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EXECUTIVE SUMMARY

Pavement Mechanistic-Empirical (ME) design is one of the AAHSHTOWare Design software
which has been built to design new and rehabilitated pavement with a flexible, rigid, and
composite structure. The performance prediction models in Pavement ME were calibrated and
validated using performance data from hundreds of pavement sections across the nation.
However, nationally calibrated performance models in Pavement ME do not precisely reflect
local pavement performance. Many state agencies are trying to improve the software outcomes
by implementing different local materials, construction, climate, and traffic characteristics in
evaluating and calibrating the performance models. To reach this goal, a comprehensive study
of all input modulus was conducted, and initial properties required for all pavement layers to
execute the AASHTOWare Pavement ME design were determined in this study. The tests and
experimental methods required in providing level 1 for hot mix asphalt (HMA) material, unbound
material, and bedrock properties were presented. Level 2 predictive models provided for
material inputs of Pavement ME for the state of Oklahoma were gathered, and the performance
was evaluated. In addition, appropriate level 3 data values for each input were determined.

In this study, the Pavement ME design prediction models were calibrated using local inputs and
performance data for the state of Oklahoma. A total number of 66 sections from Long-term
pavement performance (LTPP) and few more asphalt pavement sections in Oklahoma were
identified for the purpose of this project. The selected projects are representatives of
Oklahoma'’s flexible pavement construction practices and include various pavement conditions,
construction age, and environmental conditions. The material, structural, and traffic data were
gathered from LTPP, Oklahoma, and national cooperative highway research program (NCHRP)
datasets. The material input data were evaluated, and the most accurate available date was
selected. The prediction models were used to estimate level 2 and 3 material properties to
generate the database.

After reviewing the input data and running a sensitivity analysis for each parameter, a master
input database was developed. For each section, the Pavement ME design analysis was
conducted. The predicted distresses, and international roughness index (IRI) models were
evaluated and compared with the measured distress values, and the accuracy and bias of each
model were determined.

The nationally calibrated models show an improper performance and a significant bias, which
asserts the need for local calibration. The rutting and IRl models show better performance
compared to fatigue bottom-up and top-down and thermal cracking models. The reason for bias
and error in measured versus predicted distresses mainly comes from inaccurate input data,
error in the distress survey, and accuracy of prediction models. In this effort, the error in
prediction models was reduced through the calibration process. This process includes two steps
for reducing bias and increasing accuracy. An iterative narrow-down approach was used to
determine the calibration coefficient values corresponding to the minimum prediction bias. In
this approach, starting from a wide range of coefficients’ combinations, the best range was
determined, and in the next steps, the identified ranges were narrowed down to the optimum
combination of coefficients. In the next step, the standard error of prediction was decreased by
optimizing the coefficients related to the accuracy of models. Finally, the locally calibrated
coefficients for the distress and IRl models were determined for the Oklahoma pavement
system. The distress and IRl models show that the calibrated coefficients improve the pavement
ME predictions and design of flexible pavements in Oklahoma. After completing the calibration
effort of the Pavement ME software, it is essential to consider the next step of the
implementation process, which is adopting the locally calibrated models for some routine
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pavement designs. For this reason, the Pavement ME was used to design the asphalt
pavements using the typical material and design parameters for the state of Oklahoma. Three
types of conventional flexible pavement design, as well as one perpetual design, were
compared in this study. Generally, using calibration coefficients yields lower rutting and higher
fatigue cracking. However, the pavement roughness at the end of design life is using the
Oklahoma calibration coefficients.

The high sensitivity of the pavement performance prediction to the dynamic modulus highlights
the importance of providing this input at different levels. In this study, the results of dynamic
modulus tests in previous studies of Oklahoma were collected for the Pavement ME calibration
database. Five common prediction models were applied to evaluate their precision in estimating
the dynamic modulus from the job mix formula (JMF) HMA properties. The performance of each
model in predicting Oklahoma’s typical mixture dynamic modulus values were evaluated and
compared. So, the best prediction models which can be applied in Pavement ME analysis were
introduced.

The rigid pavement calibration process in Oklahoma is limited to the Jointed Plain Concrete
Pavement (JPCP) and the Continuously Reinforced Concrete Pavement (CRCP). It is well
known that the rigid pavement is a durable pavement type, which reduces the number and
extent of distresses in the LTPP survey records. In Oklahoma, there was only limited
performance data available in the General Pavement Studies (GPS) database for CRC and JPC
pavements. The type of data utilized in local calibration, as adopted in NCHRP 1-37A, requires
considerable visual performance damages to validate the calibrated coefficients. For CRCP, this
set of circumstances required a different approach as to the type of data used for calibration.
Therefore, the researchers proposed a new methodology to calibrate the punchout damage in
CRC pavements. Non-observable damage (i.e., erosion) was found of a greater value for the
new calibration methodology as it represents the deterioration process required to produce the
visual manifestation of punchouts. The proposed methodology requires estimating erosion
percentage damage using Falling Weight Deflectometer data (FWD), which depends on the
type of base and subbase, determining the percentage of punchout from the Long-Term
Performance Program (LTPP) records, and establishing the relationship between both
components to estimate the existing punchout distresses. The same circumstances were
encountered in the calibration for JPC pavement. However, the new methodology was not
applicable for the transverse cracking distress prediction as pavement ME depends mainly on
the traffic for estimating fatigue damage. Therefore, the national calibration coefficients for
transverse cracking and faulting models were assessed for sections in Oklahoma and Arkansas
(As a neighbor state). The national calibration coefficients were found sufficient for predicting
the main distresses in JPCP.

A database including traffic, climatic, structure, material property, and the corresponding
pavement performance/distress data has been developed. In this database, the material
property data has three hierarchical input levels based on the Pavement ME Design Guide. The
INput-ME software program was developed to convert the traffic data, climatic data, structure
data, and material property data from the developed ODOT database into the input format of the
Pavement ME Design software. This software has a user-friendly interface, which facilitates the
ODOT employees to conduct the local calibration periodically.



INTRODUCTION

Pavement ME design is one of the AAHSHTOWare Design software which has been built to
design the new and rehabilitated pavement with a flexible, rigid, and composite structure.
Mechanistic empirical (ME) design supports AASHTO’s mechanistic-empirical pavement design
guide (MEPDG), which was generated under the National Cooperative Highway Research
Program (NCHRP) 1-37A project (1). MEPDG, compared to the 1993 American Association of
strategic highway transportation officials (AASHTO) Guide, by an update from an empirical
approach to a combined mechanistic-empirical approach, provides a more realistic
understanding of designing pavements. A formal review of the 1-37A project presented in
NCHRP 1-40 A, resulted in an improvement in the MEPDG procedure. Further efforts in the 1-
40D project brought out the first version of MEPDG software. In April 2007, version 1.0 was
taken under consideration by NCHRP, federal highway administration (FHWA), and AASHTO
as an AASHTO provisional standard, which resulted in Version 2.0 (2). This software predicts
the pavement condition, including fatigue, rutting, thermal cracking, and IRl in flexible
pavements and cracking, faulting, and IRI in concrete pavements. It allows the consideration of
different environmental and loading states and provides new approaches for evaluating design
variability and reliability.

MEPDG Approach

The MEPDG approach comprises three stages (3). In the first phase, all the input properties,
including the unbound and paving material properties, environmental and climatic conditions,
traffic data, and design criteria, are evaluated. The methods of data collection and precision of
collected data can dramatically affect the software analysis and results. For this reason, three
distinguished levels of inputs based on the criticality of the project and the availability of data
were determined. The second stage is the confluence of empirical and mechanistic analysis. In
this phase, by using the pavement response and distress models, incremental damages are
calculated, and pavement performance under the designed features will be determined. The M-
E design optimization allows the users to find the appropriate pavement structure, which
satisfies all of the distress below the failure criteria (4). In stage 3 of the MEPDG approach,
viable design alternatives based on engineering judgment, life cycle analysis, and national and
local pavement construction policy are evaluated, and a final strategy will be determined.

Hierarchical Design Input Levels

The hierarchical input levels are features of AASHTOWare Pavement ME Design, which
categorizes the input parameters in three distinct levels. Designers can provide their input
values from different levels based on the availability of required data, the importance of the
project, and allocated design time and budget. The hierarchical theme applies to material,
traffic, and climate inputs.

o Level 1: level 1 data is calculated directly by in-situ or lab tests. This level provides the
most precise data for input parameters with the highest data collection cost and the
lowest uncertainty. Also, designers should apply level 1 data in new and unusual
pavement conditions, which is far from the conditions used for establishing level 2 and 3
default data (4).



o Level 2: level 2 data has an intermediate level of accuracy and certainty. These data do
not project-specific and can be estimated from correlation equations or an agency’s
database. Considering the needed level of knowledge and the impact of parameters on
the final design strategy, designers may choose level 2 data for the input values.

o Level 3: level 3 data have the lowest level of accuracy and are based on global or
regional surveyed values. This level of data provides the least information about the
input values in a specific project but is available at the lowest cost. In some input
parameter values which have low variance concerning the change in location and time,
the level 3 data are excellent and reliable sources for designers.

Designers, in any given project, may choose a combination of different levels of input
parameters. Pavement ME estimation algorithm provides the capability of pavement
performance prediction with varying combinations of input parameter levels. Each input level for
different parameters will have an associated standard error in pavement performance design

(4.

Material Characterization

The input properties for all asphalt mixtures are divided into volumetric and engineering inputs.
The volumetric properties are mostly air voids, effective binder content, aggregate sieve
analysis results, different types of density, and asphalt binder type. The engineering or
mechanistic properties for asphalt materials examples are dynamic modulus, resilient modulus,
creep compliance, and tensile strength (2). As discussed before, a hierarchical approach is a
practical method for providing input data. For material parameters, level 1 data can be obtained
by comprehensive sets of laboratory tests. However, level 2 and level 3 data can be estimated
by a series of correlation equations or default values.

FLEXIBLE PAVEMENTS
HMA MIXTURES

For all asphalt mixture types or layers, primary properties are required to run the AASHTOWare
Pavement ME Design. Significant HMA mixtures considered in Pavement ME design are Stone
Matrix Asphalt (SMA), asphalt treated or stabilized based or asphalt permeable treated base
mix (4). Providing Level 1 data is sophisticated, time-consuming, and costly, and most agencies
cannot acquire them through test protocols for most analyses. However, the use of a
combination of Level 1, 2, and 3 material inputs are allowed. Therefore, designers, based on the
specific qualifications and the state agency needs, can combine levels 1, 2, and 3 material
inputs in Pavement ME. In the following, recommended procedures and correlation equations to
estimate levels 2 and 3 material properties for HMA mixtures are presented.

Dynamic Modulus (|E*|Hma)

Pavement ME design predicts the dynamic modulus of an HMA mixture, |E*|1wa using
predictive equations, including the NCHRP 1-37A viscosity based model or 1-40D |G*| based
model known as original and modified Witczak models respectively (4). Furthermore, other
researchers have also tried to develop new predictive models that, in some cases, can give
more realistic estimates for dynamic modulus. Hirsch and Al-Khateeb models are samples of
these efforts which have gained national interests. However, some researchers believe that
these regression models have disadvantages that make restraints when applied to a broad
range of mixture types and at the critical very high and low temperatures. To improve these
disadvantages, North Carolina State University (NCSU) Global Model and NCSU Simplified
Global model have been developed (5). These models can predict |E*|uma in @ broader range of
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testing conditions and estimate more accurate dynamic modulus values with less deviation
compared to previous existing models.

Original Witczak Model
Revised Witczak dynamic modulus predictive equation developed under NCHRP 1- 37A project
is as follows (6):

Log|E"| =~1.249937+0.02923p,, — 0.001767(poy, ) —~0.002841p, ~0.0580%,

_0.802208 Voir . 3.871977-0.0021p, +0.003958p, —0.000017(p3/8)2 +0.00547p,,, (1)
' Vier V., 1+exp(—().603313—0.3133510gf —0.39353210g77)
where:
|E*| = dynamic modulus, 10° psi;
Paog = Percentage of aggregate passing #200 sieve;
P, = Percentage of cumulative aggregate retained on #4 sieve;
Pss = Percentage of cumulative aggregate retained on 3/8-inch (9.56-mm) sieve;
Psy = Percentage of cumulative aggregate retained in 3/4-inch (19.01-mm) sieve;
Va = Percentage of air voids (by volume of the mix);
Viefr = Percentage of effective asphalt content (by volume of the mix).
f = Loading frequency (HZ); and
n = Binder viscosity at the required temperature (10° Poise).

For the viscosity term in equation(1), the designed program converts all levels 2 and 3 inputs
into the regression intercept (A) - regression slope (VTS) of viscosity-temperature relationship
for the formulation of the |E*| master curve. This relationship is commonly referred to as the “A-
VTS relationship” (6).

A+VISlog(T,) T,>T,,.
log(n):{l()gS g( R) R critical (2)

R — “critical
where:
n = Viscosity (cP);
A = Intercept of the relationship;
VTS = slope of the relationship;
Tr = Temperature in Rankine; and
Tcrisical = Temperature in Rankine, where the viscosity is equal to 2.7 x 1012 cP (0.0027
x 10'2 Pas).

A and VTS typical values for different types of binders were recommended following by
NCHRP 1-37A effort (6, 7).

|G*| Based Witczak Model
Modified Witczak dynamic modulus predictive equation including |G'| and developed under
NCHRP 1- 40D project is as follows (6):
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where,
|G*|s = dynamic shear modulus of asphalt binder (psi);
Ob = binder phase angle associated with |G*|» (degrees).

These two, original and |G*| based Witczak equations currently are used in Pavement ME
design for predicting level 2 and 3 dynamic moduli. If some of the mixture databases do not
have |G*|, data, the Cox-Mertz rule, can be used to calculate |G*|, from A-VTS values as
follows (6).

|G:‘: |b —0.005 lfj M. (sin 511 )7_1542_0_49291‘5 +0.02117,* 4)

8, =90+(=73146-2.6162*V'TS ) *log(f, *1, , )

| ) ()
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log7, ;, =0.9699 17" * A+ 09668 /" * VTS log T, (6)
where:
fs = Dynamic shear frequency;
Ob = binder phase angle predicted from equation(5) (degrees);
np,T = viscosity of binder at a specific loading frequency (fs) and temperature (T)
determined from equation(6) (cP); and
Tr = Temperature in Rankine unit.
Hirsch Model

Hirsch model is the incorporation of binder modulus and volumetric properties, including voids
in mineral aggregate (VMA) and voids filled by aggregate (VFA). One of the advantages of the
Hirsch Model is the phase angle of HMA, which is applied in the calculation of creep
compliance and relaxation modulus from dynamic modulus. However, this model developed
based on a low number of data point and did not show good results at low VFA and V; values

Al-Khateeb Model

The law of mixtures parallel model, Al-Khateeb Model, was developed based on the Hirsch
model. The strengths of this model include the improved prediction of high-temperature and
low-frequency |E*| data for mixtures used in the FHWA accelerated loading facility (ALF) test
sections. The weaknesses include the lack of model verification and the fact that the
researchers who developed this model used |E*| values obtained from tests at higher than
recommended strain amplitudes (200 ue versus the recommended maximum of 75—150 ue) (6).




NSCU Global and Simplified Global model

The NCSU models can be used to estimate the HMA dynamic modulus for a wide range of
temperatures suggested by (AASHTO) TP62-03 test protocol. These models are generated
based on merging the master-curves from both binder and HMA mixture (5).

The collected data for generating these models includes 20,209 data points from 1008 mixes
with different aging conditions that consist of modified and unmodified asphalt binders (5).

Tensile strength (TS)

Tensile strength at level 1 can be determined by the AASHTO T322 test, “Determining the
Creep Compliance and Strength of HMA using the Indirect Tensile Test Device.” At Level 3,
the Pavement ME design guide suggested the same regression equation(14), which has been
developed for MEPDG under NCHRP 1-37A. The tensile strength can be determined by the
following equations (4, 7)

TS =7416.712—114.016*V, - 0.304*V > —122.592*VFA +0.704*VFA*

7
+405.71*log(Pen77) — 2039.296 *log(4) ")

where,

78 = Indirect tensile strength at 14 °F, (psi);

VFA = Voids filled with asphalt, as constructed, (percent);

V. = HMA air voids, as constructed, (percent);

A = Asphalt viscosity-temperature susceptibility intercept and,
Pen77 = Asphalt penetration at 77 °F, (mm/10);

Creep Compliance

Creep Compliance can be determined at level 1 by AASHTO T 322 test protocol. The data
should be provided at testing temperatures of -4, 14, and 32 °F and time of loading of 1, 2, 5,
10, 20, 50, and 100 HZ. At Level 3, the Pavement ME design guide suggested the same
regression equation, which has been developed for MEPDG under NCHRP 1-37A. The Creep
Compliance can be determined by the following equation (4, 7):

D@)=D, *t"

log(D,) = —8.524+0.01306*Temp +0.7957 *logV", +2.0103logV'FA
~1.923*log 4 (8)

m =1.1628-0.00185*Temp = 0.04596*)", = 0.01126*V' 1A +0.00247 * Pen'77
+0.001683 *Temp * Pen 77"

where,

t = Time, (months);

Temp = Temperature at which creep compliance is measured, (°F);

Va = HMA air voids, as constructed, (%);

VFA = Aggregate Voids filled with asphalt binder, as constructed, (%); and
Pen77 = Asphalt penetration test result at 77 °F, (mm/10).



Coefficient of Thermal Contraction (CTC)

The coefficient of thermal contraction can be determined neither by ASTM nor by AASHTO
standards. Pavement ME calculates CTC from HMA volumetric properties like VMA and the
volumetric coefficient of thermal contraction of the aggregate (7). The model used by pavement
ME for predicting CTC for HMA mixtures is shown in equation(9).

_VMA*B_ +V, .. *B

L AGG (9)
M 3*VTOTAL

where,

Lvix = Linear coefficient of thermal contraction of the HMA (1/0C);

Bac = Volumetric coefficient of thermal contraction of the asphalt binder in the solid
state (1/0C);

Buce = Volumetric coefficient of thermal contraction of the aggregate (1/0C);

Va = Voids in the mineral aggregate (percent %);

Vaice = Volume of aggregate in the mixture (percent %); and

Vrorar =100 percent.

Table 1 represents the Pavement ME design guide suggested typical values for parameters
used in calculating CTC for HMA mixtures.

Table 1- Suggested values for estimating coefficients of thermal contraction (4, 7)

Parameter Suggested value
Lmix 2.2 t0 3.4*10°/°C (linear)
Bac 3.5 t0 4.3*10-4 /°C (cubic)
Bace 21 to 37*10 -6 /°C (cubic)

Poisson’s Ratio

Poisson’s ratio of asphalt concrete materials ranges typically between 0.15 and 0.50 and
changes at different temperatures (7). For Poisson’s ratio, using recommended typical values
are suitable for new HMA materials. The following equation(10) can provide an estimation of
Poisson’s ratio (7).

3
4 =015+ 035 (10)
1+exp(-1.63+3.84*10°F )
where,
Hac = Poisson’s ratio of asphalt concrete at a required temperature; and
Eq = Modulus of asphalt concrete at a required temperature, (psi).

Furthermore, Pavement ME design provides level 3 typical values of Poisson’s ratio at different
temperatures that are presented in Table 2 for the existing dense and open-graded HMA
layers.

Table 2- Typical level 3 values of Poisson’s ratio for aged HMA (4)
Temperature °F Dense-Graded HMA Open-Graded HMA
<0 °F 0.15 0.35
040 °F 0.2 0.35




Temperature °F Dense-Graded HMA Open-Graded HMA
41-70 °F 0.25 0.4
71-100 °F 0.35 0.4
101 130 °F 0.45 0.45
>130 °F 0.48 0.45
Other Parameters

For air voids, (Va), volumetric asphalt content, (Vb), and total unit weight for different mix types
obtained from previous work, the databases are suggested by Pavement ME design to be
applied in the software (4).

For surface shortwave absorptivity, the following typical values are suggested (4):

¢ Weathered asphalt concrete (gray): 0.8-0.9
e Fresh asphalt concrete (black): 0.9-0.98

Thermal conductivity (k) can be measured at level 1 by ASTM E 1952, “Standard Test Method
for Thermal Conductivity and Thermal Diffusivity by Modulated Temperature Differential
Scanning Calorimetry” or can be chosen at level 3 by typical values range from 0.44 to 0.81
Btu/(ft)(hr)(°F) (7).

Heat capacity can be measured at level 1 by ASTM D 2766, “Specific Heat of Liquids and
Solids,” or can be chosen at level 3 by typical values that range from 0.22 to 0.4 Btu/(Ib)(°F)

(D).

Unbound Material

Pavement ME requires physical and engineering features of unbound base and subbase
layers. The material properties which are required in Pavement ME design of unbound granular
material, subgrade, and bedrock are classified into three groups (7):

e Material inputs required for pavement response models such as resilient modulus (M,)
and poison’s ratio represent the response behavior of the unbound material under cyclic
wheel loads.

e Enhanced Integrated Climatic Model (EICM) material inputs that are required for
prediction of temperature and moisture content within a pavement. Gradation, Atterberg
limits, and saturated hydraulic conductivity are examples of EICM inputs.

e Other inputs such as lateral pressure (Kp) coefficient which are required in design
approaches used in Pavement ME.

In the following, the recommended input parameters for the unbound material are presented.

Resilient Modulus

Resilient modulus is calculated by the ratio of applied deviator stress to recoverable or resilient
strain. It can be determined by using cyclic stress on the cylindrical sample under consistent
confining pressure (03 or 0¢) and gauging the axial recoverable strain (&) (8).

(o
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where,

Mr = resilient modulus;
Ocyclic = cyclic (deviatoric) stress; and
& = resilient (recoverable) axial strain.

Resilient modulus can be determined by laboratory tests as level 1 or can be estimated by
different properties of unbound materials as level 2 or default values as level 3 for different
types of unbound materials recommended by Pavement ME Design. For rehabilitation and
reconstruction projects, the resilient modulus can be estimated by empirical test methods such
as Dynamic Cone Penetration (DCP), California Bearing Ratio (CBR), or Plate Load Test or
back-calculated by elastic layer modulus values from deflection basin test (4).

Level 1 Test Procedures and Models

Test procedures developed by AASHTO include AASHTO T, AASHTO T 294 and AASHTO T
307 (previous AASHTO TP46). NCHRP Project 1-28 A was developed to improve earlier
AASHTO methods, and the product of this project is “Harmonized test methods for laboratory
determination of resilient modulus for flexible pavement design.” The test protocols of AASHTO
T307 and NCHRP 1-28A are comparable but have some differences in material classification
methods, load cell’s location, and loading test order (9). The Pavement ME design recommends
M, to be measured from the AASHTO T 307 or NCHPR 1-28 A (4).

Based on AASHTO T 307, the resilient modulus is measured in 15 sequences with different
levels of confining and deviatoric stresses. In order to find the amount of M, at different stress
conditions caused by cyclic wheel loads, it is necessary to find a relationship between resilient
modulus and stress states.

MEPDG Model

Pavement ME design guide proposes a stress-based model that was developed based on
NCHRP 1-28 A project (7). This model can be applied to all types of subgrade layers and
unbound granular materials. The main equation includes six regression constants. The basic
form of the model has three constants (equation(12)), which K; has a positive value since M,
cannot be negative. By increasing the bulk stress, the amount of M, will increase due to the
hardening behavior of unbound material; thus, the K, parameter should have a positive value.
Increasing the shear stress leads to softening behavior and lowers M, which means K3 should
have a negative value (9).

8 . T :
M =KP(—)" (=2 +1)" 12
7 IH(PH) (P ) ( )

a

K1, Kz, and K3 coefficients differ for various types of material and should be determined for
each soil type. Yau et al. (10) evaluated the resilient modulus test results obtained from
measured data on recovered samples from LTPP sections. Hussein et al. performed a study
on different types of level 1 and evaluated different models for the estimation of resilient
modulus. This study includes various types of the state of Oklahoma unbound soil and coarse
aggregate. Based on this study, the Uzan model shows a better estimation for Oklahoma
subgrade soils, and the MEPDG model gives an acceptable fit for coarse aggregate (17). Table
3 shows recommended regression coefficients for estimating M, by Uzan and MEPG models
for subgrade soil and aggregates of Oklahoma DOT, respectively.
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Table 3- Regression coefficients of M, predictive models for the state of Oklahoma (711

Layer Soil K K K: K: K; Ks
Type Mean SD Mean SD Mean SD
Subgrade soils A-2-4 511.54 | 118.05 0.208 | 0.412 | -0.378 | 0.314
Subgrade soils A-2-6 486.69 N/A 0.562 N/A -0.544 N/A
Subgrade soils A-4 440.96 | 130.88 0.383 | 0.334 | -0.42 0.207
Subgrade soils A-6 449.05 | 216.8 0.141 0.231 | -0.547 0.27
Subgrade soils A-7-6 434.36 | 240.95 0.051 0.147 | -0.604 | 0.326
Coarse aggregate lime 860.56 | 612.11 | -0.0217 | 0.487 | 0.939 0.919
stone
Coarse aggregate Sand 637.49 | 255.23 0.298 0.386 | 0.433 0.702
stone

Level 2 — Correlation with other Material Features

Measuring level 1 resilient modulus from the recommended test protocols needs special
equipment and is a time-consuming procedure, which makes some DOTs unwilling to perform
it. In this situation, level 2 estimation can be selected for calculating the resilient modulus using
typical correlations with other soil properties such as water content, gradation, Atterberg limit,
etc.Many researchers tried to find the estimation relations for regression constants (K, Kz, Ks)
from unbound material properties. Yau et al. provide the following models for unbound
aggregate base/subbase materials and subgrade soils (10).

Kim et al. reported a reasonably high correlation by predicting material constants for the
MEPDG model by using 12 soil indices for a total of fourteen fine-grained soils and five coarse-
grained soils at Indiana State (12). Hossein et al. (11) provided correlation relations for
estimating Level 2 M, for subgrade soil and coarse aggregates, which generally are used in the
state of Oklahoma. Two methods of direct estimation and indirect estimation with regression
coefficients (K1, K2, K3) were provided. Six parameters (UCS, MDD, MC, PI, DR, MCR) were
used to establish the correlation equations for material constants. The strength of the
established correlation was found to be fair; the R? and F values of the model were found to be
0.44, and 16.13, respectively, indicating significantly lesser fit than the stress-based model.
The level 2 value of resilient modulus can be estimated using strength properties such as CBR,
R-value, and AASHTO layer coefficient and can be calculated by direct or indirect methods.
The resilient modulus can be estimated from CBR test results, and in indirect methods, some
material properties are used for estimating CBR values (7). Based on a study on cohesionless
subgrade soils in Mississippi State (13), the resilient modulus can be estimated from standard
California Bearing Ratio (CBR). The results of correlation relation with CBR showed no
significant change in the resilient modulus if soils are within £ 1.5 % of optimum moisture
content.

M, =3116(CBR)" (13)

where,
a=0.4779707

Yeh and Su of the Colorado Department of Highways tested the resilient properties of

Colorado soils with the objective of establishing a correlation between resilient modulus and
stabilometer R-value (14). The equation finally derived between M, and R-value is as follows:
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Mr =3500+125(R —value) (14)

where Mr is expressed in psi. Level 1 and 2 procedures described can be used in all pavement
construction projects. In rehabilitation and reconstruction projects, material specimens can be
sampled by coring. In addition, level 2 resilient modulus, M,, can be measured from falling
weight reflectometers results obtained from existing pavement layers (7).

Level 3 — Typical Values of Resilient Modulus

For typical values of Level 3, M values are suggested by NCHRP 1-28 project. In this
condition, M, values are required at optimum moisture content. Also, the typical values are
represented for AASHTO and USCS Soil classification (7). The typical values of resilient
modulus suggested by Hussein et al. for the state of Oklahoma are presented in Table 4. The
default M. values for finer soil types (i.e., A-7-6) tend to be close to or within those of the
MEPDG recommended ranges. In the case of A-6 soil, typical values were found to be on the
conservative ends compared to the MEPDG recommended range. In the cases of other soil
types (A-2-4, A-2-6, and A-4) in Oklahoma, the default M; values were found to be on the more
conservative ends. The predicted default M, values corresponding to limestone and sandstone
aggregates for Oklahoma were found to be 124% and 136% lower than those of the MEPDG
recommended typical values (17).

