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EXECUTIVE SUMMARY

This report is the second of eight task reports as part of the Transportation Pooled Fund Project 5
(165): “Development of Design Guide for Thin and Ultra-thin Concrete Overlays of Existing
Asphalt Pavements.”

In this task, the existing ultra-thin whitetopping (UTW) and thin whitetopping (TWT) design
methods are reviewed with special attention paid to the modeling effort of the interface bonding.
Four design methods are included, namely the Colorado Department of Transportation (CDOT)
method, the New Jersey Department of Transportation method, the Portland Cement Association
(PCA) method, and the Illinois Centre for Transportation (ICT) method.

The performance of the NJDOT, ICT, PCA and CDOT methods were evaluated using field
observations. None of the methods yield perfect predictions for the fatigue development of the
MnROAD test sections. The PCA and the CDOT methods seem to be able to yield the most
reasonable predictions regarding fatigue in the Portland cement concrete (PCC) overlay. This
might be due to the fact that there is consideration for partial bonding. The PCA structural model
developed for calculating stress in the corner and at the top of the overlay is most suitable for the
prediction of structural responses for UTWs and the CDOT structural model developed for
calculating stress at the lane/shoulder edge and at the bottom of the overlay is more suitable for
TWTs.

With respect to the concrete performance prediction model, the PCA model only employs the
stress ratio as an input and yields an average fatigue prediction among the fatigue models. The
modified American Concrete Pavement Association (ACPA) fatigue model not only considers
the stress ratio but also takes into account the design probability and failure criterion.
Nevertheless, the ACPA model and the PCA fatigue models yield similar predictions. Therefore,
either one would be a sufficient for modeling the fatigue performance for PCC.

The Asphalt Institute fatigue model is used in the current whitetopping design methods, except
for the ICT method where the asphalt fatigue is not considered as a failure criterion. However, it
is worth noting that the Asphalt Institute model was not developed for a flexible layer beneath a
concrete overlay and that the fatigue of the existing asphalt rarely dominates the failure of
whitetopping during the evaluation. Therefore, it does not seem prudent to consider the fatigue of
the existing asphalt in the design of whitetopping.

No model is currently available for characterizing the degradation of the interface bonding.
Based on the review, more laboratory and field work is still needed to characterize interface
debonding, which contributes greatly to the failure of whitetopping, especially for UTWs. This
issue will be addressed in Task 3.

During the evaluation, it was also identified that the asphalt modulus of elasticity is such an
important parameter in stress predictions that a monthly asphalt modulus of elasticity should be
used. To achieve this goal, a nationwide characterization for climate in terms of ambient
temperature and temperature gradient must be carried out. This issue will be addressed in Task
4. Furthermore, the condition of the existing asphalt layer has to be characterized so that the



regions where reflective cracking/distress could potentially develop can be identified. Guidance
on when pre-overlay repairs should be performed will be provided in Task 5.



1 INTRODUCTION

The objective of this task is to review the existing ultra-thin whitetopping (UTW) and thin
whitetopping (TWT) design procedures and evaluate their efficiency using field data in order to
provide useful recommendations for the development of the new design procedure. In total, four
design methods are reviewed and evaluated, namely the Colorado Department of Transportation
(CDOT) method (Tarr et al., 1998), New Jersey Department of Transportation (NJDOT) method
(Gucunski, 1998), Portland Cement Association (PCA) method (Wu et al., 1999), and the Illinois
Centre for Transportation (ICT) method (Roesler et al., 2008).

The general framework under which each method is developed is illustrated in Figure 1. In most
cases, three major modules are incorporated, namely the identification of inputs, the structure
response models and the performance models.

Determining inputs is essential for the successful implementation of a UTW/TWT design
method. The condition of the existing pavement has to be characterized first, e.g. the modulus of
elasticity for the existing hot mix asphalt (HMA) layer, Egma, the depth of the HMA layer,
Huwma, and the modulus of subgrade reaction k-value. It is also important to predict the traffic
loading and thermal loading during the design life of the overlay since they are the two major
external factors that introduce stresses and strains into the pavement. During the design process,
the Portland cement concrete (PCC) properties, i.e. the modulus of elasticity, Epcc, the flexural
strength, MORpc(, the coefficient of thermal expansion (CTE), and the use of fiber, should also
be known beforehand for the structural response and performance models. The geometry of the
PCC slab is typically established during the design process. It is common to establish the slab
spacing, L, based on experience and the slab thickness through the design procedure.

An iterative process is often employed to design the slab thickness. In this process, a trial
thickness is first assumed and inserted into the structural models to yield the design stress and
strain. The allowable numbers of load repetitions in both PCC and HMA layers are then
calculated using the performance models at the design stress or strain level. The final design
thickness will be obtained by adjusting the trial thickness until the predicted allowable load
repetitions is equal to the design traffic.

The structural response models are presented to the users as stress/strain prediction equations.
The equations need to be fed with inputs defined in the first module and will yield the design
stress or strain. In the CDOT, NJDOT and PCA structural models (the ICT method employs the
PCA structural model), the stress prediction equations are developed following the same logic, as
shown in Figure 2. A database is first populated based on the identified range of inputs. The
finite element (FE) method is then employed to yield the critical stress/strain for the cases in the
database. Finally, statistical correlations are established between the inputs used and the
calculated stresses and strains, which are the structural prediction equations. The accuracy of
each structural model in predicting the response of UTW/TWT highly depends on its assumption
of the pavement structure, consideration of traffic and environmental loading, and consideration
of bonding between the PCC and HMA layers. The suitability of applying each model in
whitetopping design relies on its assumption of the location of the critical stress/strain, if it is at
the top or the bottom of the slab, or whether it is at the corner or the midslab.



The final module within a design procedure includes the performance models for PCC and
HMA. Here the predicted design stress and strain is used to determine the fatigue damage
caused by a certain number of load repetitions. For the four methods reviewed, no PCC or HMA
fatigue models were specially developed for UTW/TWT fatigue performance. Existing models
for new PCC or HMA pavements are borrowed instead, which might introduce significant error.

Reliability is another important factor to be considered in design. Therefore, the use of
reliability within each design method will be discussed.

After a review of the modules for each method and a discussion of their advantages and
disadvantages, an evaluation will be carried out using field data to further compare the
performance of these models. Finally, the most appropriate models for the development of the
new design procedure will be recommended.

Traffic Material Environment Pavement
ESALs/Load Epcc, MORc, CTE, Epyya, k-value Temperature geometry
spectra and Fiber gradient Hpco, Hygmar L

.

Structural response model
Structurein FEM
*Loading
*Stress and strain
*Thermal stresses
*Bonding

L

Design stress/strain

L

Performance model
*PCC
*HMA

L

Fatigue damage

Figure 1. Flowchart for the review of the UTW/TWT design methods.
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Figure 2. Illustration of the development of the structural response models.




2 REVIEW OF CURRENT DESIGN GUIDES
2.1 CDOT method

Tarr et al. (1998) proposed a whitetopping design method for the Colorado Department of
Transportation (CDOT). In this method, the load-induced tensile stress and strain calculated for
the TWT/UTW and HMA layers are adjusted to account for the temperature differential and
partial bonding. Based on the stress and strain, the allowable number of load repetitions is
determined using the performance model.

2.1.1 Traffic

Load spectra are used as the traffic input. However, design equations for PCC stress and HMA
strain are only proposed for a 20-kip single axle load and a 40-kip tandem axle load. Stresses for
the other single or tandem axle loads are computed as ratio of the 20-kip single axle load or 40-
kip tandem axle load. Axles other than single axle and tandem axle are not considered.

A procedure using the 18-kip equivalent single axle loads (ESALSs) is also proposed. The
concept of ESALs in the Association of State Highway and Transportation Officials (AASHTO)
1993 Design Guide (AASHTO, 1993) was established based on the pavement performance data
collected during the AASHTO road test in Ottawa, IL in the 1950’s and 1960’s, where the ESAL
is a function of the pavement thickness and the minimum thickness is 6 in. Therefore,
conversion factors were developed for UTW that has a thickness less than 4 in, based on the
AASHTO load equivalency factors established for an 8-in thick concrete pavement and a
terminal serviceability of 2.5. Two highway categories (primary and secondary) in Colorado
were anticipated as typical recipients of whitetopping treatment and thus the conversions factors
for them were proposed as shown in the following equations.

Primary Highway: Fgg,, = 0.985 + 10.057 (hpgc) ~34°° (1)
Secondary Highway: Fgga; = (1.286 — 2.138/hpcc) ™t )
where Fy,; is the conversion factor from ESALs calculated assuming an 8-in concrete pavement

and a terminal serviceability of 2.5 and hp is the thickness of the whitetopping overlay.

It has been noted that using ESALs as traffic inputs results in a design thickness different from
that using axle spectra as inputs. A correlation was then established between the design
thicknesses based on the two kinds of traffic input as shown in Equation (3.

hpsa, = —0.0728(h.5)? + 1.4675h, + 0.8638 3)

where hggy, 1s the concrete thickness using ESALSs as traffic input, in and h; g is the design
thickness using load spectra, in.



2.1.2 Material characterization
2.1.2.1 PCC modulus of elasticity

Concrete cylinders were cast during the construction of two CDOT whitetopping test sites for the
28-day and 365-day PCC modulus of elasticity. The 28-day modulus was determined as 3.7
million and 3.28 million psi for the two sites, respectively. The 365-day modulus was 4.21
million and 4.0 million psi for the two sites, respectively. Based on these laboratory
measurements, the PCC modulus of elasticity was assumed to be 4 million psi to develop the
CDOT structural model. No further suggestion was specified with respect to how designers
should define this input.

2.1.2.2 PCC flexural strength

During the CDOT filed testing, concrete beams were tested at 28 days to determine their flexural
strength. In the sensitivity analysis of the CDOT design method, 500, 650 and 800 psi were used
for the flexural strength.

2.1.2.3 PCC coefficient of thermal expansion

The CTE input is not required in the CDOT design method, because the design stress is adjusted
for the temperature gradient empirically, as discussed in Section 2.1.5.

