, Figure 7.3 shows the LEF's of the
steering axle, for three levels of load and speed. Similar
to the case of the 3~axle truck, the steering axle varied in
weight by less than 10% between load classes (4790 kg, 4500
kg, and 4320 kg, respectively). Still, it was observed that
LEF's obtained for the heaviest loading (class 1) were
significantly higher that those obtained for the light loading
(class 2 and 3).

In general, LEF's followed the expected trends, with the
only significant inconsistency observed across speeds, for the
heaviest load class. The LEF is lower at 40 km/h than the LEF

obtained at 50 km/h.
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Figure 7.3 : LEF's for 5-Axle Truck, Steering Axle,
Calculated by the ASTM Range-Pair Counting Method
This was found to be due to the lateral placement of the 5-axle
truck at 40 km/h, load class 1, with respect to the strain
gauge selected. The center of the tire group was at around
40 cm to the left of the strain gauge, which was the highest
value of lateral placement among all selected runs of the
5-axle truck.

The high value of the lateral placement was also reflected
in the LEF's of both the first tandem (Figure 7.4), and the
second tandem (Figure 7.5). Excepting this problem, the tandems
of the 5-axle truck showed a more consistent trend of LEF's,
with speed and level of load. The significant weight variation
across loading classes is evidently reflected on the LEF's

values. It exceeds in importance the variation of LEF's across



speeds.

Ist TANDER  5-AXLE TRUCK

0
SPEED (kn/n.

5 16890 kg 772 10950 kg B8 5020 kg

Figure 7.4 : LEF's for 5-Axle Truck, lst Tandem,

Calculated

by the ASTM Range-Pair Counting Method

2ng TANDER  5-AXLE TRUCK

Figure 7.5 : LEF's for 5-Axle Truck, 2nd Tandem, Calculated

by the ASTM Range-Pair Counting Method



The reason, as explained and exemplified at the beginning of
the section, is that heavier axle and axle groups are less
sensitive to small variation of lateral placement (candidate
axle to the strain gauge) and/or relative lateral placement
(candidate axle to BB axle), than lighter axles.

7.1.2 Vehicle LEF's

Another issue was raised when processing a strain versus
time history by using the ASTM Range-Pair Counting method,
namely the treatment of the trough-peak-trough cycles existing
between the axle groups. These cycles, referred to as
inter-axle cycles, are produced by two successive axles which
do not belong to the same axle group.

Two analysis approaches are possible, namely to consider
the inter-axle cycles, or to neglect them. In the first case,
the LEF value of each inter-axle cycle should be calculated.
The "vehicle" LEF will include both the LEF's generated by
truck axles and the LEF's obtained from the inter-axle cycles.
In the second case, the effect of the inter-axle cycles should
be neglected, the "axle sum" LEF for an experimental truck
being the sum of the LEF's produced by each of its axles.

Figure 7.6 presents the cycle identification for both the
3-axle truck and the 5-axle truck. The left side plots
identify all the strain cycles of the history, including the

inter-axle cycles.



As stated earlier, the sum of the LEF's produced by all cycles
is the "“vehicle" LEF. The right side plots identified as
cycles only the strain cycles produced by truck axles. The

sum of these LEF's is the "axle sum" LEF.

3-axte truck tanden

\YAN N
steerngd F— tanden 1 —| |— tanden 2

S-axte truck

Figure 7.6 : Two Approaches for Strain Cycles Identification

It was found that although the consideration of strain
cycles between the axle groups is theoretically sound, the
calculations indicated that they do not significantly inucrease
the "axle sum" LEF. For example, tl . maximum LEF yielded by
the inter-axle cycles was 0.00002 for the runs of the 3-axle
truck, and 0.00041 for the runs of the 5-axle truck. These
quantitatively insignificant LEF's are a result of calculating
the ratio of small peaks yielded by an inter-axle cycle over

the peak p: by the ing BB axle, and raising

this ratio at 3.8.
The entire vehicle LEF's for the experimental trucks are

presented below. Because the vehicle LEF's are obtained by



summing the LEF's of individual axles, they will also reflect
the inconsistencies observed for each individual axle.

The LEF's ror the 3-axle truck, calculated by adding the
LEF's of the steering axle and tandem axle, are presented in

Figure 7.7.

3-AXLE TRUCK: ENTIRE UEHICLE

Figure 7.7 : LEF's for 3-Axle Truck, Entire Vehicle,

Calculated by the ASTM Range-Pair Counting Method
At each level of speed, lower LEF's are obtained for decreasing
loading. Across speeds, and for the heaviest load class, they
also follow the expected trend, decreasing with increasing
speed. The inconsistencies observed at lower load classes for
the highest speed (50 km/h), reflect those of the steering
axle and the tandem, explained in Section 7.1.1.

For the 5-axle truck, Figure 7.8 presents the vehicle LEF's.
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Figure 7.8 : LEF's for 5-Axle Truck, Entire Vehicle,
Calculated by the ASTM Range-Pair Counting Method
As explained in Section 7.1.1, the only inconsistency observed
at 40 km/h for the highest loading class, is due to the large
lateral placement of the candidate vehicle with respect to the
strain gauge selected.

In conclusion, it was found that the ASTM Range-Pair
Counting Method yielded consistent results for low speeds and
high axle loads. For high speeds and lower loads, inconsistent
LEF's were sometimes obtained across speed and loading classes.
This fact can be explained by the significant influence on
strain of the lateral placement of the BB axle versus the
candidate axle. These discrepancies, however, are relatively
insignificant, considering the small values of the LEF's

calculated under these conditions. Another aspect to be



considered is the quality of the candidate axle lateral
placement with respect to the strain gauge. For the S-axle
truck at 40 km/h, load class 1, the LEF was significantly
altered by the large lateral placement with respect to the
strain gauge.