Table 4-Resilient modulus typical values for the state of Oklahoma (17)

Material Average Level 3 The midpoint of
Classification Mr values (psi) MEPDG vs. Oklahoma

A-2-4 10800 203%

A-2-6 10100 193%

A-4 8900 184%

A-6 10300 83%

A-7-6 9900 7%
Limestone 14200 --
Sandstone 9300 -

Enhanced Integrated Climatic Model (EICM)

The enhanced integrated climatic model considers variations of temperature and moisture
content of unbound layers in Pavement ME analysis. The EICM consists of three distinct
elements (7):

¢ Climatic-Materials-Structure Model (CMS Model)
e CRREL Frost-Heave and Thaw Settlement Model (CRREL Model)
¢ Infiltration and Drainage Model (ID Model)

Environmental information related to weather, groundwater, drainage, and pavement structure
and material properties are inputs for the ELCM model. Considering the variation in
temperature and environmental characteristics, the EICM model modifies the resilient modulus
through adjustment factors (Fg, Fr, Fu) over the design period. The effect of environmental
parameters like moisture content variation, freezing, thawing, and also recovery from thawing
are determined by adjustment factors introduced by the EICM model. The environmental
factor, Feny is @ composite weighted factor, which could generally represent a combination of
the factors suitable in different climatic conditions (7).
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e f¢ = factor for frozen material and calculated based on the temperature;

o Fr = factor of recovered materials from thawing before freezing cycle; and

o Fy = factor for unfrozen materials. This is used for materials that never freeze or
are fully recovered from the frozen condition.

These factors incorporate the effect of moisture variation and freeze/thaw cycles on the
resilient modulus value of pavement layers at any specific point during the period of pavement
analysis. The resilient modulus, M., can be measured at each time or location from the
following equation:

M, =F, xM, (15)
where,
Few = adjustment factor; and
Mop:t = resilient modulus at optimum conditions (maximum dry density and optimum

moisture content)

The EICM accounts for unsaturated soil conditions based on the soil-water characteristic curve
(SWCC), saturated and unsaturated hydraulic conductivity, hourly climatic information from 800
weather stations including sunshine hours, daily rainfall data, wind speed, daily air temperature
and relative humidity (7).

The SWCC is a function of the relationship between matric suction to the moisture content of
generally unsaturated soils. This relationship shows the suction versus the variation of water
content indices like gravimetric, volumetric, or degree of saturation n. The degree of saturation
in equilibrium condition (Sequi) can be calculated from SWCC (7).

Sequil = C(h) x

cr

nY
In EXP(1)+[]
ay
(16)
ln{1+:j
Chy=1- a
[ 1.45x105j
In| 1+———
h}f"
where,
h = matric suction (psi); and
hy, ay, by, ¢t = regression coefficients.

Resilient Modulus and Soil Moisture

The resilient behavior of soils depends on moisture content as well as the stress state
conditions. By increasing the moisture content in soils with similar dry density, the resilient
modulus will increase. Pavement ME modifies the resilient modulus values of subgrade soils
due to moisture variation through the EICM model. The resilient modulus as a function of soil
moisture in the M-E Design Guide is as follows:
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Mr b-a

lo =a+ 17)
S b
opt 1+EXP|In—+k,(S-S,,)
a
where,
Mr/Mrop = resilient modulus ratio; M, is the resilient modulus at a required time and (M;)opt
is the resilient modulus at the optimum moisture content;
Mr
log
- My
a = minimum of L
My
log v
b = maximum of opr :
ko = regression parameter; and
(S-Sopr) = variation in the degree of saturation expressed in decimal.

The M-E Design Guide suggests that the range of modulus ratio, Mr/Mr,,: value, for coarse-
grained soils are from 2 to 0.5, and for fine-grained soils are from 2.5 to 0.5. It can be concluded
that the fine-grained soils are more susceptible to changing moisture content than the coarse-
grained soils. The degree of saturation in subgrade soil (particularly for fine-grained materials)
increases over the design period; as a consequence, the resilient modulus will gradually
decrease with time, reaching the minimum resilient modulus (7).

Moisture Dependent Model

Lytton et al. developed a new resilient modulus of unbound aggregates model, which
incorporates the moisture dependency and stress dependency of the resilient modulus in the
used models (15). Furthermore, to predict the constant coefficients, a series of predictive
models are presented by the researcher. In this model, the degree of saturation and the matric
suction are proposed to discriminate the effect of moisture variations. The multiple regression
analysis was performed to generate the predictive models for the constant coefficients in the
resilient modulus model using a set of performance-related base course properties. The dry
density, shape, angularity, and texture of the aggregates and the percent fine content are used
in the predictive models.

Poisson’s Ratio

Pavement performance responses are less susceptible to Poisson’s ratio compared to other soll
properties. Thus, instead of testing procedures, recommended values can be used (7). Also, the
Pavement ME design guide typical values are suggested to be used in new and rehabilitation
pavement analysis (4).Typical values for unbound granular and subgrade soils range from 0.2 to
0.45. Furthermore, the Poisson’s ratio has different values in cohesive and non-cohesive
unbound materials (7).

Other Properties

AASHTO T 88 test procedure is used for the gradation of the unbound aggregate or subgrade
soil. In the case of an inadequate soil sample, the default values included in the AASHTO
Pavement ME design for the material classification could be used.

The liquid limit can be calculated by AASHTO T 89, and the plastic limit and plasticity index
measured by AASHTO T 90. The default values included in the AASHTOWare Pavement ME
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design for the material classification could be used as level 3. AASHTO T 215 can be used to
measure Saturated Hydraulic Conductivity for new and existing unbound layers (4).

The coefficient of lateral pressure, ko, is the ratio of the lateral earth pressure to the vertical
earth pressure. The typical in-situ k, ranges between 0.4 to 0.6, for unbound granular and
subgrade soil, and bedrock layers (7). This procedure applies to a new design, reconstruction,
and rehabilitation pavement design.

Bedrock Inputs Properties
Modulus of Elasticity

Shallow bedrock layers, the same as the subgrade soils, have a considerable influence on the
pavement’s responses and should be evaluated in the pavement performance design. For
rehabilitation design, which back-calculation of layer moduli is considered, the modulus of
elasticity has vital importance. The stiffness is rarely measured precisely as level 1; however,
bedrock layer stiffness must be considered into the pavement design (7).

Poisson’s Ratio

Pavement performance responses are not significantly susceptible to Poisson’s ratio of
bedrock. Thus, instead of testing procedures, the recommended values can be used.
Pavement ME design guide typical values are suggested to be used in new and rehabilitation
pavement analysis. The typical Poisson's ratio for bedrock ranges between 0.1 to 0.26 for
Solid, massive bedrock, and 0.25 to 0.4 for highly fractured and weathered bedrock layers (7).
Chemically Stabilized Materials

Chemically stabilized subgrade soils increase the pavement performance by providing better
support in the pavement structure.

In the Pavement ME design, the chemically stabilized materials include:
e lean concrete;

cement stabilized;

open grade cement stabilized;

soil cement;

lime-cement-fly ash; and

lime-treated materials.

The cement mixed materials (e.g., lean concrete, cement stabilized, and soil cement) involve
natural coarse or fine aggregate combined with cement, and the mix design can control the
amount of strength. The combination of lime, cement (more often cement kiln dust, CKD), and
fly ash are typically applied in fine-grained soils (16). Using cementitious chemical additives with
fine grain soils generate a new type of materials with different properties in Pavement ME inputs

(4).

Resilient Modulus (M)

Although Level 1 data provides the most accurate results for the pavement design, Pavement
ME characterizes chemically stabilized material properties in levels 2 and 3 for the situation
when the limited testing capability is recognized. Designers can combine different levels of data
based on the priority of tests and the capability of agencies. Level 3 typical values for the
chemically stabilized material modulus and deteriorated chemically stabilized materials are
shown in Table 5.
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Table 5- Level 3 typical values of chemically stabilize materials modulus (4)

Material E or M, typical value (psi) Deterlorate(c:)slz'i)or M; value

Lean concrete 2,000,000 300,000
cement treated aggregate 1,000,000 100,000
Lime-Cement-fly ash 1,500,000 40,000
Soil Cement 500,000 25,000
Open graded cement

stabilized aggregate 750,000 50,000
Lime stabilized soill 45,000 15,000

To evaluate the stabilized subgrade soils, Hossain et al. (17) conducted a series of Mtests on
Oklahoma soils. This dataset represents four different types of Oklahoma soil (Carnasaw (C),
Port (P), Kingdfisher (K), and Vernon (V) series) modified with different types of additives (lime:
3%, 6%, and 9%, CFA: 5%, 10%, and 15%, and CKD: 5%, 10%, and 15%). Besides the
Pavement ME model, M, was calculated using the correlation with chemical components (e.g.,
silica, alumina, ferrous oxide, free lime, loss of ignition) of the additives used in Oklahoma (17).

Other Parameters

Table 6 and Table 7 present the level 3 typical values of modulus of rupture and Poisson’s ratio
for the chemically stabilized materials, respectively.

Table 6-Typical flexural strength (MR) values for chemically stabilized materials (4)

Material Typical MR value (psi)

Lean concrete 450
cement treated aggregate 200
Open-graded cement stabilized 200
aggregate

Lime-Cement-fly ash 150
Soil Cement 100
Lime stabilized soil 25

Table 7- Poisson’s ratio range for chemically stabilized materials (4)

Material Poisson’s Ratio
Cement Stabilized Aggregate (including Lean Cement) 01-02
Soil Cement 0.15-0.35
Lime-Fly Ash Materials 0.1-0.15
Lime stabilized soil 0.15-0.2

Snethen et al. (16) conducted a series of laboratory and field tests on the susceptibility of
subgrade soil strength to cementitious additives, which improve the soil supports in Oklahoma.
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The additives used in this study include lime, fly ash, cement kiln dust (CKD), and Portland
cement or their combination, which are the most commonly utilized additives in Oklahoma.

Traffic Input

Among Pavement ME inputs, truck traffic is a key data element that has a dramatic influence on
the structural design and analysis of pavement structures. AASHTO 1993 Design Guide
characterizes traffic using Equivalent Single Axle Load (ESAL). AASHTOWare Pavement ME
design implements the full axle-load spectrum information for each axle type (4). Traffic volume,
lane distribution, volume adjustment factors (e.g., class distribution, traffic growth factors, etc.)
and weight data are used as inputs along with some miscellaneous data such as tire pressure.

Common traffic data collected by highway agencies include weight in motion(WIM), automatic
vehicle classification (AVC), and vehicle counts (77). Comparing to the WIM and AVC methods,
traffic counts have the least information about the traffic, and only record AADT (Annual
Average Daily Traffic). Many DOTs use this kind of data to build state traffic counts maps or
interactive live traffic maps (17). AVC system identifies the vehicle class as it passes through a
series of detection devices

Weigh-In-Motion can be defined as the static equivalent load of a dynamic tire load for a moving
vehicle (18). In this method, by using testing equipment in pavement layers, the weight of the
vehicle, axle load, wheel load, and the axle types are estimated. Among three types of gathering
traffic data, only WIM data is appropriate to generate both truck classification and axle loading
spectra data required in Pavement ME (717). However, collecting high-quality WIM data is
expensive, and analyzing the data requires extensive efforts and expertise.

Analyzing WIM and AVC collected data can determine the required truck traffic information for
state agencies. Level 1 traffic data can be determined from WIM, or AVC sites settled along the
roadways can be collected as level 2 from similar traffic roads. Input parameters required in the
traffic module of Pavement ME are site-specific and can be determined by state agencies or
traffic departments.

Initial Two-Way Average Annual Daily Truck Traffic (AADTT)

AADTT is a product of the Annual Average Daily Traffic (AADT) and percent trucks. AADTT
might be obtained from WIM, AVC, or manual traffic count and includes the truck traffic in both
directions and all lanes (4). AADTT should be calculated for the base year at the beginning of a
roadway opening or rehabilitation completion.

Lane and Directional Distributions

Lane distribution of traffic can be determined by predicting the portion of the traffic in separate
lanes and directions. The most heavily used lane is referred to as the design lane. Generally,
the outside lanes are the design lanes (4), and the directional distribution factor is a 50/50
percent split.

Growth Factors for Trucks

The number of trucks mostly increases over time. The future truck traffic prediction and the rate
of increase are difficult to be determined due to large various known and unknown parameters.
AASHTOWare Pavement ME design program can get a specific growth rate for each type of
truck during the design year; however, for most analysis, the amount of growth rate remains the
same during the analysis time (4). A simple growth rate assumes the AADT is increased by the
same amount each year. A compound growth rate assumes an accumulative growth for the
AADT amount.
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The growth factor can be calculated by equation(18) considering the compound growth rate
(19).

T, =(1+r)" (18)
where,

Ty = growth factor;

r = rate, if growth expressed as a fraction; and

n = number of years.

The roadway system is divided into subsystems that are believed to have approximately similar
growth rates. AASHTO guideline for traffic data program (20) gave several observations which
can be useful in forming the growth-factor groups, including:
o The growth factor is different in urban and rural areas
¢ Outlying parts of an urban area are likely to have traffic volumes that are growing faster
than central cities.
o Traffic on the interstate system in rural areas and small urban areas have a less
affected growth rate by the local economy.
¢ In large states, rural growth rates may vary regionally, and different growth rates may
be estimated in different urbanized areas.

Based on the observations found through AASHTO, a basic set of growth factor group might
consist of central cities and older suburbs, newer suburbs, the rural and small urban interstate
system, and other small rural roadways.

Operational Speed

Dynamic modulus of HMA mixtures is susceptible to the dynamic load frequency, which is a
function of the truck speeds. Based on Pavement ME design, lower speed trucks bring out a
higher amount of fatigue and a deeper amount of rut depth. The speed limit can be used in all
design efforts unless the pavements are located in a special low-speed area (4).

Vehicle Classification

M-E Design traffic input requires the distribution percentage of truck classes 4 to 13 for the
base year of design, which named vehicle class distribution. The vehicle class distribution can
be determined from WIM or AVC data, and the sum of the distribution percentage is equal to
100.

In a case where level 1 data is not available, designers may use an appropriate default Truck
Traffic Class (TTC) group in the M-E Design software. TTC factors were developed using traffic
data from over 100 WIM and AVC sites located nationwide. The Truck class distribution for each
TTC group recommended by Pavement ME Design. By using these typical values, the truck
distribution for each specific road can be estimated.

Monthly Distribution Factors

The distribution of each vehicle class through a year is defined as the monthly distribution
factor. Since most of the calibration sites are located near the interstate system or primary
arterials, it is recommended by the Pavement ME guide to using values of 1.0 for these factors.
In the case of local routes, monthly distribution factors in truck traffic operations should be
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considered. The seasonal or monthly distribution factors can be estimated through the WIM,
AVC, or manual traffic count data analysis.

Hourly Distribution Factors

During a day, total truck traffic varies from an early hour to the end of a day. The hourly
distribution factors can be estimated through the WIM, AVC, or manual traffic count data
analysis. The variance of total traffic can affect more on rigid pavements, which are susceptible
to temperature change during a day. In the case of flexible pavements, the monthly distribution
factor satisfies the pavement performance analysis models (4).

Axle-Load Configurations

WIM database records the spacing of the axles for passing vehicles. Based on the recorded
data, the values of axle spacing for each truck class are approximately the same and can be
considered as 51.6 and 49.2 (in) for tandem and tridem axles, respectively (4). Axle width is the
distance between the outer edges of an axle. The recommended value of axle width for trucks is
8.5 feet. Center to center distance for two tires in a dual tire configuration is named as dual tire
spacing. The recommended value of dual tire spacing for trucks is 12 inches (19).

The wheelbase is the distance between the centers of the front and rear axles. This is used in
determining the number of load applications for JPCP top-down cracking. The wheelbase is
recorded in the WIM database.

Tire Pressure

AASHTOWare Pavement ME design program assumes a tire pressure of 120 psi for all types of
truck classes and loading conditions. The hot inflation pressure for specific designs should be
studied, or the default value should be used.

Lateral Wander of Axle Loads
The inputs required for characterizing the lateral wander include the following (4):

¢ Mean Wheel Location: is the distance from the outer edge of the wheel to the
pavement marking. The M-E Design software provides a default value of 18 inches,
which is recommended unless a measured value is available.

¢ Traffic Wander Standard Deviation: is the standard deviation of lateral traffic wander.
For a standard lane width, the standard deviation amount of 10 inches is recommended
unless a defined value is available. A lower or higher lateral wander value is suggested
for narrower or wider lanes, respectively.

e Design Lane Width: is the distance between the lane markings on each side of the
design lane and has a typical value of 10-12 ft.

Climate Input

Climatic data inputs that contribute to the prediction of pavement distress of AASHTOWare
Pavement ME design include hourly temperature, relative humidity, precipitation, cloud cover,
and wind speed. The climate data determines the amount of temperature and moisture content
of different layers in pavement structure and provides some of the parameters of predictive
models in the analysis procedure (4).

For states with higher variance in climate conditions such as hourly temperature, separate
regions with similar climate condition can be a candidate for collecting the required data. It is
important to understand that proximity is not the best indicator of similar weather conditions. In
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order to attain a more accurate analysis, it is recommended to create a weather station by
importing a new climatic file created with locally collected climatic data (4).

Performance Models
Rutting

Surface distress in the form of rutting is caused by plastic or permanent vertical deformation in
HMA, unbound layers, and foundation soil. The approach utilized in the Pavement ME is based
upon calculating the incremental rutting within each sublayer. Rutting is estimated for each
season in the middle of each layer in the pavement structure. The plastic deformation for any
season is the summation of plastic vertical deformations in each layer.

The model for calculating the total permanent deformation uses the plastic vertical strain under
specific pavement conditions for the total number of trucks. Conditions vary from month to
month, so the “strain hardening” approach can be used to incorporate those plastic vertical
strains within each month in a cumulative deformation. The rate of accumulation of plastic
deformation is measured in the laboratory using repeated load permanent deformation triaxial
tests for both HMA mixtures and unbound materials. The laboratory-derived relationship is
calibrated by the rut depth measured on the roadway. For all HMA mixtures, the MEPDG
calibrated relationship from repeated load permanent deformation tests is shown in equation

(19) (4).

ki ko By ks By,

A, ey = gp(HMA)hHMA =p.k. &1 07 1 P s (19)

where,

Apcenay = Accumulated permanent or plastic vertical deformation in the HMA
layer/sublayer, (in);

Ep(HMA) = Accumulated permanent or plastic axial strain in the HMA layer/sublayer, (in
/in);

R = Thickness of the HMA layer/sublayer, (in);

Er(HMA) = Resilient or elastic strain calculated by the structural response model at the
mid-depth of each HMA sublayer, (in/in);

n = Number of axle-load repetitions;

T = Mix or pavement temperature, (°F);

k. = Depth confinement factor;

ket 12, 13 = Global field calibration parameters (k,; = —=3.35412, k.» = 0.4791, k.; = 1.5606);
and

Birorsr = Local or mixture field calibration constants, (for the global calibration, these
constants were all set to 1).

and,

k. =(C,+C,D)0.328196" (20)

C,=-0.1039(H ,,, )’ +2.4868H ,,, —17.342

C,=00172(H ,,, ) —-1.7331H ,,, +27.428

where,
D = Depth below the surface, (in); and
Hruva = Total HMA thickness (in).
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The equation(21) shows the field-calibrated mathematical equation used to calculate the plastic
vertical deformation within all unbound pavement sublayers and the foundation or embankment
soil (4).

ARG

AP(saiF) = /BSIks lgvhsaff [8_]6 ! (21)

Apsoity = Permanent or plastic deformation for the layer/sublayer, (in);

n = Number of axle-load applications;

g = Intercept determined from laboratory repeated load permanent deformation
tests, (in/in);

& = Resilient strain imposed in a laboratory test to obtain material properties,
(infin);

&y = Average vertical resilient or elastic strain in the layer/sublayer and calculated
by the structural response model, (in/in);

Nsoit = Thickness of the unbound layer/sublayer, (in);

ks = Global calibration coefficients; recommended 2.03 for granular materials and
1.35 for fine-grained materials; and

D1 = Local calibration constant for the rutting in the unbound layers; the local

calibration constant was set to 1 for the global calibration effort.

and
log #=-0.61119-0.017638(W)

1

g
p=10° (22)

a-(10°)")
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o L[Lj

agJ\/ff9
We = Water content, (%);
My = Resilient modulus of the unbound layer or sublayer, (psi);
are = Regression constants; a,=0.15 and ay=20; and
b1 = Regression constants; b/=1 and bg=1;

The regression coefficients or plastic deformation coefficients were determined from lab tests
and adjusted to the field measured values. The k3. factor is the slope in the steady-state or the
secondary range, while k;, is the intercept of the log-log relationship between the number of
load applications and cumulative plastic strain. The k., factor is the effect of temperature on the
intercept (21).

The pavement ME uses an incremental thickness and time approach in calculating total HMA
rut depth. The depth function (equation(20)), is included to consider the effect of confinement
from the upper HMA thickness increments in calculating the incremental rut depths through all
of the HMA layers. A time-hardening scheme is included to accumulate plastic deformation
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over multiple load levels and seasons. The depth function has received extensive criticism from
industry regarding its applicability, while the time hardening scheme has been used by others
in calculating total HMA rutting with time (22).

Fatigue Cracking

Two types of load-related cracks, which are predicted by AASHTOWare Pavement ME Design,
include alligator cracking and longitudinal cracking. The Pavement ME Design assumes that
alligator cracks are triggered at the bottom of HMA layers and propagate to the surface under
cyclic traffic load, while longitudinal cracks are assumed to initiate at the surface. The allowable
number of axle-load applications to predict both types of load-related cracks (i.e., alligator and
longitudinal) is shown in equation(23) (2).

Ny omin =k (C)C ) By (8,) 77 (E s )7 (23)
where
Nrsma = Allowable number of axle-load applications for a flexible pavement;
& = Tensile strain calculated by the structural response model, (in/in);
Enma = Dynamic modulus of the HMA (psi);
ki, 2,13 = Global field calibration coefficients (k; = 0.007566, & » = 3.9492, and k 5=
1.281); and
Br.p.p3 = Local or mixture specific field calibration constants.
and;
C =10"
Vb
M =484 —=——-0.69 (24)
V,+V,.
where,
Ve = Effective asphalt content by volume, (%);
Va = Percent air voids in the HMA mixture.

Cy can be defined as a thickness correction term which depends on the type of cracking.
For bottom-up or alligator cracking:

1
C, = (25)
0.000398 + 003602

11+ (1L02390H )

For top-down or longitudinal cracking:

1

C, - (26)
0.01+ 12
1+e(15.676—2.8186HH_W)
where
Huma = Total HMA thickness (in).
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AASHTOWare Pavement ME Design calculates the incremental damage as specified
throughout the HMA layers at critical depths. The incremental damage index (ADI) is calculated
by dividing the actual number of axles’ loads by the allowable number of axles’ loads in a time
period for each axle type. The cumulative damage index (DI) for each critical depth is
determined by equation (27)(2).

DI :Z(AD])j.mJ.p.T ZZ[ 4 J (27)

Nf —HMA
where,
n = Actual number of axle-load applications within a specific time period;
Jj = Axle-load interval;
m = Axle-load type (single, tandem, tridem, or quad);
/ = Truck type using the truck classification groups;
p = Month, and
T = Median temperature for the five temperature intervals.

The area of alligator cracking and length of longitudinal cracking are calculated from the total
damage over time. The equation(28) shows a relationship used to predict the amount of
alligator cracking on the surface.

FC poon = (61_0]( (cer+c STOQ(DI *100)) (28)
1+e ™~1 22 VS bottom

where,

FCBottom = Area of alligator cracking that initiates at the bottom of the HMA layers, (% of
total lane area);

DIsotom = Cumulative damage index at the bottom of the HMA layers, and

Cr234 = Transfer function regression constants; (Global calibration values: C4= 6000;
C1 =1; and C2 =1).

and,

Cl=-20!

C;=-2.40874-39.748(1+ H ;,,, ) 7"** (29)
< HMA

The equation (30) is the relationship used to predict the length of longitudinal fatigue cracks.

C4
FCyp,, = 10.56{1 ] J (30)
where,
FCryp = Length of longitudinal cracks that initiate at the top of the HMA layer, (ft/mile);
DlIrop = Cumulative damage index near the top of the HMA surface; and
Ci2s = Transfer function regression constants; (Global calibration values: C; =7; C>

=3.5; and C+=1000).

For fatigue cracks in CTB layers, the allowable number of load applications, N¢-c7s, is
determined using equation (31) , and the amount of fatigue cracking area is calculated using
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equation (32). These damage and distress transfer functions were never calibrated under any
of NCHRP projects and are not recommended for use until the transfer function has been
calibrated (4).

krl rl(;ﬁ}
krzﬁrz
Nf—(‘TB =10 (31)
C,

FCCTB - Cl * 1+e(C3{4lﬂg(D1c‘m ) (32)
where
Necrs = Allowable number of axle-load applications for a semi-rigid pavement;

o =Tensile stress at the bottom of the CTB layer, (psi);
MOR = 28-day modulus of rupture for the CTB layer, (psi);
DlIcrs = Cumulative damage index of the CTB or cementitious layer;

ket ez = Calibration coefficients;
et e2 =Local calibration constants;
FCerp = Area of fatigue cracking, (sq. ft), and

Ci234 =Transfer function regression constants.

Thermal Cracking
The thermal cracking model is presented below in the following equation.

AC =4 (AK ) (33)
where,
AC = Change in the crack depth due to a cooling cycle.
AK = Change in the stress intensity factor due to a cooling cycle, and
A,n = Fracture parameters for the HMA mixture.

Experimental results indicate that reasonable estimates of A and n can be obtained from the
indirect tensile creep-compliance and strength of the HMA.

A=k 1810[4.38972.521@(5},_‘“ )]
=k.p

n =0.8{1+i}
m

(34)

where

ki = Coefficient determined through the global calibration for each input level
(Level 1 =1.5; Level 2 = 0.5; and Level 3 = 1.5);

Erma = HMA indirect tensile modulus, (psi);

Om = Mixture tensile strength, (psi);

m =The m-value derived from the indirect tensile creep compliance curve
measured in the laboratory; and

B = Local or mixture calibration factor.

The stress intensity factor, K, has been incorporated in AASHTOWare Pavement ME Design
using a simplified equation shown below:
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K=o, [0.45 +1.99(C. )‘”6] (35)

tip

where,

Otip = far-field stress from pavement response model at a depth of crack tip, (psi);
and

C- = initial crack length, (ft).

AASHTOWare Pavement ME Design predicts the degree of cracking by using an assumed
relationship between the probability distribution of the log of crack depth to the HMA-layer
thickness ratio and the percent of cracking. The equation (36) shows the expression used to
determine the extent of thermal cracking.

I'C =N |:Llog[ < H (36)
= HMA

where,

TC = Observed amount of thermal cracking, (ft/mi);

B = Regression coefficient determined through global calibration;

N = Standard normal distribution;

04 = Standard deviation of the log of the depth of cracks in pavement (0.769 in);

Cu = Crack depth, (in); and

Huma = Thickness of HMA layers (in).

Smoothness

AASHTOWare Pavement ME Design utilizes the International Roughness Index (IRI) for
estimating the smoothness of a pavement due to different surface distresses. Equations (37)
through (39) were developed from the LTPP data and inserted in AASHTOWare Pavement ME
design to predict IRl for HMA pavements (4).

IRI =IRI +C (RD)+C,(FC,, )+C,TC)+C,(SF) (37)

where,

IRI, = Initial IRI after construction, (in/mi);

SF = Site factors;

FCrow = Area of fatigue cracking (combined alligator, longitudinal, and reflection
cracking), percent of total lane area. All load related cracks are combined on an
area basis.

7C = Length of transverse cracking, (ft/mile); and

RD = Average rut depth

Ci234 = Calibration factors; Global values:C; =40, C, =0.4, C; =0.008,
and C,=0.015.

The site factor (SF) can be calculated for different site conditions using equation (38).