2.1.2.4 HMA modulus of elasticity

The HMA resilient modulus was tested using cores from each of the three CDOT test sites and
the results were 0.35 million, 0.8 million and 0.8 million psi. During the development of the
CDOT structural model, 0.05 million, 0.5 million and 1 million psi were assumed for the HMA
modulus of elasticity. In the design example, 0.6 million psi was used assuming 50 percent of
remaining fatigue life and low-severity cracking for the existing HMA. There is no guidance to
determine the HMA resilient modulus for design.

2.1.2.5 Modulus of subgrade reaction

In the development of the CDOT structural model, 75, 200 and 400 psi/in were employed for the
modulus of subgrade reaction. This is mostly likely based on the field measurements, namely
150 psi, 225 psi and 340 psi for the three test sites. The design procedure provides no guidance
on how to establish the modulus of subgrade reaction for design.

2.1.2.6 Fibers

The effect of fibers is not considered.



2.1.3 Geometry
2.1.3.1 PCC overlay thickness

The thickness of the CDOT test slabs ranged from 4 to 7 in. To develop the CDOT stress
prediction equations, three PCC thicknesses were used in the finite element modeling, namely 4,
5 and 6 in.

2.1.3.2 HMA thickness

The HMA layers were 3 to 7.5 in thick for the test sections used in the development of the design
procedure. During the development of the CDOT stress prediction equation, the HMA thickness
was assumed to be 3, 6 and 9 in. In the design example, an HMA thickness of 7 in was used. No
information is provided regarding the minimum HMA thickness for UTW/TWT applications.

2.1.3.3 Joint spacing

The joint spacing is 5 ft for the first CDOT whitetopping project. A 12-ft joint spacing was used
for the second project, where dowel bars were applied at the joint. For the third project, random
joint spacing, namely 4 ft, 6 ft or 12 ft, was employed and dowel bars were used for most of the
joints. During the development of CDOT structural response models, square concrete slabs of 4,
6 and 12 ft were used. In the design example, a joint spacing of 6 ft was used.

2.1.4 Environmental conditions

The effect of temperature gradients on the stress was taken into account based on the measured
temperature gradients, as will be discussed in Section 2.1.5. Temperature gradients were
recorded for the test sections, which ranged from -1 to 5 °F/in. However, it is a disadvantage that
no guidance was provided with respect to how to establish this input in the design procedure,
especially considering the difficulty and expense in defining this input for design.

2.1.5 Structural model

Two-dimensional (2-D) FE software ILSL2 was employed to determine the tensile stresses at the
bottom of each layer under 20-kip single axle loads and 40-kip tandem axle loads.

2.1.5.1 Structure

For the 2-D finite element modeling, the whitetopping structure was assumed to be as shown in
the Figure 3. Several FE runs with the inputs presented in Table 1 were carried out to establish
the empirical correlations, Equations 4 to 7, to predict the maximum stress and strain.

2.1.5.2 Loading

A 20-kip single axle or a 40-kip tandem axle loading condition was applied at the slab corner and
edge in the FE model. It was found that the maximum tensile stress most frequently occurred at
the bottom of the concrete layer due to edge loading. The corner loading would result in higher



stresses than the edge loading condition only when the effective radius of relative stiffness is
high and thus, the magnitude of the maximum stress is small.

UTW (linear and isotropic)

Interface (fully bonded)

HMA (linear and isotropic)

Subgrade (Winkler springs)

EEREE

Figure 3. Pavement structure used in the finite element modeling of the CDOT method.

Table 1. Inputs used in the CDOT 2-D finite element analysis.

Pavement parameters Value
Concrete spacing, ft 4,6,12
Concrete thickness, in 4,5,6
Concrete modulus of elasticity, psi 4 million
Asphalt thickness, in 3,6,9
Asphalt modulus of elasticity, psi 0.05, 0.5 and 1 million
Modulus of subgrade reaction, psi/in 75, 200, 400

2.1.5.3 Critical stress and strain

Based on the findings from the FE modeling, the maximum tensile stress was assumed to occur
at the bottom of the PCC layer and its magnitude can be determined using Equations (4) and (5).
The critical strain for the HMA layer was assumed to occur at the bottom of the layer, as
described in Equations (6) and (7).

Concrete stress under 20-kip single axle loads:

18492

Opcc = 919 + ]
e

—575.3logk + 0.000133Eyy4,  RGq; = 0.99 4)

Concrete stress under 40-kip tandem axle loads:




Opcc = 671.2 + — 437.1logk + 0.000099Eyy4,  RZ4; = 0.99 (5)

Le

Asphalt strain under 20-kip single axle loads:

l
=8.5114 X 10 °Eypya + 0.0086195, Rgdj =0.99 (6)
EHMA

Asphalt strain under 40-kip tandem axle loads:

l
=9.61792 X 107 Eyya + 0.009776Ze, Rédj = 0.99 (7
€HMA

where opcc 1s the maximum tensile stress at the bottom of the concrete slab, psi; €474 1s the
maximum strain at the bottom of the asphalt layer, microstrain; Ey,, 4 1s the elastic modulus of
the asphalt, psi; k is the modulus of subgrade reaction, psi/in; L is the joint spacing, in; and [, is
the effective radius of relative stiffness for fully bonded slabs as defined in Equation (8), in.

l — EPCChI%CC EPCChPCC(NA - hPCC/Z)Z + EHMAhI?-’IMA
12 k(1 — i)V k(1 — pdo)Y4 12 - k(1 — p2 )4
+ EymahumaChpce — NA+ hyya/2)? 3

k(1= pfp )

To determine the stress and strain due to 18-kip equivalent single axle loads, it was suggested
that a reduction factor of 0.9 be applied to Equations (4) and (6), respectively.

2.1.5.4 Thermal stress
The effect of temperature gradients on the predicted maximum stress was taken into account

through Equation (9. This equation should be used as long as the joint spacing exceeds 4 ft to
account for the stress increment due to slab curling.

Oy, = 4.56 - Ag (9)

where oy, is the percent change in stress, % and Ar is the temperature gradient, °F/in.



2.1.5.5 Bonding

The predicted PCC stress for the fully bonded condition was found smaller than the field
observations. It was also identified that the measured HMA strain was on average 16 percent
lower than the measured PCC strain at the PCC-HMA interface, as described by Equation (10.
Both findings were considered to be evidence of partial interface bonding. Therefore, based on a
statistical analysis, the increase in stress due to partial bonding at the interface can be accounted
for through Equation (11.

Euma = 0.842 - EPCC (10)

where &,/ 1s the measured strain at the top of the asphalt layer and €p. is the measured strain
at the bottom of the concrete layer.

Op = a0y an

where a,, is the stress corrected for partial bonding at a zero temperature gradient, psi; g, is the
predicted maximum stress at a zero temperature gradient either due to edge loading or corner
loading, psi and « is the correction factor that is 1.65, 1.63 or 1.59 for 95 percent, 90 percent or
75 percent reliability of partial bonding, respectively.

2.1.5.6 Other considerations

The effect of load transfer, in terms of tied longitudinal joints, on the critical stress was studied
based on the observations from the three projects. A reduction of 47 percent of the critical stress
was suggested for slabs with tied longitudinal joints, as described by Equation ((12).

Otied = 0-536free (12)

2.1.6 Performance model

The allowable repetitions for each type of axle load were determined for the PCC layer
according to the PCA fatigue model (PCA, 1984), Equations (13 and (14. The inputs required
are the critical stress and the PCC flexural strength, of which the former can be obtained through
the CDOT structural model and the latter one is left for users to define.

The asphalt fatigue model by the Asphalt Institute (1982) was used as shown in Equation (15. A
correction factor to the equation was suggested to account for the consumed fatigue life of the
HMA layer prior to the whitetopping construction. The factor can be determined by the
designers as a percentage that represents the remaining fatigue life of the HMA layer.



1012-1(0.972-SR) SR > 0.55
3.268

4.258
N={(_%&° (13)
(s 0.4325) 0.55 > SR > 0.45

2 SR < 0.45

Opcc
SR =
T, (14)

where N is the fatigue life of the PCC; SR is the stress ratio; gpc is the maximum flexural stress,
psi and My, is the PCC flexural strength, i.e. modulus of rupture, psi.

Nf =18.4- (4.32 X 10_3) -C- (SHMA)—3.291 . (EHMA)_0.854 (15)

where Ny is the number of load repetitions corresponding to 20 percent or greater asphalt fatigue
cracking over the entire pavement area (or about 37 percent of the wheel path area); €54 is the
maximum tensile strain at the bottom of the asphalt layer; Ep,,4 is the asphalt modulus of
elasticity, psi; C is a correction factor that is equal to 10 where M = 4.84[V,, /(V}, + V,,) — 0.69]
and V,, and V, are the percent volume of asphalt and air voids, respectively. C tends towards one
for typical mixtures and thus the Asphalt Institute fatigue equation can be simplified as shown in
Equation (16, which can be more readily used in design.

N = 0.0796(epa) 321 - (Eypa) ™08 (16)

2.1.7 Reliability

Reliability was considered when establishing the adjustment factors for partial bonding, as in
Equation (11). However, there is no consideration regarding the overall reliability for design.

2.1.8 Surface preparation

Strain measurements were collected from gages instrumented at multiple depths of three
locations, namely edge, center and corner. An analysis of all the strains showed that the strains
were decreased by approximately 25 percent when milling was applied to the existing HMA
layer. However, the strains were increased by approximately 50 percent when the newly placed
HMA layer was milled. This might indicate that milling is a good surface preparation approach
only for aged/distressed asphalt pavements. However, this finding was not considered valid or
safe to be employed into design until it was verified by more tests. Therefore, no specific
surface preparation was recommended to ensure a good interface bonding in the design
procedure.

10



2.1.9 Advantages and disadvantages
2.1.9.1 Advantages

Primarily, the effect of partial bonding, joint load transfer and temperature gradients on the
prediction of stress and strain is taken into account by calibrating the FE results to the field
measurements at the three Colorado test sites. Additionally, the concept of reliability was
employed when determining the partial bonding based on the field data. Finally, fatigue is
considered for both PCC and HMA layers.