1.2 Comparison of the ASTM LEF's to the RTAC LEF's

The following section presents the comparisons between the
LEF's obtained by the ASTM Range-Pair Counting Method and the
LEF's obtained by the RTAC Method. The only difference between
these two mechanistic methods (considering the interfacial

strain as pavement response parameter), is the treatment of

the ive part of trough-p rough strain cycles. The
comparison is intended to present the effect of the compressive
part of trough-peak-trough strain cycles on LEF's values.
only LEF's produced by individual axles/axle groups were
compared. The quantitative inconsistencies of LEF's across
the levels of speed and/or load were not discussed again,
considering that Section 7.1 already fulfilled that
requirement. Instead, this section focuses on identifying
general trends characterizing each method. Also, it was
intended to compare topics such as sensitivity to speed and
load variation. It is worth mentionin¢ that the same type of
inconsistencies were observed in both the ASTM and the RTAC

method, because both methods are applied to the same strain



versus time histories. Besides, both methods use the tensile
part of the Trough-Peak-Trough cycles, the only difference
between them being the treatment of the compressive part of
the cycles. Each bar graph represents the LEF's generated by
a specific axle/axle group at a particular speed. Accordingly,
three graphs are needed to present the comparison for the same
axle/axle group across speeds. The levels of loading are
plotted along the X axis. At each level of load, correspond
two LEF's obtained using the ASTM and the RTAC method,
respectively.

Figures 7,9 to 7.11 present the LEF's for the steering axle
of the 3-axle truck at three levels of speed ( 20, 40 and 50

km/h) .
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Figure 7.9 : Comparison of ASTM LEF's to RTAC LEF's for

3-Axle Truck, Steering Axle, Speed 20 km/h
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Figure 7.10 : Comparison of ASTM LEF's to RTAC LEF's for

3-Axle Truck, Steering Axle, Speed 40 km/h
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Figure 7.11 : Comparison of ASTM LEF's to RTAC LEF's for

3-Axle Truck, Steering Axle, Speed 50 km/h



As explained in Section 7.1, there are doubts about the quality
of the mechanistic LEF's for the steering axle of the 3-axle
truck. Nevertheless, it was observed that always the LEF's
calculated by the ASTM method were higher than the LEF's
calculated by the RTAC method.

Figures 7.12 to 7.14 present the LEF's for the tandem axle
of the 3-axle truck at three levels of speed (20, 40 and 50
km/h). The information obtained by studying these plots can
be summarized as follows:
- the ASTM method yields the highest LEF's, followed by the

RTAC method.

3~AXLE TRUCK, ~TANDEM AXLES
20 KiH

240 16300
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Figure 7.12 : Comparison of ASTM LEF's to RTAC LEF's for

3-Axle Truck, Tandem, Speed 20 km/h
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Figure 7.13 : Comparison of ASTM LEF's to RTAC LEF's for

3-Axle Truck, Tandem, Speed 40 km/h
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Figure 7.14 : Comparison of ASTM LEF's to RTAC LEF's for
3-Axle Truck, Tandem, Speed 50 km/h



- at 20 km/h, the RTAC LEF's were approximately equal to the
ASTM LEF's. However, with increasing speed the differences
between them increased. This fact can be interpreted as
a higher sensitivity to speed for the ASTM LEF's.

-~ for the tandem axle of the 3-axle truck, it was observed
that the sensitivity to load increase is similar for both
mechanistic methods.

The LEF's for the steering axle of the 5-axle truck are presented

in Figures 7.15 to 7.17. In agreement with previous

observations, the ASTM method produced higher LEF's than the

RTAC method. Also, the ASTM method proved to be more sensitive

to load than the RTAC method.
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Figure 7.15 : Comparison of ASTM LEF's to RTAC LEF's for

5-Axle Truck, Steering Axle, Speed 20 km/h
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Comparison of ASTM LEF's to RTAC LEF's for

Truck, Steering Axle, Speed 40 km/h
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The importance of the sensitivity to load is apparent given
the non-linear relationship between strain and LEF.
Accordingly, a method which exhibited less sensitivity of LEF's
to load may underestimate the damage impact of the heaviest
axles.

Figures 7.18 to 7.20 show the LEF's for the tandem of the
5-axle truck. The LEF's produced by the tandems of the 5-axle
truck were grouped according to speed. At each level of speed
both the first and the second tandem were plotted together,
according to the total load of the tandem. The information
provided by the graphs can be summarized as follows:

- it was observed that the ASTM method yielded the highest LEF

values.
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Figure 7.18 : Comparison of ASTM LEF's to RTAC LEF's for
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5-Axle Truck, Tandems , Speed 20 km/h
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Figure 7.19 : Comparison of ASTM LEF's to RTAC LEF's for

5-Axle Truck, Tandems, Speed 40 km/h

5-AXLE TRUCK, TANDEM AXLES
50 kM

L

2940 | 5020 | 9250 | 10350 | 16650 17550
AXLE LORD (kq]

(=l

Figure 7.20 : Comparison of ASTM LEF's to RTAC LEF's for
5-Axle Truck, Tandems, Speed 50 km/h

- the ASTM method was the most sensitive to increased tandem

load.




- across speeds, the ASTM method presented lower variability
than the RTAC method, which yields considerable decreased
LEF's at lower speeds.

- at 40 km/h, both 16,890 and 17,550 kg tandem loads yielded
low LEF's, again a reflection of the lateral placement of
the Run 31.

In conclusion, the comparison between the ASTM Range-Pair

Counting Method and the RTAC Method has shown that calculated

LEF's are proportional to the load, and decrease with increasing

vehicle speed. Also, LEF's obtained by the ASTM Range-Pair

Counting Method were higher than those obtained by the RTAC

Method. In terms of sensitivity, the ASTM method is the most

sensitive to changes in load, but less sensitive to changes

in speed than the RTAC method.

Evidence provided by Figures 7.9 to 7.20 does not allow,
however, any conclusive statements on the superiority of one
method over the other in calculating LEF's. It is believed
that this question can be conclusively addressed only by
laboratory testing, by experimentally determining the fatigue
life of asphalt concrete samples.

