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Foreword

The information contained in this appendix serves as a supporting reference to the permanent
deformation discussions presented and PART 3, Chapters 3 and 6 of the Design Guide.

This appendix is the first in a series of two volumes on environmental effects on pavements. The
other volume is:

Appendix GG-1: Calibration of Permanent Deformation Models for Flexible Pavements
Appendix GG-2: Sensitivity Analysis for Permanent Deformation of Flexible Pavements
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Annex A - CALIBRATION OF PERMANENT DEFORMATION MODELS

Introduction

Permanent deformation is one of the most important types of load-associated distresses
occurring in flexible pavement systems. It is associated with rutting in the wheel path, which
develops gradually as the number of load repetitions accumulates. In addition, it is the
longitudinal variation of rut depth in the wheel path, that is a primary factor in the road
roughness, affecting serviceability or IRI. Rutting normally appears as longitudinal depressions
in the wheel paths accompanied by small upheavals to the sides. The width and depth of the
rutting profile is highly dependent upon the pavement structure (layer thickness and quality),
traffic matrix and quantity as well as the environment at the design site.

In general, the design engineer is concerned with the total deformation of the pavement
structure and how it affects the lateral and longitudinal profiles at the surface, as this may be a
significant safety concern. Major problems can be associated with changes in these profiles due
to differential consolidation altering the surface level. In the transverse profile, rutting along the
wheel path modifies drainage characteristics and reduces runoff capability. Water can
accumulate in traffic lanes, creating conditions for aquaplaning of vehicles, reduced skid
resistance of the surface course, and unsafe traffic conditions. Also, in colder environments,
snow and ice removal is impeded because the surface is not flat. In the longitudinal profile,
differential permanent deformations due to variability of materials and/or construction increase
roughness and reduce the overall serviceability of the road.

Permanent Deformation in the 2002 Design Guide

For many years it has been common practice in several mechanistic-empirical pavement
design approaches to associate permanent deformation to excessive vertical strains on top of the
subgrade. It was assumed that if the pavement was well designed and the quality of pavement
materials above the subgrade were well controlled, rutting could be reduced to tolerable levels
by limiting the vertical strain on the subgrade. This approach mirrored the historic design
approach for flexible pavements by assuming that structural design was merely a procedure to
decrease the shear stresses in the controlling subgrade layer. Nevertheless, with time and
enhanced technical capabilities and knowledge; it became quite clear to design engineers that the
total permanent deformation was a product of cumulative ruts occurring in all layers of the
pavement system.

One major and allied objective of the permanent deformation subsystem developed in the
Design Guide is to insure that mixture design of the asphaltic mixtures is definitely linked to the
structural design process. It is to be recognized and understood that this project task (under
NCHRP 1-37A) is highly interactive and integrally tied to the analysis of AC permanent
deformation development under NCHRP 9-19.

In the Design Guide, a predictive rutting system was developed to evaluate the permanent
deformation within all rut susceptible layers (generally asphaltic and all unbound material
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layers) in the pavement within the analysis period. Individual layer rut depths are predicted for
each layer as a function of time and traffic repetition. This also allow for the prediction of the
total pavement rut depth, with time and traffic repetitions.

Regardless of the material type considered, there are generally three distinct stages for
the permanent deformation behavior of pavement materials under a given set of material, load
and environmental conditions. Figure 1 illustrates the three stages, which can be described as
follows:

Primary Stage: high initial level of rutting, with a decreasing rate of plastic deformations,
predominantly associated with volumetric change.

Secondary Stage: small rate of rutting exhibiting a constant rate of change of rutting that
is also associated with volumetric changes; however, shear deformations increase at increasing
rate.

Tertiary Stage: high rate (level) of rutting predominantly associated with plastic (shear)
deformations under no volume change conditions.

The Design Guide utilizes an approach that models both the primary and secondary stages, with
the primary stage modeled using an extrapolation of the secondary stage trend. The tertiary
stage, though also very important, is not taken into account explicitly in the Design Guide
methodology. Permanent deformation tests to reach this stage are extremely time consuming,
difficult to perform, and lack a prediction methodology for implementation. However, major
research studies are currently in progress to analytically treat this type of deformation (e.g.
NCHRP 9-19). It should be understood that true plastic shear deformations are not modeled
within the system (in fact, few, if any, rutting prediction models incorporate this stage). While,
at first, this may seem to be a major limitation; it is generally not. This is because the magnitude
of rutting associated with tertiary flow yields a rut depth much greater than what would be
typically tolerated in actual practice.
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Figure 1 Typical Repeated Load Permanent Deformation Behavior of Pavement Materials.
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In addition to the above-mentioned limitation, it should be recognized that no permanent
deformation is assumed to occur for chemically stabilized materials, bedrock, and PCC fractured
slab materials. These materials are assumed to have no contribution to the total permanent
deformation of the pavement system.

As previously mentioned, the approach presented in the Design Guide is based upon
incremental damage. The damage or rutting is estimated for each sub-season at the mid-depth of
each sub-layer within the pavement system. To estimate the permanent deformation of each
individual sub-layer, the system verifies the type of layer, applies the model corresponding to the
material type of the sub-layer, and computes the plastic strain accumulated at the end of each
sub-season. The overall permanent deformation for a given season is the sum of permanent
deformation for each individual layer and is mathematical expressed as:

nsublayers

PD= ) &
=) (1)
where:
PD = Pavement permanent deformation
nsublayers = Number of sublayers
& = Total plastic strain in sub-layer i
h' = Thickness of sub-layer I

The process is repeated for each load level, sub-season, and month of the analysis period.
The estimation of permanent deformation for asphalt bound and unbound layers is discussed in
the following sections.

Permanent Deformation Models

Permanent deformation in the 2002 design guide is calculated for each rut susceptible
layer of the pavement structure. The permanent deformation models used to predict the rut in
each layer is based on similar concepts. The approach relates vertical elastic compressive strain
at the mid-depth of each layer (sublayer) and the number of traffic applications to layer plastic
strains. These in turn, can be related to the layer rut depth by equation 4.1, previously shown.
For the subgrade layer, the vertical elastic strains at the top of the subgrade and at 6 inches deep
from the surface of the subgrade are used to calculate the rut in the subgrade. This will be
explained later in more technical detail.

Asphalt Mixture Permanent Deformation Characterization

Permanent deformation (rutting) of asphalt mixtures is one of the most important distress
types in flexible pavement systems. Major research efforts are now underway to ensure that this
important characteristic of asphalt materials is considered in both the mixture design stage and
the structural design aspects of flexible pavement performance.

The Design Guide provides the user with the capability to predict rutting within all
asphalt and unbound layer materials. The constitutive relationship used in the 2002 Design
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Guide is initially based upon the statistical analysis of laboratory repeated load permanent
deformation tests. This model form is:

&
—L2 —aT"N°® (2)

&

where:
&p = Accumulated plastic strain at N repetitions of load
&r = Resilient strain of the asphalt material as a function of mix properties,
temperature and time rate of loading
N = Number of load repetitions
T = Pavement temperature
a, b, c= Non-linear regression coefficients

While the statistical relationship(s), based upon the laboratory analysis of asphalt
mixtures, serves as a reasonable starting point; it is logical that field adjustment factors, B, will
be necessary. These coefficients will be determined from the calibration - validation effort using
the LTTP data and the typical AC permanent deformation relationship is:

& ﬂr}c
8—" = BaT "N 3)

r

One of the original studies utilizing this particular model form was developed by Leahy
(1). Her study utilized over 250 AC mix specimens, evaluated for their repeated load permanent
deformation behavior. A total of 2860 permanent strain data points were used in these tests to
determine a variety of statistical regression equations to predict a variety of mix response
parameters. The resilient strain was assumed to be reasonably constant and independent of the
number of load repetitions. The experimental factorial included three AC levels, three stress
levels, two binder types, three temperatures, and two aggregate types. The model recommended
by Leahy relating the ratio of cumulative plastic to elastic strain was:

&
log(—pj = —6.631+0.435l0gN +2.767logT +0.110log$S +0.118logn

g 4)
+0.930logV, .« +0.5011logV, R*=0.76
where:
€ = Accumulated permanent strain
& = Resilient strain
N = Number of load repetitions
T = Mix temperature (deg F)
S = Deviatoric stress (psi)
n = Viscosity at 70 Deg F (1076 poise)
Viett = Effective asphalt content, percent by volume
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Va = Air void content, percent

A sensitivity analysis performed on the model showed that temperature was by far the
most important variable. The model was less sensitive to the loading conditions, material type,
and mix parameters.