2.1.9.2 Disadvantages

The approach of adjusting stress and strain based on field measurements might not always be
valid. For instance, the measured stress at the interface was found to be greater than the
predicted stresses for a fully bonded condition, based on which the stress was adjusted for partial
bonding. However, this may be caused by other factors besides the partial bonding, such as the
poor quality of the underlying asphalt layer. Furthermore, the field measurements based on
which the adjustments were made are localized and limited (only three projects in Colorado).
Therefore, the adjustments might not be valid for applications in other states.

Little guidance is provided on how to establish the design inputs. Also, the temperature
dependency of HMA stiffness is not considered and the effect of fibers is not discussed. More
importantly, the critical stress is identified at the bottom of the slab edge. This may be more
suitable for TWT whose dominant distress is transverse cracking. For UTW, which tend to
develop corner cracks, the critical stress is mainly located at the top of the PCC corners.

2.2 NJIDOT method

The New Jersey Department of Transportation (NJDOT) design method (Gucunski, 1998) firstly
determines the design thickness of the overlay for a bonded and then for an unbonded pavement
structure. The final design thickness is then linearly interpolated between the two thicknesses based
on the degree of bonding assumed.

2.2.1 Traffic

The traffic loading is converted to equivalent 18-kip single axle loads (ESALs) by using the
conversion factors as shown in Equations (17) and (18) for single and tandem axle loads,
respectively.

For single axle loads,

WSAL 3.3
Wis = ( 18 ) a7

where W g is the factor to convert a single axle load Wy, to the equivalent numbers of single
18-kip axle load.

11



For tandem axle loads,

. 3.3
T WTAL) (18)

Wia =
18 (2><18

where Wr,, is the weight of a tandem axle in kips and T is the tandem factor that indicates how
much stress one axle introduces beneath the adjacent axle. The tandem factor depends on the tire
configuration and the radius of relative stiffness of the pavement structure. It is suggested to be
1.25 for concrete pavements. The 18-kip equivalency factor can also be determined according to
the AASHTO 1993 Design Guide if no details are available regarding the axle weights.

The design traffic, W, in Equation (19), is then obtained by applying a safety factor to the
equivalent 18-kip axle loads in order to account for the overall standard deviation of prediction
errors and the required design reliability.

Wy, = 1072rSoW, ¢ (19)

where Zp is the standard normal deviation depending on the design reliability and S is the
overall standard deviation of errors that is suggested to be 0.30 to 0.40 for rigid pavements
according to the AASHTO 1993 Design Guide.

2.2.2 Material characterization
2.2.2.1 PCC modulus of elasticity

The PCC modulus of elasticity was assumed to be 3.4 million psi in the parametric study of the
NJDOT structural model and 5 million in the design example. No guidance is provided on
establishing this input for design.

2.2.2.2 PCC flexural strength

The flexural strength was determined based on laboratory testing or estimated based on the
concrete elastic modulus using the correlation suggested in the AASHTO 1993 Design Guide as
shown in Equation (20).

_ 43.5Epcc

— > pCcC , 20
R 1000000+4485 (20)

where Ep¢c is the PCC modulus of elasticity, psi and My is the PCC flexural strength (i.e.
modulus of rupture), psi.

12



2.2.2.3 PCC coefficient of thermal expansion

The PCC coefficient of thermal expansion was assumed to be 3.8x10/°F in the parametric study
of the NJDOT structural model and in the design example. No guidance is provided for
determining this input for design.

2.2.2.4 HMA modulus of elasticity

In the parametric study of the NJDOT structural model, the HMA modulus of elasticity laid
between 0.88 to 1.66 million psi. In the design example, 0.5 million psi was used. In-situ tests,
such as the falling weight deflectometer (FWD) testing, were suggested for establishing this
input.

2.2.2.5 Modulus of subgrade reaction

The modulus of subgrade reaction was assumed from 145 to 580 psi/in in the parametric study.
In-situ tests, such as plate loading test, were suggested to obtain this input.

2.2.2.6 Fibers

The effect of fibers is not considered.
2.2.3 Geometry

2.2.3.1 PCC overlay thickness

The thickness of the PCC cores from the NJDOT test project at the 1-295 ramp ranged from 2.9
to 4.6 in. During the parametric study of the NJDOT structural model, the PCC thickness was
assumed to range from 3 to 5 in.

2.2.3.2 HMA thickness

The thickness of the HMA cores from the NJDOT tests ranged from 5.2 to 7.4 in. During the
parametric study of the NJDOT structural model, the HMA thickness was assumed to range from

4 to 8 in. No further information is provided regarding the minimum HMA thickness for
UTW/TWT applications.

2.2.3.3 Joint spacing

The slabs used in the NJDOT tests were 3, 4 and 6 ft long. During the parametric study of the
NJDOT stress model, joint spacing of 3 or 4 ft was used. However, the stress prediction
equation does not employ joint spacing as an input. Therefore, no information regarding this
input is needed for design.

2.2.4 Environmental conditions

The temperature difference of the overlay is needed to calculate the thermal stress. In the design
example, a temperature differential of 3°F/in was used, which was multiplied by the trial
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thickness of the PCC overlay as the temperature difference input for the design equation. No
specification is suggested how to establish this input for design.

2.2.5 Structural model

Gucunski (1998) carried out a finite element study on whitetopping structures in an effort to
develop the whitetopping design guide for NJDOT.

2.2.5.1 Structure

The PCC overlay, the existing HMA layer and the subbase layer were all simulated as linear,
isotropic materials and the subgrade was represented by a set of Winkler springs, as shown in
Figure 4. In order to investigate the effect of bonding on the induced stresses, the interface layer
was simulated as an anisotropic layer that was 0.5 in thick (thin compared to the 3- to 5-in PCC
overlay and the 4- to 8-in HMA layer used in the modeling).

UTW/TWT (linear and isotropic)

Interface (anisotropic)

HMA (linear and isotropic)

Subbase (linear and isotropic)

Subgrade (Winkler springs)

Figure 4. Pavement structure used in the finite element modeling of the NJDOT method.
2.2.5.2 Loading

The structural response of the abovementioned whitetopping structure was studied under four
types of traffic and environmental loadings, namely the loadings due to a linear temperature
gradient, 18-kip loads (single axle with dual tires) at slab corners, edges and centers,
respectively. Center or edge loading was identified causing the maximum stresses in PCC and
HMA layers.

2.2.5.3 Critical stress and strain

The maximum stress in the PCC layer was identified at the bottom of the layer, but the location
of the maximum stress in the HMA layer was not documented. To correlate the FE calculated
stresses with those based on the Westergaard’s equations, the composite beam concept was used
to convert the concrete overlay to an equivalent asphalt layer, considering two extreme bonding
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conditions as shown in Figure 5. The new neutral axis and moment of inertia of the composite
layers were therefore transformed to Equations (21) to (23).

I = ”hPcc3 hHMA3 nhpcchuma(hpee + hHMA)2 Q1)
B 12 12 4(nhpce + hyya)
IU — nhPCC3 hHMA3 (22)
12 12

2 2
_ nhpee” + hyma” + 2hygyahpcc

N.A.= (23)
2(nhpce + huma)

where I and I}, are the moments of inertia for fully bonded and unbonded sections, respectively, in’;
N. A. is the depth of the neutral axis from the top of the PCC overlay, in; hy 4 and hpcc are the
thicknesses of the HMA and the PCC layers, respectively, in, and n is the ratio of the elastic
modulus between the PCC and the HMA, n = Epcc/Eyma-

N
NP e

N. N

N.A
h
HMA
-V _
Bonded sections Unbonded sections

Figure 5. Conversion of a concrete section to an equivalent asphalt section (Gucunski, 1998).
The maximum stresses for the UTW layer and the HMA layer, namely 67¢¢ and 6/™4, induced
by an 18-kip axle load, were calculated using 2-D finite element models and then expressed as a
function of the parameters shown in Equations (24) to (27) for both fully bonded and unbonded
conditions.

For bonded sections

C-P-n(N.A.—h l N.A
= ( pec) [Cllog (—) +C,——+ c3] (24)
b hpcc

O.gCC 7
B
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C-P(N.A.—h l N.A.
ofMA = C-PIN.4—h) [Cllog (—) +C—+ C3] (25)
IB b hHMA
For unbonded sections
C-P-n-h l h
PCC PCC PCC
_ - tpec 2
oy 21, [Cllog (b) +C, h + C3] (26)
C * P * hHMA l hHMA

where P is the applied load, 1bs; [ is the radius of relative stiffness as shown in Equation (28), in; b
is the effective contacting area of the wheel, as shown in Equation (29), in and C, C; , C, and C5 are
calibration coefficients shown in Table 2 and

| Bl
= lae (28)

where E and u are the elastic modulus, psi and Poisson's ratio of the slab, respectively and k is the
modulus of subgrade reaction, psi/in.

Table 3.

b = {\/1.67*2 +hZ—0.675h if r < 1.724h 29)
r if v > 1.724h

where h stands for the total thickness of the composite layers, in and the radius of the contact area of
the wheel r was suggested to be determined using Equation (30), in.

. \/ 9kip (30)

3.14 X Tire pressure

Moreover, Equation (31) was developed to determine the thermal stresses induced by
temperature gradients.

c
JT=C~EC-CTE-AT[C4T+CS] G1)
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where E,. and CTE are the concrete elastic modulus, psi and coefficient of thermal expansion, 10
5/°F, respectively; AT is the temperature difference between the top and bottom of the concrete
slab, °F and C, C4 and Cs are coefficients whose values can be obtained out of

Table 4.

The design stress was considered to be the sum of Equations (24) or (26) and (31) at the top of
the concrete overlay.

2.2.5.4 Bonding

Only bonded and unbonded conditions were considered in the stress prediction equations. The
stress corresponding to the actual partial bonding was suggested to be interpolated, based on the
design engineer’s judgment of the degree of bonding.