SF =Age' {In[ (Precip +1)(FI +1),, || +{In[ (Precip +1)(PI +1),,, ]! (38)
where,
Age = Pavement age, year,
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PI = Percent plasticity index of the soil;

Precip = Average annual precipitation or rainfall, (in);
FI = Average annual freezing index, (°F-days);
Po> = Percent passing the 0.02 mm sieve;

P = Percent passing the 0.075 mm sieve.

The equation (39) shows the amount of IRI for HMA overlays of rigid pavements.
IRI =IRI +PCC C/(RD)Y+PCC C,(JC,,)+PCC C,IC)+PCC C,(SF) (39)

where,
PCC Cy ;4= Calibration factors; Global values: PCC C; =40.8; PCC C, =0.575; PCC C; =
0.0014; pCcC _C,=0.00825.

RIGID PAVEMENTS

In the Pavement ME, different material properties are incorporated to characterize Portland
Cement Concrete (PCC) materials for the design of jointed plain concrete pavement (JPCP) and
continuously reinforced concrete pavement (CRCP). Key parameters for PPC mixture, such as
compressive strength and flexural strength, can be determined through laboratory testing or
correlation with other properties. These parameters are crucial to perform the analytical model
for response calculation, damage determination, and performance prediction. The effect of
climate is also modeled by the MEPDG procedure by using PCC slab depth and additional
parameters. Default values for the additional parameters, in climatic modeling, are usually used.

Static Modulus of Elasticity over Time

The modulus of elasticity in PCC materials is a complicated parameter, which is usually
influenced by many factors such as mix design and mode of testing. In general, modulus of
elasticity for a given concrete mixture can be determined in the elastic part of the stress-strain
curve by calculating the ratio of stress to strain (23). The following parameters have a significant
effect on determining the elastic modulus:

1. Water to cementitious materials ratio (w/(cm))
2. Paste and aggregate features.
3. Type of aggregate.

In the mechanistic pavement response, the concrete mixture modulus of elasticity (E.) has a
significant role in deflection and stress development throughout the pavement structure. In the
Pavement ME, the characterization of the PCC elastic modulus depends mainly on the
pavement design type and structure. Thus, the PCC material modulus characterization falls into
three distinct groups:

e PCC modulus for new or reconstruction JPCP and CRCP projects and PCC
overlays.

e Existing PCC pavement layer modulus being considered for rehabilitation with
overlays or for restoration (applicable for JPCP only).

¢ Fractured PCC pavements.
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PCC Modulus Characterization for New/Reconstruction JPCP and CRCP and PCC
Overlays

For Modulus of elasticity determination, the designer should provide an estimate of modulus
development or degradation over time. For level 1 input, for instance, the relationship can be
built through the testing results at different ages. For level 3, typical materials relationships are
usually used.

For new PCC slabs, the modulus of elasticity, Ec, can be measured as level 1 by using ASTM C
469 at 7, 14, 28, 90 days. By predicting the ratio of the 20-year value of elastic modulus to the
28-days value, a modulus curve can be determined, and the value of E. at any time of the
design period will be calculated.

The modulus of elasticity can be determined from compressive strength values obtained by
AASHTO T22 at 7, 14, 28, and 90 days. The level 2 E¢ can be calculated using equation (40).
By knowing the amount of compressive strength at any time of design life.

(. ) (40)

If the data of compressive strength is not available, the value of compressive strength can be
estimated from the modulus of rupture values. The modulus of rupture at any given time can be
estimated using equation (41) by having the typical or tested values of MR at 28 days. Equation
(42) converts the modulus of rupture at any given time to compressive strength, which can be
used as input in equation(41).

t ! i
MR, =[1+1og( 67)_0'01566108[0_0767) JxMRzgd (1)
. (MRY
_( MR 42
/e (9.5) )

Level 3 data obtained from this method shows the least accuracy and level of confidence.

PCC Elastic Modulus Characterization of Existing Intact PCC Pavement Layers

In the case of rehabilitation design with an overlay or restoration of an existing JPCP, the
modulus of existing shall be characterized for design and performance reasons. The primary
difference in characterizing new PCC layer and existing layers can be summarized by the
following:

o For overly on existing layers, the performance of concrete pavements under the traffic and
environmental loads should be considered. Thus, the estimated intact slab modulus of
existing layers is considered the main component in developing damage in pavements.

¢ Inthe case of restoration, the modulus gain is not considered overtime as it does not
increase in old PCC.
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For level 1, the core of existing PCC layer is acquired and tested for elastic modulus using
ASTM C 469 or nondestructive testing using FWD data for CRCP or JPCP can be used to back-
calculate the estimated mean of the modulus E..., using the best fit method (7, 24). The back-
calculated modulus can be, then, used to determine the static elastic modulus for the uncracked
section by multiplying E., by a factor of 0.8. Additionally, the overall condition of the existing
PCC should be determined by following a specific evaluation methodology presented in chapter
5-Part Il of the Pavement ME guideline. By multiplying the E... with Csp , the Esssenesion Of the
existing PCC layer can be estimated.

E —C,, *E (43)

base /design Test

For level 2, cores along the existing PCC layer are acquired and tested for compressive
strength using AASHTO T22. The tested elastic modulus can be estimated by incorporating the
uncracked compressive strength of the cores using the equation (40). Again, the overall
condition of the existing PCC should be determined by following a specific evaluation
methodology presented in chapter 5-Part |l of the Pavement ME guideline. For level 3, one
should determine the total condition of the existing PCC by following a specific evaluation
methodology presented in chapter 5-Part Il of the Pavement ME guideline.

PCC Elastic Modulus Characterization of Fractured PCC Pavement Layers

In the case of fractured PCC pavement layers, Level 1 and 2 data inputs are not applicable
because it is based on obtaining uncracked cores from the site to test for elastic modulus and
compressive strength respectively. The typical methods of fracturing existing pavements are
crack and seat, break and seat, and rubblization. However, rubblization in terms of material
featuring can be placed in a separate category from cracked or broken and seated PCC layers.
Thus, level 3 typical values of the elastic modulus can be used as indicated by the FHWA part
II- Material Characterization (7).

Poisson’s Ratio of PCC Materials

Poisson’s ratio has no critical impact on the efficiency of the PCC pavement. However, it is still
required for the computation of the structural response models. Therefore, this parameter is
usually not measured by testing. In the case of level 1 requirement, Poisson’s ratio may be
estimated along with the determination of the elastic modulus through the ASTM C 469
procedure. Input level 2 is not applicable in the case of Poisson’s ratio because there is no
correlation or relationship between Poisson’s ratio and material characteristics or other test
parameters. Generally, for normal concrete, Poisson’s ratio ranges from 0.11 and 0.21 while in
PCC pavement design, a value between a range of 0.15 and 0.18 can be assumed.

Flexural Strength (MR) of PCC Materials

The flexural strength, MR, can be obtained by evaluating the tensile stress at the rupture of the
bottom fiber of a supported plain concrete beam through the third point loading flexural test. The
MR is significantly affected by many parameters such as mix design (i.e., mix constituents,
cement type, presence of chemical or mineral admixtures, w/c ratio, and aggregate properties
which include; type, maximum particle size, gradation, particle shape, and texture as well as
curing technique, age, and testing condition). MR is highly significant in determining fatigue
cracking potential under repeated flexural stresses. Thus, special care should be practiced
determining the most accurate value of the MR for use in rigid pavement design. The same
other important concrete properties, MR determination, can be categorized into (I) new or
reconstruction JPCP and CRCP projects and PCC overlays; and (ll) existing PCC pavement
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layers considered for overlay rehabilitation or for restoration which is applicable only in case of
JPCP.

PCC Flexural Strength Characterization for New or Reconstruction JPCP and CRCP
Projects and PCC Overlays

For the design cases, the strength gain over time is basically considered to provide a more
sensitive gathering of incremental damage. This can be established using the level 1 input
procedure of compressive strength characterization provided earlier. For level 3 inputs, typical
relationships are used to determine MR from other PCC mix properties. For new PCC slabs, the
modulus of rupture, MR, can be measured as level 1 by using ASTM T 97 at 7, 14, 28, 90 days.
By predicting the ratio of the 20-year value of MR to the 28-day value, a develop modulus curve
can be determined, and the value of flexural strength at any time of the design period will be
calculated.

The modulus of rupture can be determined from compressive strength values obtained by
AASHTO T22 at 7, 14, 28, and 90 days. The level 2 MR can be calculated through equation
(44) by knowing the amount of compressive strength at any time of design life.

1

MR =9.5%(f. ) (44)

Indirect Tensile Strength of PCC Materials

This parameter is considered one of the basics of the CRCP pavement design, as it is
significant to predict the aggregation of damage and the development of punchouts. Indirect
tensile strength factors are also the main factors for the flexural strength; thus, these two
parameters are well related. Defining the indirect tensile strength of PCC can be grouped into
new or reconstruction CRCP projects and existing PCC pavement layers that require overlay
rehabilitation.

Compressive Strength of PCC Materials

The compressive strength is usually required to determine other parameters such as the elastic
modulus, flexural strength, and indirect tensile strength. The protocol used to determine
compressive strength can be found in the previous sections.

PCC Coefficient of Thermal Expansion

The coefficient of thermal expansion (arcc) is significantly under the influence of the hardened
cement content and other mix parameters. The arcc can be predicted using the weight portion
of concrete mix components. Thus, the aggregate dictates the apcc as it comprises 70 to 80% of
the total volume. However, other factors such as the volume of cement paste, moisture content,
porosity, and degree of hydration (age) of the paste also participate in the determination of apcc.

As the coefficient of thermal expansion is considered as a new parameter in pavement design,
the Pavement M-E design guideline lists the procedures to determine this coefficient at the
different input levels. For level 1 input, apcc can be measured following the AASHTO TP 60
“Standard Test Method for the Coefficient of Thermal Expansion of Hydraulic Cement
Concrete.” Through this protocol, a direct change of the length in the lab specimens can be
determined. This procedure is also used for all pavement sections in the LTPP or for the
calibration of the Pavement ME Design.

Level 2 input, Pavement ME guide uses a linear, weighted average of the constituent such as
aggregate and paste coefficient of thermal expansion values based on the volume of each
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constituent. The equation (45) is usually used to determine the specified average of the thermal
coefficient.

aprr = angg XVngg + apn.?fe Xmefe (45)
where,

a = the thermal coefficients of aggregate and paste; and

4 = the volumetric proportion of the aggregate and paste in the concrete
constituent.

For Level 3 input, historical averages of the thermal expansion are used to estimate the apcc. In
this procedure, the LTPP records of concrete pavement subjected to the AASHTO TP 60
protocol are collected, and the linear average is determined. To estimate a reasonable thermal
coefficient, concrete pavements that contain typical concrete mixes in terms of aggregate and
paste volume are preferable.

PCC Shrinkage

Drying shrinkage in concrete pavement is an essential factor in determining the crack
development in CRCP slabs. On the other hand, the JPCP can be affected by slab warping due
to the deferential moisture throughout the slab thickness that yields to cracking.

Inputs required to drying shrinkage based on the Pavement ME guide include ultimate
shrinkage strain in micro-strain, the time needed to reach 50% of the ultimate shrinkage strains
in days, expected amount of reversible shrinkage in percent and the average monthly
surrounding relative humidity for the pavement which can be established through EICM model
and weather data.

AASHTO T 160 test procedure can be used for determining level 1 shrinkage strain at 40%
humidity. Also, by using mix parameters such as the type of the cement, cement content and
water-cement ratio, and compressive strength, the level 2 PCC shrinkage value can be
measured by applying equation (46).

21 1028
e, =CC, [26.w (7.) +270] (46)
where,
Esu = ultimate shrinkage strain, x 10°;
Ci = cement type factor:

1.0 for type | cement
0.85 for type Il cement
1.1 for type Il cement

C; = type of curing factor:
0.75 if steam cured
1.0 if cured in water or 100% relative humidity
1.2 if sealed during curing (curing compound
= water content, Ib/ft3 for the PCC mix under consideration.
S = 28-day PCC compressive strength, psi (determined from AASHTO T22).

=
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For level 3 cases, by having typical recorded values of compressive strength and water content,
equation (46) can be used.

For all design cases, the recommended amount for 50% shrinkage by ACI committee 209 is 35
days, and the anticipated amount of reversible shrinkage in performance models can be
considered 50%.

Literature Review of Unbound Layer and Subgrade Characteristics and Models

The main concern of this section of the literature review is to determine the probable root
causes for the problems associated with Pavement ME methodology and the solutions that
target the identified causes. To answer these concerns, the following items should be
addressed:
1. Review the characteristics of unbound layers and subgrade used in the AASHTOWare
Pavement ME Design software and MEPDG.
2. Collect and review the influence of unbound layer and subgrade characteristics on the
performance of rigid pavements.
3. Collect and identify mechanistic-empirical models of unbound layers and subgrade that
address such influence.

Characteristics of Unbound Layers and Subgrade Used in Pavement ME Design
Pavement ME Design software and MEPDG are practical tools for the pavement design and
analysis based on mechanistic-empirical principles. They predict multiple performance
indicators for rigid pavements, including the following (8):

Rigid pavements:

e Transverse cracking in the jointed plain concrete pavement (JPCP)
Faulting in JPCP
Punchouts in the continuously reinforced concrete pavement (CRCP)
Crack spacing and crack width in CRCP
Smoothness (IRI) in JPCP and CRCP

For each performance indicator above, Pavement ME Design has a distress prediction model
that requires inputs from different layers in a pavement structure. The inputs from unbound
layers and subgrade are shown in Table 8 to account for the influence of these underlying
layers.

Table 8- Inputs from Unbound Layers and Subgrade in Pavement ME Design-Rigid

Pavement
Performance Unbound Layer Subgrade
Indicator y 9
Thickness
Transverse Resilient Modulus Groundwater depth
Cracking (JPCP) Erodibility index Resilient Modulus

Loss of friction

Resilient Modulus

Erodibility index

Thickness

Load transfer efficiency (LTE)

Faulting (JPCP) Resilient Modulus
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Performance

Indicator Unbound Layer Subgrade

Resilient Modulus
Punchouts (CRCP) | Base slab friction
Thickness

Base slab friction
Crack Width Resilient Modulus Resilient Modulus
(CRCP) Thickness Groundwater depth
LTE

Resilient Modulus
Smoothness (IRI) Erodibility index Resilient Modulus
(JPCP) Base slab friction
Thickness
Resilient Modulus
Base slab friction
Thickness

Resilient Modulus
Groundwater depth

Smoothness (IRI) Resilient Modulus

(CRCP)

However, recent investigations indicate that the performance predicted by Pavement ME
Design generally shows low or no sensitivity to these underlying layers. A recent study
conducted in the NCHRP Project 01-47 (54) reveals the following major problems in the rigid
pavement:

e Faulting in JPCP is marginally sensitive to resilient modulus and erodibility, non-
sensitive to a thickness of unbound layers.

e Transverse cracking in JPCP is marginally sensitive to resilient modulus, thickness,
and erodibility of unbound layers.

In order to find the reasons for these problems, a better understanding of how the
properties/thickness of unbound layers and subgrade affect pavement performance is needed,
which is discussed in the next section.

Influence of Unbound Layers and Subgrade on Performance of Rigid Pavements

Table 8 presents the inputs of unbound layers and subgrade required in Pavement ME Design
for predicting the performance of flexible and rigid pavements. However, besides these
parameters, recent studies have identified the pavement performance to be significantly
affected by other characteristics of the underlying layers. According to a comprehensive
literature review, the Research Team divided the factors into the following categories:

e Material properties (e.g., modulus, shear strength)

o Material behaviors responding to traffic and environmental (temperature and moisture)

conditions (e.g., permanent deformation and erosion)
e Structural characteristics (e.g., the thickness of unbound layers)

LOCAL CALIBRATION OF FLEXIBLE PAVEMENT

The AASHTO Guide for the local calibration of the Mechanical-Empirical pavement design guide
defines a guideline for calibration of Pavement ME design according to the local material,
climate, and pavement structural design. The guideline includes the following steps:
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Estimating sample size for each distress type.

Selecting a roadway segment.

Selecting Hierarchical Input Levels for use in local calibration.
Extracting and evaluating test section Data.

Analyzing the sections with Pavement ME.

Assessing bias for experimental sections.

Determining local calibration coefficient to eliminate bias.

The calibration effort for the state of Oklahoma follows the defined guideline. This chapter
describes each step in detail regarding the Oklahoma pavement conditions.

Minimum Sample Size for Different Distress and IRl Prediction Models

Pavement sections should represent the agency standard specifications, construction, design
practices, and climatic and traffic conditions. The selected sections represent a variety of
design types for new, reconstruction, and rehabilitation. In addition, the proper number of
pavement sections should be included in the calibration effort. The Pavement ME calibration
design recommends a number of pavement segments for each type of HMA distress which
includes (25):

¢ Rut depth and faulting: 20 pavement segments.
e Alligator and longitudinal cracking: 30 pavement segments.
e Transverse slab cracking: 30 pavement segments
e Transverse cracking: 26 pavement segments
o Reflection cracking: 26 pavement segments

The minimum number of required projects for Pavement ME distress and IRI model validation
and calibration efforts depends on design reliability level and standard error estimate (SEE) for
each type of distress (217).

Z aIZO-
n [ B ] 47)
where
n = Number of the sample;
o = standard deviation of the true values;
E = The tolerable bias; and
Zos2 = 1.282 for a 90 percent confidence interval.

Table 9 shows the distress/IRI threshold values and SEE for the global Pavement ME models.
The minimum number of projects required for calibration effort was estimated using equation
(47).
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Table 9- Estimated number of pavement projects required for Pavement ME validation

and local calibration

Performance Global Minimum
Pa¥emeent Prediction Tr\l;:lir:;ld Standard Error ToIBei;asbIe Number of
yp Models Estimate (SEE) Project
H 0,
HMA Alllga_tor 20% lane 501 25 13
cracking area
HMA Transverse 630 ft/mi 250 100 16
cracking
HMA Rut depth 0.4 inch 0.107 0.05 14
HMA IRI 169 inch/mi 18.9 10 12
Transverse
Rigid Cracking- <10% slabs 4.52 1.23 24
JPCP
Joint
Rigid Faulting- <0.15inch 0.033 0.008 26
JPCP
- Punchouts- .
Rigid CRCP 15 per mi 3.6 2.2 10
Rigid IRI 169 inch/mi 17 .1 10 11

Based on the statistical model, the minimum number of sample size for the calibration of
flexible and rigid pavements are respectively 16 and 26 pavement segments. However, the
local calibration guideline recommends using at least 30 pavement segments for the flexible
pavements.

Selection of Roadway Segment

The experimental pavement sections should satisfy the recommendations from the Local
Calibration Guide of the Pavement ME design:
e Projects should be representative of the typical Oklahoma pavement design and
construction efforts.
e The project should cover different pavements in poor, moderate, and good conditions.
¢ Projects age should cover different construction ages and practices of newly
constructed, older existing, and rehabilitated sections.
e The sample projects must be located throughout the state of Oklahoma and cover
different climate conditions.

There are 59 sections in the LTPP database, which covers typical Oklahoma’s flexible
pavement design. These sections spanned the construction age from newly constructed to older
constructed pavements and rehabilitated sections. In addition, 9 sections from a different
research study about rehabilitation design (26) were added to the LTPP flexible pavement
samples of Oklahoma to cover different pavement conditions. Pavement sections should be
located throughout the state of Oklahoma to cover different climate conditions. The selected
LTPP sections and the ones from the rehabilitation project cannot be representative of all the
climate conditions in Oklahoma. For this reason, 3 LTPP sections from Sherman and Ochiltree
counties located in an uppermost part of Texas and one section from Norton County in Kansas
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were also added to the existing sections for calibration effort. Table 10 summarizes the selected
experimental sections for the Oklahoma calibration effort.

Table 10 — Total experimental sections selected for calibration effort

Types Status Composite Flexible
Oklahoma LTPP Active 1 27
Oklahoma LTPP Out of study 6 26

Neighbor states’ LTPP TX-KN NA 4
ODOT Rehabilitation Project NA NA 9
Total NA 7 66

The state of Oklahoma has been split by the interstate highway of I-35 into two regions of east
and west Oklahoma. The east region has higher precipitation, and the average annual
temperature and the west region have lower precipitation and average annual temperature. The
annual average temperature is between 56 to 63 °F which put the two regions in the Non-
Freeze climate category. Thus, to have better calibration results, the flexible pavement sections
were divided into two groups of the west and east regions.
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Figure 1- Location of roadway sections identified for local calibration effort of flexible
pavements in Oklahoma

LTPP sections include two types of studies, General Pavement Studies (GPS) and Specific
Pavement Studies (SPS). The GPS sections include commonly used structural design, and their
performances are monitored against climatic, geologic, maintenance, rehabilitation, traffic, and
other service conditions. The SPS sites have multiple sections with different design structure
which provide the influence of each design factor on pavement performance (27).

The required Pavement ME input data were collected for each section and gathered in a
database. The collected data were reviewed, and questionable data were corrected using
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typical values or specific information in similar sections. A summary of experimental sections is
included in Appendix A. The following data were assembled, reviewed, and cleaned up, and two
sets of projects were selected with adequate detailed information for model verification and local
calibration. The distress and IRI data of the new and aged constructed pavements will be used
for the new pavement construction calibration, and the pavement performance after the
treatment process will be used for the calibration of rehabilitation projects,

Data Extraction and Evaluation

Extracting and evaluating LTPP data and preparing the master calibration database is an
important and vital objective for this project. Figure 2 shows the common flexible pavement
groups used in the Pavement ME calibration effort in this study.

Asphalt Surface Asphalt Surface Asphalt Surface Asphalt Surface
w/ bituminous base w/ stabilized aggregate w/ Aggregate base w/o base

\ \ ) )
\ 1 \

Surface
Surface Surface
Lime Lime
Treated
Soil

Figure 2 — Representatlve erXIbIe pavements structures used in Oklahoma callbratlon
effort

The selected pavement sections cover different types of roads and construction age. The
majority of segments were constructed during the 1980s, and they experienced various kinds of
rehabilitation and treatments. In addition, the selected sections mostly are parts of the principal
arterial roads, which carry the majority of traffics in Oklahoma. Figure 3 shows the distribution of
the pavement construction year, and Figure 4 shows the road, functional class of the selected
sections, for the Pavement ME calibration effort for the state of Oklahoma.
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Figure 3- Construction year of Projects selected for the ODOT Pavement ME calibration
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Figure 4- Highway functional class of Projects selected for the ODOT Pavement ME
calibration database

The required data for calibration of Pavement ME include:
e Asphalt concrete material inputs
e Base and Subgrade/foundation field conditions and design inputs
e Environmental inputs
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o Traffic loading inputs

e Climate data

¢ Performance/pavement distress data.

As shown before, the Pavement ME design requires several categories of input data. For this
implementation project, pavement data were obtained from the LTPP and previous research
reports. The researcher team also collected additional data, as needed, from climate and soil
databases, including the Oklahoma water resource board and the U.S. Department of
Agriculture (USDA) Natural Resources Conservation Service (NRCS) database. The following
table shows a summary of the input data’s level and source. The first objective of the data
collection is finding reliable and accurate data for each of the input modules. LTPP data is not
complete for all the sections, and some sections lack important information. For the missing
data, typical values from the developed database were used and unreliable, and out of range
data were replaced by reliable level 2 and 3 data.

Table 11- Summary of level and source of input data for the Pavement ME calibration
effort for the state of Oklahoma

Pavement ME

Source of Data

Input Variable Input Level
. LTPP database, ODOT design and Construction reports,
HMA thickness Level 1 ODOT SPR No. 2261 (26)
HMA coefficient .Of Level 3 Pavement ME typical value
thermal contraction
HMA dynamic Level 2 & 3 LTPP database, ODOT SPR No. 2177 (28),
modulus ODOT SPR No. 2261 (26)
Asphalt binder Level 2 ODOT SPR No. 2209 (11)
shear modulus
HMA air voids Level 1&2 LTPP database
Effective HMA Level 1 & 2 LTPP database,
binder content ODOT design and Construction reports
HMA creep Level 2 LTPP database, ODOT SPR No. 2261(26)
compliance
SHtt’e'ﬁgtfh”S"e Level 2 &3 | Pavement ME typical value, ODOT SPR No. 2261
Base type/modulus | Level 2 & 3 I(_;'QIjP database, ODOT SPR No. 2209 (17), Sajib et al. 2018
Base thickness Level 1 LTPP database, ODOT design and Construction reports,
ODOT SPR No. 2261(26)
Subgrade type Level 1 & 2 | LTPP database, USDA soil survey (30)
LTPP database, ODOT SPR No. 2209, ODOT SPR No. 2261,
Subgrade modulus | Level 2 & 3 NCHRP 9-23 (31),
Groundwater table Level 2 Oklahoma water resource board (32)
Climate Level 1 &2 Oklahoma Weather stations (30)
Traffic Data Level 1 & 2 LTPP database, Oklahoma Traffic Database
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AC Material Inputs

Asphalt concrete material inputs include the binder, aggregate, and mix properties.

The AC layer thickness and mix properties such as mix air voids and binder content were
extracted from the LTPP and ODOT PMS database. Figure 5 through Figure 8 shows the HMA
layer properties of the experimental sections.
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Figure 5- HMA thickness of selected projects for the ODOT Pavement ME calibration
database
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Figure 6- Overlay AC thickness of selected projects for the ODOT Pavement ME
calibration database
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Figure 7-Binder content of HMA of selected projects for the ODOT Pavement ME
calibration database
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Figure 8- In-Place air voids of selected projects for the ODOT Pavement ME calibration
database

The LTPP Infopave database provided the level 1 binder mechanical properties for some of the
sections. Some of the previous ODOT research studies provided Oklahoma’s typical binders
and HMA mixture properties (33). Level 2 and level 3 binder’'s mechanical properties were
extracted from different ODOT research studies and were used as the input set for the identified
sections. Also, the dynamic modulus of HMA mixtures was calculated by using different
predictive models.

40



Dynamic Modulus

Dynamic modulus, IE™, is one of the critical material input properties in Pavement ME Design.
The NCHRP 1-47 study on the sensitivity of input variables on performance predictions in
Pavement ME design shows that dynamic modulus data has a consistently high impact on all
performance predictions except the thermal cracking (34). The high sensitivity of the pavement
performance prediction to dynamic modulus highlights the importance of providing this input
with high accuracy at different levels.

Oklahoma DOT has collected the dynamic modulus of commonly used mix designs in
Oklahoma pavement construction projects through different research efforts (26, 33, 35). Cross
et al. (33, 35) evaluated ODOT HMA mixtures and determined mix design’s effect on dynamic
modulus. A total of 21 mixtures include predominant aggregate types used in Oklahoma,
Limestone, sandstone, granite/rhyolite, and crushed gravel, and three mix designations, S-2, S-
3, and S-4. Three main asphalt cement in Oklahoma, PG 64-22, 70-28, and 76-28 used with
each mix design, which provides a comprehensive source of level 1 data for evaluating dynamic
modulus. Furthermore, Cross et al. (35) evaluated the performance of stone matrix asphalt
(SMA) compared to conventional ODOT S-4 mixes. All mixtures were only mixed with PG 76-28
asphalt cement. Sakhaei Far et al. (26) measured dynamic modulus of S3, S4, and S5 mixture
designs used in the Oklahoma pavement project combined with PG 64-22, PG 70-28, and PG
76-28.

In this study, the results of dynamic modulus tests in the previous research study were collected
for the Pavement ME calibration database. Table 12 shows the type of mixtures and asphalt
cement and the total number of mix design used in each study.

Table 12- Dynamic Modulus (IE*1) database

Data Sourec Mixture Asphalt Total Number Replicate
Type Cement Type | of Mix Design P
Cross et al S-2 PG 64-22
Source A (2007) "1 8-3 PG 70-28 63 2
S-4 PG 76-28
Crossetal. | S-4
Source B (2011) SMA PG 76-28 7 2
Sakhaeifar | S-3 PG 64-22
Source C | et al. S-4 PG 70-28 5 3
(2015) S-5 PG 76-28

For each set of results, by using the time-temperature superposition concept, a master-curve at
a reference temperature of 20°C, which covers a full range of temperature and frequency, was
created.