The Leahy model statistics of R*= 0.76 are considered quite good in any statistical
modeling techniques. However, part of the accuracy of this model was achieved by using a
limited number of AC mixtures and incorporating several independent variables that, while
increasing the R? value, limit the implementation usefulness of the model.

Ayres (2) re-analyzed the original Leahy data plus additional laboratory data that had
been developed at the University of Maryland, under Dr. M. W. Witczak. Ayres recommended a
model of the form:

&
log(pj =-4.80661+2.58155log T +0.4295611og N R?=0.725 (5)

&

Ayres subsequently utilized this equation in his development of Program AYMA dealing
with the “Probabilistic Methodology for AC Pavements.” Ayres reported that this new model
represented a small decrease in the explained variance of the original Leahy model (R*=0.725
compared to R*=0.76). He attributed this difference to the elimination of the four-predictor
variables from the original Leahy model. This appeared to be quite justified, as the Ayres model
becomes much more direct and easier to implement in systems modeling rutting behavior. This
benefit is gained through a very small loss in the R* value (3%).

Finally, the recent work conducted in the NCHRP 9-19 “Superpave Models” project at
ASU (3) has yielded additional AC mixture data undergoing repeated load permanent
deformation testing. These tests were conducted in the Special Geometry and Aggregate Size
Study and Simple Performance Test of Task C (NCHRP 9-19). The mixtures, temperatures, and
stress levels investigated by Kaloush greatly expanded the data range of the variables introduced
in the statistical modeling. While this aspect is a direct benefit to any statistical regression
techniques, one logical consequence of a broader database is to lower the correlation coefficient
of the developed model.

The database examined by Kaloush used the original Leahy data in combination with the
Superpave Models Task C results. This resulted in a total database of 3,476 permanent strain
data points being used in the regression analysis. Kaloush developed several models, reflecting a
differing number of independent variables used in the equation. They are:
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£
log(—pJ =-3.15552+1.7341ogT +0.399371logN

‘9r
5 (6)
R* =0.644 S, =0.321 = =0.597
Sy
and
&
log(—pj =0.3082+0.3534logN
&
r 5 (7
R*=0.550 S, =.363 S—e=0.675

y

The equation with the temperature term has approximately 10% greater R* than the
equation without it. Because this is a significant improvement in the overall model accuracy; this
equation (using both the N and T term) was selected as the initial (pre-calibrated) model for use
in the 2002 Design Guide. It was envisioned that this model would serve as the original model
form that would eventually be field calibrated. It is a relatively simple equation to use in the
implementation process. Thus, the final lab model selected for the initial predictive method for
AC permanent deformation was:

g_p — 10—3,15552 N 0,39937T 1.734 (8)
&

r

The field-calibrated form of this model that was subsequently used in the Design Guide
is:

&
p_ —3.15552 4 1.734* g, 0.39937* 3,
o B, 10 T i\ ’ ©)

r

where;
i1, B, Pz = Calibration factors for the asphalt mixtures rut model.

The computational power and simplicity of this equation form needs to be clearly noted.
Given a particular layered pavement cross section, the vertical resilient strain at any given depth
(along a vertical axis, defined in the x, y plane) is defined by knowledge of the three-dimensional
stress state and the elastic properties (modulus and Poisson’s ratio) of the AC layer in question
from:

€y = El* (O-z —HOy _ﬂay) (10)
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The dynamic moduli ( | E* | ) of asphalt mixtures are employed in the Design Guide via a
master curve. Thus, E* is expressed as a function of the mix properties, temperature, and time of
load.

Knowledge of the vertical resilient strain at any point, along with the ¢, relationship,
allows for the direct calculation of the plastic strain, €, at any given point within the asphalt
layer (or sublayer), after N repetitions of load, to be computed.

The incremental rut depth at each depth, along the x, y-axis, through the AC layer can be
found from:

AR, =&, .Ah, (11)

Finally, by simply summing all incremental ARy through the entire layer, one can obtain
the total layer rut depth from:

Ry =D AR, (12)
i=1

Unbound Materials Permanent Deformation

Models developed by Tseng and Lytton (4) were originally selected to estimate the
permanent deformation of unbound granular and subgrade materials. Their basic relationship is:

&)
5a<N>=ﬂ{j—°je " g, h (13)
where:
da = Permanent deformation for the layer/sub-layer
N = Number of traffic repetitions.
€0, B, and p = Material properties.
& = Resilient strain imposed in laboratory test to obtain material properties
€0, P and p.
&y = Average vertical resilient strain in the layer/sub-layer as obtained from
the primary response model.
h = Thickness of the layer/sub-layer.
o = calibration factor for the unbound granular and subgrade materials.

According to Tseng and Lytton (4), the ratio &,/¢; is estimated based upon the type of
material investigated: granular or subgrade soil. The models developed by Tseng and Lytton
were:
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Granular

1og[ﬁ] = 0.80978 — 0.06626 W, —0.003077 &, + 0.000003 E,

&£ (14a)
R* =0.60
log f =-0.9190+0.03105W, +0.001806 o, —0.0000015 E, (14b)
R*=0.74
log p = —1.78667 +1.45062 W, + 0.0003784 &, —0.002074W,” &, —0.0000105 E, (140)
R® =0.66
Subgrade
log %012 1.69867 + 0.09121W, -0.119210, +0.91219 log E,
& (15a)
R*=10.81
log # =—0.9730—0.0000278W.* &, +0.017165 o, — 0.0000338W.” &, (15b)
R*=0.86
log p =11.009 +0.000681W_ &, —0.40260 &, + 0.0000545W_ &, (15¢)
R*=0.74
where:
W, = Water content (%)
Gd = Deviator stress (psi)
o = Bulk stress (psi)
E: = Resilient modulus of the layer/sub-layer (psi)

Modified Model for Unbound Layer Permanent Deformation

Intensive efforts, as well as sensitivity studies, were performed on the original Tseng and
Lytton unbound layer rut model. After a considerable effort, it was concluded that the wrong
trends for the predicted rutting in the unbound layers were occurring. For example, in many
cases the rut depth in the subgrade layer was found to decrease as the subgrade resilient modulus
was decreased, while keeping the rest of the design parameters the same. Figure 2 shows the
trend of the strain ratio to the unbound resilient modulus at two traffic levels of 1 and 10 using
the Tseng and Lytton data. It became obvious that unreasonable trends and estimates of
deformation where associated with the non-linear (stress) dependent permanent deformation
model initially selected.