2.2.5.5 Other considerations

Whitetopping was only used for one lane of the two-lane ramp in the NJDOT field test. During
construction, a longitudinal joint was formed along the centerline of the ramp. Concentrated
distresses were found along the longitudinal construction joint. Therefore, the numerical
modeling was modified accordingly in an effort to study the effect of the construction joint on
the maximum stresses in both PCC and HMA layers. The modification consisted of a complete
separation between UTW slabs along one longitudinal joint and crack propagation through the
HMA below the longitudinal joint. Based on the numerical results, it was concluded that the
construction joint increased the tensile stress in the HMA layer. If the HMA layer cracked, the
stress relaxation in the HMA layer would result in higher PCC tensile stress. It was suggested
the effect of the construction joint on the induced stresses should be taken into account by
adjusting the coefficients in the design equations according to Table 2, Table 3 and Table 4.

Table 2. Coefficients for the traffic-induced stresses in PCC (Gucunski, 1998).

C
.. .. C C C
Construction joint No construction joint : 2 ;
Bonded 1.25 1.1 -0.2815 | 0.3479 | -0.2384
Unbonded 1.35 1.1 0.3152 | -0.096 0.035

Table 3. Coefficients for the traffic-induced stresses in HMA (Gucunski, 1998).

C
— — C C, Cs
Construction joint No construction joint
Bonded 1.25 1.1 -0.2018 -0.0075 -0.0414
Unbonded 1.5 1.1 0.346 -0.1767 0.1069
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Table 4. Coefficients for temperature-gradient-induced stresses in PCC (Gucunski, 1998).

C
Construction joint No construction joint Cqy Cs
Bonded 1.2 1 -0.35 0.48
Unbonded 1.35 1 0.35 -0.48

2.2.6 Performance model

The PCA fatigue model, Equations (13) and (14), were followed to obtain the allowable number
of load applications for the TWT/UTW.

For HMA fatigue, the Asphalt Institute model, i.e. Equation (15), was borrowed and further

simplified to Equation (32) based on the assumption of a linear stress-strain relationship, M = 0 and
a HMA failure cracking criterion of 10 percent instead of 20 percent.

2.437

HMA
N =0.058—3757 (32)

where N is the number of load repetitions before failure (10 percent cracking); Exma is the
asphalt modulus of elasticity, psi and ¢ is the maximum tensile stress in asphalt, psi.

2.2.7 Reliability

It was suggested that the design ESALSs be increased based on the standard deviation of errors in
traffic prediction, pavement performance and the required design reliability, as shown in
Equation (19).

2.2.8 Surface preparation

The surface of the existing HMA layer has to be milled and cleaned according to the NJDOT’s
UTW specification. These specifications have been documented by Gucunski (1998).

2.2.9 Advantages and disadvantages
2.2.9.1 Advantages

The fatigue for both PCC and HMA layers is considered. The effect of the construction joints at
the adjacent lanes on the PCC stress is also addressed.

2.2.9.2 Disadvantages

The accuracy of predicting the design stress significantly relies on the engineer’s judgment of the
degree of bonding.
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Little guidance is provided on how to establish the inputs. For example, the temperature
dependency of HMA stiffness is not considered; the effect of fibers is not discussed and a means
for establishing the temperature gradient is not suggested.

The critical stress is considered to occur at the bottom of the PCC overlay, with the exact
location unknown. The critical stress at bottom of the PCC slab may be more suitable for TWT
whose dominant distress is transverse cracking. For UTW, which presents more corner cracks,
the critical stress is mainly located at the top of the concrete slab.

2.3 PCA method

The PCA whitetopping design method (Wu et al., 1999) was developed for whitetopping 4-in
thick or thinner with a joint spacing of 4 ft or less and a low to medium traffic volume to
complement the PCA rigid pavement design guide. In this method, the maximum tensile stress
in the concrete overlay and the maximum tensile strain in the asphalt layer are determined first.
Based on the calculated stresses and strains, the allowable number of load repetitions can then be
calculated.

2.3.1 Traffic

Load spectrum was used as the traffic input. Design equations for PCC stress and HMA strain
were proposed for an 18-kip single axle load and a 36-kip tandem axle load. Stresses and strains
for the other axle loads are computed as ratios to the 18-kip single axle load or the 36-kip tandem
axle load. Axle groups other than single axle and tandem axle were not considered.

2.3.2 Material characterization

The material property testing carried out for the projects at Missouri and Colorado was reviewed
when developing the PCA structural model. Therefore, it might not be surprising to see that the
properties used in the development of the PCA model are similar to those employed in the
CDOT model development.

2.3.2.1 PCC modulus of elasticity

The PCC modulus of elasticity was assumed to be 4 million psi during the development of the
PCA structural model and in the design example. No guidance was provided regarding how to
determine this input for design.

2.3.2.2 PCC flexural strength

The flexural strength of concrete was assumed to be 650 psi in the design example. No guidance
was provided regarding how to determine this input for design.

2.3.2.3 PCC coefficient of thermal expansion

The coefficient of thermal expansion of the concrete was assumed to be 5.5%10-6/°F during the
development of the PCA structural model and in the design example. No guidance was provided
regarding how to determine this input for design.
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2.3.2.4 HMA modulus of elasticity

During the development of the PCA stress prediction equation using 3-D FE, the asphalt
modulus of elasticity was assumed to be 1 million psi. It was assumed 0.05 to 2 million psi when
developing the stress prediction equation using 2-D FE. In the design example, 0.6 million psi
was used. No further information was provided how to establish this input for design.

2.3.2.5 Modulus of subgrade reaction

During the development of the PCA stress prediction equation using 3-D FE, the modulus of
subgrade reaction was assumed to be 100, 300 or 600 psi/in. The range was assumed to be 75 to
800 psi/in when using 2-D FE. In the design example, the modulus of subgrade reaction of 130
psi/in was used. No further information was provided how to determine this input.

2.3.2.6 Fibers

The effect of fibers was not considered.
2.3.3 Geometry

2.3.3.1 PCC overlay thickness

The PCA method is supposed to be developed for the design of PCC overlay thinner than 4 in.
During the development of the PCA stress prediction equation using 3-D FE, the PCC thickness
was assumed to be 2, 3 or 5 in. It was assumed to be 2, 3 or 4 in when developing the stress
prediction equation using 2-D FE.

2.3.3.2 HMA thickness

It was suggested that the HMA layer should have a minimum of 2.5 to 3 in after milling as
recommended by Speakman (1996) and Cown (1993). During the development of the PCA
stress prediction equation using 3-D FE, the HMA thickness was assumed to be 3 or 6 in. The
range was assumed to be 3 to 9 in when developing the stress prediction equation using 2-D FE.
In the design example, a thickness of 5 in was used for the HMA.

2.3.3.3 Joint spacing

Based on the field data, it was concluded that the maximum joint spacing of 4 ft should be used.
Square concrete slabs of 2 ft and 4 ft were used in the development of the PCA structural models
(both 2-D and 3-D models). In the design example, a joint spacing of 4 ft was used.

2.3.4 Environmental conditions

Temperature differences were used to calculate the thermal stresses. Based on the temperature
measurements made in Colorado and Missouri, three temperature differences in the slab, +15 °F,
+5 °F, and -10 °F, were used for stress computations. No guidance was provided to determine
this input for design.
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2.3.5 Structural model

A structural model was proposed to predict the pavement response under traffic and temperature
loads. First, a whitetopping pavement structure was modeled using 3-D FE method to calculate
the stress at the top of the PCC layer and strain at the bottom of the HMA layer. In an effort to
reduce the computational expense associated with 3-D FE analysis, 2-D FE analysis was then
carried out to establish correlations between the 2-D and 3-D FE calculated stresses based on a
multiple linear regression of the cases presented in Table 5. The flowchart in Figure 6 illustrates
how the model was developed.

2.3.5.1 Structure

A total of nine slabs were modeled with connections between them made by 3-D spring elements
to simulate the load transfer, as shown in Figure 7. In the vertical direction, spring elements
were also used to model the subgrade. The interface bonding was modeled using two horizontal
sets of 3-D spring elements that were placed perpendicularly. The spring stiffness represented the
degree of the interface bonding.

Table 5. Pavement parameters used in the PCA finite element analysis.

Pavement parameters Conversion between 2-D and 3-D 2-D analysis
Concrete spacing, ft 2,4 2,4
Concrete thickness, in 2,3,5 2,3,4
Concrete modulus of elasticity, psi 4 million 4 million
Asphalt thickness, in 3,6 3-9
Asphalt modulus of elasticity, psi 1 million 0.05-1 million
Modulus of subgrade reaction, psi/in 100, 300, 600 75-800
Step1
Pavemegt parame@rs > Stress/strain from 2-D
& material properties model, ILSL2

Step 4: yield design Step 2: correlate between

equations. Step 3: adjust for 2-D and 3-D stress/strain

partial bonding, 36%

Design stress/strain < Stress/strain from 3-D
model

Figure 6. Development of the PCA structural response model.
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UTW (linear and isotropic)

Interface (springs)

HMA (linear and isotropic)

Subgrade (Springs with compression
gap elements between HMA and subgrade)

Figure 7. Pavement structure used in the finite element modeling of the PCA method.
2.3.5.2 Loading

The design was considered governed by either the edge or corner loading. Both18-kip single
axle loads and 36-kip tandem axle loads were used in the FE modeling. Stress prediction
equations for other axle loads were interpolated linearly based on the equations for 18-kip single
axle loads and 36-kip tandem axle loads. Maximum stresses were determined at the bottom of
the HMA layer due to edge loading and at the top of the PCC layer for corner loading. Thermal
stresses were also computed at the same locations as those due to traffic loading.

2.3.5.3 Ciritical stress and strain

The maximum stress due to traffic loading was found at the top of the concrete overlay under
corner loading and the maximum strain was found at the bottom of the asphalt layer under edge
loading. Therefore, prediction equations were established for the abovementioned critical stress
and strain, as seen in Equations (33) to (38).