2.3 comparison of the ASTM LEF's to the AASHO LEF's
The comparison between mechanistic ASTM LEF's and empirical

AASHO LEF's is included next, keeping in mind that it should

be entirely qualitative, given the conceptual differences



the two appr As p in Sections 3.1 and
3.9, AASHO Road Test LEF's were calculated as ratios of pavement
life, being functions of axle configuration, axle load,
Structural Number and terminal serviceability. In this
comparison, a SN of 4 and a terminal serviceability of 2.5
were used.
Figure 7.21 to 7.23 present the LEF's for the steering axle
of the 3-axle truck at three levels of speed (20, 40 and 50
km/h) . Considering the quality of the mechanistic LEF's
characterizing the steering axle of the 3-axle truck it is
difficult to define general trends in LEF's. In general, it
appears that LEF's calculated by the ASTM method were higher
than the LEF's calculated by the AASHO method.
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Figure 7.21 : Comparison of ASTM LEF's to AASHO LEF's for

3-Axle Truck, Steering Axle, Speed 20 km/h
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Figure 7.22 : Comparison of ASTM LEF's to AASHO LEF's for

3-Axle Truck, Steering Axle, Speed 40 km/h
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Figure 7.23 : Comparison of ASTM LEF's to AASHO LEF's for

3-Axle Truck, Steering Axle, Speed 50 km/h



Figures 7.24 to 7.26 present the LEF's for the tandem axle

of the 3-axle truck at three levels of speed ( 20, 40 and 50

km/h). The information produced by these plots can be summarized

as follows:

- the ASTM method yields the highest LEF's.

- the ASTM LEF's are more sensitive at lower speeds to load
increase than the AASHO method. The load sensitivity of
the ASTM LEF's decreases with increased speed; at 50 km/h,
both methods showing similar load sensitivity.

- ASTM LEF's are decreasing with increased speed, while AASHO

LEF's are constant across speeds.
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Figure 7.24 : Comparison of ASTM LEF's to AASHO LEF's for
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3-Axle Truck, Tandem, Speed 20 km/h
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Figure 7.27 : Comparison of ASTM LEF's to AASHO LEF's for

5-Axle Truck, Steering Axle, Speed 20 km/h
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Figure 7.28 : Comparison of ASTM LEF's to AASHO LEF's for

5-Axle Truck, Steering Axle, Speed 40 km/h
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Figure 7.25 : Comparison of ASTM LEF's to AASHO LEF's for

3-axle Truck, Tandem, Speed 40 km/h
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Figure 7.26 : Comparison of ASTM LEF's to AASHO LEF's for
3-Axle Truck, Tandem, Speed 50 km/h
The LEF's for the steering axle of the 5-axle truck are

shown in Figures 7.27 to 7.29.
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Figure 7.29 : Comparison of ASTM LEF's to AASHO LEF's for
5-Axle Truck, Steering Axle, Speed 50 km/h
For all the speed levels, the sensitivity of mechanistic
LEF's to load was shown to be higher than that of empirical
LEF's. In general, the ASTM method yielded higher LEF's "han
the AASHO method.

Figures 7.30 to 7.32 show the LEF's for the tandem of the
5-axle truck, grouped according to speed. At each level of
speed, the LEF's of both the first and the second tandem were
plotted together versus load.

At 40 km/h, both 16,890 and 17,550 kg tandem load yielded
lower than expected LEF's, again a reflection of the lateral
placement of the Run 31. However, based on LEF's corresponding
to other levels of loading, it was observed that LEF's of

heavier axles are less sensitive to speed than LEF's of light



axles.
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Figure 7.30 : Comparison of ASTM LEF's to AASHO LEF's for

5-Axle Truck, Tandems , Speed 20 km/h
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Figure 7.31 : Comparison of ASTM LEF's to AASHO LEF's for

5-Axle Truck, Tandems, Speed 40 km/h
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Figure 7.32 : Comparison of ASTM LEF's to AASHO LEF's for
5-Axle Truck, Tandems, Speed 50 km/h

For increased tandem loads, the increase in LEF's of ASTM
LEF's was proportional to the increase in LEF's of the AASHO
LEF's.
In conclusion, it was observed that LEF's obtained by the
Range-Pair Counting Method are typically higher than those
obtained by the \ASHO Road Test. In general, a trend of
decreasing LEF's with increased speed and decreasing load was
observed. Although at lower speeds and loads both ASTM and
RTAC yielded higher LEF's than the AASHO Road Test LEF's, at
higher loads, the ASTM values are more close to the AASHO ones
than the RTAC values. However, given the different nature of
mechanistic and empirical methods, it is not conclusive to

assessquantitatively a mechanistic method based on empirical
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standards.
2.4 LEF's obtained by integrating the strain cycles

In addition to the discrete methods presented earlier, an
attempt to devise LEF's calculation methods based on integrals
of the strain cycles was made. The introduction of the time
variable into the calculation of LEF's can be justified by the
visco-elastic behavior of the asphalt concrete. As pointed
out by Govind et al. (Section 3.13), fatigue is determined
both by load magnitude and its rate of application. Accordingly,
the rate of change of force, stress or energy can be considered
as representative of damage.

The LEF's were calculated as the ratio of two integral
values, namely the integral of the cycle generated by the
candidate axle/axle group divided by the integral of the strain
cycle jenerated by thre BB axle. The integration was based on
Simpson's rule, considering sub-intervals of 0.001 seconds
width, corresponding to the sampling interval used during the
acquisition of experimental data.

Two approaches were considered initially, first by
integrating the entire trough-peak-trough cycles of the strain
versus time history, and second, by integrating only the tensile
part of the same cycles. These two approaches intended to
parallel, in integral terms, the ASTM and RTAC discrete methods.

However, it was found that the integral LEF's calculated by



using the tensile part of the strain cycles closely reproduced
across speed and load the trends of the RTAC LEF's. In
quantitative terms, the integral approach yielded always
smaller LEF's. As a result, only the LEF's based on the

Trough-Peak~Trough integrals will be discussed bellow.