Dynamic modulus can be estimated as level 2 or 3 by using existing predictive models. For this
reason, five common existing predictive models were applied to evaluate their precision in
estimating IE* from different HMA properties. Original Witczak model (equation (1)), |G* based
Witczak model (equation (3)), NSCU model, Hirsch model, and Al-Khateeb Model were used,
and their performance was compared. Level 2 predictive models of dynamic modulus need
information on viscosity parameters and binder complex shear modulus (|G*) and phase angle
(6) of Oklahoma asphalts mixed in tested HMA mixtures. This information was presented as
level 3 typical values in source A and B, which decreases the precision of the predictive models.
Level 1 binder complex shear modulus and phase angle were tested in different temperatures
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for PG 64-22, PG 70-28, PG 76-28 Oklahoma asphalt binders used in tested mixtures and the
results were presented in source C. Due to increasing the precision of predictions, the level 1
binder properties information presented in source C were used as input for prediction of
dynamic modulus of source A and B mixtures.

The results of predictive models by using collected HMA mixtures properties from source A are
shown in the arithmetic scale in Figure 9 (a) through (e) and in the logarithmic scale in Figure 10
(a) through (e).
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(c) Hirsch model, and (d) Al-Khatib model, (e) Gstar based Witczak model
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The results of predictive models by using collected HMA mixture properties from source B are
shown in the arithmetic scale in Figure 11 (a) through (e) and in the logarithmic scale in Figure

12 (a) through (e).
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Figure 12- Predicted versus measured dynamic modulus in logarithmic scale for HMA
mixtures in Source B using: (a) original Witczak, (b) Gstar based Witczak, (c) NCSU, (d)
Hirsch, and (e) Al-Khatib models

The results of predictive models by using collected HMA mixture properties from source C are

shown in the arithmetic scale in Figure 13 (a) through (e) and in the logarithmic scale in Figure
14 (a) through (e).
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Figure 13- Predicted versus measured dynamic modulus in arithmetic scale for HMA
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Hirsch, and (e) Al-Khatib models

The goodness-of-fit statistics and line of equality (LOE) were used to evaluate the performance
of each predictive model. The ratio of the standard error of estimate (S¢) to the standard
deviation (S,) and the coefficient of determination (R?) represents the accuracy of a model (6). A
predictive model with higher values of R? and lower amounts of S¢/S, has a better performance.
Figure 15 summarizes S¢/S, and R? values for each predictive model.
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Figure 15- Overall performance of different predictive models

Based on the goodness of fit statistics results, the NCSU model, in comparison to Pavement ME
predictive models, represents better performance. Also, predictions of the NCSU model are
tightly clustered around the line of equality, which is an indication of proper matching between
predicted and measured values. Hirsch's model performance, which is shown in Figure 9(d) to
Figure 14(d), has a poor performance in lower and higher stiffness values. Al-Khateeb Model
gives a significant bias in all predictions and shows a significant deviation from the LOE plot
(high bias). The performance results are inconsistent with the previous studies on dynamic
modulus predictive models (6, 36)

Base and Subgrade Design Inputs

The LTPP infopave provided information for base and subgrade materials for LTPP sections. In
addition, NCHRP 9-23A provides a national database of the subgrade soil's material properties.
This database includes the soil-water characteristic curve (SWCC) parameters, grain-size
distribution, Atterberg limits, hydraulic conductivity, porosity, and water content of the subgrade
soil throughout the US. This database was used together with the LTPP database to generate
Pavement ME subgrade properties. Figure 16 to Figure 20 shows the properties of subgrade
soils in the experimental sections.
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Figure 16- Resilient modulus of subgrade for selected projects in ODOT Pavement ME
calibration database
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Subgarde Soil Type

Figure 17- Subgrade soil type of projects selected for ODOT Pavement ME calibration
database
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Figure 18- Maximum dry density of subgrades for selected projects in ODOT Pavement
ME calibration database

59



W
o

Mean 36.8
sSD 8.6

(%)
- — N N
o (&)} o (&)}

(63}

Percentage of all Projects,

20 25 30 35 40 45 50 55 60
Liquid Limit of Subgrade

Figure 19- Liquid limit of subgrades for selected projects in ODOT Pavement ME
calibration database
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Figure 20- Plasticity index of subgrades for selected projects in ODOT Pavement ME
calibration database

SWCC Properties

The resilient modulus (M) is one of the primary material input properties in Pavement ME
design, which mainly affects the analysis of pavement structures. Zahid et al. Provided level 1
resilient modulus data for Oklahoma unbound materials. Also, level 2 and level 3 stress-
dependent predictive models were evaluated, and correlation coefficients were calculated for
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the Pavement ME model (17). However, the resilient modulus of unbound materials is not only
stress-dependent but also moisture dependent (37). Some researchers proposed moisture
dependent resilient modulus models for unbound aggregates and subgrade soils (15). In this
model, moisture and suction, as well as the state of stress, are used to characterize M;in
different soil types.

In this study, by using available data on Oklahoma unbound materials collected from ODOT, the
moisture dependence model was used to predict the values of resilient modulus in different
stress states. The application of moisture dependent model requires the moisture content,
saturation factor, and suction information of tested specimen and correlation coefficients of K,
K, and Kjs. Volumetric water content, 6, and saturation factor, f, for each type of test specimen
were calculated from the collected moisture content, MC, maximum dry density, MDD, and
specific gravity, G, using equation (48) and equation (49) (15, 38).

0=w L& (48)
P

where,

0 = volumetric water content, %:;

w = gravimetric water content, %;

Db = bulk specific gravity, pcf, and

P = water specific gravity = 62.43 pcf.

and
§5-851

=l+—(—-1 49

A 3 ( 2 ) (49)

where,

f = saturation factor;

S = degree of saturation, %; and

0 = volumetric water content, decimal.

Matric suction, hm, of unbound materials can be calculated from the soil-water characteristic
curve (SWCC). SWCC is a relationship between the suction and moisture content, which can be
determined by conducting experimental tests to measure matric suction in different water
contents. This laboratory test requires specialized equipment and expert operators, which has a
time-consuming procedure. The alternative method is an indirect method of predicting model
parameters that can be used for generating SWCC of unbound materials. Equation (50) Shows
the Fredlund-Xing model used for making the soil-water characteristic curve (38).
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where
S = degree of saturation, decimal;
h = total matric suction, psi;

ay, by, ¢r and b, =soll fitting parameters.

Sajib et al. developed an ANN model to predict fitting coefficients of as, by, ¢r and h, by using a
large database collected from the NCHRP 9-23 A (39). The proposed ANN model compared to
existing predictive models showed higher prediction accuracy in predicting Fredlund-Xing fitting
parameters. The input variables of this model include the material percent passing sieve size
No.4, material passing sieve size No. 200, Liquid Limit (LL), plasticity index (PI), saturated
volumetric water content, and local mean annual air temperature.

Using the developed ANN model, SWCC was predicted for each soil type presented in the
Oklahoma M, database. Table 13 represents the fitting coefficients of Fredlund-Xing equation
for A-2-4, A-2-6, A-4, A-6, and A-7-6 soils in the state of Oklahoma.

Table 13- Fredlund-Xing fitting coefficients for the Oklahoma subgrade soils

Soil Type ar br Cr h,
A-2-4 4.25 1.20 0.90 2999.86
A-2-6 4.43 1.01 1.00 2999.83
A-4 5.88 0.97 0.74 2999.81
A-6 11.27 0.92 0.57 2999.85
A-7-6 4.61 0.93 0.40 2999.88

62



—A—A-2-4
A-2-6
——A4
—*—A6

—B—A-7-6

0.01 1 100 10000 1000000

Degree of saturation, (%)

Suction, (kpa)
Figure 21- Soil Water Characteristic Curve (SWCC) for Oklahoma subgrade soils

Soil water characteristic curve can provide the value of suction in a different amount of soil
water content. The obtained values will be used as an input in the moisture dependence model.
The next step for using this model is predicting the correlation coefficients of K1, Kz, and Kjs for
different soil types in Oklahoma. The correlation coefficients can be determined by predictive
models using other soil properties (39).

Traffic Loading Inputs

The required traffic input data were collected for each section and compiled in a database. The
collected data were reviewed, and questionable data were corrected, corresponding to typical
values or specific information in similar sections. Figure 22 shows the annual average daily
truck traffic in experimental sections. The data was extracted from WIM, and traffic volume
count information was provided by LTPP.
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Figure 22- Annual average daily traffic of the selected projects for ODOT Pavement ME
calibration database

There were missing data for some of the sections in different years. The required parameters
can be estimated using the average rate of traffic growth for each road class. Table 14 shows
the average rate of truck traffic growth for each type of road class in the state of Oklahoma,
which is calculated using LTPP traffic data.

Table 14- Average growth rate of truck traffic compound for each road functional class

Road Functional Class Traffic Compound Growth Rate (%)
Urban Principal Arterial 1.15%
Rural Principal Arterial - Non Interstate 2.47%
Rural Principal Arterial -Interstate 1.89%
Rural Minor Arterial 2.63%

The truck class distribution is another important traffic input in Pavement ME Design. These
data are extracted from the LTPP traffic data for each section and used in the design effort.
Figure 23 and Table 15 show the average distribution factors of truck classes for each cluster of
roads in Oklahoma. The truck classes number 9 and 5 have the highest distribution factor in the
state.

Table 15- Vehicle class distribution factors used in calibration effort

Class Type | Rural Principle Arterial | Urban Principal Arterial | Rural Major Collector

Class 4 2.08 1.56 2.05

Class 5 20.29 27.55 25.86
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Class Type | Rural Principle Arterial | Urban Principal Arterial | Rural Major Collector
Class 6 3.74 9.72 4.82
Class 7 0.86 0.81 0.28
Class 8 8.67 12.83 7.89
Class 9 61.09 41.88 55.78
Class 10 1.37 1.69 1.27
Class 11 0.77 1.04 1.02
Class 12 0.38 0.70 0.45
Class 13 0.75 2.22 0.58
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Figure 23- Truck class distribution factors for different road types in Oklahoma

The traffic varies each month throughout a year. Truck traffic monthly adjustment factors
represent the proportion of annual truck traffic for a given truck class that occurs in a specific
month. The sum of monthly factors for all the months in a year for each vehicle class must be

equal to 12.

One of the Pavement ME design traffic inputs is axle load distribution for each class of trucks.
Figure 24 through Figure 27 shows the average value of single, tandem, tridem, and quad-axle
load distribution for each class of trucks in the state of Oklahoma. Level 2 inputs are the
statewide average values determined from traffic analyses of data from various LTPP sites in

the state.
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Figure 24 - Average single axle load distribution factors for truck traffic in Oklahoma
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Figure 25 - Average tandem axle load distribution factors for truck traffic in Oklahoma
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Figure 26 - Average tridem axle load distribution factors for truck traffic in Oklahoma
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Figure 27 - Average quad-axle load distribution factors for truck traffic in Oklahoma

Climate Data

Environmental conditions play a significant effect on the performance of both flexible and rigid
pavements. The performance of a pavement depends on both temperatures and moisture
contents of its structural layers (e.g., surface, base, and subgrade, etc.).

Based on the climate data, the mean annual temperature ranges from 62 °F along the Red
River to about 58 °F along the northern border. Then it decreases westward to 56 °F in
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Cimarron County (40). Figure 28 shows the average annual temperature for the state of
Oklahoma.
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Figure 28- Map of average annual temperature for Oklahoma (40)

There is a sharp decrease in rainfall from east to west, as presented in Figure 29. The average
annual precipitation ranges from about 17 inches in the far western panhandle to about 56
inches in the far southeast.
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Figure 29- Map of average annual precipitation for Oklahoma (40)

Annual average relative humidity ranges from about 60 percent in the panhandle to over 70
percent in the east and southeast. On average, cloudiness increases from west to east across
the state. The annual fraction of possible observed sunshine ranges from about 45 percent in
eastern Oklahoma to near 65 percent in the panhandle (40).

The Modern-Era Retrospective analysis for Research and Applications (MERRA) dataset was
used as the input for climate data in the calibration effort. Figure 30 shows the location of the
selected weather stations. For each calibration design effort, the closest station or interpolation
of information for two or three stations was used as climate input data.
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Figure 30 — Location of the Pavement ME weather stations

Groundwater table depth is an important parameter because it plays a significant role in the
overall accuracy of the foundation/pavement moisture contents and, hence, equilibrium
modulus values. The groundwater table depth is intended to be either the best estimate of
annual average depth or seasonal average depth. The groundwater depth information was
collected from the Oklahoma Water Resource Board (32) used as input to Pavement ME
Design. Figure 31 shows the distribution of water depth in LTPP sections.
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Figure 31 — Depth of water table for LTPP sections in Oklahoma
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Pavement Performance and Distress Data

The magnitudes of time-series distress and IRI data from the identified LTPP projects were
extracted and compared with design threshold values for each distress type and IRI. Figure 32,
through Figure 35, summarizes the distribution of measured distresses from the LTPP sections
in Oklahoma.
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Figure 32 - Measured rutting of LTPP sections for new HMA and HMA overlay projects in
Oklahoma
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Figure 33 - Measured transverse cracking of LTPP sections for new HMA and HMA
overlay projects in Oklahoma
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Figure 34 - Measured fatigue cracking of LTPP sections for new HMA and HMA overlay
projects in Oklahoma
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Figure 35 - Measured IRl in LTPP sections for new HMA and HMA overlay projects in
Oklahoma

For all the distress types and IRI, the average value are lower than the design threshold values
and range from 18 to 77 percent. Transverse cracking and rutting are commonly two severe
types of distress in Oklahoma LTPP sections. Table 16 presents the comparison between
measured distress/IRI from Oklahoma LTPP sections and the threshold values.
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Table 16 - Comparison of distress and IRI values with design criteria or threshold values

Performance Design Average Value Percentage of
Prediction Models Criteria of LTPP Project | Design Criteria
0,
Alligator Cracking 20% lane 3.6 18.00
area
Transverse 630 f/mi 487.8 77.43
Cracking
Rut Depth 0.4 inch 0.201 50.25
IRI 169 inch/mi 85.7 50.71

Pavement ME Analysis

The collected information for LTPP and non-LTPP sections were used in Pavement ME. The
software was run to analyze different pavement sections in the different construction stages.
Each section was considered as new construction project until before the rehabilitation or
reconstruction activities. After this stage, the pavement was analyzed as an overlay project,
and the related models were calibrated. After running the program for all the sections in each
construction stage, the predicted distress/IRI values was extracted and compared with
measured ones.

In this step, the accuracy of national calibration coefficients will be determined as well. The aim
of the calibration process is to reduce the bias and standard error of estimate (SEE) of the
measured values versus predicted ones. This was done by changing the calibration
coefficients of each model and finding the best set of coefficients suitable for the condition of
selected pavements in Oklahoma. Table 17 shows the accuracy of nationally calibrated
distress models for newly constructed flexible pavements in Oklahoma.

Table 17- Accuracy of nationally calibrated distress models for flexible pavements in

Oklahoma
Statistics Rutting Bottom-up Top-Down Transverse IRI
parameter (in) Cracking Cracking Cracking (in/mile)
(% of the lane) (ft/mile) (ft/mile)
R-squared (%) 25 Poor poor poor 48.15
SEE 0.096 21.3 3054 1325 14.7
(Distress Unit)
Se/Sy 0.88 6.31 1.23 1.26 0.4

Comparing the measured values of distress\IR, | in Oklahoma with Pavement ME nationally
calibrated predictions shows a variance that affirms the need for local calibration of analytical
models. Rutting and IRI predictions demonstrate better performance compared to other
distresses. In most cases, the measured fatigue cracking from the field is higher than the
predicted values. However, the predictions from Pavement ME show the very low amount of
thermal cracking, which is very different than the observed values from the field.
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Local Calibration Coefficient

A local calibration effort involves an investigation of the causes for the poor goodness of fit and
bias in Pavement ME nationally calibrated models and modification of the calibration
coefficients of distress/IRI models. The aim of the calibration process is to reduce the bias and
standard error of estimate (SEE) of the measured values versus predicted ones by changing
the calibration coefficients of each model and finding the best set of coefficients suitable for the
condition of selected pavements in Oklahoma.

Calibration coefficients can be divided into two groups. A portion of coefficients causes the
reduction in the bias of local calibration effort and another portion causes the reduction in the
standard error and an increase in the precision of estimates. Figure 36 shows the elimination of
bias and an increase in the precision of prediction by the local calibration process.
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Figure 36- Improvement of bias and precision after local calibration
Table 18 shows the role of each coefficient in distress\IRlI models. In addition, it shows the
range of locally calibrated coefficients derived from previous studies that have been done for
the calibration of MEPDG or Pavement ME models.

Table 18 — Coefficient’s role in the calibration process and its local calibrated ranges

. Role . .
Distress in the Calibration Callbr_at_lon Global Lc_»wgr Uppgr
Type p Coefficient Value Limit Limit
rocess
Rutting Eliminate bias K r1 -3.35412 -3.35 -3.36
Rutting Eliminate bias B _r1 1 0.5 5
Rutting Eliminate bias B_s1 1 0.5 1.5
. Reduce standard K r2 1.56 NA NA
Rutting
error
. Reduce standard K_r3 0.4791 NA NA
Rutting -
error
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. Role . .
Distress in the Calibration Callbr_at_lon Global Lc_»wgr Upp?r
Type Coefficient Value Limit Limit
Process
. Reduce standard B r2 1 0.5 25
Rutting
error
. Reduce standard B r3 1 0.5 2.5
Rutting
error
Fatlgqe Eliminate bias B f1 1 0.5 3.5
Cracking
Fatigue Eliminate bias C2 1 0.1 2
Cracking
Fatigue Reduce standard B_f2 1 0.5 1.5
Cracking error
Fatigue Reduce standard B f3 1 0.5 1.5
Cracking error
Fatigue Reduce standard C_1 1 0 1.5
Cracking error
Top-Down . . K f1 0.007566 NA NA
. Eliminate bias
Cracking
Top-Down Eliminate bias C2 1 0.2 5
Cracking
Top-Down Reduce standard B 2 1 0.5 1.5
Cracking error
Top-Down Reduce standard B f3 1 0.5 1.5
Cracking error
Top-Down Reduce standard C 1 1 0 1.5
Cracking error
Eliminate bias and B_t3 1 NA NA
Transverse
) reduce standard
Cracking
error
T Eliminate bias and K t3 1.5 NA NA
ransverse
; reduce standard
Cracking
error
IRI Eliminate bias C4 0.015 0.01 0.03
IRI Reduce standard C 1 40 5 50
error
IRI Reduce standard c2 04 0.1 1.5
error
IRI Reduce standard C.3 0.008 0.002 0.015
error

For the rutting and fatigue damage model, a narrow down iterative approach was used to
reduce the standard error. In this approach, a different combination of calibration coefficients
was applied in the Pavement ME analysis for all sections, and the distress results were
evaluated. In the end, a set of calibration coefficients with minimum SEE were introduced.
Figure 37 shows a schematic procedure for the calibration approach for the rutting model. This
approach consists of finding the minimum SEE by using a wide range of the calibration
coefficients’ combination; then, increasing the precision of the coefficients by narrowing down
the coefficients’ range and finding the best Calibration coefficients. The set of coefficients that
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correspond to eliminate bias were calibrated outside of the Pavement ME through Microsoft
Excel Solver.
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Figure 37 — A schematic narrow down procedure for distress calibration coefficients

Rutting Model

Among the five calibration coefficients affecting the rutting models,Br1, Bgb, and Bsb
correspond to the AC layer, granular base, and subgrade rutting amount and were calibrated
outside of the Pavement ME software by using the Microsoft Excel Solver. Calibration
coefficients of Br2 and Br3 correspond to the effect of temperature and traffic on the AC layer,
which was calibrated by numerous runs of the Pavement ME using the narrow down approach.
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After running the Pavement ME by each set of calibration coefficients, the predicted values of
rutting versus measured values from LTPP and non-LTPP sections were evaluated, and the
best combination was chosen. In the next step, the other three calibration coefficients were
determined through the optimization effort. Figure 38 shows the measured versus predicted
values of rutting before and after calibration according to the material, temperature, and traffic
conditions for the state of Oklahoma.
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Figure 38- Total rut depth (a) before calibration, (b) after calibration.

Table 19 shows the recommended calibration values for the state of Oklahoma before and
after the calibration effort.
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Table 19- Rutting model coefficients before and after calibration effort for the state of

Oklahoma
Layer Parameter National Calibrated Calibrated
Coefficients Coefficients East Coefficients West

AC layer k1 -2.45 -2.45 -2.45
AC layer k2 1.565 1.565 1.565
AC layer ks 0.299 0.299 0.299
AC layer 81 0.4 0.79 0.21
AC layer 82 1 0.53 0.74
AC layer B3 1 1.48 1.03
Granular K1 0.965 0.965 0.965
Base

Granular Bgb 1 0.15 0.23
Base

Subgrade | ks- Coarse Grain 0.965 0.965 0.965
Subgrade | k7-Fine Grain 0.675 0.675 0.675
Subgrade | k1-A_3 0.635 0.635 0.635
Subgrade Bsq 1 1.29 1.03

Table 20 shows the statistical analysis for the rutting model before and after calibration.

Table 20- Goodness of fit and bias test statistics for final locally calibrated rutting model

. . p-value
Model Calibration | Number of 210 . p-value
Status Observation R*(%) | Se (in) | SelSy (paired t-test) (TE;%‘;)
National values 278 25% | 0.096 | 0.88 0.0108 <0.0001
1ocal callbrated 278 79.1% | 0.044 | 0.45 0.0501 <0.0001
Fatigue Cracking

Top-down and bottom-up cracking are both a function of fatigue damage. The calibration
coefficients correspond to the fatigue damage (i.e. Bf1, Bf2, and Bf3) were calibrated by the
iteration process and the coefficients of Cy, C,, and C; were optimized through Microsoft excel
solver. Figure 39 shows the measured versus predicted values of top-down cracking before
and after calibration according to the material, temperature, and traffic conditions for the state

of Oklahoma.
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Figure 39- Total top-down fatigue cracking (a) before and (b) after the calibration process

Figure 40 shows the measured versus predicted values of top-down cracking before and after
calibration according to the material, temperature, and traffic conditions for the state of

Oklahoma.
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Figure 40 -Total bottom-up fatigue cracking (a) before calibration, (b) after calibration

Table 21 shows the recommended calibration values for fatigue top-down and bottom-up
cracking for the state of Oklahoma before and after calibration effort.
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Table 21- Fatigue models coefficients’ before and after calibration effort for the state of

Oklahoma
National Lo_cgl Lo.c.al
Model Parameter C . Coefficients | Coefficients
oefficients
East West
. o Br1 0.00205 0.00205 0.00205

Fatigue Damage (%) hac<5 in

B11 (0.5014* hac- | (0.5014* (0.5014*
Fatigue Damage (%) 5 in< hac 3.416) hac-3.416) hac-3.416)

<14 in

. o Br1 0.000065 0.000065 0.000065
Fatigue Damage (%) hac >14 in
Fatigue Damage (%) Br2 1 1 1
Fatigue Damage (%) B13 1 1.35 1.23
Fatigue Damage (%) k1 3.75 4.2 3.56
Fatigue Damage (%) ko 3.961 3.62 4.18
Fatigue Damage (%) K3 1.285 1.4 2.2
Top-down Cracking C1 7 6.6 6.1
(ft/mile)
Top-down Cracking C2 3.5 4.5 4.23
(ft/mile)
Top-down Cracking C4 1000 723 874
(ft/mile)
Bottom-up Cracking (%) Cq 7 3.26 4.12
N C: 2.16 2.16 2.16

Bottom-up Cracking (%) hac <5 in

C: 0.867+0.2583 | 0.867+0.258 | 0.867+0.258
Bottom-up Cracking (%) 5in< hac * hac 3* hac 3* hac

<14 in

P C> 4.5 4.5 4.5

Bottom-up Cracking (%) hac >14 in
Bottom-up Cracking (%) Cs 6000 6000 6000

Table 22 and Table 23 shows the statistical analysis for the top-down cracking model before

and after calibration.

Table 22- Goodness of fit and bias test statistics for final locally calibrated top-down

cracking
Model p-value
calibration | (| 4mNOLO’ | R?(%) (ftlieile) SeiSy | (aived Itl-Jteest) (slope),
status (6=0)
National 342 poor | 3054.135 | 0.88 <0.0001 0.777
values
local
calibrated 342 35% 1432.95 0.54 <0.0001 0.021
values
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Table 23 - Goodness of fit and bias test statistics for final locally calibrated bottom-up

cracking
Model o p-value
calibration Number of | b, (%) Se (% of Se/Sy p-value (slope),
observation the lane) (paired t-test) _
status (6=0)
National 322 poor 21.3 6.31 <0.0001 0.14
values
local
calibrated 322 55.8% 212 0.81 <0.0001 <0.0001
values

Thermal Cracking

The thermal cracking showed poor performance before the calibration effort. In the previous
Pavement ME version (i.e., referred to the as old version in the report), the thermal cracking
calibration coefficients were depended on the hierarchical level of input data. In the new
version released in Jun 2018, the thermal cracking coefficients are functions of the mean
annual average temperature (MAAT). These coefficients are calibrated based on the climate
condition in the state of Oklahoma. The equation (51) shows the locally calibrated coefficients
for the thermal cracking using inputs for the state of Oklahoma.

MAAT <57°F K 2(3*10_7)*MAAT 40319
MAAT >57°F K =0.13*MAAT > -11.68* MAAT +244.14 (51)

Table 24 shows the standard deviation of thermal cracking for each level of input data. These
standard deviations are used in the calculation of thermal cracking at each reliability level.

Table 24- Calibrated thermal cracking standard deviation

MAAT National Coefficients East Coefficients West Coefficients
31077
MAAT<57 °F |3 %1077 * MAAT*031% | 3*107*MAAT*0319.54 + MAAT %0319
—23
0.13 * MAAT? — 11.68 0.13 * MAAT? — 11.68 0.13 * MAAT? — 11.68
MAAT>57 °F * MAAT * MAAT * MAAT
+ 244.14 + 100 + 78

After running the Pavement ME using calibrated coefficients, the predicted values of thermal
cracking versus measured values were evaluated. Figure 41 shows the measured versus
predicted values of thermal cracking before and after calibration according to the material,
temperature, and traffic conditions in Oklahoma.
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Figure 41- Total transverse cracking (a) before calibration, (b) after calibration

Table 25 shows the statistical analysis for the thermal cracking model before and after
calibration.
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Table 25- Goodness of fit and bias test statistics for final locally calibrated thermal

cracking model
. . p-value

Model Calibration Number of 270 Se p-value

Status Observation R* (%) (ft/mile) SelSy (paired t-test) zls;:)':))e)
National Values 278 Poor 1325 1.26 <0.0001 0.653
Local Calibrated 278 47.3% | 543 0.53 | <0.0001 0.011
Values
IRI

To calibrate the IRI model, the research team investigated the causes of the poor goodness of
fit and bias of the Pavement ME nationally calibrated models and modified the local calibration
coefficients of the IRl model as needed based on the information derived from distress
calibrations. First, for this model, the site factors for each section were calculated, and then by
using Microsoft Excel Solver, the coefficients were calibrated, and the best combination was
obtained. Figure 42 shows the measured vs. predicted IRl model before and after the calibration
effort.
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Table 26 shows the recommended calibration values for the IRl model for the state of

Oklahoma before and after calibration effort.

Table 26- IRI models coefficients’ before and after calibration effort for the state of

Oklahoma
Parameter National Local Local
Coefficients Coefficients Coefficients
East West
Cq 40 5.23 6.46
C> 0.4 0.127 0.187
Cs 0.008 0.013 0.0098
Cs 0.015 0.0128 0.023

Table 27 shows the statistical analysis for the top-down cracking model before and after

calibration.