For strains at the bottom of the HMA layer due to 18-kip single axle joint loading,

8 —24/(15+2)
loge; = 5.267 — 0.927logk + 0.299log | 12 ; —0.0371,, r(fdj
e (33)

= 0.892,N = 67

For strains at the bottom of the HMA layer due to 36-kip tandem axle joint loading,
loge; = 6.070 — 0.891logk + 0.786logl, — 0.0281,,72,; = 0.870,N = 69 (34)

For stresses at the top of the TWT/UTW due to 18-kip single axle corner loading,
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8 — 24/(1L—2 + 2)

logo; = 5.025 — 0.465logk + 0.686log | 12 ]
e

—1.2911,,

raqj = 0.892,N = 80

For stresses at the top of the TWT/UTW due to 36-kip tandem axle corner loading,

8 — 24/(%+ 2)

logo; = 4.898 — 0.5591logk + 1.395log | 12 ]
e

—0.9631,

8 — 24/(1L—2 + 2)
le

—1.395( 12

, raq; = 0.978,N = 80

For strains at the bottom joint of the HMA layer due to temperature differences,

8 — 24/(1L—2 + 2)

le '

g = —28.698 + 2.131(CTE - AT) + 17.692| 12

raqj = 0.788,N = 240

For stresses at the top corner of the TWT/UTW due to temperature differences,

8 — 24/(1L—2+ 2)

le ’

oc = 28.037 — 3.496(CTE - AT) — 18.382| 12

T2qj = 0.788,N = 240

(35)

(36)

(37

(3%)

where g is the strain at the bottom of the HMA layer, microstrain; o is the stress at the top of
the PCC slab, psi; CTE is the coefficient of thermal expansion of the PCC, 10°%in/in/°F; AT is the
temperature difference between the top and the bottom of the PCC slab, °F; L is the joint spacing,

in; [, is the effective radius of relative stiffness for a fully bonded composite pavement as

expressed in Equation (8), in; k is the modulus of subgrade reaction, psi/in; 72, ; 1s the adjusted
coefficient of correlation and N is the number of runs carried out. It should be noted that the 36
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percent stress increase for the partial bonding has already been inexplicitly taken into account in
the above equations.

2.3.5.4 Bonding

The stress and strain obtained from the 3-D FEM analysis were compared with the field
observations made in Missouri and Colorado to account for the effect of partial bonding. It was
found that the measured stresses were 19 percent (standard deviation of 17 percent) and 57
percent (standard deviation of 32 percent) higher than the predictions at the top and bottom of the
PCC overlay, respectively. However, it is interesting to notice that the difference is the same at
the top as the bottom in terms of the absolute value. Based on the observed stresses at the top of
the PCC layer, it was suggested that a stress increase factor of 36 percent (19 percent +17
percent) be applied to the 3-D FEM calculated stresses to account for the partial bonding.

2.3.5.5 Other considerations
No other factors were taken into account.
2.3.6 Performance model

Based on the calculated PCC stress and HMA strain, the allowable repetitions for each axle load
can be determined according to the PCA fatigue model as presented in Equations (13) and (14).
The asphalt fatigue model by the Asphalt Institute as presented in Equation (15) was employed
to determine the allowable load applications for each axle load. Equation (16) instead of
Equation (15) were suggested when no detail was available with respect to the HMA mixture.

2.3.7 Reliability
There was no overall reliability considered for design.
2.3.8 Surface preparation

Milling and cleaning, i.e. air blasting and cleaning to remove all laitance, dust, grit, and all
foreign materials, were considered to be able to provide the most effective interface bonding. i.e.
100 psi of interface shear strength. Lower interface shear strength was measured for TWT/UTW
on top of the newly placed asphalt layer. Therefore, milling was not suggested for newly placed
asphalt. No discussion was made regarding the effect of various surface preparation techniques
on the interface bonding.

2.3.9 Advantages and disadvantages

2.3.9.1 Advantages

The use of 3-D FE enables the structural model to predict more realistic pavement responses.
The critical stress is identified at the top of the PCC overlay due to corner loading. Therefore, it
is more appropriate for the prediction of corner cracking, which is the main distress for UTW.
Furthermore, there was effort to take into account the effect of partial bonding in the modeling.
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Field measurements were used to verify the results and the difference were attributed to partial
bonding. Both PCC and HMA fatigue are predicted.

2.3.9.2 Disadvantages

The effect of partial bonding in increasing the stresses in the TWT/UTW layer was taken into
account based on a statistical study of the field observations. However, the underestimation of
stresses by the 3-D FEM compared with the field observations might not only be due to the
interface debonding. Other factors may also have come into play, for example ‘the quality of the
asphalt pavement underneath the concrete overlay’.

Little guidance is provided on establishing the inputs for the design. For example, the
temperature dependency of the HMA stiffness is not considered; the effect of fibers is not
discussed and the determination of the temperature gradient is not suggested.

2.4 ICT method

Roesler et al. (2008) proposed a method for UTW design in the research report for the Illinois
Center for Transportation (ICT). In the ICT method, the allowable stress ratio was first
determined by making the allowable load repetitions equal to the design traffic. Then, the design
thickness of the TWT/UTW was determined as such that it yielded a stress ratio equal to the
allowable one.

2.4.1 Traffic

It was suggested that ESALs be employed as the traffic input because no significant difference
was found when comparing the damage caused by the load-spectrum loading with the damage
caused by the ESALs. Furthermore, the wander in traffic was considered to reduce the fatigue
damage and thus channelized traffic loading was assumed.

2.4.2 Material characterization
2.4.2.1 PCC modulus of elasticity
The average 14-day PCC compressive strength was obtained as 4,359 psi based on Illinois field

data. For concrete with a 14-day compressive strength of 4,000 psi, the PCC modulus of
elasticity could be calculated as 3.6 million psi using the ACI correlation seen in Equation (39).

Epoe = 57,000 \E (39)
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where f/ is the 14-day PCC compressive strength, psi and Ep¢c is the PCC modulus of elasticity, psi.

2.4.2.2 PCC flexural strength

A mean PCC flexural strength of 750 psi based on 3-point loading was recommended for design.
Furthermore, if the whitetopping was open to traffic at or before 14 days, a minimum strength of
550 psi, based on 3-point loading, was required in the current design method used in Illinois.

2.4.2.3 PCC coefficient of thermal expansion

A typical CTE of 5.5x10/°F for concrete in Illinois was suggested, which should be varied if
the geology of the coarse aggregate dramatically changed.

2.4.2.4 HMA modulus of elasticity

Efforts were made to characterize the stiffness of the distressed HMA layer using the FWD, but
it was not successful. Three primary categories were suggested. An elastic modulus of 0.1
million psi represented a fatigued asphalt pavement. An elastic modulus of 0.35 million psi was
suggested for a moderate condition of the asphalt with some level of structural distresses. An
elastic modulus of 0.6 million psi was used for a good asphalt pavement with only surface
distresses such as rutting, shoving, or weathering that can be mostly eliminated by cold milling.

2.4.2.5 Modulus of subgrade reaction

The modulus of subgrade reaction (from 50 psi/in to 200 psi/in) was found to have negligible
effects on the design of UTW and therefore a default value of 100 psi/in was employed to
generate the design charts.

2.4.2.6 Fibers

The introduction of structural fiber was identified beneficial to the flexural resistance of the
overlay. The contribution of the structural fiber was accounted for by enhancing the residual
strength. The equivalent residual strength properties are dependent on the fiber type, the volume
fraction or mass fraction of the fiber in the fiber reinforced concrete and the concrete mixture
proportions. The residual strength can be determined based on 4-point bending flexural strength
test following ASTM C1609.

Risos = fisos x 100 (40)
R
P150,3S
fisoz == 73 (41)
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where P 5 3 is the residual load capacity at 1.2 in deflection, Ibs and S, b, and d are the span,
width, and depth of the beam, respectively, in. An average of 3 or 4 replicates are made to
determine the equivalent and peak flexural strengths, i.e. fi50 3 and Mg, of the mixture.

It was recommended that the majority of UTW should use a residual strength ratio of 20 percent
that is close to IDOT’s currently specified value in their 2005 UTW special provisions.

2.4.3 Geometry
2.4.3.1 PCC overlay thickness

The PCA structural model was employed in the ICT stress prediction, where a PCC thickness of
2 to 4 in was used during the development. In the ICT method, 3-in to 5-in thicknesses were
suggested for UTW design and a 3-in thickness was suggested to be the minimum. If a 3-in
minimum was used, the PCC overlay essentially acted only as a wearing surface.

2.4.3.2 HMA thickness

It was considered that the minimum HMA thickness for each project would depend on the
amount and severity of observed distresses and the expected loading conditions. It was
recommended that the minimum asphalt thickness for a UTW project should be at least 2.5 in.
In the design chart, HMA thicknesses of 2.5, 4 and 6 in were used.

2.4.3.3 Joint spacing

It was considered that 6x6-ft panels were out-performing the 4x4-ft slabs since 4x4-ft slabs
resulted in a longitudinal joint located near the wheel path (Vandenbossche and Fagerness 2002;
Vandenbossche 2003). However, for severely distressed HMA pavements where debonding was
the concern, 4x4-ft slabs might be desired. In the proposed design charts, both 4 and 6 ft square
slabs were employed.

2.4.4 Environmental conditions

The fatigue damage was calculated and multiplied by the percent of time of occurrence for each

temperature gradient (at an interval of 0.1°F/in) of the temperature gradient frequency

distribution for Champaign, Illinois. An equivalent temperature gradient of -1.4°F/in was

obtained, which produced the same amount of fatigue damage as that due to all the individual
negative temperature curling and traffic-induced stresses.

2.4.5 Structural model

It was suggested that the modified PCA structural response model for whitetopping should be
adopted.

2.45.1 Structure

The same structure as in the PCA structural model was used.
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2.4.5.2 Loading

The corner loading was considered the critical loading condition that produces a critical stress at
top corner of the slab.