An attempt was undertaken to revise the Tseng and Lytton models. Ayres provided a
modified version of these models, using the same data used to establish the original Lytton
models for the revised models. Ayres combined the granular and the subgrade soils data into one
database and used this one database to develop new correlations. In addition, and very
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importantly, the factor of the bulk and deviatoric stresses were eliminated from the new models.
This implied that the non-linear characteristics of the unbound permanent deformation model
were excluded in the revised model. Figure 3 shows the results using the modified models. The

modified model are given below:

log(g—oj =0.74168 + 0.08109 W, —0.000012157 M, (16)
£

r

(g—oj is Multiplied by an adjustment factor “ADJ Strain Ratio”

&y

ADj Strain ratio = 1.2 —1.39 * g %% (M- /1000 (17)
1f M;/1000 < 2.6 then use 2.6
if Adj < le-7 use Adj = le-7

log f=-0.61119-0.017638W, (18)
S 1is multiplied by 0.7 as a correction factor.

log p =0.622685 + 0.541524 W, (19)

W, =51.712 % CBR *3sse-ewr™™ (20)

M
CBR = r N(1/0.64) 21
(—2 < 5) 21)

where:

W, = Water content (%)

CBR = CBR ratio of the unbound layer.

GWT = Ground Water Table (feet)
M, = Resilient modulus of the layer/sub-layer (psi)
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This moisture content model (equation 20) development is explained in this appendix.

Use of the Ayres’s modified models in the calibration process also resulted in several
unfavorable conditions. Predictions of the rut depth were found to possess high degree of scatter
and, most importantly, the amount of the rutting in the subgrade found to be very high. With this
latest development, El-Basyouny and Witczak set out to develop a final, accurate model
modification that could be used in the Design Guide. The form of the modification attempted
was to generalize the fundamental model by changing the slope and intercept of the gy/e, to
modulus relationship while keeping the “/£* the same. The strain ratio in the equation is a
function of the layer modulus for different traffic levels. The models were solved for two traffic
levels of N =1 and N = 10°. The following explains the final modification made to the modified
unbound material permanent deformation model.

B
SN (& e'[ﬁ] (22)
£ £

e. (1
For N =1 "()zalEb‘

gl’

s £107) b

For N =10 =a, E”

Assuming values for g,/¢; at different E to calculate the a;, by, a¢, and by values.

s b, (%jﬂ b,
(e(p) *al*El)_l_ el10 *g, *E™

& |
2 : e

where:
log f=-0.61119-0.017638W, (24)

The moisture content (W) has already been presented in equation 20.

_ 9 CO /
p=10 . (25)
1-(10°)
. (a*E"
C, _m(ag *Eb"j (26)

GG-1.12



Annex B includes 27 different sets of assumptions of €y/¢; at different E, which were
evaluated in the calibration study. However, only the final set, which was eventually selected for
use in the Design Guide, is presented in this chapter as seen in Figure 4. As a major part of the
validation study of the modified model for use in the 2002 Design Guide unbound layer rut
predictions, a study was conducted using the 1993 AASHTO design guide (5) were used. The
study is presented in this chapter with a detailed description of the section data used and the
results of the study.

Unbound Materials Moisture Content

The moisture content in the unbound material is one of the most important, and sensitive,
factors affecting the unbound material performance under application of loads, especially for the
unbound layer permanent deformation in a pavement structure. A study was conducted to
develop a regression model that would predict the equilibrium moisture content of the unbound
soil for a range of ground water table depths and a range of in-situ material properties (E or Mr).

1.E+02 -

1.E+01 -

1.E+00

1.E-01 ~

ep(N)/er value

1.E-02

1.E-03 ‘
1,000 10,000 100,000
E-Modulus (psi)

- = N=1 N=10e9 |

Figure 4 g,/¢; vs. Unbound Layer Modulus Using El-Basyouny - Witczak Modified Model

This study utilized regression models that were developed from a matrix of variables
used as input in the Enhanced Integrated Climatic Model (EICM) (6). EICM was originally
developed for the Federal Highway Agency (FHWA). EICM is a program that is capable of
modeling the effect of soil water characteristic curves (SWCC) and permeability functions on
pavements to predict real time moisture and temperature values within any specified pavement
cross section in any environmental region.
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The SWCC is defined as the variation of water storage capacity within the macro and
micro pores of a soil, with respect to suction (7). This relationship is generally plotted as the
variation of the water content (gravimetric, volumetric, or degree of saturation) with soil suction.
Equations proposed by Fredlund and Xing in 1994 (8) are used for the SWCC prediction in an
ASU modified to Version 2.2 of the EICM.

Due to the difficulties that arise when the soil suction is directly measured, the fitting
parameters of the Fredlund and Xing equation were correlated with soil index properties (9).
The properties chosen are the Percentage Passing #200 (P2q0), the Diameter Dgg, and the
Plasticity Index (P1). When the soil has a Pl greater than zero, the SWCC parameters are
correlated with the product of P2go (decimal) and Pl referred to as PgoPl. For those cases where
the Pl is zero, the parameters are correlated with the Dgo. Other soil properties are also,
important such as the specific gravity of the solids (Gs) and the saturated hydraulic conductivity
(Ksat). The G and the Ksat are both estimated based on PoooPl and Dgg values if no field or
laboratory testing values are available.

The equilibrium moisture study started by using basic information about the unbound
layer (such as modulus or CBR value) and the ground water table depth (GWT). Models from
EICM were then used to calculate the moisture content. The steps for estimating the equilibrium
moisture content for a given modulus value are as follows:

1. The correlation that was used to relate CBR to the modulus is

Mr = 2555(CBR)"** (27)
2. The PygoPl or Dgg are estimated from the CBR as follows

P20oP1 = ((75/CBR)-1) /0.728 (28)

Dgo = (CBR /28.091)* 79231 (29)

3. The specific gravity can be estimated from PPl or D as follows
Gs = 0.041(P2goPD)™* +2.65 (30)
P2goPl = 0 then G, = 2.65

4. Also, the degree of saturation for a material at optimum moisture is calculated
from
Sopt = 6.752 (P20oPD)"'* + 78 (31)
Or it is 78 for PogPl =0

5. Gravimetric Moisture Content at Optimum Condition is estimated from

Wopt = 1.3 (P2goPD)* " + 11 (32)
Or from D¢y when PogoPl =0

Wopt (199) = 8.6425 (Dgg) % (33a)
If layer is not a base course

Wopt = Wopt (T99) (33b)
If layer is a base course

AWopt = 0.0156[W0pt(T99)]2 - 0. 1465W0pt(T99) +0.9 (33C)
Wopt = Wopt (T99) - AVVopt (33(1)
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6. The max compacted dry unit weight is estimated from the following equation

Gy
Y d max comp — S\N—W{ﬂg (34)
opt s
1+ ——
Sopt
7. The volumetric water content at optimum condition is given as:
W }/ max
0, =2 ame (35)
7water
8. Then the saturated volumetric water content is obtained from:
7
O =5 (36)

opt

9. The equation proposed by Fredlund and Xing, that calculates the volumetric water
content

0. =C(h)x Osa (37)

ln[EXP(l) + [hJ }
af

Where:

In(l+h]
h
C(h)=|1- !

(33)
1.45x10°
In(1+h j

r

10. The SWCC coefficients are calculated from the following regressions
4. - 0.00364( Py, P1)** +4(P,,Pl)+11

, psi 39a

f 6.895 P (392)
bf 0.14

— =-2.313(P,,, P )** +5 (39b)
Cf

¢, =0.0514( P,,, P1)** +0.5 (39¢)
N _ 39 44e0018Puap) (39d)
af
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11. Finally, the equilibrium gravimetric moisture content is calculated from:

w — ewywa’(er (40)

equ
yd max

Using these equations for different resilient moduli and GWT depths, regressions
showing the relationship between the equilibrium gravimetric moisture content and the CBR
values at different GWT depths (from 2 feet to 100 feet) were obtained. These regressions are
plotted in Figure 5, and are shown on the figure for each GWT depth.