7.4.1 ug! g 1s

The results presented in this section refer to the 3-axle
and the S5-axle truck. Table 7.3 presents the LEF's for the
3-axle truck, while Table 7.4 presents the LEF's for the 5-axle

truck.

Table 7.3: Integral LEF's for 3-axle Truck

RUN LOAD SPEED STEERIN TANDEM | SUM OF |VEHICLE
CODE km/h G AXLES
2 20 1.13 2.54 3.69 3.69
6 1 40 0.09 3.16 3.25 3.25
8 50 1.21 1.82 3.03 3.03
11 20 2.90 0.83 3.74 3.74
14 2 40  0.05  0.56 | 0.56 0.56
18 50 20.54 1.19 | 21.73 | 21.73
20 20 0.21  0.47 | 0.69 0.69
23 3 40 0.07 0.04 0.12 0.12
27 50 3.07 0.87 3.94 3.94




Table 7.4: Integral LEF's for 5-axle Truck

RUN LOAD SPEED STEERIN TANDEM TANDEM [ SUM OF | VEHICLE
CODE km/h G 1 2 AXLES
29 20 2.21 6.75 3.23 12.20 12.66
32 2 3 40 0.41 3.32 2.00 5.75 5.76
35 50 4.34 3.13 2.99 10.47 10.52
38 20 0.45 1.79 1.58 3.83 4.66
42 2 40 0.26 12.63 0.72 13.62 13.62
44 50 0.04 6.04 0.38 6.47 6.47
48 20 0.05 0.12 0.01 0.18 0.30
50 3 40 0.05 0.08 0.005 0.14 0.16
54 50 0.088 0.001 0.0004 0.09 0.09

LEF's for entire configurations were obtained by adding LEF's
for the steering axle and the tandem axles ("axle sum" LEF's),
and by adding the LEF's of all the strain cycles, including
the strain cycles obtained between the axles ("vehicle" LEF's).
The LEF's presented in both tables are discussed subsequently
both in terms of individual axles/axle groups and entire
vehicles. The following analysis presents the effect of speed
and level of loading on integral LEF's based on the entire
trough-peak-trough strain cycles. Expected trends are
described and inconsistencies explained.

The main limitation of the integral method was encountered



for certain strain versus time histories, where it was not
possible to differentiate between the inter-axle strain cycle

from the cycles produced by the preceding axle. In such cases,

the strain cycle by an axle i ated the following
inter-axle cycle, without defining any intermediate trough.
Figure 7.33 presents a strain versus time history where the
strain cycle produced by the steering axle incorporated the
inter-axle cycle, generating a composite cycle characterized
by a much longer duration.

3-axle Truck
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Figure 7.33 : Strain versus Time History Presenting a
Composite Steering-Inter-axle Strain Cycle
The integral value of the composite cycle increased
significantly, affecting the resulting LEF's. This situation

did not affect the discrete LEF's obtained by the ASTM or RTAC



methods, because the peak value of the analyzed cycle was not
modified by composite axle-inter-axle cycles.

Figure 7.34 presents the LEF's obtained by using the
Trough-Peak-Trough integrals for the steering axle of the
3-axle truck. Besides the high LEF obtained for the second
load class at 50 km/h, it was found that the integral method
yielded in general higher LEF's (for example at 50 km/h, load
class 3, the LEF was 3).

STEERING AXLE 3-AVLE TAUCK

Figure 7.34 : LEF's for 3-Axle Truck, Steering Axle,
Calculated using Trough-Peak-Trough Integrals
The tandem LEF's presented in Figure 7.35 have values comparable
to LEF's obtained by other methods under the same loading and
speed conditions. These LEF's were consistent across classes
of 1loading for the same speed, although they present

inconsistences across levels of speed for the same load class.



It was observed that the integral LEF's of the 3-axle truck
tandem and the ASTM LEF's for the same axle, shown in Figure
7.2 presented a similar behavior across speed and load classes.
However, for the same load-speed combinations, ASTM LEF's were

quantitatively higher than integral LEF's.
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Figure 7.35 : LEF's for 3-Axle Truck, Tandem, Calculated
using Trough-Peak-Trough Integrals
Vehicle LEF's calculated as a sum of axle LEF's were highly
affected by the integral LEF's of the steering axle (Figure
7.36). The comparison presented in Section 1.1.2, between
"axle sum" LEF's and "vehicle" LEF's was also carried out for
the integral method. The last two columns of Table 7.3 make
clear that both approaches resulted in numerically equal results
for the 3-axle truck. All the integral LEF's of the 5-axle

truck, at 40 km/h and the highest load class, showed again the



influence of the large lateral placement value described
earlier. The influence of the composite axle-inter-axle cycle
was observed at 50 km/h, load class 1, for the steering axle

(Figure 7.37).
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Figure 7.36 : LEF's for 3-Axle Truck, Entire Vehicle,

calculated using Trough-Peak-Trough Integrals

The ing LEF considerably all the LEF's
produced by the steering axle. Despite these shortcomings,
it was concluded that the integral method yielded higher LEF's
than any discrete methods. Without taking into account the
LEF's affected by the lateral placement, the maximum LEF was
around 2 for the integral method, while the ASTM method yielded

a 0.7 value for the same conditions.
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Figure 7.37 : LEF's for 5-Axle Truck, Steering Axle,

Calculated using Trough-Peak-Trough Integrals

The first tandem of the 5-axle truck (Figure 7.38) yielded
very high LEF's, often two times higher than those produced
by the ASTM method. However, the second tandem (Figure 7.39)
followed the trend and was compatible to the ASTM LEF's values.