2.4.5.3 Critical stress and strain

With the assumption that the critical tensile stress due to traffic loading occurs at the top corner
of the slab, the tensile stress g;g (psi) due to an 18-kip single axle load was calculated using
Equation (42).

log(oyg) = 5.025 — 0.465log(k) + 0.6861log(L/l,) — 1.291log (l,) (42)

where K is the modulus of subgrade reaction, psi/in; L is the length of a square slab, in and |, is
the effective radius of relative stiffness as determined by Equation (8), in.

The temperature induced stress ot (psi) at the top corner of the slab was calculated using
Equation (43).

or = 28.037 — 3.496(CTE = AT) — 18.382 L/, (43)

where CTE is the coefficient of thermal expansion of the concrete, 10°°/°F; AT is the temperature
difference, °F. Tensile stresses due to the temperature difference were assumed to be at the top
of the slab when negative temperature gradients were present, most likely at night.

Assuming that the slab remained in contact with the supports, the total stress arora;, Was
proposed to be the sum of the traffic and thermal stresses.

OroTAL = 018 + 0T (44)

As one may notice, the complicated third term in Equation (35), 12 [8 —24/ (% + 2)], was

replaced by the slab length L in Equation (42). As shown in Figure 8, the use of slab length is a
good approximation (less than 10 percent deviation) to the parameter used in the PCA equations
for L € [24 in, 60 in]. Beyond this range, the two parameters become increasingly farther apart
from each other.

Since this structural model is a modified version of the PCA model, its stress predictions can be
expected to be almost the same as the predictions by the PCA model, especially for slab joint
spacing between 24 in and 60 in. The only difference is that the critical tensile stress was
explicitly assumed at the top corner of the TWT/UTW. Therefore, the advantages and
disadvantages for this structural model are expected to be the same as those for the PCA model.
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Figure 8. Comparison between parameters used in the ICT equations and those in the PCA
equations.

2.4.5.4 Bonding

Following the work by Riley et al. (2005), the debonding potential was determined by comparing
the bonding stress (Equation (45) and (46)) to the bonding shear limit (Equation (47)). The
bonding plane limit (BL) as presented in Equation (48) indicates the likelihood of interface
delamination. If the BL is greater than 100 percent, then debonding is likely to occur. However,
this procedure was not incorporated into the design guide.

In the ACPA design guide (Riley et al., 2005), the maximum tensile stress o0;,,,, in Equation (45)
was identified at the top of the PCC overlay, as shown in Equations (35) and (42) where
compensations were made to adjust the maximum tensile stress for partial bonding following the
suggestions of the CDOT method. It was believed that the debonding stress oy}, should occur at
the same location as o,,,, only at the PCC-HMA interface instead of at the top of the PCC
overlay. Therefore, the stress at the bottom of the PCC should be calculated first based on the
predetermined maximum tensile stress 0,,,xby Equation (42). After considering the contribution
of temperature gradients, the debonding stress was proposed as Equation (45).

Cc

A
A - (1.57 + 0.32 = Zscore) (45)
Cc

0p = (Omax +07) - (1 —0.36) -

where gy, is the debonding stress at the PCC/HMA interface, psi; 0,4, 1S the maximum tensile
stress at the top of the PCC layer due to corner loading as can be calculated according to
Equation (35), psi; o is the tensile stress at the top of the PCC layer induced by temperature
gradients as can be determined as per Equation (38), psi; h, is the thickness of the PCC overlay,
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in; NA is the depth of the neutral axis, in and Z score is defined as the absolute value of the
inverse normal of one minus the reliability as shown in Equation (46).

Zscore = |<D_1(1 —R)| (46)

A bonding shear limit was proposed as a function of the reliability based on the data of lowa
shear tests from Colorado, Florida and lowa, as shown in Equation (47).

7, = —15032.412(1 — R)* + 17387.985(1 — R)3 — 6642.377(1 — R)? + 1201.687(1
-R) (47)

Finally, it was proposed that the likelihood of delamination should be represented by a bonding
plane limit, BL, as shown in Equation (48). If BL was greater than 100 percent, debonding
would likely occur.

BL =
Py * Tp

+ 100 (48)

where P, is the percent bonding, with 1 for perfect bonding that is presumably achieved by
milling and sweeping old asphalt and 0 for full debonding and it depends on the surface
preparation of the distressed HMA layer. For example, a partially bonded case of P, =

80 percent was suggested for a swept HMA surface. It is also noteworthy that a factor of safety
of 2 was built in when the ACPA bond delamination equations were developed. Due to the lack
of knowledge on the fatigue behavior of the bond plane, it was believed the magnitude of the
design stresses should always be kept less than 50 percent of the shear limit.

2.4.5.5 Other considerations
No other factors were taken into account.
2.4.6 Performance model

The ACPA PCC fatigue model by Riley et al. (2005) was modified and used in the ICT design
method, where the allowable number of load repetitions, Npcc, was determined as a function of
the stress ratio, reliability level and failure criterion in terms of cracking level, as shown in
Equations (49) to (51).

SR'10'24log (R") 0.217
logNpee = |=—00112 (49)
o
SR TOTAL (50)

- Mp(1+ Ris03)
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C2))

where Npc( is the fatigue life in terms of the number of allowable repetitions; SR is the stress
ratio; orgraris the sum of the maximum stresses due to traffic and temperature difference, psi;
Mp is the modulus rupture of the concrete, psi; Rys5q 3 is the residual strength ratio that
characterizes the contribution of fiber reinforcement; R* is the effective reliability at certain
failure, P,., that stands for the percentage of slabs cracked. R* would then be equal to R in
Equation (51) when the failure is defined as 50 percent slabs cracked.

HMA fatigue was considered in the original ACPA models by using the Al fatigue model.
However, it was doubted the suitability of using a fatigue model developed for new asphalt
pavement in distressed and weakened asphalt. No HMA fatigue was considered in the ICT
method.

2.4.7 Reliability

In the ICT design method, the failure criterion was defined as the percent of slabs cracked, P.,,
as shown in Equation (50). Then, a reliability factor, R, was applied in order to increase the level
of confidence, which is a modification to the ACPA fatigue model. As R approaches 50 percent,
Equation (49) becomes exactly the same as the ACPA fatigue equation. It was also
recommended that R = 85 percent and P,,. = 20 percent for the UTW design based on the
minimum reliability requirement for rural interstates (R = 85 percent) in the AASHTO design
guide.

2.4.8 Surface preparation

It was considered that milling and cleaning the surface were the best approaches for surface
preparation. Milling helps improve the bond by exposing the porous asphalt surface and thus
creating a rough surface. It also removes rutting and restores the proper grade and cross slope.
Patching should be carried out before milling if the HMA surface is highly distressed. Cleaning
can be performed by either a low pressure wash or a mechanical broom. Air cleaning may be
required if the surface is cleaned more than a few hours prior to paving. Furthermore, the milled
surface needs to be cleaned again before paving if traffic was allowed on it.

No discussion was available on the effect of different surface preparation on the interface
bonding.

2.4.9 Advantages and disadvantages
2.4.9.1 Advantages

The PCA structural model is employed, where the critical stress is assumed at the top of the PCC
overlay under corner loading. This facilitates the prediction of corner cracking that is the
dominant distress for UTW.

31



Details are provided in determining the inputs. For example, an effective equivalent temperature
gradient is established for Illinois based on a statistical analysis.

A criterion is established to determine the debonding potential. The criterion is defined as the
ratio between the debonding tensile stress and the shear bonding limit at a certain level of
reliability, where the shear bonding limit was established based on results from lowa shear tests.
Furthermore, the significance of structural fibers is taken into account by considering its
improvement of the concrete flexural strength.

2.4.9.2 Disadvantages

This criterion in determining debonding potential is very empirical in nature, as is indicated by
the fact that it is defined as the ratio between a tensile stress and a shear limit and the shear limit
is determined only as a function of reliability. Because of such an empirical nature and also
because of a lack of validation, this debonding potential criterion was not recommended for use
in the ICT design method.

HMA fatigue is not considered in the ICT method, although it will accelerate and might in some
circumstance dominate the failure of the whitetopping structure. The temperature dependency of
the HMA stiffness is not taken into account during modeling, just like the PCA method. Finally,
the effect of structural fiber is discussed only in terms of its improvement to PCC strength, but
not its effect in providing better joint/crack performance.

2.5 Summary of current design guides
A summary is carried out on the characteristics of each method as shown in Table 6 and Table .
2.5.1 Input determination

The ICT method is the best method in providing a comprehensive guidance on establishing the
inputs, such as the temperature gradient. It is also the only method that takes into account the
effect of fibers.

The temperature dependency of the HMA stiffness is neglected by all the methods, which is
believed to be significant to the fatigue of the PCC overlay.

With respect to traffic loading, ESALs are used in the ICT method based on the conclusion that
the fatigue damage caused by ESALSs is the same as the load spectrum loading. Furthermore, the
application of load spectrum as traffic inputs in the CDOT and PCA methods is very weak, since
only two typical loads are used to establish stress prediction equations. The stress due to other
axles has to be linearly interpolated based on the axle weight.

2.5.2 Structural models

As identified in Task 1, transverse cracking is the most dominant distress for TWTs, while
corner cracking is predominant for UTWs. In this sense, the PCA and ICT methods are more
appropriate for UTW design, since they have the critical stress determined at the top of the PCC
overlay under corner loading.

32



The issue of interface bonding is not taken into account well by the current design methods. The
best practice so far is to adjust the predicted stresses for partial bonding based on field
measurements.

The surface preparation is believed to be one of the factors affecting the bond strength. It seems
common that milling and cleaning are suggested to ensure a good bond.