Table 27 - Goodness of fit and bias test statistics for final locall

calibrated IRI model

. . p-value
Model Calibration | Number of 20 Se . p-value (slope)
Status Observation | X (%) (in/mile) SelSy iﬂzgsd (6=0)
National values 366 48% 14.7 0.4 0.0095 <0.0001
if’aﬁﬁ'e‘;a"brated 366 79.7% | 10.23 023 |0.0531 |<0.0001
Discussion

Pavement ME models show improvement in all the distress/IRl models after calibration. Rutting
and IRl models have a lower error and higher accuracy compared to the fatigue and transverse
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cracking models. The accuracy and bias of the prediction models are inconsistent by MEPDG
and Pavement ME calibration efforts for the states of Arizona, Colorado, lowa, and Arkansas
(47) (42, 43) (44-46). Robbins et al. (47) gathered a summary of the Mechanistic empirical
design calibration efforts in the US. Fatigue Cracking models generally underestimate the
observed fatigue distresses before the calibration. After the calibration, these models show
better performance. Pavement ME thermal cracking results are not inconsistent with
Oklahoma's measured values. Even after the calibration, the thermal-cracking model cannot
properly predict the measured values.

Figure 43 shows the rutting model prediction error versus the asphalt concrete depth of
pavement sections before and after the calibration effort. The calibration effort reduced the
error of estimate for all the sections; however, the error reduction decreases by increasing the
AC layer thickness.
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Figure 43- Error of estimate of rutting model vs. AC layer thickness of pavements before
and after calibration

The rutting model shows a higher error for the roads with moderate traffic. The calibration effort
effect was high for this type of road (Figure 44).
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Figure 44- Error of estimate of rutting model vs. pavement’s traffic level

Figure 45 shows the prediction error of the bottom-up fatigue cracking model versus the
thickness of asphalt concrete pavement sections before and after the calibration effort. The
calibration effort reduced the error of estimate for all the sections; however, the fatigue-cracking
model shows a higher error before and after calibration for the pavement sections with a 4 to 8
inch AC layer. This model shows a good prediction for the thin pavements. Figure 46 shows the
bottom-up fatigue cracking prediction error vs. the pavement age before and after the calibration
effort. The prediction model shows low error at the early age of the pavements. The calibration
efforts improved the prediction for the pavements before the age of 15 years, but it does not
decrease the error of the estimate for the older pavements.
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Figure 45- Error of estimate for bottom-up fatigue cracking model versus the layer
thickness of AC pavements

Prediction error, (%)
O = N W &~ 00 O N 00

Bottom-UP Fatigue Cracking

16 _ B National
14 Local
g‘: 12 l
S 7
I
oI % 1 /f L

age<5 5<age<10 10<age<15 15<age<20
Pavement Age (year)

Figure 46 - Error of estimate of bottom-up fatigue cracking model vs. pavement age
Figure 47 shows the top-down fatigue cracking model’s prediction error versus the asphalt
concrete thickness before and after the calibration effort. This model shows a high error before
and after calibration. The top-down fatigue cracking models show an insignificant sensitivity to

the thickness of the AC layer. Figure 48 shows the prediction error of top-down fatigue cracking
versus the pavement age before and after the calibration effort. This model, contrary to the
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bottom-up cracking model, shows higher error at early ages and lower error for older

pavements.
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Figure 47- Error of estimate of top-down fatigue cracking model vs. AC layer thickness
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Figure 48- Error of estimate of top-down fatigue cracking model vs. pavement age

Figure 49 shows the prediction error of the thermal cracking model versus the asphalt concrete
thickness in pavement sections before and after the calibration effort. This model shows a high
error before and after the calibration. The calibration effort improved the thermal cracking
prediction accuracy for the thicker pavements. However, the calibration effort was not much
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effective for the thin pavements. Figure 50 shows the prediction error of the thermal cracking
model versus the pavement age before and after the calibration effort. The thermal cracking
model overpredicts the distress at the older age of the pavement life, and by increasing the
pavement life, the error increase. But after the calibration, the prediction model improved at
older ages and showed higher error at the early age of the pavement.
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Figure 49 - Error of estimate of thermal cracking model vs. AC layer thickness
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Figure 51 shows the prediction error for the thermal cracking model vs. the base type in the
pavement before and after the calibration effort. The thermal cracking is dependent on the type

89



of the base. For unbound and granular base, the prediction model shows a lower error;
conversely, for the bound treated base, the model shows a high error before and after the
calibration. The calibration effort improves the prediction for all types of pavements except the
pavements with bound treated bases.

Thermal Cracking

- 4000 &3 National
2 3500 Local
% 3000 T
[ o=
:.6“ 2500 T
E 2000 V NN
S 1500 7 ]
g %
3]
5 1000 /ﬁ 1 —" V
£ 500 7/ //

o L B 7 %

Unbound Granular
Bound treated Bound w/Unbound
Base type

Figure 51 - Error of estimate of thermal cracking model vs. pavement base type

Figure 52 shows the prediction error of the IRl model versus the asphalt concrete thickness of
pavement sections before and after the calibration effort. The calibration effort reduced the error
of estimate for all the sections; however, the error reduction increases by increasing the AC
layer thickness. The IRI model shows higher accuracy for the thick pavements.
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Figure 52- Error of estimate of the IRl model vs. AC layer thickness

Figure 53 shows the prediction error of the IRl model versus the pavement age before and after
the calibration effort. Before the calibration, the IRl model error increases for the older
pavements. However, after the calibration, the IRl model accuracy improved, and it is almost
insensitive to the age of the pavement.
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Figure 53 - Error of estimate of the IRl model vs. pavement age
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Impact of Local Calibration of Pavement ME on Flexible Pavement Design

After completing the local calibration of the Pavement ME, it is essential to consider taking the
next step of the implementation process, which is to adopt the locally calibrated models for
some routine pavement designs. For this reason, the Pavement ME was used to design the
asphalt pavements using the typical material and design parameters of the state of Oklahoma.
Three types of conventional flexible pavement design, as well as one perpetual design, were
compared in this study. Figure 54 shows the cross-section of the flexible pavement designs
used in this study.
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Asphalt Asphalt
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Type PP Type A Type B Type C
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Perpetual flexible Conventional flexible pavement design in
pavement design Oklahoma

Figure 54- Cross section of flexible pavement design types
Typical material properties of the Oklahoma flexible pavement were selected for calibration
impact analysis. Table 28 shows the material properties data used for conventional pavement,
and Table 29 shows the material properties data used for perpetual pavement.

Table 28- Material Properties of the Conventional pavement

Layer Properties
Mix type: S4
Asphalt Surface Binder type: PG 64-22

Binder content: 5%

Air voids: 4.4%

Mix type: S3

%ﬁﬁﬁ?nﬁ%grsgie Binder type: PG 64-22
Binder content: 6%

(CABB) Air voids: 5%
Unbound Granular Type: Crushed stone
Base Modulus: 21000 (psi)
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Layer

Properties

Lime treated Base

Type: A-7-6 soil + 9% lime
Modulus: 41000 (psi)

Subgrade soll

Type: A-7-6
Modulus: 13000 (psi)

Table 29- Material Properties of the perpetual pavement

Layer

Properties

Stone Matrix Asphalt

Mix type: SMA
Binder type: PG 76-22

(SMA) Binder content: 6 %

Air voids: 4%

Mix type: Stone-Filled HMAC
Dense HMAC Binder type: PG 76-22

Binder content: 6%
Air voids: 5%

Rich Bottom Layer
(RBL)

Mix type: RBL

Binder Type: PG 64-22
Binder content: 5%

Air voids: 5%

Unbound Granular
Base

Type: Crushed stone
Modulus: 21000 (psi)

Lime treated Base

Type: A-7-6 soil + 9% lime
Modulus: 41000 (psi)

Subgrade soil

Type: A-7-6
Modulus: 13000 (psi)

A reliability level of 90% and AASHTO recommended performance criteria were selected for the
design. A minimum life span of 30 years for the conventional and 40 years for the perpetual
pavement design types were selected. To illustrate the impact of local calibration on pavement
design, local calibration models, and global calibration models were used, and by changing
thicknesses and material properties, the appropriate design was determined. Figure 55 shows
the design thicknesses for each layer of the conventional flexible pavement designs with local
and global calibration coefficients. Using the Oklahoma calibration coefficients results in

decreasing the pavement thicknesses, particularly the surface layers.
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Figure 55- Pavement layer thicknesses for the Oklahoma conventional pavement designs
with global and local calibration coefficients

Figure 56 shows the design thicknesses for each layer of the perpetual flexible pavement
designs with local and global calibration coefficients. Using the Oklahoma calibration
coefficients results in decreasing the pavement thicknesses, particularly the surface layers.
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Figure 56- Pavement layer thicknesses for the Oklahoma perpetual pavement designs
with global and local calibration coefficients

Generally, using local calibration coefficients leads to the prediction of lower rutting and higher
fatigue cracking. However, the pavement roughness at the end of design life is lower by using
the Oklahoma calibration coefficients. Figure 57 shows the IRI during the design life for the
conventional and perpetual flexible pavement designs.
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Figure 57- International roughness index for the conventional and perpetual pavement
designs

LOCAL CALIBRATION OF RIGID PAVEMENT

This part discusses the updates on the pavement ME calibration for the rigid pavement sections
in Oklahoma. The following sections of this part summarize the work that was completed by the
Texas A&M Transportation Institute (TTI) between October 1st, 2017 and September 30th,
2018. The main goal of this section is to facilitate the calibration process of the rigid pavement
sections in Oklahoma. The rigid pavement calibration process in Oklahoma is limited to the
Jointed Plain Concrete Pavement (JPCP) and the Continuously Reinforced Concrete Pavement
(CRCP). It is well known that the rigid pavement is a durable pavement type which reduces the
number and extent of distresses in the LTPP survey records. Thus, the researchers investigated
new ways for developing distress-time relationships that can help to evaluate and estimating the
performance of the existing rigid pavements from the LTPP data without relying totally on the
existence of visible distresses. This section discusses extensively the following items:

1- Extraction and evaluation of the LTPP data of JPC and CRC rigid pavement sections

2- Development of analysis methodology for falling weight deflectometer (FWD) data to
evaluate the performance of the rigid pavement sections and predict the development of
distresses

3- Application of the new methodology in analyzing the CRCP rigid pavement sections

Extract and Evaluate LTPP Data

The LTPP database is the most accurate source for information regarding the pavement
conditions. It is also the best source for the pavement ME local calibration of rigid pavement.
This is because it contains an ongoing project initiated since the 1990s which allow the specific
and consistent way in the evaluation of pavement condition in terms of distresses. The LTPP
monitors the performance of around 2500 pavement segments in North America (the US and
Canada). Each LTPP section is 500 ft long in any direction of the road. Along with distresses
records, the LTPP database stores important complementary information about the pavement
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section, such as traffic, materials, destructive and non-destructive testing information, as well as
pavement structure and maintenance and repair records.

Data Inventory

In this task, for the rigid pavement evaluation and data extraction, the research group has
performed data inventory to look up for the number of rigid pavement sections, pavement
surface types, pavement location, underneath surface layer types. The data inventory was
performed employing the Long Term Pavement Performance- Information Management System
User Guide (48).
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Oklahoma has 67 LTPP sections, among which 7 JPCP segments and 3 CRCP segments
excluding any sections with an asphalt overlay. Figure 59 shows a representative rigid
pavements’ structures used in the Oklahoma calibration effort. For pavement ME local
calibration, these LTPP sections are considered the backbone of the calibration process. Thus,
it is important to gather detailed information about these sections and strive to obtain others.
The LTPP JPCP sections were constructed before 1990 and were all non-doweled. Thus, the
calibration process should consider taking into consideration current Oklahoma practice in using
a doweled JPCP. Table 30 summarizes the JPCP and CRCP sections and their locations in
Oklahoma, while Table 31 shows the rigid pavement structure and layer’s material type.

Table 30- Oklahoma rigid pavement sections and locations

. Route/ Pavement | Climatic GPS long. Construction LTPP
Sections County - ) start
Direction Type Zone Nat Date date
Interstate- Wet, Non- | 35.39148, - 01-Jan-
40-3018 OKLAHOMA 240 WB JPCP Freeze 97 45124 01-Jun-1976 1987
U.S.-69, Wet, Non- | 36.07647 , - 01-Jan-
40-4157 MAYES NB JPCP Freeze 05.36436 01-Mar-1986 1987
State-3 , Wet, Non- 34.75407,- 01-Jan-
40-4160 PONTOTOC WEB JPCP Freeze 96.68412 01-Jun-1979 1987
U.S.-62, Wet, Non- | 34.63091, - 01-Jan-
40-4162 COMANCHE EB JPCP Freeze 08 48158 01-Jun-1985 1987
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Secti Route/ Pavement | Climatic GPS long. | Construction LTPP
ections County Di . start
irection Type Zone Nlat Date date
State-3, Wet, Non- | 34.75246 , - 01-Jan-
40-A410 PONTOTOC WB JPCP Freeze 96.67735 01-Jun-1979 1987
State-3, Wet, Non- | 34.75258 , - 1-Jan-
40-A420 PONTOTOC WB JPCP Freeze 96.67919 1-Jun-1979 1987
State-3, Wet, Non- | 34.75628 , - 1-Jan-
40-A430 PONTOTOC WB JPCP Freeze 96.68823 1-Jun-1979 1987
U.S.-75, Wet, Non- | 36.6185, - 31-May-
40-4158 | WASHINGTON SB CRCP Freeze 95.9357 01-Jun-1989 1989
U.S.-69, Wet, Non- | 35.03894 ,- 30-Apr-
40-4166 PITTSBURG NB CRCP Freeze 95.71174 1-May-90 20
State-33, Wet, Non- | 36.17016, - 30-Sep-
40-5021 MAYES WB CRCP Freeze 95.38403 01-Oct-1987 1987
Table 31- Structure of Oklahoma'’s rigid pavement sections
Section | Pavement | Pavement | Base Base ssul:)t?;:g:/ Subgrade | LTPP
No. Type Thickness | Layer | Thickness Layer Thick Status
40-3018 JPCP 8.9 TB 3.6 B 6.1 Inactive
40-4157 JPCP 8.9 TB 3.8 U 41 Active
40-4160 JPCP 9.2 TB 2.2 uG 12 Inactive
40-4162 JPCP 9 TB 2.9 U NA Inactive
40-A410 JPCP 9.2 TB 2.2 uG 12 Inactive
40-A420 JPCP 9.2 TB 3.2 uG 12 Inactive
40-A430 JPCP 9.2 TB 4.2 uG 13 Inactive
40-4158 CRCP 10.3 TB 4.4 U NA Active
40-4166 CRCP 9.9 TB 4.1 uG 10.3 Active
40-5021 CRCP 9.4 TB 3.5 U NA Active
Note:
TB :treated base
B :Bound (treated) subbase or subgrade layer

u
uG

: Unbound subbase or subgrade layer
: Unbound granular subbase or subbase layer

In the above tables, 4 of the JPCP sections are General Pavement Studies (GPS), and 3 JPCP
sections are Specific Pavement Studies (SPS). The difference between the GPS and SPS is
that the GPS inspects the in-service pavement sections while the SPS inspects specific
variables such as new construction, maintenance treatments, and rehabilitation activities. As the
SPS section aged and a new rehabilitation was applied, the SPS can be reclassified as GPS.
The LTPP does not keep frequent records for the SPS sections in terms of traffic, distresses,
and testing data. Therefore, only the GPS sections were considered for further analysis.

Pavement ME Calibration-Key Data

Pavement ME calibration requires obtaining different information. Along with pavement structure
and properties, the availability of the following data was checked before planning for calibration:
1. Traffic data
2. Falling weight deflectometer (FWD) data

3. Dis

tress data
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Traffic Data

The traffic data in the LTPP database is provided by the agency that supplies the traffic
estimates or by the computation of raw traffic information. This information is specific for each
test section. There are two groups of traffic data that are historical or monitored. The historical
data refers to the traffic estimates of volume and loading for the time before the start of the
LTPP (LTPP records started in 1990). Monitored traffic data refers to the annual traffic
estimates provided by participating highway agencies or computed from raw data by the agency
after 1990. In order to collect the most accurate traffic information, the research team
concentrated on the monitored traffic data as the main source of the existing traffic condition.
For traffic data of any section, availability of the following components is crucial: |) annual
volumes of trucks and axles, Il) truck and axle distribution, and Ill) annual estimate of the
number of 80 kips equivalent of single axle load (ESAL).

Figure 59 below shows the number of sections with complete traffic records. It shows that traffic
data is available in 7 sections out of 10. These sections are 40-3018, 40-4157, 40-4160, 40-
4162 for JPCP and 40-4158, 40-4166 and 40-5021 for CRCP. All these sections are GPS, while
SPS (i.e., 40-A410, 40-A420, and 40-A430) sections were not considered due to the
unavailability of one or more traffic information. Figure 60 shows the Annual Average Daily
Truck Traffic (AADTT) for all sections with the year. To group the traffic level based on the
presented AADTT numbers, AADTT fewer than 750 is categorized as low traffic volume;
between 750 and 1,200 are categorized as medium traffic volume, and AADTT higher than
1,200 are categorized as high traffic volume.

Number of Sections
o et ] w I [#;] [=)] ~J oo

JPCP CRCP
Pavement Type

Figure 59- Traffic data availability
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Figure 60 - The annual average daily truck traffic with years- all section
FWD Data

The PCC elastic modulus and k-value of the supporting subbase are important inputs for the
pavement ME. Prior to start calibration, FWD data are used to back-calculate this parameter in
order to evaluate the rigid pavement structure. In the FWD analysis, the structural condition of
the PCC slab can be evaluated using the PCC elastic modulus, while the supporting layers can
be evaluated using the K-value. The LTPP FWD data were also used to evaluate the load
transfer efficiency (LTE), the degree of bonding and friction coefficient, and ultimately estimate
the percent of erosion for faulting and punchout calibration. Thus, it is important to extract or
obtain these non-destructive data for each rigid pavement section.Figure 61 below shows the
availability of the FWD data for the LTPP sections. As shown in the figure, the FWD data are
available for all for Oklahoma rigid pavement sections. The SPS sections were not considered
for FWD data extraction because complete traffic records were not acquired for any of them.
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Figure 61- FWD Data Availability
Distress Data

The mechanistic-empirical procedure in pavement ME design uses engineering mechanics to
calculate pavement mechanical responses such as stress, strain, and deflection along with the
transfer functions of the empirical distress for pavement performance predictions. In pavement
ME, the transfer functions used to predict the pavement performance are nationally calibrated
using sections and distress data from the LTPP for different national locations. For local
calibration, further calibration and validation of coefficients in the transfer function are
encouraged by the NCHRP project 1-37 A as an essential step to implement a new design
procedure that employs mechanical and environmental impacts.

In Oklahoma State, rigid pavement sections are represented by the 7 JPCP and 3 CRCP
sections. In order to perform and validate the calibration of these sections, the availability of the
main distress data from the LTPP for JPCP and CRCP is required. This distress is:

e Transverse cracking in the jointed plain concrete pavement (JPCP)

e Faulting in JPCP

e Punch-outs in the continuously reinforced concrete pavement (CRCP)

For transverse cracking in JPCP, Figure 62 shows that no JPCP sections are showing any
transverse cracking records over the LTPP survey years. Thus, it is important to look for other
sections that can be used to calibrate the transverse cracking for JPCP. Sections can be found
in neighbor states, as will be discussed later. Figure 63 and Figure 64 show the average faulting
of JPCP sections in Oklahoma. The average faulting is considerable and can be used for
faulting calibration, especially in sections 40-3018 and 40-4160, where the faulting is increasing
with time and reaches 5 mm (0.2 inches) level. Sections 40-4157 and 40-4162 can also be used
considering any maintenance activities or/and section’s inactive status. Figure 65 shows the
number of punchouts in all three CRCP sections. As shown in the figure, the only CRCP section
that shows the punchouts record is 40-4166, and it is the only one that can be used for
calibration of punchouts. However, the erosion damage can be assessed for other CRCP
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Oklahoma sections through FWD data analysis as well as the pavement ME analysis results.
This step can be significant to determine and predict the starting point of punchouts in these
sections. For punchout calibration, existing punchouts are required in the section under study.
Therefore, other sections from other states can also be used to validate calibration for
punchouts in Oklahoma’s CRCP sections.

Table 32 shows the summary of all distresses recorded in all Oklahoma sections.

Number of Transverse

Cracking
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Figure 62- Number of transverse cracking in JPCP sections with LTPP survey date-
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Figure 63- Average faulting at the edge in JPCP sections with LTPP survey date-
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Figure 65- Number of Punchouts in CRCP sections- Oklahoma

Table 32- Summary of Oklahoma’s rigid pavement performance

Sections | Pavement | Max. Faulting Max. Max. Latest LTPP
Type (year) Transverse Punchouts | distress | status
cracking (year) (year) records
40-3018 JPCP 5.5 mm (2004) 1 cracking ( - 2004 Inactive
2001)
40-4157 JPCP 1.7 mm (2000) 0 (all years) - 2015 Active
40-4160 JPCP 4.6 mm (2013) 0 (all years) - 2013 Inactive
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Sections | Pavement | Max. Faulting Max. Max. Latest LTPP

Type (year) Transverse Punchouts | distress | status
cracking (year) (year) records

40-4162 JPCP 1mm (1997) 0 (all years) - 1999 Inactive

40-A410 JPCP 4mm (1997) 0 (all years) - 2002 Inactive

40-A420 JPCP 3.1mm (1992) 0 (all years) - 2002 Inactive

40-A430 JPCP 4 mm (1997) 1(1991) - 2002 Inactive

40-4158 CRCP - - 0 (all years) 2015 Active

40-4166 CRCP - - 4 2015 Active

(2002&2009)
40-5021 CRCP - - 0 (all years) 2015 Active

As shown in the previous table, maximum distress values correspond to the year where the
distress was recorded. This means that the distress at the latest distress survey date might be
lower than the maximum distress value due to the application of maintenance and repair. CRCP
sections are in good condition, and this limits their use in CRCP calibration. Among the three
CRCP sections, only Section 40-4166 can be used as it showed several punchouts as of 2009.
On the other side, most JPCP sections have no transverse cracking, as shown in Figure 62.
However, they can be used for calibration of faulting as they show a considerable amount of
faulting. The main issue is the inactivity of most of the sections where some of them are
inactive since 1999 and 2002.

Based on the previous table and figures, the research team had the following options to allocate
distress data that can be used for calibration:

1. Perform distress survey and FWD testing on all inactive JPCP LTPP sections. This
option includes only the three GPS sections, which are 40-3018, 40-4157, 40-4160, and
40-4162. The SPS sections do not have enough traffic information such as truck and
axle distribution. For CRCP, sections from other states can be used for calibration

2. Locate and use concrete pavement sections in neighbor states such as Texas,
Arkansas, and Kansas that meet the climatic and material conditions of Oklahoma.

3. Use distress records from Oklahoma PMS with performing FWD testing on selected
sections. This option can have the following limitation:

- The Oklahoma pavement survey protocol is not consistent with the protocol used by
the LTPP. PMS data are collected every two years by an external contractor where
the automatic survey vehicles that incorporate the Oklahoma pavement survey
protocol.

- The ODOT PMS, unlike LTPP, does not store supplementary section information
such as traffic, pavement structure, and material testing.

- Section locations in the PMS do not totally match with section locations in the LTPP.

Thus, important information that can be found in the LTPP will not be used in the
calibration and also will not be found in the Oklahoma DOT PMS.
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Neighbor States- JPCP and CRCP Sections

After discussion with Oklahoma officials, the second option, which is locating other sections
from neighbor states, was the best option for rigid pavement calibration. The main goal of this
task was to locate JPCP and CRCP section candidates that can be incorporated in the
calibration of rigid pavement in Oklahoma. To choose acceptable sections, the following factors
were considered:

1. Sections should be located in the same climatic zone as Oklahoma, which is Wet, Non-
Freeze.

2. JPCP and CRCP sections should have distress records for JPCP (transverse cracking
and faulting) and CRCP (punchouts)

Additional factors such as using the same aggregate type in the concrete mix (which is usually
crushed stone in states other than Texas) and availability of FWD data and traffic records.

Table 33 presents the potential list of JPCP, and CRCP sections existed in neighbor states. The
considered states were Texas, Arkansas, and Kansas. As seen in the table, the JPCP sections
were found in Arkansas, which has a state code of 05, while CRCP sections were located in
Texas, which has a state code of 48. No sections in Kansas were selected due to not meeting
one or more searching criteria. Although this list contains LTPP inactive or recently active
sections, they have considerable distress records and can be beneficial invalidating the
calibration of Oklahoma sections.

Table 33- List of JPCP and CRCP sections

Sections County Route/ Pavement | Climatic | Construction LTPP LTPP
Direction Type Zone Date start date status
05-0213 SALINE Interstate- JPCP Wet, Non- 01-Oct-95 01-Sep-93 | Inactive(11/
30, WB Freeze 15/2008)
05-0217 SALINE Interstate- JPCP Wet, Non- 01-Oct-95 01-Sep-93 | Inactive(08/
30, WB Freeze 20/2013)
05-0218 SALINE Interstate- JPCP Wet, Non- 01-Oct-95 01-Sep-93 | Inactive(08/
30, WB Freeze 20/2013)
05-0221 SALINE Interstate- JPCP Wet, Non- 01-Oct-95 01-Sep-93 | Inactive(08/
30, WB Freeze 20/2013)
48-3596 HOPKINS | Interstate- CRCP Wet, Non- | 01-Jun-1960 | 01-Jan-87 | Inactive(06/
30, WB Freeze 01/2017)
48-5323 CARSON | Interstate- CRCP Wet, Non- 01-Sep-80 01-Jan-87 | Inactive(09/
40, EB Freeze 16/2002)
48-5334 | WHEELER | Interstate- CRCP Wet, Non- 01-Apr-70 1-Jan-87 | Inactive(02/
40, EB Freeze 15/2001)

The main factor of selected JPCP sections is the existence of transverse cracking for
calibration. Therefore, Figure 66, through Figure 69, shows the transverse cracking records for
the out-state sections in relation to the LTPP survey date. For the faulting calibration, the
records of Oklahoma sections can be used in calibration as they show good faulting records. In
the CRCP sections, the main factor is the existence of punchouts, and this can be shown in
Figure 70 through Figure 72.
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Figure 66- Number of transverse cracking with LTPP survey date for section 05-0213
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Figure 67- Number of transverse cracking with LTPP survey date for section 05-0217
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Figure 68- Number of transverse cracking with LTPP survey date for section 05-0218
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Figure 69- Number of transverse cracking with LTPP survey date for section 05-0221

106



80
20 | Section 48-3569
60
50
40
30

Punchouts, (No)

20
10

O | — 1 1 1 1
May-90 Oct-95 Apr-01 Oct-06 Apr-12 Sep-17

LTPP Survey Date

Figure 70- Number of Punchouts with LTPP survey date for section 48-3569
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Figure 71- Number of Punchouts with LTPP Survey Date for Section 48-5323
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Figure 72- Number of Punchouts with LTPP Survey Date for Section 48-5334

LTPP Section Analysis
FWD Analysis Background

The deflection basin data from falling weight deflectometer (FWD) in concrete pavement
focuses on the determination of the elastic layer properties as well as joint behavior in terms of
slab deflection and load transfer efficiency (LTE). The Long-Term Pavement Performance
(LTPP) program performs this deflection-testing program periodically on all General Pavement
Study (GPS) and Specific Pavement Study (SPS) to obtain the load-related characteristics of
pavement and underneath layers (i.e., base and subbase or subgrade). FWD testing is usually
performed by the LTTP program every 2 years for the SPS projects and every 5 years for the
GPS sites.

One of the most common methods for analyzing the deflection data is done by back-calculation
of the elastic properties of each layer in the pavement structure. The back-calculation
programs provide the elastic properties for the pavement to be used for pavement evaluation
and rehabilitation. Interpretation of the deflection basin is made through the static-linear
analysis, and there are many computer programs that can help in the calculation of the elastic
modulus values or Young’s modulus.

Back-Calculation Methods

The existing back-calculation methods can be categorized into i) Static Load Application with
Linear (Material Characterization) Methods, ii) Static Load Application with Nonlinear (Material
Characterization) Methods iii) Dynamic Load Application with Linear (Material Characterization)
Methods, iv) Dynamic Load Application with Nonlinear (Material Characterization) Methods.

Through all four back-calculation methods, the main concept is to estimate the material

response of each layer in the pavement structure using the FWD basin (deflection)
measurement. The limitations of the back-calculation programs are represented by the
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limitation on the thickness and number of layers in the pavement structure as well as the
assumption of linear elasticity of the layers while the unbound materials and soil layers are
nonlinear. However, the calculation of layer-modulus or effective Young’s modulus is
considered accurate because it can be adjusted for stress sensitivity, discontinuities such as
variations in layer’s thickness and cracking.