The LEF's for the 5-axle truck, calculated both as "axle
sun" LEF's and "vehicle" LEF's are tabulated in the last two
columns of Table 7.4 and plotted in Figure 7.40. It was
observed that for the strain versus time histories of the
5-axle truck, there was a difference between "axle sun" LEF's
and “"vehicle" LEF's. However, the contribution of the
inter-axle LEF's was in general small, never surpassing a value

of one.
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Ist TANDER  5-AXLE TRUCK

Figure 7.38 : LEF's for 5-Axle Truck, 1st Tandem,

Calculated using Trough-Peak-Trough Integrals

2nd TANDEN  5-ALE TRUCK

Figure 7.39 : LEF's for 5-Axle Truck, 2nd Tandem,

calculated using Trough-Peak-Trough Integrals
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The high variability of LEF's calculated by the integral method
was a result of the cycle definition methodology. Apparently
the ASTM cycle identification procedure, while being well
suited for discrete methoas, is not suitable to the integral

approach.
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Figure 7.40 : LEF's for 5-Axle Truck, Entire Vehicle,

Calculated using Trough-Peak-Trough Integrals

The integral method yielded inconsistent results, such as

increased LEF's for lower loads, and much higher than expected

LEF's values. Based on these observations, this approach (as

it was applied and based on the 3.8 exponent) has to be rejected
at this level.



Chapter 8

CONCLUSIONS

The literature review revealed that extensive work has been
done on the load equivalence area (LEF), and indicated a recent
emphasis on mechanistic methods for LEF's calculation. These
methods are characterized by increasing sophistication and
generality.

The ASTM E 1049-85, initially introduced for metals, was

considered and it was ted that its Range-Pair Cycle
Counting method is the most suitable for the analysis of flexible
pavements presenting the fatigue cracking type of distress.
This method identifies the trough-peak-trouc.. strain cycles of
any strain versus time history, taking into account both the

part in tension and the part in compression of each cycle.

The LEF's obtained were dependent both on the candidate
axle load and vehicle speed. Higher loads produced higher LEF's

while increased speeds produced lower LEF's.

It was observed that the values of the LEF's were
significantly affected by the relative lateral placement of a
given candidate axle versus the lateral placement of the
corresponding BB truck standard axle, and by the absolute lateral
placement of any axle with respect to the stain gauge monitoring
the run. In both cases, larger lateral placement values result

in reduced LEF's, based on strain versus time histories having
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lower strain magnitudes.

It is recommended to closely monitor the lateral placement
of the vehicles during the experimental runs. Quantitative
improvements of the lateral placement can be obtained both by
attentively ariving the experimental vehicles, and/or by

increasing the number of run replicates.

In general, runs corresponding to heavier loads and lower
speeds, yielded more consistent LEF's, because the external
factors (lateral placement, temperature, etc.) usually had lower

impact on high amplitude strain versus time histories.

A comparison was made between the LEF's obtained by the
ASTM Range-Pair Counting Method and the LEF's obtained by the
RTAC Method. It was found that LEF's obtained by the ASTM
Range-Pair Counting Method were higher than those obtained by
the RTAC Method. The ASTM method was the most sensitive to
changes in load, being at the same time less sensitive than the
RTAC method to changes in speed. However, the superiority of
one method over the other was not demonstrated. It was concluded

that this question can be only by 1 y testing,

by experimentally determining the fatigue life of asphalt
concrete samples.
A qualitative comparison was also made between mechanistic

ASTM LEF's and empirical AASHO LEF's, keeping in mind the

conceptual differences the two appr . It was



observed that LEF's obtained by the ASTM Range-Pair Counting
Method were typically higher than those obtained at the AASHO
Road Test. Although at lower speeds and loads both ASTM and
RTAC yielded higher LEF's than the AASHO Road Test LEF's, at
higher loads, the ASTM values were closer in magnitude to the
AASHO LEF's than the RTAC LEF's. However, given the different
nature of mechanistic and empirical methods, these comparisons

cannot be considered.

Another issue raised was the treatment of the
trough-peak-trough cycles existing between the axle groups.
These cycles, referred to as inter-axle cycles, were found not
to be quantitatively significant, although the concept may be

theoretically valid.

An attempt was made to devise LEF's calculation methods
based on integrals of the strain cycles, by using integral
values of the trough-peak-trough cycles of the strain versus
time history. The results were unsatisfactory, apparently
because of the cycle definition methodology. The ASTM Range-Pair
cycle identification procedure proved to be unsuitable for the
integral approach, yielding inconsistent results. Based on the
quality of the resulls, the integral method for LEF's calculation

had to be rejected.
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Appendix A
STRAIN PEAKS AND INTEGRALS VERSUS VEHICLE LATERAL PLACEMENT

The plots presented in this appendix depict the behavior
of strain peaks and integrals with modified lateral placement
of the Benkelman Beam truck trailing axle.

The peak strain values plotted together were obtained by
applying the ASTM Range-Pair Counting Method and the RTAC
Method. The X axis of these plots displays the lateral placement
in centimeters, while the Y axis displays the strain measured
in microstrain. Another category of plots show the integrals
of the strain cycles as defined by the ASTM method
(trough-peak-trough) and as defined by the RTAC method (zero
strain-peak-zero strain) versus lateral placement. For these
plots, the X axis displays the lateral placement in centimeters,
and the Y axis displays the integral values neasured in
microstrain * second E-3. Above the marker representing the
strain peak or strain integral values, appears the BB run
number which generated the strain versus time history.

Besides the processing method, the results are grouped by
strain gauge and vehicle speed. Each page of the appendix
contains the plots for a specific strain gauge (from S1 to
Sl2a), organized in three rows, corresponding to speeds of 20,

40, and 50 km/h.
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Strain gauge 12
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Appendix B
SOFTWARE FOR PROCESSING EXPERIMENTAL DATA

The following section describes the software developed as
a work tool during the analysis stage. The computer program
was written in Turbo Pascal(R) version 5.5 (Borland
International, Inc.).

Given the diversity of strain versus time histories, and
the complexity of strain cycle identification, the program was
not intended to automatically perform all the pertinent
operations. Instead, the main decisions are made by the user,
based on numerical information provided at the run time.