From Figure 5 it can be seen that all regressions had a power model form, and the
intercept is essentially the same for all practical purposes. While, the power term changes from
one data set to the other. This led to the fitting of the power term to be a function of the GWT
depth. The GWT and the corresponding power factor are shown in
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Table 1 and plotted in Figure 6.

An excellent power model representing the relationship between the GWT depth and the
power term on the equilibrium gravimetric moisture content and CBR correlation was found.

70

\
Q y = 51.591x %498 |y = 51.772x42%4| ly = 52.089x ***%| |y = 52.257x 4%
60 1 R2 =0.98 R2 = 0.9884 R2 = 0.9957 R2 = 0.9983
GWT =2 GWT =5' GWT = 10’ GWT = 15'
[
501 y = 52.302x %7 |y = 52.175x %%y = 51,582x 57| |y = 49.926x %
R2 = 0.9992 R2 = 0.9991 R2 = 0.9978 R2 = 0.9948
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=
o
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O T T T T T
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Figure 5 Unbound Material Equilibrium Gravimetric Moisture Content and the CBR Values
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Power Factor

Table 1 GWT Depth and the Power Term.

GWT Power Factor Intercept
2 0.4053 51.591
5 0.4264 51.772
10 0.4593 52.089
15 0.486 52.257
20 0.5073 52.302
30 0.5392 52.175
50 0.5799 51.582
100 0.6317 49.926
0.7
L 4
0.6 ]
05 y = 0.3586x>1%?| |
' / R?=0.9773
0.4
0.3
0.2
0.1
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Figure 6 GWT Depth vs. Power Factor for Moisture Content — CBR Relationship
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The R* for the model was 0.9773. By taking the average of the intercept of the models,
the final model obtained is given by the following equation.

Wequ =51.712*CBR 0.3586*GWT 1192 (41)

where:
Wequ is given in percentage.

Figure 7 shows the comparison between the moisture content calculated from CBR

regression model and the moisture content calculated from EICM. It can clearly be seen that the
correlation is an excellent one and that the R? is 0.9935.

Equilibruim Moisture Content From CBR Correlation and From EICM Equations
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Figure 7 Equilibrium Gravimetric Moisture Content — CBR Relationship
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Calibration of Permanent Deformation Models

The permanent deformation model (both asphalt mixture and unbound layer) were
calibrated following the process listed below:

e C(Calibration data was collected from the LTPP database.

e A simulation runs were done using the 2002 Design Guide software and using
different calibration coefficients as shown in equations 9 and 13.

e The best coefficient combination was selected based on the reasonableness of the
results.

e Adjustment functions were adopted to correct for the confining pressure in the
asphalt layer at different depths.

e The predicted damage was correlated to the measured rutting in the field by
minimizing the square of the errors between predicted and observed rut depths.

The calibration data collection was done at the same time for all layers. In the following
sections, each step of the listed calibration steps will be discussed in detail. The rutting
calibration data will be described in a general section and then each rutting model calibration
will be discussed separately. The unbound layer will be discussed first because the calibration
factor for the unbound was set first (calibrated —validated to existing AASHTO 1993 Design
Guide). The calibration factors for the asphalt were then obtained using the least error
optimization method while keeping the factors on the unbound layers constant.

Calibration Data

The main data source for the calibration of the permanent deformation was the LTPP
database (10). Data were mainly obtained from the General Pavement Sites (GPS) and the
Special Pavement Sites (SPS). Appendix EE includes a detailed listing of the sections and the
sections data used in the calibration process, as well as the assumption made for some of these
sections to replace missing data. For all practical purposes, identical LTPP pavement sections
used for AC fatigue calibration were used for the permanent deformation calibration procedure.

Two requirements for calibrating the performance prediction models are to ensure that all
major factors that influence the development of pavement distress are included and to ensure that
the selected test pavements span the expected range of each factor. The approach used in the
plan for model calibration was to select the desired number of field sections as well as desirable
attribute values (ranges) of key factors, following generally accepted experimental statistical
concepts. The approach emphasizes the recognition of key parameters for the factors of interest,
selection of the appropriate number of levels for a factor, and the selection of the number of
replicates within each cell of the experiment design. These experiments were designed to:

e Statistically test the hypothesis of distress failure mechanism.
e Determine whether there is any bias in the predictions.

e Establish the cause of any bias.

e Determine the calibration function.
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Age (or time) and the independent variables (material properties) of the transfer functions
were treated as continuous variables for the load-related distress. Traffic was also treated as a
continuous variable for the load-related distress. Only Traffic level 1, involving the actual traffic
axle load spectra, was used in the calibration process.

The primary purpose of the rutting model was to predict the amount of permanent
deformation in each pavement layer and subgrade. For the HMA mixtures, the rutting model
predicts both one-dimensional densification and shear during the primary and secondary
repetitions load phases. It is very important for the reader to clearly understand that the single
most limitation associated with the permanent deformation calibration study was the fact that
only total rut depth observations were available for each LTPP section and that no individual
material layer rut depth were achievable for use in the field calibration because trenches were not
utilized in the LTPP study. Accurate calibration of the model requires the use of trenches to
measure the amount and type of permanent deformation within each layer.

Five critical factors are necessary for the experiment design for calibration of the rutting-
permanent deformation model. Each factor is discussed below, along with some additional
considerations that will be used in the site selection process.

e The pavement temperature regime (environmental zone) is a major consideration
for permanent deformation in HMA mixtures because it influences the
viscoplastic properties of the mixtures. Temperature will be included as a key
factor in the experiment to determine if different climatic conditions result in any
bias of the predictions.

e HMA layer thickness, insofar as it influences the magnitudes of stress and strain
in the asphalt layers and underlying layers, also has relevance to the development
of rutting. Thus, it is considered a key factor in the experiment. As stated above,
trenches are required to measure the permanent deformation in each layer.
Without these trenches, only the total magnitude of rutting measured at the
surface can be calibrated, unless other calibration — validation methodologies are
employed.

e Pavement type and rehabilitation strategy are additional factors of the experiment
for checking the failure hypothesis and to determine if there are any biases for the
different pavement structures or calculation methodologies. The pavement types
and rehabilitation strategies were considered key factors within the calibration
experiment. The pavement type and rehabilitation strategies were checked as to
how the computations of incremental rut depths for each layer are made to
simplify the factorial.

e Subgrade soil type is another significant factor in the calibration experiment,
because of the potential for distortions in the subgrade.

e Although permanent deformation of HMA mixtures is a complex phenomenon,
mix stiffness or the dynamic modulus is considered a first-order indicator of its
susceptibility to this distress. This arises from the fact that the ratio of plastic to
resilient strains generally obeys a power law related to the number of repetitions.
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In general, different binder or performance grades of asphalt with different
gradations (coarse to fine gradations) can be included in the selection of test
sections for specific cells to cover the range of stiffness. Since rutting is
universally proportional to the mix stiffness (as it influence the vertical elastic —
resilient strain), the mix E value becomes a key predictor variable for HMA
rutting. In addition, as stated in Chapter 3 for fatigue cracking, the dynamic
modulus is dependent on temperature and age. As a result, mixture modulus will
be considered as a co-variant parameter in the experiment.

Similar to fatigue cracking, the rut depths measured at the surface covered the
normal range found in pavements. The time-series rutting data, for a given LTPP
section, was used to cover the range in rut depths; so separate cells are not
needed.

Similar to the fatigue cracking calibration factorial, attempts were made to select two test
sections for each cell—one with low rut depth and the second with relatively higher rut depth.
The different geometrical shapes of the transverse profile were used in selecting the individual
test sections for each cell. Three different shapes of the transverse profile were used or
represented within each cell—one representing the typical densification of the HMA surface
layer, one representing the mechanical deformation of the underlying layers and subgrade, and
one representing lateral flow of HMA mixtures.