LTPP FWD Load Application and Material Response

ASTM D5858 suggests a procedure for analyzing deflection basin test results to determine
layer elastic moduli (i.e., Young’s modulus). This procedure is based on the static load
application. On the other hand, there is no standardized procedure for material properties
calculations using dynamic analysis, and also there are limited programs that can perform
dynamic analysis of pavement structures. Thus, programs that use dynamic analyses were not
considered in the back-calculation of elastic modulus. Only the static load application analysis
was performed for use in a production mode where back-calculation of elastic layer modulus is
required for mass deflection basins obtained from LTPP test sections.

In the material response model, the LTPP, as most of the back-calculation methods, adopted
the elastic layer theory for back-calculation. Other methods using elastic theory were
introduced to account for viscoelastic (time-dependent) and elastoplastic (inelastic) behaviors.
However, these programs have not been used in mass back-calculation and have not been
able to produce consistent and reliable solutions (49, 50). Studies by SHRP and others were
performed for available back-calculation procedures to select a reliable method for prediction of
flexible and rigid pavement performance (7, 24) Based on these studies, the program entitled
“MODULUS 4.0" was used for flexible and composite pavements, whereas a new procedure
was developed for rigid pavements as part of the SHRP P-020 Data Analysis Project (49, 50).
The main limitations of these programs can be summarized by the following: i) Number of
layers and thickness of layers in the pavement structure. ii) The materials are considered
linear-elastic. Thus, as mentioned above, the calculated layer modulus is considered an
"effective" or "equivalent” elastic modulus that accounts for differences in stress states and any
discontinuities or anomalies (such as variations in layer thickness, slippage between two
adjacent layers, cracks, and the combinations of similar materials into a single layer).

FWD Back-Calculation Method and Consideration

In this project, additional effort is added to estimate the effectiveness of the rigid pavement
section through the study of the bond between the pavement structure layers. In addition to
elastic parameters such as thickness and modulus, this effort will allow the researchers to
identify the percent of erosion in Jointed Plain Concrete Pavement (JPCP) and Continuously
Reinforced Concrete Pavement (CRCP) and use this erosion percentage in calibration for
faulting in the JPCP and for punchout in the CRCP sections.

The bond between a concrete slab and its substrate has been a key component in the stiffness
and longevity that a slab displays when subjected to passing loads. Bond has long been
thought to be separate from sliding friction in that it mainly resists tensile forces. However,
upon careful reflection, it’s clear that bond also has shear as well as sliding friction
components. Interfacial bond for certain base types such as those made from asphalt concrete
can actually serve to maintain contact between a slab and a base as long as the tendencies for
the slab to curl and warp are not too great. Maintenance of the slab/base interfacial contact
helps to preserve the adhesive nature of the bond, which affords the interface the capability to
resist both the tensile and shear forces that result from loads applied to a pavement structure.
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Furthermore, the interfacial bond is comprised of both chemical and mechanical components,
adhesion being the chemical and sliding friction being the mechanical portion. The degree of
either one or both acting on the interface determines the extent a slab will be either bonded,
unbonded, or partially bonded.

It is important to model bonds in design since it has a significant effect on performance as the
number of bonds affects how thick the slab effectively is. In other words, a slab bonded to an
HMA layer is effectively thicker than a slab that is unbonded to the same layer. However, the
Pavement ME program presently only represents the extremes of the effective-thickness
spectrum as either bonded or unbonded thicknesses; experience with Pavement ME software
calibration has reinforced that most slabs are likely partially bonded especially along slab
edges and corners where most of the change in bond occurs during the lifetime of a concrete
slab. The cause of the variation in bond in these areas is principally from two effects:

1. Differential slip between the slab and the base layer due to loading, and
2. Vertical separation of the slab from the base layer due to climatic effects.

Vertical separation essentially eliminates the chemical composition from the interfacial
resistance. However, the friction component is still in play whenever the bottom of the slab
comes in contact (due to climatic or external loading) with the surface of the base layer.
Nonetheless, the probability that the chemical composition will be diminished but can be
expressed in terms of the degree of the bond (xb) as:

h —h,

Xb=-2 (52)
hb _hu

Where

hb = bonded slab thickness
hy = unbonded slab thickness
h, = partially bonded slab thickness

As discussed further below, the quantities of h, and h, are calculated values and hp measured.
In order to characterize or model the full range of bond (f¢) strength, including partially bonded
conditions, it will be important to address chemical and mechanical components as:

[.=(x,)[f,]|=cos’ d(f, +/r ) =cos’ ¢(f, + o, tan ) (53)

Where

fo= effective interfacial frictional resistance or bond strength =o,u.
f;= adhesive bond

fr= mechanical or frictional bond

o= normal loaded pressure

¢= friction angle

Assessment of Interfacial Bond Strength

When a load is placed on a rigid pavement — particularly near a joint or crack, the slabs on
either side of the joint will deflect in the form of a basin. The deflected shape of the basin is a
function of several variables, including the thickness and stiffness of the slab, the stiffness of

110



the underlying materials (which is indirectly affected by the interlayer bond or frictional
resistance), and the magnitude of the load. Other factors that affect the shape of the basin area
are the thickness and types of subbase materials, nature of load transfer devices, the texture of
the aggregate interlock, and the magnitude of joint openings. Basin area gives an indication of
the deflection profiles measured using FWD and may be calculated from sensor deflections as:

SS
BA= xDl[D1+2(D1+D2+ ....... +D,.)+D,] (54)
Where
Area = basin area, inches
Di = measured sensor deflection
n = number of the sensor (at 0.3m (12 in) spacing) on one side of the load plate

This area concept combines all measured deflections in the basin into a single parameter. The
area is determined is essentially %2 of the cross-sectional area of the deflection basin taken
through the center of the load. Each deflection reading is normalized with respect to the
maximum deflection D,. Thus, the basin area has the units of length and is a function of the
number and location of the sensors. For any given sensor arrangement, a relationship between
the basin area and the radius of relative stiffness () exists in concept as illustrated in

Figure 73.

Figure 73 forms the basis of the representation of different load transfer conditions and
stiffness conditions in an existing slab.
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Figure 73- Variation of deflection Basin Area with €

A concrete pavement slab deforms under load depending upon the position, magnitude, and
area of contact of the load on the pavement surface. The resistance to deformation depends
upon the stiffness of the supporting medium, the pavement thickness, opening of the joint or
crack, as well as the interlayer bond. One parameter that characterizes this combined
resistance to deformation is called the radius of relative stiffness (£), and it depends upon the
above characteristics. As previously noted, the relative stiffness is defined by the following
equation:
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_ 4 Echi
b= Jmas ©9)

where

E.= concrete modulus of elasticity
= slab thickness

v = Poisson's ratio

k = foundation modulus

In terms of load transfer, representations of load transfer factors and mechanisms are reflected
in measured { -values as determined by an FWD basin area. It is also noted that the principle
pavement distress types associated with a crack can be tied to a reduction in them, as related
to the loss of support through subbase erosion or faulting in jointed concrete pavements.

Many studies have clearly indicated the important factors of load transfer, which continually
reminds us of a need for a systematic relationship between them and the pavement design
process. Such a relationship will be subsequently described, as well as details of a load
transfer model that addresses both dowel bars (or similar load transfer devices) and aggregate
interlock mechanisms. Elements of the following approach (48) were incorporated into the
latest version of the AASHTO Pavement ME software.

Slab Effective Thickness and Interlayer Friction Stiffness Determination Field evaluation of
concrete pavement using a Falling Weight Deflectometer (FWD) focus on the loaded behavior
of a joint in terms of slab deflections and deflection load transfer efficiency (LTEs). Falling
weight deflectometer (FWD) test results provide a primary way of characterizing in-place
conditions. Results of FWD testing may be described in part with respect to the plate deflection
(Do) and the LTE. Load transfer efficiency may be defined as the deflection on the unloaded
side of the joint divided by the deflection on the loaded side of a joint:

LTE % = 2% %100 (56)

s
Where
Ou = unloaded deflection
OL = loaded deflection

The load transfer efficiency of a joint or crack has an important effect on the composite
stiffness manifested by a concrete pavement, and therefore on the level of stress developed in
the pavement structure. Slab thickness and interlayer friction are components that have an
indirect, yet the important effect on slab stiffness, particularly in the vicinity of a joint that can be
demonstrated through consideration of slab bending behavior. This is accomplished through
the application of theoretically sound, mechanistic structural evaluation concepts to slab
behavior in the vicinity of a joint or crack. A rational characterization of this nature allows for
consideration of the degree of bond or interlayer friction while under load on the overall joint
stiffness. There are two different extremes that will arise when considering friction effects on
slab stiffness. The slab interface friction condition may range from bonded to unbonded. In the
analysis of this range, the subbase is a part of the pavement system rather than part of the
pavement support. The two-layer analysis may be used for an unbonded condition, whereas in
a bonded slab, each layer is combined as one equivalent layer. In both cases, the layers are
combined to form a composite, single layer thickness. The characterization of the composite
slab bending moment (Me) (especially in the vicinity of a joint) effectively involves the
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composite sum of the bending moment within the concrete and the subbase layer. A variation
of medium-thick plate theory suggests that the composite or partially-bonded bending stress
(oep) in the composite section can be related to the wheel load stress of an unbonded slab (ce-
u) where the frictional restraint (t¢) afforded by the base layer as:

h2_ 2
Me—p = _po-e—p = %(Je—u - Tf) (57)
Where,
h3p =%+ 12(1 —v?) 22 (58)

c

and £ = radius of relative stiffness corresponding to the basin area measured at the slab edge
or corner across a joint

It is argued that {. represents an in-place pavement stiffness at a joint as affected by the
measured load transfer efficiency and the effective interlayer bond exhibited by the pavement
structural response. As such, the {; term can represent a partially bonded condition where the
composite slab thickness (hep) may be determined or associated with £c as noted above. The
partially bonded condition between the slab and subbase is created by a certain amount of
slippage due to frictional restraint that can occur under load but still makes a contribution to the
load transfer or the stiffness at a joint. This restraint is also formulated relative to the degree of
bonding (x» — a parameter that ranges between zero and 1.0) as:

he—p = (1= x)he_y + (he_p (99)
The previous equation can be rearranged to solve for the degree of bonding as:

_ he—p_he—u
Xb - Re p—hey (60)

The value of he-p will vary between the conditions of unbonded to bonded - depending, of
course, upon the degree of the bond. The composite or effective thickness for fully bonded
layers:

2 2 1/3
ho_p = {hi + 28 +12 [(xm —2) + 2 (b =0 +2) hz]} (61)
And
Evha ™4y n, (ny +22)
Fna = ;1h1+E’2hz : (62)
The effective thickness for unbonded layers
E, 1/3
heoy = |(HE +213)] (63)
where
Ec = Elastic modulus of the PCC layer ;
heo = Effective thickness of the bonded PCC layer ;
Re-u = Effective thickness of the unbonded PCC layer ;
u = Concrete Poisson’s ratio;
Eior E; = Elastic modulus for layer 1 or 2 ;
hs or h, = Thickness for layer 1 or 2 , and
£e = Radius of relative stiffness .

113



Figure 74 depicts the relationships between the partially bonded and unbonded effective
thicknesses and stresses; using simple proportioning, the effective partially bonded stress (0e-p)
can be found as:

Goy = 0 [h _ 1] (64)

Na—p

c-p

Ge
Unbonded Section  Transformed Section

Figure 74 - Stress pattern of the unbonded and partially bonded transformed section of a
concrete slab

In order to formulate a relationship for the effective interlayer friction coefficient (ue — since it
includes both mechanical and cohesive effects), the effective bonded bending stress (oe) is
equated to the difference between the unbonded bending stress (0e.u) and the effective
frictional restraint (f¢) at the bottom of the slab as:

— Oylle (65)

The previous equations can be rearranged to develop an expression for ye to be determined
from FWD data as:

_ _ Se P _ Se P
Og = Op_y _ﬁ? = e _fe - Mo

o = 2= St (66)

Oy Oy

Where for FWD plate loading:

o, =5h—” : S, =a+bl, +ct,?

Se = Effective dimensionless stress (for the composite pavement section);

P = Applied FWD load (F) a, b, ¢ = 0.0006, 0.0403, and -0.0002 (for FWD plate
loading);

he = Concrete slab thickness (L);

Ov = Load induced vertical pressure (= 1.0 psi) =k *D;; and

D+ = Center plate deflection (L).

The interlayer effective frictional restraint is determined from the difference between the stress
at the bottom of the concrete layer (0e.,) and the effective bending stress (ce). The interlayer
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bond restraint is related to the coefficient of friction (ue) between the subbase layer and the
concrete layer.

Findings of FWD Analysis

By applying the concepts discussed in the previous section, a sample of the type of analysis
being carried out is shown below with respect to the calibration of CRC pavement
performance. From these values, the degree of bonding (xb) between the surface and base
layer can be determined and compared against the effective coefficient of friction (pe). The
relationship between xb and pe is used to determine the percent of erosion. Figure 75
illustrates the relationship between the interfacial degree of bond and the effective friction as
determined for the interior of the CRC pavement section 40-4166.
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Figure 75 Composite Section- Characteristic Degree of Bond and Effective Friction
Relationship

This relationship is best defined for the interior position of a pavement slab since this position
represents the greatest amount of contact between the slab and the base support and thus
serves well as a point of reference for erosion development determinations. Early in the life of
a concrete pavement section, the effective thicknesses are high, and the damage due to
erosion is low, but this changes over time. Furthermore, since the degree of the bond is a
function of the effective slab thickness, it is subject to change over time and traffic as well, but
the rate of deterioration takes over all areas of a concrete slab but more so along the slab
edges and corners. In many cases, the set in a concrete slab is a principal contributor to
erosion damage of the slab interface resulting in significant losses in slab stiffness. Setis a
consequence of irreversible drying shrinkage that occurs mainly at the surface due to the high
rate of drying that occurs at that location during and hours after the placement of the slab. The
development of set is countered by improved management of the curing process but ultimately
is a factor in the long-term performance of the slab and thus should be accounted for in the
calibration process. As shown in Figure 75, the expression for the degree of the bond (x) is
established for the interior portions of a CRC pavement where m and b are regression
coefficients.

X, =mpl,+b (67)

For each effective thickness determination, a value of . is determined and used to compute a
value of x,. The erosion damage is then determined as:
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WE =0 if x, >0; or %E, =|x, +ab| <100;if x, <0 (68)

The parameter a is found from the calibration process as:

Je
[l_fb _‘xf”| 1 b m
a=|—""/|and —=—+— (69)

b S S o,

Figure 76 to Figure 78 illustrate the trends over time in values of equivalent thickness and the
percent of erosion that results from the implementation of the above expressions. The following
figures are associated with FWD data along with location C-3, which is the edge of the panel in
the middle of the slab. Clearly, the deterioration process that leads to punchout distress is
represented and provides the means to related damage to punchouts in CRC pavement once
the trends in Figure 76 through Figure 78 are associated with the applied levels of traffic.
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Figure 76- Trend in the Effective Thickness and the Development of Erosion Damage
over Time for Position C-2 in Section 40-4158
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Figure 77- Trend in the Effective thickness and the development of erosion damage over
time for position C-2 in section 40-4166
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Figure 78-Trend in the effective thickness and the development of erosion damage over
time for position C-3 in section 40-5021

The previous figures represent the CRCP sections in the state of Oklahoma. As shown, the
general erosion trend increases with time, while the general equivalent thickness trend
decreases with time. As mentioned before, only section 40-4166 shows punchout distress
among all three Oklahoma CRCP sections (Figure 65). Thus, other sections from out of
Oklahoma are important to study the development of the punchout distress and validate the
calibration coefficient of transfer function regarding punchouts in the CRCP pavement.
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Therefore, the same procedure was also applied to sections from Texas. Figure 79, through
Figure 81, exhibits the trends over time in values of equivalent thickness and the percent of
erosion for sections 48-3569, 48-5323, and 48-5334 along with J3 location.
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Figure 79-Trend in the Effective Thickness and the Development of Erosion Damage Over
Time for Position C-3 in Section 48-3569
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Figure 80-Trend in the Effective Thickness and the Development of Erosion Damage Over
Time for Position C-3 in Section 48-5323
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Figure 81-Trend in the Effective Thickness and the Development of Erosion Damage Over
Time for Position C-3 in Section 48-5334

As shown in the previous figures, the general trend of thickness is decreasing overtime while
erosion percentage is increasing. The erosion percentage is generally related to the effective
thickness. However, other factors such as maintenance and repair activities, different base and
subbase type and thicknesses as well as FWD test time might cause inconsistent equivalent
thickness to erosion percentage relationships at some LTPP survey dates. To make a better
sense of this relationship, damage calculation using pavement ME is required and planned for
all sections considering traffic, climate, and pavement sections and properties.

One-step further was taken by comparing the percent of erosion with the percent of punchouts
of the CRCP sections. The punchout records in LTPP sections are represented by the number
of punchouts in the surveyed section. The punchout records in LTPP sections are represented
by a number. Also, the area of each punchouts is not recorded. Therefore, a methodology to
calculate the percent of punchout based on the number of punchouts was used. The
methodology depends on calculating the maximum possible number of punchouts for any given
section. Based on the LTPP definition, a common type of punchout can be defined as the area
bordered by two transverse cracks (spaced < 2 ft), a longitudinal crack, and a longitudinal joint
or the edge of the CRC pavement (51). Therefore, the LTPP records of transverse crack
numbers can be used to calculate the maximum (ultimate) possible number of punchouts for
each section. The ultimate punchout number was calculated by dividing the length of the section
(i.e., 500 ft) by the average spacing of transverse cracks, as shown in equation (70). The
average spacing of transverse cracks can be found by dividing the length of the section by the
number of transverse cracks, as shown in equation (71). The recorded punchouts number was
then divided by the ultimate number of punchout to yield the percent of punchout in each CRCP
section, as shown in the equation (72). Figure 82, through Figure 85, shows the comparison
between the percent of punchout and the percent of erosion calculated from the FWD data
along location C-1.

L
Upunchouts = SS (70)

Ic
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L
S, =— (71)
Nrc
and
N rchouts
%Po = —2 x100% (72)
punchouts
where,
Upunchouts = Ultimate punchout number for any given section
Ls = Length of CRCP section (500 ft for LTPP sections)
St = Average spacing of LTPP transverse cracks
Ntc = Number of transverse cracks in a given survey date
%Po = Percent of punchouts for a given section and survey date
Nounchouts = LTPP records of punchout number for each survey date
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Figure 82 -The Percent of Punchouts and the Development of Erosion Damage Over Time
Along Position C-3 in Section 40-4166
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Figure 83-The Percent of Punchouts and the Development of Erosion Damage Over Time
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Figure 84- The Percent of Punchouts and the Development of Erosion Damage Over Time

Along Position C-3 in Section 48-5323

121



100% 100%
90% (EEEErosion «=@=%P0 NN 4 90%
80% | {1 80%
e 70% ¢ 1 70%
% 60% | 1 60%
O s50% | 1 50% &
':J\o 40% | 1 a0% X
30% 4 30%
20% | 1 20%
10% | 1 10%
0% 0%

Aug-89 Jan-95 Nov-99
LTPP Survey Date

Figure 85-The Percent of Punchouts and the Development of Erosion Damage Over Time
Along Position C-3 in Section 48-5334

In the previous figures, the percent of punchouts in CRCP pavement increases as the erosion
damage increases. The erosion damage is not cumulative as it is based on the FWD data,
which depends on factors such as pavement structure, time of testing, and maintenance, and
repair activities. On the other hand, the punchout percentage is cumulative, which explains a
high percent of punchouts with low erosion damage percentage in section 40-4166. The
punchout percent in sections 48-3569 and 48-5323 match with the calculated percent of erosion
where it increases whenever erosion percentage increases and vice versa. In section 48-3569,
a maintenance activity of grinding surface in June 2015 has reduced the number of punchouts
recorded in the September 2015 survey date and thus reduced the percent of punchout even
though the erosion was higher than the previous LTPP survey date (September 2012).
However, forming punchouts in CRC pavement might require a high level of erosion damage in
some cases, such as section 48-5334. In this case, the 5.8 inches asphalt treated base layer
might have a major role in reducing the development of punchouts. Because the calculation of
punchout percentage depends on the ultimate punchout number, which depends mainly on the
number of transverse cracks, additional effort was made to compare the number of transverse
cracking with the percent of erosion.

Figure 86, through Figure 89, shows the comparison between the LTPP number of transverse
cracks and percent of erosion calculated from the FWD data along location C-3. The figures
show that the number of transverse cracks increases as erosion damage percent increases and
as survey time advances. In section 48-5323, the number of transverse cracks decreases in
2015 because of maintenance activities of 5-full depth patching of other than at joint and 6-
partial depth patching other than at joint was applied in 2001. As mentioned before, a
longitudinal crack is required to connect two closely spaced transverse cracks to form
punchouts in CRCP. Thus, comparing the percent of punchouts with the number of transverse
cracks suggests investigating the effect of traffic, climate, and pavement structure on the
development of transverse and longitudinal cracking as well as punchouts.
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Figure 86-The Number of Transverse Cracks and the Development of Erosion Damage
Over Time Along Position C-3 in Section 40-4166
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Figure 87-The Number of Transverse Cracks and the Development of Erosion Damage
Over Time Along Position C-3 in Section 48-3569
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Figure 88 -The Number of Transverse Cracks and the Development of Erosion Damage
Over Time Along Position C-3 in Section 48-5323
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Figure 89 -The Number of Transverse Cracks and the Development of Erosion Damage
Over Time Along Position C-3 in Section 48-5334

The same concept was also applied to the JPCP sections in Oklahoma. One step further was
taken by comparing the percent of erosion with the average faulting from the LTPP database of
each JPCP section. Figure 82 through Figure 85 shows the trends over time in values of
equivalent thickness and the percent of erosion for all JPCP sections in Oklahoma. Similarly,
the following figures are associated with FWD data along location J-3, which is the edge of the
panel at the middle of the slab.
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Figure 90 -Trend in the Effective Thickness and the Development of Erosion Damage
Over Time for Position J-3 in Section 40-3018
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Figure 91 -Trend in the Effective Thickness and the Development of Erosion Damage
Over Time for Position J-3 in Section 40-4157

125



100% 10

90% | EErosion Whe 190
N

80% I 189
70% | 175

c 60% L lec®

.9604 sl_ﬁ
0, L -

@ 50% 5'a='iu

g 40% 145<

2 30% | —32
20% | 122
10% {1 W
0% 0

Jun-90 May-93 Dec-98 Jul-02 Jul-12
LTPP Survey Date

Figure 92 -Trend in the Effective Thickness and the Development of Erosion Damage
Over Time for Position J-3 in Section 40-4160
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Figure 93 -Trend in the Effective Thickness and the Development of Erosion Damage
Over Time for Position J-3 in Section 40-4162

From the previous figures, the erosion percent is trending up with time, while the equivalent
thickness trend is going down with time. However, the relationship between the equivalent
thickness and the percent of erosion seems to have other factors controlling the FWD records
and hence providing unexpected equivalent thickness and/or percent of erosion. In addition, the
equivalent thickness is more sensitive to erosion in JPCP than in CRCP sections. To evaluate
the erosion calculations in JPCP sections, a comparison has been made between the percent of
erosion and the average faulting over time. Figure 94, through Figure 97, shows the
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comparison between the LTPP faulting values and percent of erosion calculated from the FWD
data along location J-3.
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Figure 94 - Comparison Between the Average Faulting at Edge and the Development of
Erosion Damage Over Time for Position J-3 in Section 40-3018
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Figure 95- Comparison Between the Average Faulting at Edge and the Development of
Erosion Damage Over Time for Position J-3 in Section 40-4157
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Figure 96- Comparison Between the Average Faulting at Edge and the Development of
Erosion Damage Over Time for Position J-3 in Section 40-4160
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Figure 97- Comparison Between the Average Faulting at Edge and the Development of
Erosion Damage Over Time for Position J-3 in Section 40-4162

In the previous figures, the faulting at edge and percent of erosion is generally increasing with
time. The faulting values show that the damage is cumulative as expected, while the calculated
erosion is not. This is because erosion calculation depends on the FWD records, which might
be affected by many other factors mentioned earlier. However, the faulting increase matches
the erosion development at the edge of the JPCP sections. In section 40-4157, the erosion is
decreasing significantly in 2015 because a joint load transfer restoration and some transverse
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and longitudinal joint sealant were applied in May and September 2012, respectively. Additional
analysis of the JPCP sections using the pavement ME program will be conducted to evaluate
the erosion damage under the existing traffic and climate.

Calibration of CRCP Sections

Local calibration of the punchout model in the Pavement ME software is a vital step in achieving
performance predictability for the design of Continuously Reinforced Concrete (CRC) pavement.
In Oklahoma, there was only limited performance data available in the General Pavement
Studies (GPS) database for CRC pavement. This set of circumstances required a different
approach as to the type of data used for calibration. The type of data originally utilized in
NCHRP 1-37A essentially represented visually evident damage that is clearly observable at the
surface of the pavement structure. Non-observable damage, however, is actually of greater
value as a source of calibration data since it represents the deteriorative conditions that lead to
the visual manifestation of the damage process. Since visually validated distress is the end
result of the distress cycle, the traffic level associated with it is often subject to a considerable
amount of error. In this regard, non-observable data such as erosion damage is shown to be a
good indicator of and a substitute for actual punchout data since it represents the deterioration
of the slab subbase interface that has been found to closely aligned with the punchout process.
The amount of erosion is evaluated based on FWD data and is shown to be a reliable way to
determine the calibration coefficients for the punchout model. This report proposes an approach
for calibrating local coefficients for CRC pavements based on non-observable performance
data. The main process of this methodology requires estimating erosion percentage damage
using Falling Weight Deflectometer data (FWD), determining the percentage of punchout from
the Long-Term Performance Program (LTPP) records, and establishing the relationship
between both components to estimate the existing punchout distresses. This relationship can be
used to calculate the actual damage, including erosion damage, and to calibrate the local
coefficients used in the pavement ME punchout model. This methodology was carried out on
one section from Oklahoma and one section from Texas in order to validate its applicability and
conclude on the pavement ME punchout model and its ability to predict punchout distress in the
field.

One component of the pavement ME design procedure focuses on constitutive relations to
calculate load-induced responses such as stress, strain, and deflection while another
component focuses on the use of empirical distress models to estimate pavement performance
over time and traffic. These models are nationally calibrated using performance and distress
related data from the Long-Term Pavement Performance (LTPP) database for different national
locations. The NCHRP project 1-37A encourages further calibration and validation of
coefficients in the transfer function as a key step in implementing a new design that considers
mechanical and environmental impacts for local calibration.

Punchout development is the main type of distress in CRC pavements, and the model for that
must be calibrated to achieve a precise design of Pavement ME software. Efforts have been
made by the Oklahoma Department of Transportation (DOT) to perform local CRCP calibration.
However, due to the limitation of the number of sections and the punchout records, there was
insufficient information to validate the applicability of the CRC pavement punchout model as
NCHRP 1-37A requires at least 20 sections to validate the suitability of the calibration
coefficients (7). Therefore, it is desirable to develop a modified methodology which can be used
with a limited number of sections and yield to a reliable local punchout model calibration
coefficients.
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The NCHRP 1-37A approach of modeling punchout distress in CRC pavement is based on the
development of longitudinal crack between closely spaced transverse cracks (49) due to
accumulated fatigue damage from the flexural bending of the slab segment in the transverse
direction (52-55). Researchers have carried out local calibration of the pavement ME software
punchout model using recorded punchout, traffic, and materials data to facilitate the
performance prediction process (56-58). However, due to the limited number of CRC pavement
performance sections in the LTPP database, in some cases, local pavement management
systems (PMS) have been used to provide distress data for local calibration and validation(59,
60).