Usually, each run was monitored during five seconds, with
a sampling rate of 1000 times per second. As a result, after
the analog to digital conversion, files recording 5000 strain
values were obtained. From a memory management point of view,
the use of an array was early discarded, selecting instead
pointer related dynamic memory allocation techniques, namely
the Doubly Linked List structure. 1In such a list structure,
each record contains data (the strain value in this case), and
two pointers linking the current record to the previous and
the next records. As a result, the list can be processed
backward and forward.

A first step in strain versus time histories processing is

the elimination of the noise preceding and following the strain



response produced by an experimental vehicle. This noise
corresponds to the "no load" condition, and is irrelevant for
the analysis. Figure B.l presents the complete strain versus
time history for Run 2, induced by a 3-axle truck and sensed

by the strain gauge S3.

B e 3 Tl e B Aol s B Pe vemenws OO

Figure B.1 : Strain versus time history for Run 2, gauge 3.

This strain versus time history had a good quality, with
low noise and well defined strain peaks. However, other
histories investigated presented high level of noise, and as
a result the tensile strain peak produced by the lighter
steering axles was difficult to identify. The solution was
the simulation of the truck configuration, based on the actual

speed of the vehicle and the distance between the axles. The



simulated vehicle, represented by three circles in Figure B.1,
can slide along the time axis, using the arrow keys of the
keyboard. If the strain peaks generated by the tandem are
easy to recognize, the tandem group of the simulated vehicle
should be aligned under the tandem peaks. As a result, the
position of the strain peak produced by the steering axle
should be indicated by the position of the steering axle.

When the main components of the strain versus time history
are recognized, its start and end have to be identified, in
order to separate and eliminate the noise. This was accomplished
by using two screen arrows which can be slide along the strain
versus time history. The position of each arrow along the
time axis, and the strain corresponding to that position, are
indicated in two windows at the bottom of the screen (Figure
B.1). The left window reflects the movement of the left arrow,
while the right one corresponds to the right arrow. The
movement step of both arrows is keyboard controlled, the
built-in steps being 1, 10, 100, and 1000 miliseconds. Figure
B.1 presents the arrows positioned at the extremes of the
strain versus time history.

Figure B.2 presents the same history after the noise
elimination. This was the start for identification and
processing of individual strain cycles. According to the ASTM

Range-Pair Method, after a cycle is processed, the strain
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versus time history must be rebuild without the two reversals
which defined the first range of that cycle (Section 3.7.4).
The Doubly Linked List approach proved to be the most suited
for such an operation, realized simply by pointer swapping.
The screen arrows in Figure B.2 limit the first strain cycle
which had the first range smaller than the second one (for

details about the procedure, see Section 3.7.4).
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Figure B.2 : Identification of the first strain cycle.
For the example selected, the first cycle was the cycle between
the steering axle and the tandem group.

Figure B.3 presents the isolated cycle and numerical values
obtained by processing it, namely cycle duration, peak and

integral values under both ASTM and RTAC cycle definitions.



Also, the maximum and the minimum strain values are recorded.
Figures B.4 and B.5 present the identification of the second
cycle to be extracted. Follow Figures B.6 and B.7 for the
first tandem axle, and Figures B.8 and B.9 for the second
tandem axle. Figure B.10 presents the remaining compressive
cycle, which should be discarded according to the mode of

failure selected.
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Figure B.3 : Processing of the first strain cycle.
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Figure B.5 : Processing of the second strain cycle.
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Figure B.6 : Identification of the third strain cycle.
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Appendix C : Load Equivalency Factors' Tables

€.l LPP's Obtained by the ASTM Range=Pair Counting
and the RTAC Method

Table C.1: LEF's for the 3-Axle Truck, Steering Axle,

(ASTM Range-Pair Counting)

Speed (km/h]|{ Load 1 Load 2 Load 3
20 0.5 0.37 0.06
40 0.05 0.004 0.023
50 0.23 0.83 0.37

Table C.2: LEF's for the 3-Axle Truck, Steering Axle,

(RTAC Method)

Speed [km/h]| Load 1 Load 2 Load 3
20 0.3 0.15 0.02
40 0.01 0.001 0.0007
50 0.05 0.13 0.04
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Table C.3: LEF s for the 3-Axle Truck, Tandem, (ASTM

Range-Pair Counting)

Speed [km/h) Load 1 Load 2 Load 3
20 3.54 1.04 0.75
40 3.46 0.71 0.06
50 2.38 1.54 1.11

Table C.4: LEF's for the 3-Axle Truck, Tandem, (RTAC

Method)
Speed [km/h] Load 1 Load 2 Load 3
20 3.39 0.62 0.41
40 1.43 0.31 0.004
50 1.19 0.67 0.44

Table C..: LEF's for the 3-Axle Truck, Complete

Configuration, (ASTM Range-Pair Counting)

Speed [km/h] Load 1 Load 2 Load 3
20 4.04 1.41 0.81
40 3.52 0.71 0.08
50 2.62 2.38 1.49




Table C.6: LEF's for the 3-Axle Truck, Complete
Configuration, (RTAC Method)

Speed [km/hj| Load 1 Load 2 Load 3
20 3.7 0.77 0.42
40 1.45 0.31 0.004
50 1.24 0.81 0.48

Tahle C.7: LEF's for the 5-Axle Truck, Steering Axle,

(ASTM Range-Pair Counting)

Speed [km/h) Load 1 Load 2 Load 3
20 0.69 0.19 0.05
40 0.22 0.13 0.03
50 0.49 0.03 0.04

Table C.8: LEF's for the 5-Axle Truck, Stezring Axle,

(RTAC Method)

Speed [km/h) Load 1 Load 2 Load 3
20 0.32 0.1 0.03
40 0.1 0.05 0.013
50 0.13 0.006 0.007




Table C.9: LEF's for the S5-Axle Truck, 1lst Tandem, (ASTM

Range-Pair Counting)