The field sections were selected randomly to ensure that a well-balanced experimental
plan matrix of key variable was determined. The models were evaluated based on bias,
precision, and accuracy, as defined below,

Bias — An effect that deprives predictions of simulating “real world” observations
by systematically distorting it, as distinct from a random error that may distort on
any one occasion but balances out on the average.

Precision — The ability of a model to give repeated estimates that is very close
together.

Accuracy — The closeness of predictions to the “true” or “actual” value. The
concept of accuracy encompasses both precision and bias.

Site Selection Criteria and Considerations

The following lists and briefly defines the criteria that were considered in selecting and
prioritizing sites for use in the calibration and validation of the Design Guide distress prediction
models for flexible pavements.

Consistency of Measurements — It is imperative that a consistent definition and
measurement of the surface distresses and other data be used and maintained
throughout the calibration and validation process. All data used to establish the
inputs for the models (including, material test results, climatic data, and traffic
data) and performance monitoring, are collected or measured in accordance with
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the FHWA LTPP publication Data Collection Guide For Long Term Pavement
Performance (11) or with an equivalent method.

Time-Series Distress Data — Projects or test sections that have three or more
distress surveys or observations within their analysis life were given a high
priority in the site selection process.

Materials Characterization and Testing — Materials tests or properties were
required for each input level. However, material testing (level 1 type) is outside
the scope of this research work. Thus, test sections for which the material
properties have already been measured are required for use to calibrate the
distress prediction models. The material properties of the pavement layers must
be measured with the same test protocols to ensure that the results are compatible
between different projects and test sections.

Number of Layers — The test sections with the fewest number of structural layers
and materials (e.g., one or two asphalt concrete layers, one unbound base layer,
and one subbase layer) were given a higher priority to reduce the data collection
requirements, as well as the complexity of the analysis.

Traffic —The recommended traffic data collection frequency is one week per
quarter year, or during periods of peak truck traffic. First priority in the selection
of field sections for the calibration experiments was given to those in the LTPP
inventory equipped with continuous WIM. Unfortunately, many LTPP test
sections do not have continuous WIM data, even for a limited number of years.
Thus, a second priority in the selection of field sections was given to those test
sections with seasonal WIM monitoring with the greatest frequency of sampling
and continuous AVC sampling for multiple years.

Rehabilitation and New Construction — The computation methodology
(incremental damage accumulation) to simulate a distress mechanism for both
new construction (original pavement surfaces) and rehabilitation (overlays) will
be different for some distresses. As a result, test sections with and without
overlays were needed for the calibration and validation experiments.

Maximum Use of Test Sections Between Model Studies — Coordination of field
activities between projects can substantially reduce the number of test sections
that will be required if each project were conducted independently from the
others. Those projects or test sections that are planned for use on other research
projects were given a higher priority for use in the calibration-validation process
of the Design Guide distress prediction models.

Non-Conventional Mixtures — Those test sections that include non-conventional
mixtures or layers were given a higher priority for the site selection process.
These non-conventional mixtures include: SMA, modified HMA, and open-
graded drainage layers. However, open-graded drainage layers were the only
non-conventional material that was used in the GPS and SPS-1 and 5
experiments. Thus, it can be stated that the calibration process was primarily
based upon conventional dense graded type of asphalt mixtures.

Experimental Optimization/Efficiency — The test sections for the calibration
and validation studies came from the SPS and GPS sites included in the LTPP
program. Fewer number of sections was used because of the cost and time
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required for data collection and review. Those test sections that were used for
multiple factorials were given a higher priority for the site selection process.

Identification of Test Sections

The first activity of the site selection process was to categorize all test sections applicable
for both the calibration experiments based on the data requirements. The following LTPP
studies meet the general criteria listed above:

e GPS,
SPS-1, Structural Factors for Flexible Pavements.
e SPS-5, Rehabilitation of Asphalt Concrete Pavements.

In summary, these projects include varying climates, traffic levels, subgrade soils, and
pavement structural cross sections. The specific sites used in the calibration process are shown
in Figure 8 and Figure 9. There were 136 LTPP test sections (94 new sections and 42 overlay
sections) used for the calibration. As previously noted, these are

Figure 8 Location of the Sections used in the New Pavement Calibration
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Figure 9 Location of the Sections used in the Rehabilitations Calibration
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the same sites used in the fatigue calibration study and the specific details for each test section
are summarized in Appendix EE. It has to be noted that the rehabilitation data is included in the
dissertation.

The LTPP database provided the rut depth at the surface of the pavement structure for each
LTPP section. The rut depth reported was measured in the left and the right lanes. In this
research work, it was agreed that the average rut depth of both lanes was used in the comparison
to the predicted total rut depth. However, to obtain an estimate of the true field rutting in
individual layers, the percentage from the predicted sub-layer rutting was multiplied by the
average total rutting to approximate the true field rutting in each layer. This approach was
applied to rutting in the base / subbase and subgrade layers. This assumption was necessary in
the rutting model development because trench (layer rut depth) data were not available. The true
ramifications of this assumption cannot, obviously, be ascertained. However, it was the opinion
of the research team that this assumption (for each individual LTPP section) was not greatly in
error from the true reality of the field situation.

Simulation Process

After selecting the LTPP sections suitable for use in for the calibration and collecting all
the data needed to analyze each pavement section; the next step in the calibration process was to
run the 2002 Design Guide software for all available sections. The output from the software was
the monthly rut for each layer and the total rut depth for each section, for each month of the
pavement section design life.

Permanent Deformation Prediction Procedure

The analysis part of the software is a complicated process. The design starts with
inputting the data using the windows based input screens, then the analysis is run and finally the
output is presented in excel worksheets. The procedure needed to predict permanent
deformation for flexible pavements follows certain steps these steps are summarized below:

e Tabulate input data: summarize all inputs needed.

e Process traffic data: the processed traffic data needs to be further processed to
determine equivalent number of single, tandem, and tridem axles produced by
each passing of tandem, tridem, and quad axles.

e Sub layering of Pavement Structure: the pavement structure is subdivided into
smaller sublayers to account for the change in temperature and frequency in the
asphalt layers, as well as moisture content changes in unbound layers.

e Process pavement temperature profile data: the hourly pavement temperature
profiles generated using EICM (nonlinear distribution) need to be converted to a
distribution of temperature by calendar month at each vertical depth used in the
computational analysis.

e Process monthly moisture conditions data: the effects of seasonal changes in
moisture conditions on base and subgrade modulus.

GG-1.26



e Calculate stress and strain states: calculate vertical strains at the mid depth of
each sublayer, as well as, the top of the subgrade and 6 inches below the surface
of the subgrade. The strains are calculated for each load, load level, load position,
and temperature interval for each month within the design period. The elastic
strains at each computational point using the material modulus and Poisson’s ratio
and triaxial states of stress from JULEA.

e Calculate permanent deformation — calculate rutting for each sub-season and
sum to determine accumulated rutting in each layer.

A detailed step-by-step procedure is given below:

Step 1: Tabulate input data

All input data required for the prediction of permanent deformation is explained in detail
in Appendix EE.

Step 2: Process traffic data

The traffic inputs are first processed to determine the expected number of single, tandem,
tridem, and quad axles in each month within the design period. As mentioned earlier Level-1
traffic is used in the calibration process. Level-1 traffic includes the actual traffic axle—load
spectra data for each section from the LTPP database.

Step 3: Process temperature profile data

A normal computational unit of one month is typically used for pavement response
computations. In situations where the pavement is exposed to freezing and thawing cycles, the
base unit is changed to 15-days (half month) duration to account for rapid changes in the
pavement material properties during frost/thaw period. While pavement response computations
are based on a two-week or monthly average temperature; the influence of extreme temperatures,
above and below the average, are directly accounted for in the design analysis. In order to
include the extreme temperatures during a given month (or during 15 days for freeze/thaw
period), the following approach is used in the analysis scheme.