As previously noted, the development of punchout distress is related to not only bending fatigue
but also erosion induce voiding(67). In the Pavement ME software, the effect of erosion in the
design of a CRC pavement is only considered through adjustment of the bending stresses
relative to the potential of material erodibility in the subbase layer (62). However, the process of
erosion is not directly addressed in the assessment of subbase erodibility in the ME design
procedure. The erosion process gradually degrades support conditions that contribute,
alongside with a reduction of transverse cracking stiffness and loss of load transfer efficiency, to
the formation of punchout distress. The erosion damage is dependent upon the presence of
water and the rate of water that water infiltrates the subbase interface, the number and
magnitude of repeated loads, and the amount of deflection (63-66). The key to the integral
incorporation of the erosion damage process in the design of CRC pavement, an applicable
materials model, was developed (48, 67). Besides the material modeling, erosion damage can
be assessed by considering the structural behavior of the pavement and its relationship to the
shear stress development between layers. Degradation of shear strength between layers
decreases the degree of bonding, which can resemble the erosion damage along with the slab-
subbase interface. Therefore, the use of FWD test data to determine the degree of bonding and
the erosion damage is key to initiating a relationship between the in-situ erosion damage with
punchout distress. The local calibration and validation can be performed for any number of
sections based on such a relationship.

Selection of LTPP CRCP sections

Employing the LTPP - Information Management System User Guide(7), data inventory of the
GPS-CRCP sections in Oklahoma was conducted. The GPS-CRCP sectional data used in the
calibration with respect to traffic was consistent and complete. This, along with FWD and
distress data, was considered essential for calibration. In this respect, relevant SPS sections
were not considered since essential data was found to be missing in that database. Although
traffic and FWD data was present for 3 GPS-CRCP sections in Oklahoma, only section 40-4166
showed punchout distress. Therefore, only one section from Oklahoma was considered for
calibration. To validate the calibration methodology, the CRC pavement section from Texas as a
neighbor state was chosen. Along with the availability of required basic data, the Texas section
48-5323 met the requirement of the climatic zone of Oklahoma, which is wet, non-freeze. Figure
98 shows the pavement structure information.
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Figure 98 - CRCP pavement Sections- Cross Section Details.

The source of the traffic data in the LTPP database is typically the same agency that supplies
the traffic estimates. In order to obtain the most accurate traffic information, efforts concentrated
on the monitored traffic data as the main source of the existing traffic condition for any given
CRC pavement section. The monitored traffic data consisted of the annual traffic estimates that
were either provided by participating highway agencies or computed from raw data by the
agency after 1990 (60). The traffic data was used as input in the Pavement ME software and
obtain computed damage levels.

The FWD data is usually used to back-calculate the elastic modulus and the composite
coefficient of subgrade reaction (K). In the FWD analysis, the structural condition of the Portland
Cement Concrete (PCC) slab can be evaluated using the PCC elastic modulus, while the
supporting layers can be evaluated using the K-value. Prior to start calibration, FWD data were
analyzed to back-calculate these parameters and then was used to estimate the degree of
bonding, friction coefficient and eventually estimate the percent of erosion underneath the
surface CRCP layer(68).

In most sections, the punchout records exhibited increasing punchout number trends through
the pavement life. The maximum number of punchouts for section 40-4166 was recorded in
2009 with 4 punchouts, while the maximum number of punchout for section 48-5323 was
recorded in 1999 with 71 punchouts.

The methodology of Punchout Calibration

In this project, a methodology for the calibration of the Pavement ME punchout model was
carried out as a function of the erosion data generated from the analysis of FWD LTPP data
towards developing a relationship to field performance. To initiate an erosion-punchout
relationship, the following steps are required:
1. Determine the percent of erosion by analysis of FWD LTPP data.
2. Develop a relationship between the percent erosion with pavement age
3. Develop the relationship between the percent erosion (%E) and the percent punchouts
(%PO). Percent punchouts is the ratio of the number of punchout to the ultimate number
of punchouts in any section. The ultimate number of punchouts is a function of the
cracking pattern.
4. Calibrate the coefficients (A, a, and B) in the following performance model:
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where P.O. is the predicted number of punchouts per mile, FD is the total accumulated fatigue
damage at the end of yth year and A,q, B are calibration constants (defaulted to 107.73, 2.475,
-0.785, respectively)

P.O (73)

Erosion Analysis Using FWD Data

The erosion analysis in this project was carried out using the FWD data obtained from the LTPP
database. The main concept of the erosion analysis is studying the interfacial bond between the
concrete and the subbase layers. This study helped the researchers to evaluate the degree of
bonding between pavement layers and formulate the erosion percent mechanically. The details
of the erosion analysis procedure and its outcomes are discussed in earlier sections.

Erosion Relationship with Pavement Age

Since the dates of the distress surveys were different from the dates of the FWD testing, it was
important to interpolate the percent erosion (%E) for different years to facilitate its relationship
with the percent punchouts (%PO). The number of punchouts in pavement ME is determined
solely on the calculation of bending fatigue damage. Ultimately, the percent of erosion was
related to the pavement damage indirectly. This relationship was established through nonlinear
regression, which yields into the use of the sigmoidal model presented in many works of
literature (69, 70), as shown in the equation(74). The values of R’ for each LTPP section were
larger than 0.89 indicating a very good fit for the model that can be used to interpolate erosion
data over the pavement life.

2l

%E =e ‘N
Where E is the percent of erosion, N is the age of the pavement or the damage, p is a
coefficient that controls the prolongation period or the location of the inflection point on the
curve, B is a slope factor, and it was set as 1.0.

(74)

Figure 99 (a) and (b) show the relationship between %E with the pavement age for section 40-
4166 in Oklahoma, which is placed on the cement-treated base and for section 48-5323 in
Texas, which is placed on an asphalt treated mixture. Table 35 shows the fitting coefficients of
the above equation as well as the R? value for each relationship.
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Figure 99- Curve fitting for Oklahoma and Texas sections

Erosion and Punchout Relationship

The relationship between %E, obtained from the FWD analysis, and the pavement age was
interpolated for the corresponding yearly punchout data, which was used to establish the
relationship with the %PO data. The %PO provides a way to consider the number of transverse
cracks and the associated cracking pattern presented in the LTPP field data. This was done via
the average crack spacing, which was determined by dividing the LTPP section length by the
number of transverse cracks. The length of the LTPP section (i.e., 500 ft) was subsequently
divided by the average crack spacing to represent the ultimate number of punchouts. The
number of punchouts obtained from the LTPP survey was subsequently divided by the ultimate
punchouts to find %PO. Table 34 shows the field number of punchouts and the associated %PO
calculated using equation(75) and equation(76) below.

%Po = Nro. x 100% (75)

P.O.
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(76)

Where %Po is the Percent of punchouts for at each survey date, Npo. is the LTPP records of
punchout number at each survey date, Up 0. is the ultimate punchout number at each survey
date, Ls is the length of the LTPP section, which is 500 ft, and N is the LTPP records of the
number of transverse cracks at each survey date.

Table 34-The LTPP number of punchouts and the associated %PO

Section Number Survey date Punchouts/section | %PO
40-4166 October 9, 1991 0 0.00%
40-4166 November 3, 1992 0 0.00%
40-4166 November 1, 1994 0 0.00%
40-4166 August 18, 1997 0 0.00%
40-4166 September 27, 1999 3 1.82%
40-4166 July 22, 2002 4 2.42%
40-4166 November 18, 2009 4 2.42%
40-4166 March 21, 2013 0 0.00%
40-4166 September 4, 2015 0 0.00%
48-5323 June 11, 1991 0 0%
48-5323 May 19, 1993 5 1.39%
48-5323 August 10, 1995 6 2.55%
48-5323 May 14, 1997 22 8.82%
48-5323 June 16, 1999 54 21.93%
48-5323 June 25, 2002 38 17.65%

The data in Table 34 was used to establish the relationship between %PO and %E using
equation(74) for sections 40-4166 and 48-5323. Unlike the damage generated from the
Pavement ME software, which is based on the bending fatigue damage, the %PO calculated
from the relationship with the %E accounts for the erosion damage underneath the CRC
pavement. Figure 99 (c) and (d) show the relationship between the %PO with the %E for each
section. Table 35 shows the fitting coefficients and the R2 value for each section.

The fitted equations were then used to determine the existing %PO with respect to the actual
pavement life. These %PO determinations are sensitive to not only the effects of repeated traffic
loading but also erosion damage as an improved reflection of field performance. Nonetheless,
this sensitivity could not be translated into the coefficients used in the Pavement ME punchout
model due to its inherent limitations and insensitivity to the erosion process.

Table 35-Fitting coefficients for the %E vs. Age, %E vs. %P.0. and %P.O.- ME vs. %P.O.-
Field relationships

Coefficient Section 40-4166 Section 40-4166 Section 48-5323 Section 48-5323
%E vs. Age %E vs. %P.0. %E vs Age %E vs. %P.0.
p 11.29 150.40 13.17 57.46
B 1.00 1.00 1.0 1.0
R2 0.89 0.85 0.98 0.77
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Calibration of Pavement ME Punchout Model

The calibration of the pavement ME punchout model was carried out by considering the damage
generated from the Pavement ME software and correlating it to the field punchout data to obtain
the coefficients A, a, and 8 in equation(73).The punchout model calibration was conducted in
two steps. The first step was to calibrate the A value, which is in the numerator of the equation
(73). The A value in the punchout equation was set to be the ultimate number of punchout in
any section. Therefore, the percent of punchout can be represented by equation (77) . The
second step is to fit the Pavement ME punchout equation with the field punchout number to
calibrate q, B. In this step, the A value was set as a constant.

vpo=r0_ 1
4 (+aFDb)

For the calibration of A, the least squared method in EXCEL SOLVER was used to minimize the
squared error between the field punchout percent calculated from its relationship with percent of
erosion and the calculated percent of punchout (PO/A) in equation(77). By applying the
mentioned procedure, Figure 100- (a) and (b) show the relationships between the pavement
ME damage with the %PO from the field data and the calculated PO/A.

As shown in the figure, the data exhibit some differences in the damage in the range of 0 to
0.001 for sections 40-4166 and 48-5323. As fatigue damage increases, the difference between
the two damages decrease, and it is obvious in the data associated with the fatigue damage
range of 0.001 and above for sections 40-4166 and 48-5323.

(77)
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Figure 100-Punchout model calibrated coefficients representation

After determining the A coefficient, the punchout number determined from the fitting curve of
punchout number vs. pavement age was used to fit the Pavement ME punchout model for the
number of punchouts. In the pavement ME equation, the A coefficient was set as a constant,
and a, B coefficients were calibrated.

Table 36-Pavement ME P.O. number equation- calibrated coefficients for punchout model

Calibration Coefficient | Pavement ME | Section 40-4166 | Section 48-5323
A 107.73 96.76 222.00
a 2.475 0.016 6.03*10-5
B -0.785 -1.095 -2.00
R2 - 0.78 0.70

As shown from Figure 100 and Table 36, that punchout performance depends, in part, on the
type and quality of the base and subbase layers. Section 40-4166, which is a CRC pavement on
a cement-treated base, shows a lower number of punchout and associated fatigue damage
throughout the analyzed pavement life. On the other hand, Section 48-5323 shows a much
higher amount of punchout distress at a much lower fatigue damage level, in comparison.
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Prediction of Punchouts in Other Oklahoma Sections

FWD data for sections 40-4158 and 40-5021 was analyzed to estimate the amount of erosion
damage that had occurred over the life of the pavement. Section 40-4158 consisted of a hot mix
asphalt (HMA) base, while section 40-5021 consisted of an asphalt treated base. Both sections
show no punchout distress based on LTPP records. The annual average daily traffic (AADT) for
section 40-4158 at the start year was 4200, with 14% trucks. Similarly, section 40-5021 had
2959 AADT with 17% trucks. Both sections had no significant growth in traffic over their service
lives to date; this, along with the low traffic level, may explain why these sections had not
yielded any punchout distress. However, estimates of the existing erosion damage in these
sections can be utilized to estimate when punchouts are expected to develop based on the
performance of section 40-4166.

This analysis was performed in the following steps:
1. Obtain the %E - pavement age relationship (equation(74)) for sections 40-4158 and
40-5021 shown in Figure 101.
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(a) Section 40-4158 (b) Section 40-5021
Figure 101-Percent of erosion with pavement age relationships

Table 37-Fitting Coefficients for the %E vs. Age

Coefficients Section 40-4158 | Section 40-5021
%E vs. Age %E vs. Age
A 100.0 100.0
p 25.95 28.46
B 1.00 1.00
R2 0.89 0.94

2. Determine the critical damage from Figure 99 (a) and associate it with the pavement
age when that amount of damage is generated in sections 40-4158 and 40-5021.

This determination is conveniently found from the damage accumulation (D)
generated from Pavement ME analysis of the traffic (and associated pavement age)
that occurred in those sections.

Using the results for section 40-4166 shown in Figure 100 (c), the damage accumulation in
both sections could also be associated with the %E. Both relationships (D vs. %E and D vs.

Age) were linear. Slope and y-intercept of the linear relation are shown in Table 38 below.
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Table 38- Linear equations coefficients

Coefficients Section 40-4158 | Section 40-4158 | Section 40-5021 | Section 40-5021
D vs %E D vs Age D vs %E D vs Age
m 8.390%10% 1.403*10% 1.143*10° 1.804*10°
y-intercept 3.485%10° -2.419*10° 6.237*10° -2.975*10°

3. Using the coefficients in Table 38 and the damage value of 0.0005, estimate the time
to punch-out and associated %E.

Time to punchouts is calculated from the end of the 30 years analysis period, which ended in
2018 for section 40-4158 and 2016 for section 40-5021 and shown in Table 39.

Table 39-Predicted time and %E to punchouts

Section | Predicted time to punchout (yrs) | Predicted %E to punchout
40-4158 7 55
40-5021 0 38

As shown in Table 39, section 40-4158 is predicted to have punchout distress within 7 years
after the end of the analysis period, while section 40-5021 is supposed to have punchout
distress by the end of the analysis period. For section 40-5021, the latest LTPP distress survey
date was conducted in 2015, which means that there is a high possibility of having punchouts
recorded in the upcoming performance survey. The equivalent thicknesses in this section
diminished nearly an inch from 2002 to 2012.

Conclusions

This study developed a new calibration approach for the CRC pavement punchout model
applicable, incorporating sections that have shown little or no distress. Relating the punchout
distress with erosion damage to validate calibration coefficients was found to be feasible and
applicable for a different type of base and subbase materials.

The proposed methodology revealed the following points about the punchout formation and
model calibration:
1. Erosion development is a factor in punchout distress, and its relationship to the
incidence of punchout distress appears to be represented by a sigmoidal relationship.
2. The time required for punchout formation and the number of punchout depends on the
base and subbase layers' inherent resistance to erosion.
3. Assuming that the A factor in the Pavement ME model is equivalent to the ultimate
number of punchouts in a given length of CRC pavement appears to be reasonable.
4. The extension of the performance between sections showing distress and those not
showing distress was based upon the applicability of extending the %E vs. %PO
relationship for the non-distressed pavement sections, which should be further validated
in future performance studies of CRC pavement.

The calibration methodology required improving upon FWD analysis to assess the degree of
bonding by determining the degradation of shear strength over time as well as estimating the
percent of erosion. The percent erosion data provided a useful relationship with the LTPP
punchout data. The punchout records were also used to calculate the percent of punchout,
which played a crucial role in incorporating field transverse cracking and spacing into the
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erosion-punchout relationship. The calibration process assumed the C1 and C2 coefficients in
the allowable loads to failure model were sufficient for calibration purposes.

Calibration of JPCP Sections

The fatigue mid-span transverse cracking and faulting of edge joints are considered the main
distresses in JPCP. The two distresses are presented in the pavement ME software and must
be calibrated to achieve an accurate design output. As mentioned before, the main challenge in
the pavement ME performance model’s calibration is the validation of the calibrated coefficients,
which requires having at least 20 sections with considerable distress data. This challenge was
resolved in the CRC pavement by introducing a new calibration methodology that depends on
the erosion analysis using the FWD data. On the other hand, the JPC pavements calibration
process faces other issues that limit the ability to calibrate the Oklahoma sections. the main
issues in the calibration of the JPC pavements in Oklahoma can be summarized as:

1. An insufficient number of JPC pavement sections in Oklahoma. The GPS LTPP sections
are only 4.

2. All the GPS LTPP sections do not show fatigue distress, which magnifies the problem of
not having enough sections.

3. Unlike the punchout model in CRC pavement, which considers erosion in the material
characterization of the pavement sections but does not account for it in the cumulative
damage calculations, the pavement ME cracking model for JPC pavement depends
solely on the mechanical loading. Therefore, the ability to develop a methodology that
depends on erosion analysis is inaccurate for the case of the Pavement ME cracking
model.

4. The faulting records from the LTPP show some of the data. However, the faulting model
uses an incremental approach that requires calibrating 7 coefficients. additionally, it
depends on many factors such as base/subbase erodibility factor, set gradient for curling
and warping deflection calculations, and base freezing index, which vary from a base
type to another. Therefore, it is only possible to calibrate these coefficients through
sensitivity analysis of determinant factors. This cannot be achieved without the existence
of multiple pavement sections with the same pavement structure in order to accurately
estimate these factors and validate the new calibration coefficients.

Assessing Pavement ME Cracking Model

As mentioned before, due to the limitation of sections with considerable distress in the
Oklahoma sections, the research team identified out-state sections that can be used to validate
national calibration coefficients for JPC pavement performance models. The main criteria for the
selection of these sections are the availability of traffic data and the climatic zone. In this part,
three sections in Arkansas were used to validate the pavement ME JPCP cracking model and
its coefficients for the state of Oklahoma sections. This validation was performed in the following
steps.

1. Determine the transverse cracking number from the LTPP database for sections 05-
0213, 05-0217, and 05-0218 . Section 05-0221 was not selected due to the low number
of transverse cracking presented. The number of transverse cracking is shown in Table
40.
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2.

Calculate the cracking fraction for each section. The cracking fraction was calculated by
dividing the number of cracked panels over the total number of panels, as shown in the
equation(79). The total number of panels in the 1-mile section (Ls) was found by dividing
the section length by joint spacing, which was set as 15 ft as shown in equation (78).

total number of panels = __ L (78)

JointSpacing
CRK= Panelscrk (79)

" total number of panels

Calculate the number of cracked panels. The number of cracked panels was determined
by (i) calculating the average spacing of the transverse cracking, as shown in
equation(80). (ii) Using average crack spacing to calculate the cumulative distance from
a reference point for a one-mile distance (iii) using the 15 ft joint spacing to calculate the
cumulative distance from a reference point over a one-mile distance (iv) divide the 15 ft
panel into 5 ft long sub-sections and use middle third to calculate the lower and upper
cumulative distances from a reference point over a one-mile distance (v) match and
count cumulative distance from step (ii) with cumulative distance from steps (iii) and (iv).
The purpose of this procedure is to dismiss all joints and environmental cracking and
count only for the Pavement ME mechanical induced transverse cracking that usually
happens in the middle third of the panel. This procedure was applied mainly on section
05-0218, as it has 46 transverse cracks. Sections 05-0213 and 05-0217 have only 15
and 10 transverse cracks, respectively, and they were considered a mid-span transverse
cracks.The cracking fractions for all sections were found, as shown in Table 40.

Average transverse cracking spacing =—= (80)

fc

Table 40-Cracking fraction calculations

Year

Transverse Crack | Transverse Crack | Transverse Crack CRK CRK CRK
05-0213 05-0217 05-0218 05-0213 | 05-0217 | 05-0218

1993

0 0 0 0.00 0.00 0.00

1994

- - 0.00 - -

1995

0.00 0.00 0.00

1996

ol O] ©

0.00 0.00 0.00

1997

- 0.0057 | 0.0227

1998

Ol 0| O] ©

0.00 0.0000 | 0.0256

1999

—_
—_

0.00 0.0057 | 0.0313

2000

(oo}

0.00 0.0114 | 0.0227

2001

N| &[N O] N O] O

10 0.00 0.0057 | 0.0284

2002

w|l Ol O] O] ©

- - 0.0085 - -

2003

1
N
RN
RN

- 0.0057 | 0.0313

2004

- - 0.0057 - -

2005

WiN

17 0.0085 | 0.0057 | 0.0483

2006

- 0.0199 | 0.0483

2007

1
©o| NN
-—
\I

18 - 0.0256 | 0.0511
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Year | Transverse Crack | Transverse Crack | Transverse Crack CRK CRK CRK
05-0213 05-0217 05-0218 05-0213 | 05-0217 | 05-0218
2008 7 9 20 0.0199 0.0256 0.0568
2009 - 10 24 - 0.0284 0.0682
2010 13 - - 0.0369 - -

4. Calculate the fatigue damage. The ideal way to determine the fatigue damage is
to run the LTPP acquired data inputs in the pavement ME.

Use the pavement ME cracking equation shown below to fit the field data, as
shown in Figure 102. Table 41 shows the best fit for C4 and C5. The current
national calibration is 0.52 for C4 and -2.17 for C5.

100

T 1+ C4(D,

)CS

(81)

Where CRK is the predicted amount of bottom-up or bottom-down cracking as
fraction and Dr is the cumulative fatigue damage.
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Figure 102-Pavement ME cracking model- field data fitting
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Table 41-Pavement ME Cracking equation- best fit C4 and C5 for cracking model

Calibration Pavement Section Section Section

Coefficient ME 05-0213 05-0217 05-0218
C4 0.52 5.6e-06 0.8835 5.593
C5 -2.17 -4.583 -1.869 -1.276
R? - 0.97 0.96 0.91

As shown in Figure 102 and Table 41, all sections showed a good fit between the pavement
ME cracking model and the field data. However, due to the lack of JPCP sections as well as
distress records in Oklahoma. Other practices can be embraced into the pavement ME software
design by optimizing the gradient set for curling and warping stresses calculations (this gradient
set is defaulted as -10° F in pavement ME). As shown in Figure 103, the pavement ME
cracking model using the national coefficients shows the same trend for all sections. The
nationally calibrated cracking model predicts the cracking fractions , especially at low damage
levels, as presented in section 05-0213. It is worth to point out that the construction date for this
section was December 1993, which explains the good fit between the cracking model with
national coefficients and the field cracking data. This introduces the fact that the magnitude of
the set gradient is significant to the equivalent temperature difference and to the set gradient
stress. A “zero-stress” or “built-in” permanent gradient in pavement ME depends mainly on the
input of the set gradient for curling and warping stresses calculations, which defaulted as -10°F
in the pavement ME software.

0.08
Field Crk-05-0213
Field CrK-05-0217 b
0.06= Field Crk-0-0218 ®
CrK-Cracking Maodel P L]
0 0.04- -
L L
e® o * vy '
0.02+ Y =u
v -
LA J v
0.00-
0.000 0.005 0.010 0.015
Damage

Figure 103-All sections cracking data comparison with the damage

Extra work has been conducted to determine the relationship between the C4 and C5
coefficients and the set gradient used in pavement ME software. The main goal of this step is to
identify the importance of using the accurate set gradient in pavement design and its relation to
the development of cracking in JPC pavements. To perform this work, determining the sum of
the stress ratio of gradient set r.1o°F and the stress ratio of the curling and warping stresses rew is
significant. This value can be calculated by subtracting the stress ratio of mechanical loadings
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(rmechanical) from the stress ratio (r) obtained from the Pavement ME analysis. The required value
is presented in the equation below:

Ar= rpm/ememME o rnmhmim] (82)
Where,
Ar=r gp ey (83)

In order to estimate the stress ratio from the mechanical loadings, the Portland Cement
Association (PCA) design procedure was incorporated. The PCA requires the subgrade reaction
coefficients k and pavement thickness. The k value was taken as 50 psi. The stresses from
single, tandem and tridem axle were calculated and aggregated. The modulus of rapture
generated by the pavement ME over the analysis period was used to calculate the rmechanica as
follows: -

) — mechanical 84
Poechanicai MOR (84)
Where,

Omechanica Ar€ the stresses induced by single, tandem and tridem axles using PCA procedure
M.O.R is the modulus of the rapture of concrete over the pavement ME analysis period

After determining the rmecnanical for each section, it was used to calculate the Ar by subtracting the
I'mechanical from the Pavement ME stress ratio (r). Table 42 shows the average Ar for each field
section as well as for the pavement ME analyses of each section. Figure 104 and Figure 105
show the relationship between the average Ar and the C4 and C5 coefficients, respectively.

Table 42-Average Ar, C4 and C5 values

Section Average Ar C4 C5
Pavement ME 0.846 0.520 -2.170
05-0213 0.797 5.64E-06 -4.583
05-0217 0.805 0.884 -1.869
05-0218 0.887 5.593 -1.276
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Figure 105-Average Ar and C5 relationship

In the figures above, the blue dots represent the field data while the marron dot represents the
pavement ME national calibration. It is well accepted that the set gradient will vary with climatic
and material factors that affect how the concrete sets during the hardening process. Analysis of
the amount of heat and moisture transport that occurs during the setting of the concrete is a
basis for anticipating the development of the set as it occurs throughout a paving operation. In
these figures, it is shown that the pavement ME condition fits the plot and serves as an
indication about the ability to introduce an accurate input for the gradient set during the design
procedure as well as suggest the importance of curing during construction to preserve the set
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gradient. Adopting these recommendations will allow dismissal of the need for local calibration
for the JPC pavement cracking model.

Assessing pavement ME Faulting Model

The faulting model in pavement ME software determines transverse joint faulting using an
incremental approach. This incremental approach requires determination of the faulting at each
month, and it is dictated by the current faulting value. The main issue with the faulting model is
the number of calibration coefficients (i.e., C1,....,C7) and other factors such as base/subbase
erodibility factor, curling, and warping deflections and set gradient. Therefore, the local
calibration of faulting for JPC pavements requires the presence of many JPC sections that can
be used for calibration as well as for validation of new coefficients. Due to the limited number of
JPC pavement sections in Oklahoma, this part of the report has only dealt with assessing the
pavement ME faulting model for use in the Oklahoma sections. To achieve this goal, the field
transverse joint faulting values were compared with the faulting values generated by pavement
ME software.

Figure 106 below shows this comparison, as well as the R? value.
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Field faulting Pavement ME faulting Field faulting Pavement ME faulting
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Figure 106-Pavement ME and field faulting comparison

As shown in Figure 106, the pavement ME faulting model slightly overestimate the field faulting,
especially as indicated in sections 40-3018, 40-4157, and 40-4162. Moreover, section 40-4157
shows the fluctuation in field records, which indicate the existence of maintenance and
rehabilitation activities such as the joint load transfer restoration in 2012. This overestimation
can be due to many factors that dictate the faulting model. The main factors are the
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base/subbase erodibility input as well as the curling and warping temperature set (which is
defaulted as -10°C) that used to calculate the curling and warping stresses in Pavement ME
software. On the other side, an onsite practice like proper curing techniques can have a
significant impact on the faulting levels. Therefore, it is important to accurately input the set
gradients and base/subbase erodibility during the design phase as well as establish proper
curing practice in the construction site to reduce local conditions impact and eliminate
calibration requirement for faulting. considering these two recommendations, the use of a
faulting model with national calibration coefficients can be suitable for Oklahoma sections.

DEVELOPMENT OF INPUT-ME SOFTWARE

Pavement ME requires an extensive amount of input data. Availability and accuracy of input
data is a serious concern of the designers. To facilitate using the Pavement ME, interface
software was developed. This software provides Pavement ME input data based on the
Oklahoma material, traffic, and climate properties. A database was provided from the Oklahoma
Pavement materials, traffic, and climate data. INput-ME reads the required information from the
database and generates an input compatible by Pavement ME. This software was developed by
using QT creator. QT Creator provides a cross-platform, complete integrated development
environment (IDE) based on C++ programing language and is a tool for application developers
to create applications for multiple desktops, embedded, and mobile device platforms (771).

Input ME includes three modules: a) material; b) traffic; and c) calibration coefficients. Each
module provides specified data for the corresponding Pavement ME inputs for designing
pavements in Oklahoma. Figure 107 shows the main window of the INput-ME interface.