Speed [km/h]| Load 1 Load 2 Load 3
20 3 1.28 0.09
40 1.23 0.95 0.05
50 2.24 0.66 0.002

Table C.10: LEF's for the S-Axle Truck, 1st Tandem,

(RTAC Method)

Speed [km/h] Load 1 Load 2 Load 3
20 1.13 0.56 0.05
40 0.41 0.18 0.016
50 0.43 0.11 o

Table C.11: LEF's for the 5-Axle Truck, 2nd Tandem,

(ASTM Range-Pair Counting)

Speed [km/h] Load 1 Load 2 Load 3
20 2.87 1.06 0.011
40 1.93 0.5 0.004
50 3.13 0.34 0.0005




Table C.12: LEF's for the 5-Axle Truck, 2nd Tandem,

(RTAC Method)

Speed [km/h] Load 1 Load 2 Load 3
20 1.56 0.53 0.007
40 1.06 0.14 0.002
50 0.85 0.11 0

Table C.13: LEF's for the 5-Axle Truck, Complete

configuration, (ASTM Range-Pair Counting)
Speed [km/h]| Load 1 Load 2 Load 3
20 6.57 2.54 0.15
40 3.4 1.58 0.09
50 5.86 1.03 0.048
Table C.14: LEF's for the 5-Axle Truck, Complete
Configuration, (RTAC Method)
Speed [km/h} Load 1 Load 2 Load 3
20 3.01 1.2 0.09
40 1.58 0.38 0.03
50 1.42 0.23 0.007
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Table C.15: LEF's for the 3-Axle Truck, Steering Axle,

Speed 20 kn/h

Load Code Load 3 Load 2 Load 1

Weight (kg] 4020 4160 4200
ASTM 0.06 0.37 0.5
RTAC 0.02 0.15 0.3
AASHO 0.065 0.075 0.077

Table C.16: LEF's for the 3-Axle Truck, Steering Axle,

Speed 40 km/h

Load Code Load 3 Load 2 Load 1
Weight [kg] 4020 4160 4200
ASTM 0.023 0.004 0.05
RTAC 0.07 0.001 0.01
AASHO 0.065 0.075 0.077




Table C.17: LEF's for the 3-Axle Truck, Steering Axle,

Speed 50 km/h
Load Code Load 3 Load 2 Load 1
Weight [kg] 4020 4160 4200
ASTM 0.37 0.83 0.23
RTAC 0.04 0.13 0.05
AASHO 0.065 0.075 0.077

Table C.18: LEF's for the 3-Axle Truck,

Speed 20 km/h

Tandem Axle,

Load Code Load 3 Load 2 Load 1
Weight [kg] 11240 13450 16300
ASTM 0.75 1.04 3.54
RTAC 0.41 0.62 3.39
AASHO 0.33 0.67 1.37




Table C.19: LEF's for the 3-Axle Truck, Tandem Axle,
Speed 40 km/h

Load Code Load 3 Load 2 Load 1
Weight [kg] 11240 13450 16300
ASTM 0.06 0.71 3.46
RTAC 0.004 0.31 1.43
AASHO 0.33 0.67 1.37

Table C.20: LEF's for the 3-Axle Truck, Tandem Axle,
Speed 50 km/h

Load Code Load 3 Load 2 Load 1
Weight (kg] 11240 13450 16300
ASTM 1531 1.54 2.38
RTAC 0.44 0.67 1.19
AASHO 0.33 0.67 1.37




C.21: LEF's for the 3-Axle Truck, Complete

Table
Configuration, Speed 20 km/h
Load Code Load 3 Load 2 Load 1
ASTM 0.81 1.41 4.04
RTAC 0.42 0.77 3.7
AASHO 0.398 0.745 1.447

Table C.22: LEF's for the 3-Axle Truck, Complete

Configuration, Speed 40 km/h

Load Code Load 3 Load 2 Load 1
ASTH 0.08 0.71 3.52
RTAC 0.004 0.31 1.45
AASHO 0.398 0.745 1.447

Table C.23: LEF's for the 3-Axle Truck, Complete

Configuration, Speed 50 km/h

Load Code Load 3 Load 2 Load 1
ASTM 1.49 2.38 2.62
RTAC 0.48 0.81 1.24
AASHO 0.398 0.745 1.447




Table C.24: LEF's for the 5-Axle Truck, Steering Axle,
Speed 20 km/h

Load Code Load 3 Load 2 Load 1
Weight [kg) 4320 4500 4790
ASTM 0.05 0.19 0.69
RTAC 0.03 0.1 0.32
AASHO 0.085 0.097 0.13

Table C.25: LEF's for the 5-Axle Truck, Steering Axle,

Speed 40 km/h

Load Code Load 3 Load 2 Load 1

Weight [kg] 4320 4500 4790
ASTM 0.03 0.13 0.22
RTAC 0.013 0.05 0.1
AASHO 0.085 0.097 0.13




Table C.26: LEF's for the 5-Axle Truck, Steering Axle,
Speed 50 km/h

Load Code Load 3 Load 2 Load 1

Weight [kg] 4320 4500 4790
ASTM 0.04 0.03 0.49
RTAC 0.002 0.002 0.1
AASHO 0.085 0.097 0.13

Table C.27: LEF's for the 5-Axle Truck, Tandem Axles,

Speed 20 km/h

Load Code Load 3 Load 2 Load 1

Tandem Tand 2 | Tand 1 | Tand 2 | Tand 1 | Tand 1 | Tand2

Weight (kg) | 2940 | s020 | 9250 | 10950 | 16890 | 17550

ASTM 0.011 0.09 1.06 1.28 3.0 2.87
RTAC 0.007 0.05 0.53 0.56 1.13 1.56
AASHO 0.005 0.015 0.153 0.297 1.56 1.80




Table C.28: LEF's for the 5-Axle Truck, Tandem Axles,

Speed 40 km/h

Load Code

Load 3

Load 2

Load 1

Tandem

Tand 2 | Tand 1

Tand 2 | Tand 1

Tand 1 | Tand2

Weight [kg]