The solution sequence from the EICM provides temperature data at intervals of 0.1 hours
(6 minutes) over the analysis period. This temperature distribution for a given month (or 15-
days) can be represented by a normal distribution with a certain mean value () and the standard
deviation (o), N(x,0) as shown in Figure 10.

The frequency distribution of temperature data obtained using EICM is assumed to be
normally distributed as depicted in Figure 10. The frequency diagram obtained from the EICM
represents the distribution at a specific depth and time. Temperatures in a given month (or bi-
monthly for frost/thaw) may have extreme temperatures (even at a low frequency of occurrence)
that could be significant for the rutting prediction.
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Using the average temperature value will not capture the effect caused by these extreme
temperatures. In order to account for the extreme temperature, the temperatures over a given
interval are divided into five different sub-seasons. For each sub-season, the sub-layer
temperature is defined by a temperature that represents 20 % of the frequency distribution of the
pavement temperature. This sub-season will also represent those conditions when 20% of the
monthly traffic will occur. This is accomplished by computing pavement temperatures
corresponding to standard normal deviates of -1.2816, -0.5244, 0, 0.5244 and 1.2816. These
values correspond to accumulated frequencies of 10, 30, 50, 70 and 90 % within a given month.

fx)
20%
20% 20%

20 % 20 %

5/—12816 g:-05244 5/:0 5/:0.5244 %= 1.2816

Figure 10 Temperature Distribution for a Given Analysis Period
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Step 4: Process monthly moisture conditions data

EICM calculates the moisture content and corrects for the moisture change in the
unbound layer. The reader is referred to the NCHRP 1-37A documentations (12) for a more
detailed explanation of the method used to adjust the unbound layer modulus as a function of in-
situ moisture changes.

Step 5: Pavement Sub layering

Each layer (material type difference) in the pavement structure may be sub divided into
smaller sublayers to account for the changes in the temperature and frequency in the asphalt
layers, as well as, the changes in the moisture content in the unbound base, subbase and subgrade
layers.

The first 1-inch of the asphalt layer is subdivided into two 0.5 and 0.5 inch sublayers.
Then the asphalt layer is further subdivided into 1-inch sublayers to a depth of 4 inches. If the
thickness of the asphalt layer is greater than 4 inches then a sublayer is added with a maximum
thickness of 4 inches, which makes the total asphalt thickness to be 8 inches. The remaining
thickness of the asphalt layer is taken as one final AC sublayer. For example if the AC layer
thickness was 10 inches; then the asphalt sublayers would be 0.5, 0.5, 1,1,1,4 and 2 inches. All
base, subbase and subgrade layers are subdivided as shown in Figure 11. If there is a chemically
stabilized layer, these layers are not subdivided. Finally, it is important to recognize that no
sublayering is conducted for any layer material greater than 8 feet from the surface. The
maximum number of AC layers that can be used in the new design process is three; the
maximum number of layers that can be input is 10 and the maximum number of sublayers, used
in stress- strain computations, is 19.
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Figure 11 Layered Pavement Cross-Section for Flexible Pavement Systems (No Sub layering
Beyond 8 Feet).
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Step 6: Calculate strain

It is necessary to use the pavement response model for the layered pavement structure to
calculate potentially critical strains for all cases that need to be analyzed. The number of
computational locations depends on the rutting increment. The following increments are
considered:

e Pavement age — by year.

e Season — by month or semi-month.

e Load configuration — axle type.

e Load level — discrete load levels in 1,000 to 3,000 1b increments, depending on
axle type.

e Temperature — pavement temperature for the HMA dynamic modulus.

For the rutting computation, it is important to identify the locations in the pavement
system that will result in a critical response value. However, within any given pavement cross
section, it may not be possible to specify the one location that will result in a maximum damage;
especially as conditions change within seasonal intervals and several different combinations of
axle configurations must be analyzed. To overcome this problem, the program internally
specifies a matrix of computational points that will insure that the location of the maximum
damage (rutting) will always occur. It should be recalled that the program uses a maximum of
four-axle types for design and analysis. It is also possible to have only one or two axle types
from the four in the traffic mix. Based upon the type of axles in the traffic mix, the program
defines the analysis locations where the maximum rutting could occur because of mixed traffic.
Once these locations are defined, rutting is calculated at these locations for performance
prediction and to estimate the maximum rutting occurring in the pavement.

The analysis location defined below is applicable both for the layer elastic analysis
(JULEA) and for the FEM approach. For the layered elastic analysis (JULEA), the principle of
superposition is used to account for axles within the specific axle type (single, tandem, tridem, or
quad). For any axle type, the response in only obtained for dual wheels on the single axle and
the effect of other wheels within the axle configuration is obtained by superposition. This was
done to optimize and minimize the number of JULEA runs for the layer elastic analysis. The
only restriction with this approach is that all wheels in the gear assembly have the same load and
tire pressure. Figure 12 shows the analysis locations for the four axle types used for the general
traffic analysis. In addition, the figure also shows the approach used for the estimation of critical
response.

Before explaining the approach used for the determination of the critical response, it is

important to understand the location of the analysis points. A description of the “X” and “Y”
locations are shown in Figure 12.
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Figure 12 Schematics for Horizontal Analysis Locations Regular Traffic
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X-Axis Locations
X1=0.0 {center of dual tires/tire spacing}
X2 = ((Tspacing/2) = Tradius)2 1 Topacing = tire spacing; T, g, = tire contact radius}
X3 = (Tspacing/z) - Tradius
X4 = Typacing/2
X5= (Tspacing/ 2) + Tradius
X6 = (Tspacing/z) + Tradius +4in
X7 = (Tspacing/ 2) + Tradius +8in
X8 = (Tspacing/2) + Tragius + 16 In
X9 = (Tspacing/z) + Tradius +24in
X10 = (Tgpacing/2) + Tragius 32 In

Y-Axis Locations

Y1:y=0.0 {center of dual tires/tire spacing}
Y2:y = Standem {tandem axle spacing}

Y3: Y= Standem/2

Y4:y = Stidem {tridem/quad axle spacing)

Y5: y= Stridem/2
Yo6: y= Stridem3/2
Y7: y= Stridem4/2

The above combination of locations results in a total of 70 analysis points (10 X-
locations with 7 Y-locations) for 4 axle types. These analysis locations are used for the
determination of critical stresses/strains for the rutting calculations. It should be remembered
that for a given axle type the response at these analysis locations is determined by the dual
wheels only, and not by the entire wheel configuration on a specific axle type.

The simplest case is that of a single axle with dual wheels, where no superposition due to
other axles is required. Along the x-y plane, the designated analysis locations are X1 to X10
along the Y1 (y = 0.0), as shown in Figure 12. The response is measured along these points to
determine the critical value. The critical location is the one at which the response (stress/strain)
is maximum. This is shown as Response 1, under the single axle category. For tandem axles, a
total of 30 analysis points are needed. These points are along Y1, Y2, and Y3. Ylissetaty=0
(over the x-axis), Y2 is set at y = Syngem (tandem axle spacing), and Y3 is set at y = Sipgem/2- It
should be recalled that the stresses/strains are only estimated for the twin wheels at these
analysis locations. For tandem axles, it is very obvious because of the geometry that the
maximum response will be either along the axis under the twin wheels (along Y1 or Y2) or along
Y3. Since the responses along Y1 and Y2 should be same, the response is only estimated at one
of these locations. The two responses for the tandem axle configuration are shown in Figure 12
as Response 1 and Response 2. Response 1 will be the summation of stresses/strains along Y'1
(wheel location at y=0) and Y2 (wheel location at y = S, 4.,), Whereas Response 2 will be two
times Y3 (accounting for two axles at y = S,,,4.m/2)- The critical stress/strain along x-axis is
determined by comparing the two responses at the same x-axis distance. That is, the two X1
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values along y =0 and aty = S, ,4o/2 are compared for maximum value. Comparing all the
paired values will then define the critical response.