© npPuUT ME - X

Material Traffic Calibration Factor

Figure 107- The Main window of INput-ME

Each dialog provides the information in the three levels of hierarchy. At level 1, the user inserts
the essential measured values of properties for each parameter. At level 2, the Oklahoma-
specified data collected from different sources will be shown. The user can edit the provided
data and insert its own values for each parameter. At level 3, the software provides and locks
the data, and the user is able to review and export it as an input file for Pavement ME. In the
following, the application of each module will be explained.
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Material Module

The material module classifies the materials according to the Pavement ME Design. This
module enables the user to select materials for the subgrade soil, stabilized soil, unbound base
material, bound treated base material, AC, and cement concrete materials. Figure 108 shows
the material dialog. In the following, the application of each material dialog will be explained.

© Material Selection - (] X

oy ﬁﬂ&fﬂvﬁ%@ﬁg S

CLOSE

Figure 108- The material dialog

Subgrade Soil

The subgrade soil dialog consists of two tabs, which indicate the sources of the provided
information. The hierarchical data tab provides the subgrade soil properties at three levels. The
NCHRP 9-23 project provided some of the soil properties for the US. The NCHRP 9-23 tab
provides information for the given latitude and longitude.

Hierarchical Data Tab

This tab provides information on the soil properties for the three levels of hierarchy. At level 1,
the user inserts the essential measured values of properties for each parameter. Figure 109
shows the subgrade soil dialog for level 1 and Level 2 data.
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Figure 109-Hierarchical Data Tab — Level 1

At level 1, the user inserts the essential measured values of properties for each parameter. At
level 2, the soil data collected from the state of Oklahoma for each soil type will be shown. The
user can edit the provided data and insert its own values for each desired parameter. At level 3,
the software provides and locks the data, and the user is able to review and extract it.

Subgrade Soil types include A-1-a, A-1-b, A-2-4, A-2-6, A-2-7, A-4, A-5, A-6, A-7-6. In addition,
the properties of the soil will be modified by selecting the stabilizing agents such as lime 5%,
10%, fly ash 5%, 10%, Cement kiln dust (CKD) 5%, 10%. The provided subgrade soil properties
in the hierarchical data tab include:

Gradation

SWCC properties and hydraulic conductivity

Resilient Modulus

LL and PI

%WC and Unit weight

Gs

In order to incorporate the moisture-dependent characteristic of the resilient modulus of
unbound soil, a new constitutive model proposed by Lytton et al. for predicting the resilient
modulus was provided (29). By selecting the “Moisture dependent Model,” the resilient modulus
considering the moisture properties will be shown. This model incorporates the moisture
dependency and stress dependency of the resilient modulus. In this model, the degree of
saturation and the matric suction are proposed to discriminate the effect of moisture variations
(39).The multiple regression analysis was performed to generate the predictive models for the
constant coefficients in the resilient modulus model using a set of performance-related base
course properties. The dry density, shape, angularity, and texture of the aggregates and the
percent fine content are used in the predictive models. By clicking on “Export Data,” an XML
version file will be generated, and the user is able to save the file wherever is desired. This file
is readable by Pavement ME and can be imported as input to the desired layer.

NCHRP 9-23 Tab: The NCHRP 9-23 project provided a national database of pedologic soil
families that contains the soil properties for subgrade materials needed as input to the
Pavement ME. This database focuses upon the parameters describing the soil-water
characteristic curves (SWCC), plasticity parameters of soil, gradation, and resilient modulus.
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The NCHRP 9-23 tab provides this information for the given latitude and longitude. Figure 110
shows the NCHRP 9-23 database tab in the INput-ME interface.
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» Insert soil unit code: =0 11 Extract Data Back Close
Figure 110- The NCHRP 9-23 database tab in INput-ME Software

The state of Oklahoma is divided into 13 regions surrounded by a wide range of coordinate
legend. The appropriate section, based on the given latitude and longitude, should be selected
by the user. By clicking on the section, the soil unit map will be shown. Figure 111 shows the
soil unit map of region number 7. The soil unit code of the specific point can be selected from
the given latitude and longitude, as well as a small legend of the selected region and its
position. Also, a panning and zooming effect using mouse scrolling was enabled, So the user
can easily see the soil unit code and the covered region by the soil types.
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Figure 112- The zooming and panning in the soil unit map

After finding the appropriate soil unit code, the user can type in the text box at the bottom of the
dialog. By clicking the “Extract Data” button, the properties of surface soil are extracted from the
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NCHRP 9-23 database, and the results will be shown. Figure 113 shows the extracted soil
properties for a sample soil unit.
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Figure 113- The extracted soil properties for Soil type of A-6

The provided subgrade soil properties in the NCHRP 9-23 Tab data tab include:
Gradation

SWCC properties and hydraulic conductivity

Resilient Modulus

LL and PI

%WC and Unit weight

Gs

By clicking the “Export Data,” a data file that is compatible with the Pavement ME input will be
generated. The user can name and save the file in the desired directory.

Non-Stabilized Base/Subbase

This dialog provides the information for the unbound granular materials of base and subbase in
three levels of hierarchy. At level 1, the user inserts the essential measured values of properties
for each parameter. At level 2, the collected and classified data for each unbound granular type
will be used. The user can edit the provided data and insert its own values for each parameter.
Granular materials include A-1-a, A-1-b, A-2-4, A-2-6, A-2-7, crushed Stone, and crushed
gravel. Figure 114 shows the non-stabilized base/subbase dialog for level 1 data. By clicking on
the “Export Data” button, the data will be extracted in a format readable by Pavement ME.
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Figure 114- Unbound granular base material dialogue

Stabilized Base Material:

This dialog provides the required information for treated base and subbase materials in the
three levels of hierarchy. Cement stabilized base types include cement-treated base, lean-
concrete base, and cement-treated open-graded. The provided properties required for
pavement ME design are unit weight, elastic modulus, Heat Capacity, and Thermal
Conductivity. The unit weight and elastic modulus are gathered from the LTPP database from
neighbor states together with the state of Oklahoma. The heat capacity and thermal conductivity
are gathered from the Pavement ME database. By clicking on the “Export Data” button, the data
will be extracted in a format readable by Pavement ME.
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Figure 115- Stabilized base material dialogue
Asphalt Concrete

This dialog provides information for the asphalt concrete material in the three levels of
hierarchy. At level 1, the user inserts the essential measured values of properties for each
parameter. The mix designs used in the database include the common mixes used in the state
of Oklahoma, and the provided Level 2 data are gathered from the dynamic modulus and the
creep compliance test results reported in the previous ODOT research studies (11, 26, 35).
There is a wide range for the sieve analysis and gradation for each asphalt concrete mix in the
ODOT research. However, the most used gradation was provided as Level 2 in the Input-ME
database. The binder properties include the PG 64-22, PG 70-22, and PG 76-22, which are the
common binder types used in the asphalt concrete of the state of Oklahoma. At level 2, the
shear modulus is gathered from the DSR test results reported by the ODOT research.

The intercept of temperature susceptibility relationship (A) and the slope of temperature
susceptibility relationship (VTS) was provided in the NCHRP 1-37A effort. Figure 116 shows the
binder properties and mix gradation in asphalt concrete dialog. By clicking on the “NEXT”
button, dynamic modulus, and creep compliance data for the selected mix and binder type will
be generated.
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Figure 116- Binder properties and mix design gradation in asphalt concrete

Figure 117 shows the complex modulus and creep compliance in asphalt concrete dialog. In
addition, the indirect tensile strength measured for each mix design is shown and provided in
the INput-ME database. The heat capacity, thermal conductivity, and thermal contraction were
provided in the NCHRP 1-37A effort and will be shown for the selected mix and binder type.
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Figure 117- The complex modulus and creep compliance in asphalt concrete

By clicking on the “Export Data,” the asphalt concrete data for the selected mix and binder type
as an XML file will be generated, and the user is able to import the generated file into the
Pavement ME Design.

Traffic

This dialog provides information for the traffic data in three levels of hierarchy. At level 1, the
user inserts the required measured properties for each parameter. At level 2, the typical traffic
data for the selected road type will be shown, and the user is able to review and edit the
provided data. At level 3, the user is able to review the data, but it is not editable. The level 2
data were provided for different road types, including Interstate urban principal arterial, non-
interstate urban principal arterial, rural principal arterials, and major and minor rural collectors.
These data were collected from the WIM data provided in the LTPP database for the state of
Oklahoma and neighbor states.

Figure 118 shows the general traffic data and vehicle distribution for the selected road type.

These data are common, typical values, and it can be edited by the user if needed. Figure 119
shows the axle per truck data tab in the traffic dialog.
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Figure 118- The general traffic and vehicle class distribution tab in the trafflc module
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Figure 119- The axle per truck data tab in the traffic module
Figure 120 shows the load distribution tab in the traffic module. This tab provides the load

distribution data collected from the WIM data analysis provided in the LTPP database. The load
distribution is provided for the single axle, tandem axle, tridem axle, and the quad-axle trucks.
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Figure 120- The load distribution tab in the traffic module

By clicking on the “Export General Traffic Data” button, AADTT, vehicle class distribution, axle
per truck, and monthly adjustment will be generated. The Pavement ME gets the load
distribution data in a different file. Thus these data will be generated separately by clicking on
the “Export load distribution Data” button.

Calibration Coefficients

This module provides a summary of the results found in this project. The calibration coefficients
were provided in this module for flexible pavement designs. The calibration effort in this study
was determined for two sets of calibration coefficients for the east and west regions of the state
of Oklahoma. Figure 121 shows the calibration coefficients of the rutting model for East
Oklahoma flexible pavements. By clicking on the Export Data button, the calibration coefficients
for the flexible and rigid pavements will be generated in an XML file format readable by the
Pavement ME.
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Figure 121- The calibration coefficient module
CONCLUSIONS AND RECOMMENDATIONS

The focus of this project is to calibrate and implement the Pavement ME Design for application
in Oklahoma. The calibration and implementation process are systematically collect design,
construction, maintenance and performance data for selected pavement sections, and use
these data to adjust the calibration coefficients in the Pavement ME Design software to provide
the best agreement between predicted and measured pavement performance.

The objectives of this report include:
e To compile information gathered from past studies relative to Oklahoma in a manner to
be used to calibrate the Pavement ME Design;
o To develop material databases that are compatible with the Pavement ME Design
software;
e To calibrate Pavement ME Design by adjusting the distress model coefficients to
eliminate the bias between predicted and measured pavement performance;

In this study, the Pavement ME design prediction models were calibrated using local inputs and
performance data for the state of Oklahoma. The selected projects are representatives of
Oklahoma'’s flexible pavement construction practices and include various pavement conditions,
construction age, and environmental conditions. The material, structural, and traffic data were
gathered from LTPP, Oklahoma, and related national cooperative highway research program

158



(NCHRP) datasets. The material input data were evaluated, and the most accurate available
datasets were selected. The prediction models were used to estimate level 2 and 3 material
properties to generate the database.

After reviewing the input data and running a sensitivity analysis for each parameter, a master
input database was developed. For each section, the Pavement ME design analysis was
conducted. The predictions from distress and international roughness index (IRI) models were
evaluated and compared with the measured distress values, and the accuracy and bias of each
model were determined.

The nationally calibrated models show an improper performance and a significant bias, which
asserts the need for local calibration. The rutting and IRl models show better performance
compared to fatigue bottom-up and top-down and thermal cracking models. The reason for bias
and error in the measured versus predicted distress values mainly comes from inaccurate input
data, the error in the distress survey, and the accuracy of prediction models. In this effort, the
error in prediction models was reduced through the calibration process. This process includes
two steps for reducing bias and increasing accuracy. An iterative narrow-down approach was
used to determine the calibration coefficient values corresponding to the minimum prediction
bias. In this approach, starting from a wide range of coefficients combination, the best range
was determined, and in the next steps, the identified ranges were narrowed down to the
optimum combination of coefficients. In the next step, the standard error of prediction was
decreased by optimizing the coefficients related to the accuracy of models. Finally, the locally
calibrated coefficients for the distress and IRI models were determined for the Oklahoma
pavement system. The distress and IRl models show that the calibrated coefficients improve the
pavement ME predictions and design of flexible pavements in Oklahoma.

After completing the local calibration of the Pavement ME, it is essential to consider taking the
next step of the implementation process, which is adopting the locally calibrated models for
some routine pavement designs. For this reason, the Pavement ME was used to design the
asphalt pavements using the typical material and design parameters of the state of Oklahoma.
Three types of conventional flexible pavement design, as well as one perpetual design, were
compared in this study. Generally, using calibration coefficients yields lower rutting and higher
fatigue cracking. However, the pavement roughness at the end of design life is using the
Oklahoma calibration coefficients.

A database of traffic data, climatic data, structure data, material property data, and the
corresponding pavement performance/distress data were developed. In this database, the
material property data has three hierarchical input levels based on the Pavement ME Design
Guide. The INput-ME software program was developed to convert the traffic data, climatic data,
structure data, and material property data from the developed ODOT database into the input
format of the Pavement ME Design software.This software has a user-friendly interface, which
facilitates using of Pavement ME for the pavement designers.

This report has provided the work completed on the rigid pavement part of the ODOT project
“Compilation of Local Studies and Regional Calibration of Pavement ME Design for Rigid and
Flexible Pavements in Oklahoma.” This document contains completed tasks in terms of
extraction and evaluation of LTPP rigid pavement sections data, development of new FWD data
analysis to accommodate the lack of visible distresses in the rigid pavement sections , the
application of the new FWD data analysis methodology on the CRCP rigid pavement sections
as well as the calibration methodology used for CRC and JPC pavements. The new FWD
analysis led to the calculation of erosion damage, which was beneficial to establish the
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relationship between punchout and erosion damages. This relationship led the research team to
introduce a new and dynamic calibration methodology for the Pavement ME punchout model.
Although erosion damage has an important role in inducing environmental transverse cracking
and longitudinal cracking in JPC pavements, it was not applicable to use the new FWD data
analysis for JPCP pavement because pavement ME cracking model considers the transverse
cracking induced by mechanical loading and does not account for the erosion damage. The
following subsections provide findings of CRC and JPC pavements calibration:

CRC pavement findings:

This study developed a new calibration methodology for the Pavement ME punchout model for
CRC pavement applicable, incorporating sections that have shown little or no distress. Relating
the punchout distress with erosion damage to validate calibration coefficients was found to be
feasible and applicable for a different type of base and subbase materials.

The proposed methodology revealed the following points about the punchout formation and
model calibration:

1- Erosion development is a factor in punchout distress, and its relationship to the incidence
of punchout distress appears to be represented by a sigmoidal relationship.

2- The time required for punchout formation and the number of punchout depends on the
base and subbase layers' inherent resistance to erosion.

3- Assuming that the A factor in the Pavement ME model is equivalent to the ultimate number
of punchouts in a given length of CRC pavement appears to be reasonable.

4- The extension of the performance between sections showing distress and those not
showing distress was based upon the applicability of extending the %E vs. %PO
relationship for the non-distressed pavement sections, which should be further validated
in future performance studies of CRC pavement.

The calibration methodology required improving upon FWD analysis to assess the degree of
bonding by determining the degradation of shear strength over time as well as estimating the
percent of erosion. The percent erosion data provided a useful relationship with the LTPP
punchout data. The punchout records were also used to calculate the percent of punchout,
which played a crucial role in incorporating field transverse cracking and spacing into the
erosion-punchout relationship. The calibration process assumed the C1 and C2 coefficients in
the allowable loads to failure model were sufficient for calibration purposes.

JPC Pavement Findings

This study assessed the transverse cracking and faulting models for the Pavement ME software
for use in the Oklahoma sections. Unlike the analysis in the punchout model of CRC
pavements, performance models of JPC pavements in pavement ME are not related to the
erosion damage in the cracking model, while erosion damage is indirectly considered in the
complicated faulting model. Therefore, it was not possible to introduce a new calibration
methodology for both models. However, it was possible to assess the current models using the
acquired field data. The JPC pavement calibration can be summarized as follows:

1. The cracking model with national calibration in pavement ME underestimates the cracking
fraction, as it is shown in Figure 103. The national calibration coefficients are still valid to
use in the Oklahoma sections. However, as shown in Figure 104 and Figure 105, an
accurate set gradient temperature input in the pavement design phase is vital. Also, the use
of suitable curing methodology in the site can reduce local conditions and eliminate cracking
model coefficients calibration.
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2.

The national calibrated faulting model can also be used, especially if the erodibility factor of
the base and the set gradient are accurately inputted in the design phase. The erodibility
factor can control the faulting level while the set gradient is directly affecting the curling and
warping deflections calculations. Inaccurate inputs of these factors can induce a significant
variability in the Pavement ME faulting prediction.

The calibration of JPC pavements can be performed indirectly by studying the factors that affect
model predictions. These factors are (i) the set gradient (which set as default -10°C), (ii) the
associated curling and warping stresses and deflections, and (iii) the proper curing techniques
on site. Developing a methodology to determine these inputs as well as standardize the use of
curing in on-site construction can effectively reduce the burden of calibration for JPC pavement
ME performance models.
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APPENDIX A. SUMMARY OF LTPP SECTION

LTPP \ e . . . Date Data
Section Experiment | Monitoring County Route Direction | Longitude Pavement | Surface | Functional | No. of | Climatic of included
Number Status Structure | Type Class Lanes | Zone :
Number Const. | in LTPP
Out-of-
study 34.63446, . Wet, Non-
40-0113 | SPS-1 CEJUN. | COMANCHE | U.S62 | EB ey | Frexible | AC RPA-O 2 viet on- | 35612 | 35065
08)
40-0114 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463196, | iible | AC RPA-O 2 Wet, Non- | 55615 | 35065
-98.70585 Freeze
40-0115 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463367, | isible | AC RPA-O 2 Wet, Non- | 55615 | 35065
-98.69167 Freeze
40-0116 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463339, | iiible | AC RPA-O 2 Wet, Non- | 55615 | 35065
-98.69431 Freeze
40-0117 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463405, | o sible | AC RPA-O 2 Wet, Non- | 55615 | 35065
-98.68867 Freeze
40-0118 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463307, | rioyible | AC RPA-O 2 Wet, Non- | 35645 | 35065
-98.69695 Freeze
40-0119 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463559, | riosible | AC RPA-O 2 Wet, Non- | 35645 | 35065
-98.67521 Freeze
40-0120 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463599, | isible | AC RPA-O 2 Wet, Non- | 35645 | 35065
-98.67161 Freeze
40-0121 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463655, | riosible | AC RPA-O 2 Wet, Non- | 35645 | 35065
-98.6673 Freeze
Out-of-
study 34.63476, . Wet, Non-
40-0122 | SPS-1 CEJUN. | COMANCHE | U.S62 | EB s | Flexible | AC RPA-O 2 viet on- | 35612 | 35065
08)
40-0123 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463691, | isible | AC RPA-O 2 Wet, Non- | 55615 | 35065
-98.664 Freeze
40-0124 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463726, | lible | AC RPA-O 2 Wet, Non- | 55615 | 35065
-98.66103 Freeze
40-0160 | GPS-6S ACTIVE | COMANCHE | U.S.62 | EB 3463162, | o\ ible | AC RPA-O 2 Wet, Non- | 55645 | 35065
-98.70947 Freeze
Out-of-
study 34.63768, . Wet, Non-
40-0501 | SPS-5 ULl | COMANCHE | U.s62 | WB ST | Flexible | AC RPA-O 2 vvet, on- | 26846 | 31778
07)
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LTPP . e s . . . Date Data
Section Experiment | Monitoring County Route Direction | Longitude Pavement | Surface | Functional | No. of | Climatic of included
Number Status Structure | Type Class Lanes | Zone .
Number Const. | in LTPP
40-0502 | GPS-6S ACTIVE | COMANCHE | U.S.62 | WB 3463733, | rioyible | AC RPA-O 2 Wet, Non- | »ee46 | 31778
-98.66239 Freeze
40-0503 | GPS-6S ACTIVE | COMANCHE | U.S.62 | wB 3463695, | isible | AC RPA-O 2 Wet, Non- | oee46 | 31778
-98.66575 Freeze
40-0504 | GPS-6S ACTIVE | COMANCHE | U.S.62 | WB 3463414, | iible | AC RPA-O 2 Wet, Non- | »ee46 | 31778
-98.69014 Freeze
40-0505 | GPS-6S ACTIVE | COMANCHE | U.S.62 | WB 3463353, | rioyible | AC RPA-O 2 Wet, Non- | »ee46 | 31778
-98.6953 Freeze
40-0506 | GPS-6S ACTIVE | COMANCHE | U.S.62 | WB 34.6352, - | isible | AC RPA-O 2 Wet, Non- | »ee46 | 31778
98.68086 Freeze
40-0507 | GPS-6S ACTIVE | COMANCHE | U.S.62 | wB 3463445, | o sible | AC RPA-O 2 Wet, Non- | yee46 | 31778
-98.68716 Freeze
40-0508 | GPS-6S ACTIVE | COMANCHE | U.S.62 | WB 3463644, | o ible | AC RPA-O 2 Wet, Non- | 56046 | 31778
-98.67006 Freeze
40-0509 | GPS-6S ACTIVE | COMANCHE | U.S.62 | WB 3463602, | o iible | AC RPA-O 2 Wet, Non- | 56046 | 31778
-98.67363 Freeze
40-0560 | GPS-6S ACTIVE | COMANCHE | U.S.62 | WB 3463242, | o ible | AC RPA-O 2 Wet, Non- | 56046 | 31778
-98.70435 Freeze
Out-of-
study 35.19324, . Wet, Non-
40-1015 | GPS-2 CEJUN. | SEMINOLE | State3 | NB ey | Flexible | AC RMA 2 vt Mon- | 2851 | 31778
08)
Out-of-
study 35.79766, . Wet, Non-
40-1017 | GPS-2 1 bay. | MUSKOGEE | U.s-2 |NB oo | Flexible | AC RPA-O 2 viet on- | 20860 | 31778
96)
Out-of-
study 35.07572, . Wet, Non-
40-4086 | GPS-6D bR, | GRADY U.s.-2 |sB o072 | Flexible | AC RMA 1 viet Non- | 25720 | 31778
16)
Out-of-
study 34.63757, . Wet, Non-
40-4087 | GPS-6C CaJUN. | JACKSON | U.s-2 |EB ool | Flexible | AC RPA-O 2 viot Non- | 31503 | 31778
07)
Out-of- 36.68829, . Wet, Non-
40-4088 | GPS-2 toay KAY U.S-2 | EB Sy | Flexible | AC RPA-O 2 viet on- | o754 | 31778
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LTPP . - . . . Date Data
Section Experiment | Monitoring County Route Direction | Longitude Pavement | Surface | Functional | No. of | Climatic of included
Number Status Structure | Type Class Lanes | Zone .
Number Const. | in LTPP
(15-MAY-
95)
40-4154 | GPS-6S | ACTIVE | GRADY Us2 |sB 3479002, | Elexible | AC RMA 2 Wet, Non- | 32509 | 32508
-97.95845 Freeze
Out-of-
study 34.11571, . Wet, Non-
40-4161 | GPS-2 (01-MAY- CARTER Uu.s.-2 | WB ~97.0396 Flexible AC RPA-O 1 Freeze 30773 | 31778
98)
Out-of-
study 35.84163, . ) Wet, Non-
40-4163 | GPS-6S (15-JUL- BLAINE Uu.s.-2 |wWB 9847516 Flexible AC RPA-O 2 Freeze 31868 | 31867
09)
Out-of-
study 36.3316, - . Wet, Non-
40-4164 | GPS-6B (15-JUL- MAJOR U.S-2 | SB 98.47982 Flexible AC RMA 1 Freaze 28611 | 31778
10)
Out-of-
study 36.39117, . Wet, Non-
40-4165 | GPS-2 (07-DEC- MAJOR Uu.s.-2 | WB ~98 2855 Flexible AC RPA-O 1 Freeze 30834 | 31778
07)
Out-of-
study 35.12531, . Wet, Non-
40-6010 | GPS-6A (30-SEP- LE FLORE State-3 | EB “94.56988 Flexible AC RMC 1 Freeze 25720 | 31778
99)
Out-of-
40- study 34.63757, . Wet, Non-
A320 SPS-3 (16-SEP- JACKSON U.S.-2 | EB ~99 28348 Flexible AC RPA-O 2 Freaze 31503 | 31778
97)
Out-of-
40- study 34.63758, . Wet, Non-
A330 SPS-3 (16-SEP- JACKSON U.S.-2 | EB ~99 2811 Flexible AC RPA-O 2 Froeze 31503 | 31778
97)
Out-of-
40- study 34.63755, . Wet, Non-
A340 SPS-3 (16-SEP- JACKSON U.S.-2 | EB 99 27875 Flexible AC RPA-O 2 Freeze 31503 | 31778
97)
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LTPP . - . . . Date Data
Section Experiment | Monitoring County Route Direction | Longitude Pavement | Surface | Functional | No. of | Climatic of included
Number Status Structure | Type Class Lanes | Zone .

Number Const. | in LTPP
Out-of-

40- study 34.63756, . Wet, Non-

A350 SPS-3 (16-SEP- JACKSON U.S-2 |EB 99 97617 Flexible AC RPA-O 2 Freeze 31503 | 31778
97)

40- 35.508086, . Wet, Non-

AAO SPS-10 ACTIVE CANADIAN | State-3 | WB 97.79262 Flexible AC UPA-O 2 Freeze 42309 | 42064

40- 35.50802, . Wet, Non-

AAO2 SPS-10 ACTIVE CANADIAN | State-3 | WB 97.79927 Flexible AC UPA-O 2 Freeze 42309 | 42064

40- 35.50798, . Wet, Non-

AAO3 SPS-10 ACTIVE CANADIAN | State-3 | WB 97 80479 Flexible AC UPA-O 2 Freeze 42309 | 42064

40- 35.508, - . Wet, Non-

AAG1 SPS-10 ACTIVE CANADIAN | State-3 | WB 97 80959 Flexible AC UPA-O 2 Freeze 42309 | 42064

40- 35.508, - . Wet, Non-

AAG2 SPS-10 ACTIVE CANADIAN | State-3 | WB 97 81493 Flexible AC UPA-O 2 Freeze 42309 | 42064

40- 35.50797, . Wet, Non-

AAG3 SPS-10 ACTIVE CANADIAN | State-3 | WB 97 82235 Flexible AC UPA-O 2 Freeze 42309 | 42064
Out-of-

40- study 35.19527, . Wet, Non-

B310 SPS-3 (30-JAN- SEMINOLE | State-3 | NB -96.67493 Flexible AC RMA 2 Freeze 28581 | 31778
06)
Out-of-

40- study 35.19747, . Wet, Non-

B320 SPS-3 (30-JAN- SEMINOLE | State-3 | NB -96.67486 Flexible AC RMA 2 Freeze 28581 | 31778
06)
Out-of-

40- study 35.19929, . Wet, Non-

B330 SPS-3 (30-JAN- SEMINOLE | State-3 | NB 296.67478 Flexible AC RMA 2 Freeze 28581 | 31778
06)
Out-of-

40- study 35.20702, . Wet, Non-

B350 SPS-3 (30-JAN- SEMINOLE | State-3 | NB ~96 67484 Flexible AC RMA 2 Freeze 28581 | 31778
06)
Out-of-

40- study 35.20922, . Wet, Non-

B360 SPS-3 (30-JAN- SEMINOLE | State-3 | NB -96.67463 Flexible AC RMA 2 Freeze 28581 | 31778
06)
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LTPP . - . . . Date Data
Section Experiment | Monitoring County Route Direction | Longitude Pavement | Surface | Functional | No. of | Climatic of included
Number Status Structure | Type Class Lanes | Zone .

Number Const. | in LTPP
Out-of-

40- study 36.68833, . Wet, Non-

C310 SPS-3 (22-JUN- KAY U.S-2 |EB 97.97386 Flexible AC RPA-O 2 Freeze 27546 | 31778
95)
Out-of-

40- study 36.68827, . Wet, Non-

C320 SPS-3 (22-JUN- KAY U.S-2 |EB 97 26541 Flexible AC RPA-O 2 Freeze 27546 | 31778
95)
Out-of-

40- study 36.68826, . Wet, Non-

C330 SPS-3 (22-JUN- KAY U.S-2 |EB 97 26268 Flexible AC RPA-O 2 Freeze 27546 | 31778
95)
Out-of-

40- study 36.68825, . Wet, Non-

C350 SPS-3 (22-JUN- KAY U.S-2 |EB 97 26008 Flexible AC RPA-O 2 Freeze 27546 | 31778
95)
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