2.5.3 Boundary of each method

Structural-response equations developed based on numerical analysis are employed in most of
the current whitetopping design methods, i.e. the NJDOT method, the ICI method, the PCA
method and the CDOT method. During the development of these equations, many FE runs are
involved, especially for the CDOT and PCA methods that were developed based on 2.5-D’ FE
analysis. In ‘2.5-D’ FE analysis, FE runs were carried out not only to link the pavement
parameters to the 2-D FE results, but also to correlate the 2-D FE results to the 3-D FE results.
The quality of the correlation between the pavement parameters and the numerical results greatly
depends on the number of FE runs made and more importantly the range of the pavement
parameters used in the FE runs. For example, analytical solutions based on thousands of FE
runs, but all with a whitetopping thickness of 15 in, would not be considered reliable in
generating a reasonable design thickness. Therefore, it is important to know the inference space
for which each method was developed and most likely beyond which its use may become
unreliable. In Table 7, the inference space, in terms of the range of inputs used for the model
development, validation and calibration, are summarized for each method.

2.5.4 Performance model

For PCC fatigue, the modified ACPA model is employed in the ICT method while the PCA
model is used in the other three methods. Both models are presented in Figure 9 along with
some other PCC fatigue models as shown in Equations (52) to (55), where ACPA and PCA
models yield similar PCC fatigue performances while the prediction of the PCA model lies in the
middle of all the predictions.

Darter (1988) proposed a single-logarithm concrete fatigue model, as shown in Equation (52),
which was later known as the ERES/COE model. The model was developed based on the Corps
of Engineering data from 51 full-scale field sections.

logN = 2.13- 5712 (52)

where N is the allowable number of load applications and SR is the stress to strength ratio.

Two other single-logarithm models are the NCHRP 1-26 model (Salsilli et al., 1993) and the
Zero-Maintenance model (Darter and Barenberg, 1977), as presented in Equation (53) and (54),
respectively. As one can see in Equation (53), the concrete fatigue life in the NCHRP 1-26
model is also a function of reliability along with the stress level. The NCHRP 1-26 model was
developed based on AASHTO Road Test data and the Zero-Maintenance model was based on
140 sets of laboratory beam testing data.
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0.2276

—SR™>3%710g(1 — P)

logN = 0.0032

(53)

logN = 17.61 — 17.61 - SR (54)

where N is the allowable number of load applications; SR is the stress to strength ratio and P is
the probability of failure.

An example of the double-logarithm model is the ARE model (Treybig, 1977), as shown in
Equation (55). This model was also developed based on the AASHTO Road Test data.

N = 23,440 - SR321 (55)

The Asphalt Institute model is the only model used for HMA fatigue prediction by the current
UTW/TWT design methods.
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Table 6. Comparison between design methods.

Design Methods CDOT NJDOT PCA ICT

Application UTW/TWT UTW/TWT UTw UTw

Traffic Load spectrum ESAL Load spectrum ESAL
Ter%%eﬁﬁlfiiziﬁgsncy Not considered Not considered Not considered Not considered

Critical temperature
difference considered

Positive, -1 to 5 °F/in based on
CDOT test measurements

Positive, no guidance
in determining this
input

Negative, no guidance
in determining this
input

Negative, -
1.4 °F/in for
[llinois based on
equivalent damage

20 percent increase
of flexural strength

Fiber Not considered Not considered Not considered due to use of
structural fiber
extending the
fatigue life of PCC
Minimum HMA NA. NA. 2.5-3 25
thickness, in
Location O.f critical Edge Center/Edge Corner Corner
loading
Locatloniﬁflf(rjlgcal stress Bottom of PCC Bottom of PCC Top of PCC Top of PCC
Locatloq of critical stress Bottom of HMA Unknown Bottom of HMA HMA not
in HMA considered
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Table 6. Comparison between design methods (continued).

Design Methods CDOT NJDOT PCA ICT
Distress predicted Transverse and longitudinal Trgnsvprse and Corner cracks Corner cracks
cracks longitudinal cracks

Reflection crack
prediction

Not considered

Not considered

Not considered

Not considered

Ve -
PCC stresses increased by 65%- : 36% increase in PCC
o o ere o Degree of Bonding stress to account for
. 59% for reliabilities of 95% to ) . . .
Interface bonding o based on Engineering | partial bonding based Fully bonded
75% based on Colorado data (3 . S
sites) Judgment on Missouri and
Colorado Data
Considered when Overall reliability
Reliability Not considered predicting design Not considered considered, 85%
ESALs for UTW design
Milling and cleaning
. Milling should not be applied for | Milling and cleaning to to ensut e.good bond, M.l Iling and
Surface preparation milling not cleaning to ensure
newly placed HMA ensure good bond .
appropriate for newly good bond

placed HMA
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Table 7. Pavement parameters used in the development, validation and sensitivity analysis of the design methods.

PCA
Pavement parameters NJDOT ICT 2-D and 3-D 2-D CDOT
analysis analysis
Concrete spacing, ft 3,4 4,6 2,4 2,4 4,6,12
Concrete thickness, in 3-5 3-6 2,3,5 2-4 4-6
Concrete modulusp(;ti" elasticity, million 3.4 4 4 4 4
Concrete Poisson's ratio 0.15 - - - 0.15
Concrete coefficient of thermal 13
expansion, 10%/°F ' i i i i
Asphalt thickness, in 4-8 3-9 3,6 3-9 3,6,9
Asphalt modulus Ic));elastlcny, million 0.88-1.66 0.05-1 1 0.05-1 0.05, 0.5, 1
Asphalt Poisson's ratio 0.35 - - - 0.35
Subbase thickness, in 12 - - - -
Subbase modulus of elasticity, psi 4,200 to 16,800 - - - -
Subbase Poisson's ratio 0.35 - - - -
Modulus of subgrade reaction, psi/in 145-580 75-800 100, 300, 600 75-800 75, 200, 400

Notes

Inputs were
used in
parametric study

The range of inputs
was assumed to be
the same as for the
PCA guide, since
the PCA equations
were borrowed.

Inputs were used for
developing design
equations based on

ILLSLAB.
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Figure 9. Comparison between PCC fatigue models.
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3 EVALUATION OF CURRENT DESIGN GUIDES
3.1 MnROAD data

The MnROAD facility contains more than 50 pavement designs, each referred to as a cell. Each
test cell is a 100 to 500-ft long roadway section. The layout of the MnROAD facility is
illustrated in Figure 10. Six different whitetopping sections (Cells 92 to 97) were constructed in
1997, among which Cells 93, 94 and 95 were replaced by Cells 60 to 63 in 2004 because of an
excessive drop in the serviceability.

105|106 93 95 9797|192 |110
s o4]os96]o7]97]92

205|206 60-61-62-63 210

Figure 10. Layout of test cells at the MnROAD facility.

The pavement parameters that are of interest for this study are presented in Table 8. The asphalt
modulus of elasticity Epwva is an annual average value that is calculated using Equation (56)
based on the mid-depth HMA temperature measurements. A typically value is assumed for
Poisson’s ratio of the asphalt pwva and it is assumed to be constant for each cell. The modulus
of subgrade reaction k is also assumed to be the same for all the cells and it is obtained by
defining the resilient modulus for each layer and using the procedure provided in the 1993
AASHTO Design Guide to determine the composite k-value. The concrete modulus of elasticity
Epcc, the modulus of rupture Mg, and Poisson’s ratio ppcc are obtained from Burnham (2006)
for Cells 60 to 63 and Vandenbossche and Rettner (1998) for Cells 93 to 97. The concrete
properties for Cell 92 are assumed to be the same as its adjacent cell, Cell 97. The concrete CTE
is only available for Cells 60 to 63 (Burnham, 2006) and therefore a CTE was defined as the
average CTE obtained for Cells 92 to 97. Temperature gradients AT are determined based on the
research by Vandenbossche (2001), where the mean temperature gradients for 3-in, 4-in and 6-in
MnROAD whitetopping cells were found to be -0.9 °F/in, -0.9 °F/in and -0.7 °F/in, respectively.
The temperature gradient for 5-in cells is obtained based on linear interpolation. The last thing
worth noting is that the longer edge of a rectangular panel is adopted as the joint spacing, L. For
instance, 72 in is taken as the slab length for Cell 60 that has panels of 5 ft X 6 ft. This is due to
the limitation that all four design methods were developed for square panels. However,
employing the dimension of the longer edge that is normal to the traffic direction is not an
indication of predicting the fatigue damage resulting in longitudinal cracks. Instead, it is still
aiming at predicting the fatigue damage that results in transverse cracking.

Figure 11 and Figure 12 present the distress development in terms of transverse cracking and
International Roughness Index (IRI) with respect to the traffic load in ESALSs for each cell,
which is obtained in Task 1. Taking Cell 60 as an example, the legends in Figure 11 and Figure
12 can be interpreted in the following way, 5 in as the thickness of the PCC overlay, 5 ft x 6 ft
as the slab size, ‘UD’ for undoweled joint and ‘S’ for sealed joint.
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Table 8. Pavement parameters in MnROAD cells.

Variable Cell | Cell | Cell | Cell Cell Cell Cell Cell | Cell Cell
60 | 6l 62 63 92 93 94 95 96 97
EH“E;; : 10° 048 | 048 | 0.48 | 0.48 | 048 | 048 | 048 | 048 | 048 | 048
Huma in | 7 7 8 8 7 9 10 10 7 7
wpma | 035 ] 035 | 035 | 035 | 035 | 035 | 035 | 035 ] 035 | 035
Epcc.psi | 46 | 44 | 49 | 50 | 47 4.8 48 | 44 | 47 4.7
hpcc, in 5 5 4 4 6 4 3 3 6 6
Mg, psi | 595 | 545 | 575 | 560 | 830 860 810 | 835 | 890 | 830
Upce 0.18 | 0.11 | 0.13 | 0.11 | 020 | 0.19 | 0.18 | 0.19 | 0.2 0.2
AT,°F/in | -08 | -08 | 09 | -09 | 07 | -09 | -09 | -09 | -0.7 | -0.7
L,in" | 2| 7| 7" 144 48 48 72 72 144
CTJ/EO’FlO' 41 | 44 | 3.8 | 4.1 55 55 5.5 55 | 55 5.5
k,psi/in | 315 | 315 | 315 | 315 | 315 315 315 | 315 | 315 | 315

*L is defined by the longest dimension of the panel.
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ESALSs, million
=é=Cell 60: 5in; 5 ft x 6 ft; UD; S =H=Cell 61: 51in ; 5 ft x 6 ft; UD; US
==Cell 62: 4in; 5 ft X 6 ft; UD; S ==t=Cell 63: 41in ; 5 ft x 6 ft; UD; US
e=e=Cell 92: 6in; 10 ft x 12 ft; D; S ==e=Cell 93: 4 in; 4 ft x4 ft; UD; S
Cell 94: 3 in; 4 ft x4 ft; UD; S e===Cell 95: 31in; 5 ft x 6 ft; UD; S
=f==Cell 96: 6 in ; 5 ft x 6 ft; UD; S =e=Cell 97: 6in ; 10 ft x 12 ft; UD; S

Figure 11. Transverse cracking history of MnROAD cells.
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=i=Cell 96: 6 in ; 5 ft x 6 ft; UD; S =&=Cell 97: 6in ; 10 ft x 12 ft; UD; S

Figure 12. IRI history of MnROAD cells.