Similarly, two sets of responses are estimated for tridem and quad axle configurations.
For tridem axles total of 40 analysis locations are used, while for quad axles, 50 locations are
required.

The above only relates to the horizontal analysis locations in the x-y plane. On these
horizontal locations, critical responses are determined at several depth locations depending upon
the distress type (generally at mid depths of each sublayer). Given a particular layered pavement
cross section, the vertical resilient strain at any given depth (along a vertical axis, defined in the
X, Y plane) is computed from knowledge of the three-dimensional stress state and the elastic
properties (modulus and Poisson’s ratio) of each sublayer in question from:

1
&, = E(O-z —HO, — ﬂo-y) (42)

For the linear elastic analysis using the JULEA program, it is necessary to estimate the
vertical strains for sublayers that are too close to the surface. This is a minor limitation of the
JULEA code and occurs when the layer mid-depth location is between the surface (Z = 0) and a
depth not exceeding 20 percent of the tire contact area radius. A simple and highly accurate
process was developed for obtaining these strains at shallow depths. This is accomplished by
linear interpolation between the JULEA response at the surface (Z = 0) and at the depth
corresponding to this minimum value (Z > 0.2 a.). This approach has been found to give very
accurate and identical comparisons to other pavement response models (e.g. BISAR) that do not
have this computational limitation of JULEA.

Step 7: Calculate permanent deformation

The Model for permanent deformation in the 2002 Design Guide provides the plastic
strain under a specific set of pavement conditions for a total number of load repetitions. Because
conditions vary from one season to another (e.g., temperature, resilient strain, moisture); it is
necessary to account for the total plastic deformation up to the specific season i, by a special
approach called the strain hardening approach, to incorporate these variable parameters in a
cumulative deformation subsystem.

For the general solution, permanent deformation is estimated for each layer and at each
computational location using pavement responses calculated through JULEA at the mid-depth of
each sub-layer. Computations of permanent deformations were done at locations defined by the
analysis module for regular traffic. In the ensuing models described, equivalent number of load
cycles for each sub-season are found by solving the permanent deformation model for N with the
accumulated deformation up to the sub-season and material properties and load conditions
prevailing in the given sub-season.

The approach is illustrated in Figure 13 for a model of the form:
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gp=f(&, T, N) (43)
where:
& = Total plastic strain (in/in).

v

Ntequivi Ntl Nti-l N

Figure 13 Permanent Deformation Approach.
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& = Resilient strain (in/in).
T = Temperature (deg. F).
N = Total number of load cycles (given axle type and load).

The total plastic strain €, ;.1 at the end of subseason i1-1 corresponds to a total number of
traffic repetitions Nti.; (point A). In the next subseason i, the layer temperature is T; and resilient
strain for load and material conditions prevailing in i is & ;.

At the beginning of the next subseason i (point B), there is an equivalent number of
traffic repetitions Nteq; that is associated with the total deformation at the end of subseason i-1
but under conditions prevailing in the new sub-season (T1, &,j). The approach is necessary
because models for permanent deformation provide an estimate of the total deformation rather
than the increment in plastic strain due to seasonal traffic.

By adding the number of traffic repetitions at season i (N;) to the total equivalent number
of repetitions Nteq;, using the specific material model, it is possible to estimate point C, which
corresponds to the total plastic strain at the end of sub-season i.

Pavement subgrades are pavement foundation layers that may have very large depths and,
in some cases, may be considered to be a layer with infinite depth. Therefore, in many cases, it
is not be technically computational feasible to divide the subgrade into sublayers and compute
plastic strains at the mid depth of each sub-layer in order to estimate the total subgrade
permanent deformation, due to the huge computational effort involved.

An alternative approach was developed by Ayres (13) to evaluate the plastic strain for an
infinite layer. Using pavement response model JULEA, pavement responses at three different
horizontal locations for various depths from the top of the subgrade, ranging from 0 to 150
inches, were obtained for several pavement structures. Overburden stresses resulting from the
materials above the computational points were added to the stresses computed by JULEA.

Using the model for subgrade materials provided by Tseng and Lytton, plastic strains
were calculated for the computational locations within the subgrade.

Evaluation of the plastic strain trend along each of the three vertical axes previously
selected was performed using numerical optimization techniques. This analysis indicated that the
following model structure provides an R* exceeding 97 percent:

£p(@)=(epz=0)€ (44)
where:
glz) = Plastic vertical strain at depth z (measured from the top of the
subgrade)
€pr=0 = Plastic vertical strain at the top of the subgrade (z = 0)
z = Depth measured from the top of the subgrade
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k = Constant obtained from regression

Using this assumption, the procedure used to estimate the total permanent deformation of
thick subgrades follows the procedure as noted.

Compute pavement response at the top of the subgrade and at a depth of 6 inches from
the top of the subgrade (resilient strain and deviator stress). Using the models already described

for subgrade materials, compute the parameters: [8—0} f and p at the two depths, z=0 and z
£

.
=61n.

Using the parameters previously computed, estimate the plastic strain for both depths as:

p
. (“"_Oje[m &y (43)

Er

Using the model structure described and the two data points, solve for the regression

constant, k:
Ep 7
k = lln[ﬂl (46)

6 gp’Z:6

In the above equation, the assumption is that the strains at the top of the subgrade are
larger than the strains at 6 inches below the subgrade. However, this is not true in all situations,
and the reverse happens in some situations, invalidating the assumption resulting in a negative k
value. This will result in increased permanent strain with depth resulting in inaccurate
permanent deformation predictions for the subgrade. This can happen because of the
overlapping stresses because of multiple wheel configurations.

To overcome this problem, a limiting value of K equal to 0.000001 is used in the
program. This assumption will not cause any significant error in the results since the subgrade is

divided into several sub-layers and the contribution for the last sub-layer should be negligible.

The plastic deformation of the subgrade is given by the following relationship:

do =&, (z) dz (47)
The total permanent deformation is found by solving the following integral:
hoedrock
5= [epar (48)
0

or:
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Nbedrock ‘1 1— e—khbedrock
8=¢p1=0 I e N “
0

where:

) = Total plastic deformation of the subgrade
hpedrock = Depth to bedrock

The stresses and strains computed by the pavement response model, combined with the
overburden stresses calculated by the program, are used in the permanent deformation models
available. Depending upon the pavement response model used (linear elastic versus FEM), type
of layer, one or more of the following pavement responses at the mid-depth of the layer may be

required. These responses are needed when non-linear Mr models are used in the Finite Element
code.

e Vertical resilient strain
e Bulk stress
e Deviator stress

The stresses and strains are always computed at the mid depth location of each layer/sub-
layer of the pavement structure, except for the subgrade. Subgrade response is estimated at the
interface between the subgrade and lowermost pavement layer and also at a depth of 6 inches
from this interface, as previously described.

To obtain the deviator and bulk stresses needed for modeling unbound material
permanent deformation, models were used to calculate the vertical and horizontal overburden
pressures using the specific gravity values and lateral pressure coefficients for the materials
composing the pavement. The following relationships are used for these calculations:

n

O'Oi Zg‘j Zhi Gi+h7jGj (50)
27 iS
62.4 : h;
OO}'(ZOO}IZFKOJ' Zhi Gi+71Gj (51)
1=1
where:
aof = Overburden pressure in z (vertical direction) at mid depth of layer j

ooj( = oo}/ = Overburden pressure in x and y direction respectively, for layer j
hj = Thickness of layer 1
Gi = Specific gravity of layer i
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Ko;j = Lateral pressure coefficient for layer j where overburden is to be computed

(typically, Ko varies from 0.5 for uncompacted materials to 1.0 to compacted
materials)

n = Number of layers/sublayers above the layer/sub-layer where overburden
pressure is computed

For the two locations at the subgrade, interface and 6-in depth, h; is considered zero and
12 inches, respectively.