2940 5020

9250 10950

16890 17550 -

ASTM
RTAC

AASHO

0.004 0.05
0.002 0.016

0.005 0.015

0.5 0.95
0.14 0.18

0.153 0.297

1.23 1.73
0.41 1.06

1.56 1.80

Table C.29: LEF's for the 5-Axle Truck, Tandem Axles,

Speed 50 km/h

Load Code

Load 3 Load 2 Load 1
Tandem Tand 2 | Tand 1 | Tand 2 | Tand 1 | Tand 1 | Tand2
Weight [kg] 2940 5020 9250 10950 16890 17550
ASTM 0.0005 | 0.002 0.34 0.66 2.24 3.13
RTAC 0 o 0.11 0.11 0.43 0.85
AASHO 0,005 | 0.015 | 0.153 | 0.297 1.56 1.80




Table C.30: LEF's for the 5-Axle Truck, Complete

Configuration, Speed 20 km/h
Load Code Load 3 Load 2 Load 1
ASTM 0.15 2.54 6.57
RTAC 0.09 1.2 3.01
AASHO 0.353 1.12 4.73

Table £.31: LEF's for the 5-Axle Truck, Complete

Configuration, Speed 40 km/h
Load Code Load 3 Load 2 Load 1
ASTM 0.09 1.58 3.4
RTAC 0.03 0.38 1.58
AASHO 0.353 1.1. 4.73

Table C.32: LEF's for the 5-Axle Truck, Complete

Configuration, Speed 50 km/h
Load Code Load 3 Load 2 Load 1
ASTM 0.048 1.03 5.86
RTAC 0.007 0.23 1.42
AASHO 0.353 1.12 4.73




Table C.33: LEF's for the 3-Axle Truck, Steering Axle

(Trough-Peak-Trough Cycle Integral)

Speed [km/h]| Load 1 Load 2 Load 3
20 1.15 ° 2.9 0.21
40 0.09 0.006 0.073
50 1.21 20.54 3.07

Table C.34: LEF's for the 3-Axle Truck, Steering Axle,

(Zero Strain-Peak-Zero Strain Cycle Integral)

Speed [km/h]| Load 1 Load 2 Load 3
20 0.22 0.11 0.009
40 0.007 0.0005 0.00008
50 0.04 0.21 0.025
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Table C.35: LEF's for the 3-Axle Truck, Tandem

(Trough-Peak-Trough Cycle Integral)

Speed [km/h] Load 1 Load 2 Load 3
20 2.54 0.84 0.48
40 3.16 0.56 0.04
50 1.82 1.19 0.97

Table C.36: LEF's for the 3-Axle Truck, Tandem, (Zero

Strain-Peak-Zero Strain Cycle Integral)

Speed [km/h]| Load 1 Load 2 Load 3
20 2.43 0.32 0.15
40 0.79 0.16 0.0003
50 0.78 0.41 0.26

Table C.37: LEF's for the 3-Axle Truck, Complete

Configuration, (Trough-Peak-Trough Cycle Integral)

Speed ([km/h]| Load 1 Load 2 Load 3
20 3.69 3.74 0.69
40 3.26 0.57 0.12
50 3.03 21.73 3.94




Table C.38: LEF's for the 3-Axle Truck, Complete

Configuration, (Zero Strain-Peak-Zero Strain Cycle

Integral)
Speed [km/h]| Load 1 Load 2 Load 3
20 2.66 0.43 0.16
40 0.79 0.16 0.0004
50 0.82 0.62 0.28

Table C.39: LEF's for the 5-Axle Truck, Steering Axle,

(Trough-Peak-Trough Cycle Integral)

Speed [km/h] Load 1 Load 2 Load 3
20 2.22 0.46 0.05
40 0.42 0.26 0.05
50 4.34 0.04 0.09

Table C.40: LEF's for the 5-Axle Truck, Steering Axle,

(Zero Strain-Peak-Zero Strain Cycle Integral)

Speed [km/h] Load 1 Load 2 Load 3
20 0.25 0.09 0.026
40 0.06 0.04 0.008
50 0.1 0.002 0.002
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Table C.41: LEF's for the 5-Axle Truck, 1st Tandem,

(Trough-Peak-Trough Cycle Integral)

Speed [km/h]| ILoad 1 Load 2 Load 3
20 6.75 1.79 0.12
40 3.32 12.63 0.08
50 3.13 6.04 0.001

Table C.42: LEF's for the 5-Axle Truck, 1st Tandem,

(Zero Strain-Peak-Zero Strain Cycle Integral)

Speed [km/h] Load 1 Load 2 Load 3
20 0.7 0.32 0.03
40 0.24 0.12 0.009
50 0.13 0.06 o

Table C.43: LEF's for the 5-Axle Truck, 2nd Tandem,

(Trough-Peak-Trough Cycle Integral)

Speed [km/h] Load 1 Load 2 Load 3
20 3.23 1.58 0.013
40 2.0 0.72 0.005
50 2.99 0.38 0.0004
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Table C.44: LEF's for the 5-Axle Truck, 2nd Tandem,

(Zero Strain-Peak-Zero Strain Cycle Integral)

Speed [km/h] Load 1 Load 2 Load 3
20 0.99 0.34 0.004
40 0.71 0.07 0.005
50 0.32 0.08 o

Table C.45: LEI

F's for the 5-Axle Truck, Complete

(Trough-Peak-Trough Cycle Integral)

Configuration,
Speed [km/h]| Load 1 Load 2 Load 3

20 12.2 3.83 0.18

40 5.75 13.62 0.14

50 10.47 6.47 0.09

Table C.46: LEF's for the 5-Axle Truck, Complete

Configuration,

(Zero Strain-Peak-Zero Strain Cycle

Integral)

Speed ([km/h] Load 1 Load 2 Load 3
20 1.94 0.75 0.06

40 1.02 0.24 0.02

50 0.56 0.15 0.002
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