Wander Effect

One of the inputs required in the design process is the lateral vehicle wander, in inches.
Wander is the lateral traffic distribution over a pavement cross-section, and is very important due
to the fact that not all vehicles stress the pavement surface at the exact same point. The amount
of lateral wander plays a direct and significant role in affecting the permanent deformation
within the pavement system. An increase in wander will result in less permanent deformation
within the pavement system. It is not practical to assess the exact distribution of wander;
however, a good approximation is to assume that the wander is normally distributed. The
standard deviation for the normal distribution plot represents the wander in inches. For most
typical highway applications, the standard deviation (wander) is taken at 10.0 inches.

For the fatigue cracking and because Miner’s Law is linear with traffic, damage
distribution because of the wander is computed from the fatigue damage profile obtained that has
no wander (wander = 0 inch), as explained in Chapter 3. However, for rutting, instead of
incorporating the wander approach for the damage like the fatigue analysis, wander must be
accounted for in the pavement response after every JULEA run because rutting is not a linear
function as fatigue damage.

Layer Rut

The incremental rut depth for each sublayer in the AC layer can be found from:
AR, =&, Ah (52)

Finally, by simply summing all incremental ARy through the entire layer, one can obtain
the total layer rut depth from:

Ry = Zn:ARdI (53)

i=1
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Simulation Runs

The total number of calibration factors in the permanent deformation calibration is 5
(three for the asphalt layers, one for the unbound granular base and one for the unbound
subgrade), as shown in equations 9 and 13. These calibration factors were introduced to
eliminate the bias and scatter in the predictions for each layer rut depth. These calibration
factors are correction values applied to the initial theoretical models selected to achieve the final
set of field calibrated permanent deformation models.

The final general approach used in the calibration process is described in the following
paragraphs. It is again very important, at this point, to recognize that since no trench studies
were available, actual layer rut depths could not calibrated purse. Rather, several other
engineering approaches were used in this task. The simulation runs were done by running the
software for a combination of values of the calibration factors S, f3 on the asphalt model only.
Then the most reasonable solution was optimized using f1 of the asphalt as a function of the
total asphalt concrete layer thickness and the depth of the asphalt layer. This last correction was
intended to compensate for the variable confining pressure, with depth, in the asphalt layers.
This correction was felt to be extremely critical because it eventually models the AC rutting
occurring with depth for any given thickness of AC layer.

The feg of the granular base and fsg of the subgrade were found from a study using
designed pavement sections from the 1993 AASHTO Design Guide (5). This study is explained
later. The selection of the final model(s) was to optimize (minimize) the error square of the total
rut varying the three factors (51, fos and fsg) at the same time.

These simulation runs were conducted for combinations of the calibration factor on the
temperature (f2) and the number of load repetition (f3). Each one of the two calibration factors
(fr2 and fr3) initially utilized three values of 0.8, 1.0 and 1.2. This resulted in a matrix of
simulation runs of 9 (3*3). Two additional runs were eventually found necessary to complete.
One had a f2 0f 0.9 and a S5 of 1.2 and the other run had £, equal to 1.0 and £z equal to 1.1.
These two additional runs were added based on experience gained from running the optimization
to focus on certain values, which were felt to be closer to the optimum solution.

Annex C shows the results of the simulation runs for both the asphalt and the unbound
layers models for all combinations of the temperature and number of load repetition calibration
factors grouped by total asphalt layer thickness, and subgrade modulus. In the following section,
the results will be discussed and analyzed for the final step of the calibration process.

Only 88 sections out of the 94 new sections were selected for the simulation as they had
permanent deformation data. The 88 sections were located in 28 different states with a different
climatic location. The average running time of the program was 1.5 min per year within the
design life, which average about half an hour running per section. The 11 simulation runs were
done using one unbound layer-rutting model. However, 26 additional runs were done for each
unbound layer rut model. This accumulated a total computer running time of 1628 hours
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((11+26) simulations *88 sections *0.5 hour) in addition to the time take to input the data in the
program.

It must be noted that the calibration process was not conducted only once. Unfortunately,
the “calibration process” was repeated and rerun numerous times. Many factors contributed to
numerous calibration runs. One of the biggest reasons for having to repeat the calibration
process was due to bugs/errors in the program or the input data (like traffic). These problems
only came to light after running a full set of calibration runs. This frequently necessitated that
the results be completely disregarded and the calibration process be redone. Nonetheless, the
results shown in this dissertation are the results of the last final set of runs after all analysis and
software code bugs and errors were fixed and finalized.

Coefficient Selection

As noted, a matrix of different simulation runs were conducted on the 88 sections.
Detailed plots, showing the results of each run grouped by asphalt thickness, are given in Annex
C. As mentioned earlier, the calibration study was done using different £, and fr3 values
ranging from 0.8 to 1.2. The total number of runs eventually completed were 11 combinations.
To select the most accurate combination of S, and f3 values, the total rut sum of error square
and the total sum of error for the asphalt layer were compared for each combination after
optimizing fr, and 3 for each solution. The optimization was done using two approaches for
each combination of S and frs:

e The first method was to keep the calibration factor for the granular and subgrade
layers fixed at a certain value, minimize the sum of square of the error of the total
rut, and then set the sum of error of the asphalt layer to zero varying 1 only.

e The second method was to minimize the sum of error square of the total rut using
all three-calibration factors (1, feg and fsg) at the same time, and then set the
sum of error of the total rut to zero.

The results of the optimization for the two methods are shown in Table 2 and Table 3
respectively. Contour plots were used to compare the results and find the minimum solution for
the sum of errors square and closest sum of error to the zero value. Figure 14 to Figure 17 show
the plots of these contour lines, as a function of the £, and f3 values.

Examining the contour lines, it is evident that best combination for the £, and 3 values
is the 0.9 and the 1.2 values (respectively) using both optimization methods. The following are
some conclusions obtained from the contour plots:

e [t was discovered that using a f, greater than 1.0 and f3 equal to 1.2 resulted in
very high rut depth predictions in thin sections. These solutions reached a
maximum allowable rut value equal to the total thickness of the asphalt layer. It
was concluded that these combinations couldn’t be used due to the excessive
rutting in thin sections.
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¢ For the first optimization method the minimum sum of squared error for the total
rut is found at £ 0f 0.9 and f3 of 1.2 or any value of f» and 3 should be less
than 1.0 as shown in Figure 14. The optimum sum of error-square in the asphalt
occurred at S 0of 0.95 and fis of 0.95, Figure 15. However, for S, 0f 0.9 and f3
of 1.2 the AC sum of squared error was not high. S 0f 0.9 and S5 of 1.2 was
selected for method one optimization.

e For the second optimization method, the minimum sum of error-square for the
total rut is at any value of £, and 3 equal to 0.8 as shown in Figure 16.
However, at f,0f 0.9 and 3 of 1.2 a value very close to the minimum value can
be observed. However, the minimum sum of error-square for the asphalt layer rut

is at 2 0f 0.9 and f3 of 1.2 as shown in Figure 17. That is why £ 0f 0.9 and f3
of 1.2 was selected.

After selecting the best values for the two calibration factors (4, and f3) on the asphalt
layer rut model, the remaining three calibration factors were then further evaluated and adjusted
as needed to provide accurate