The mid-depth temperature of the asphalt layer is also part of the data recorded at MnROAD.
For each whitetopping cell, temperature data is read every 15 minutes and such data has been
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collected for Cells 93, 95 and 97 from 1998 to 2001. This allows for the monthly determination
of the asphalt modulus of elasticity Egyma. The monthly average temperature is determined by
averaging all the temperature measurements for each month. As presented in Figure 13, no
significant difference in monthly average temperature can be seen among the cells. Figure 14
shows the profiles of the monthly average temperatures for each year and again no significant
difference can be found. Therefore, the same monthly average temperatures that are processed
based on the four year measurements are used for all the MnROAD cells in this study.

100
90
80
70
60
50
40
30
20
10

0

Temperature, °F

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month
mCell 93: PCC=4"; HMA=9"
m Cell 95: PCC = 3"; HMA =10"
mCell 97: PCC = 6"; HMA =7"

Figure 13. Monthly average temperatures for various slabs.
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Figure 14. Average monthly temperatures for various years.

A correlation between the asphalt modulus of elasticity and temperature was established in the
research work by Vandenbossche and Fagerness (2002) based on the measured asphalt resilient
modulus on cores taken after each lift and the measured temperatures at mid-depth of the asphalt
layer. The correlation can be mathematically presented as shown in Equation (56).

Eyma = 205.65 -T2 — 36132 - T + 1730000 (56)

where T is the interface temperature, °F and Ey,4 is the asphalt modulus of elasticity, psi. The
high dependency of the asphalt modulus on temperature is demonstrated in Table 9, which
summarizes the predicted MnROAD monthly asphalt modulus of elasticity (to the nearest 1,000
psi) using Equation (56).
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Table 9. Temperature dependency of the asphalt modulus of elasticity.

Month Temperature, °F | Epma, psi
January 23 1,007,000
February 29 855,000
March 38 654,000
April 52 407,000
May 67 232,000
June 74 182,000
July 83 148,000
August 79 159,000
September 70 208,000
October 56 352,000
November 43 557,000
December 30 831,000

Four design methods, namely the NJDOT method, the ICT method, the PCA method and the
CDOT method, are evaluated using the MnROAD pavement parameters and field observations
as described previously. The distresses developed in the MnROAD cells are available based on
survey results. However, none of these four methods is able to directly predict distresses due to
the lack of transfer models that relates the fatigue damage to distresses. The transfer models are
highly site dependent and such a transfer model has not been established for MnROAD, so
additional errors might be introduced if the transfer models for other projects are employed. In
this study, the fatigue damage that results in transverse cracks will be predicted using each
method and compared with the field observations, i.e. transverse cracking and IRI. The
fatigue damage is expressed as the ratio between the applied and the allowable load
repetitions in the following evaluation. Even though this is not a direct comparison, it is
believed that this is sufficient for evaluating the ability of each method in capturing the
development of pavement fatigue damage that is comparable to distresses.

3.2 Evaluation of the NJDOT method

Fatigue damage for both the PCC and HMA layers are calculated using 18-kip ESALSs as the
traffic input in accordance with the NJDOT method. The predictions for all the MnROAD
whitetopping cells are presented in this section, which are compared with the observed transverse
cracking and IRI.

Using the predictions for Cell 60 as an example, the predicted fatigue damage for both the PCC
and HMA layers are presented in Table 10 for its four years in service. The accumulated ESALs
to the five specific months in Table 10 are 0.2, 1.1, 1.9, 2.7 and 3.6 million, respectively. As we
can see, the fatigue damage based on the assumption of unbonded PCC and HMA layers is
significantly higher than those for bonded layers and the difference between the two cases is
more significant for PCC than HMA. This is because a greater majority of the load is carried by
the concrete overlay when it is unbonded to the HMA layer, as can be shown in Table 11.
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Table 10 also presents the comparison between predictions using a constant elastic modulus,
480,000 psi and those using monthly asphalt moduli of elasticity, which are determined from the
discussion in Section 2.3.2. More fatigue damage is predicted using a temperature-dependent
asphalt modulus of elasticity. As illustrated in Figure 15, most of the PCC fatigue damage
occurs during the summer (for instance, June to August, which corresponds to 0.6- to 0.8-
million ESALSs in Figure 15) when the asphalt is softer and greater tensile stresses develop. The
opposite is true for the development of HMA fatigue, which mostly occurs in winter when the
asphalt is stiffer and thus takes more tensile stresses. Comparing Figure 15 and Figure 16, it can
be seen that the periods when the most rapid fatigue development occurs are different for PCC
and HMA.

The comparisons between the predicted fatigue damage and the observed transverse cracking are
presented in Figure 15 and Figure 16 for PCC and HMA layers, respectively. Similar
comparisons between the predicted fatigue damage and the observed IRIs are presented in Figure
17 and Figure 18. The observed IRI and transverse cracking suggest that Cell 60 consistently
performed well from 2004 to 2008. This observed performance trend seems to agree better with
the fatigue predictions for bonded conditions, indicating good bonding between the PCC and
HMA layers.

Similar conclusions regarding Cell 60 can be drawn for Cells 61, 62 and 63 based on Table 12 to
Table 14 and Figure 19 to Figure 30.

Compared with Cells 60 to 63, less fatigue damage is predicted for Cells 92 to 97, as shown in
Table 15 to Table 20 and Figure 31 to Figure 54, mainly due to the higher concrete modulus of
rupture. Cells 93, 94 and 95 present significantly greater fatigue predictions, which are believed
to be due to the thinner slabs.

Table 10. Fatigue summary for Cell 60 using the NJDOT method.

Constant Egma Temperature-dependent Eqnvia

D Bonded Unbonded Bonded Unbonded
ate

PCC HMA PCC HMA PCC HMA PCC HMA

Dec-04 | 0.0E+00 | 5.2E-02 | 1.3E+04 | 2.5E-01 | 0.0E+00 | 2.2E-01 | 2.0E+03 | 5.7E-02

Dec-05 | 0.0E+00 | 2.5E-01 | 6.3E+04 | 1.2E+00 | 1.3E+01 | 2.2E-01 | 1.0E+09 | 1.6E+00

Dec-06 | 0.0E+00 | 4.4E-01 | 1.1E+05 | 2.1E+00 | 2.5E+01 | 3.9E-01 | 2.0E+09 | 2.8E+00

Dec-07 | 0.0E+00 | 6.3E-01 | 1.6E+05 | 3.0E+00 | 3.8E+01 | 5.6E-01 | 3.0E+09 | 4.1E+00

Dec-08 | 0.0E+00 | 8.2E-01 | 2.1E+05 | 4.0E+00 | 5.0E+01 | 7.3E-01 | 4.0E+09 | 5.3E+00
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Figure 15. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 60

using the NJDOT method.
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Figure 16. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 60
using the NJDOT method.
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Figure 17. Observed IRI vs. fatigue damage predicted for the PCC of Cell 60 using the NJDOT

method.
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Figure 18. Observed IRI vs. fatigue damage predicted for the HMA of Cell 60 using the NJDOT
method.
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Table 11. Example of stress predictions for Cells 60 and 62 using the NJDOT method.

Cell 60 Cell 62
HMA stress , psi PCC stress , psi PCC stress , psi
Bonded | Unbonded | Bonded | Unbonded | Bonded | Unbonded
Jan 77 165 46 427 -28 407
Feb 74 151 62 459 -18 454
Mar 70 129 96 512 6 535
Apr 62 94 177 602 73 689
May 52 62 305 699 201 873
Temperature- |5, 1 47 51 369 737 274 950
dependent
Eina Jul 42 43 427 769 346 1,014
Aug 44 46 407 758 320 992
Sep 50 57 333 716 233 908
Oct 60 85 207 629 101 738
Nov 68 116 121 544 25 586
Dec 74 149 65 465 -16 462
Constant Epgya 65 105 146 572 45 587
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Table 12. Fatigue summary for Cell 61 using the NJDOT method.

Constant Egma

Temperature-dependent Eqvia

Date Bonded Unbonded Bonded Unbonded
PCC HMA PCC HMA PCC HMA PCC HMA
Dec-04 | 0.0E+00 | 5.3E-02 | 5.8E+04 | 2.7E-01 | 0.0E+00 | 2.4E-01 | 7.2E+03 | 5.8E-02
Dec-05 | 0.0E+00 | 2.5E-01 | 2.7E+05 | 1.3E+00 | 2.8E+01 | 2.3E-01 | 1.4E+10 | 1.7E+00
Dec-06 | 0.0E+00 | 4.5E-01 | 4.9E+05 | 2.3E+00 | 5.7E+01 | 4.0E-01 | 2.8E+10 | 3.0E+00
Dec-07 | 0.0E+00 | 6.4E-01 | 7.0E+05 | 3.3E+00 | 8.5E+01 | 5.7E-01 | 4.1E+10 | 4.3E+00
Dec-08 | 0.0E+00 | 8.4E-01 | 9.2E+05 | 4.3E+00 | 1.1E+02 | 74E-01 | 5.5E+10 | 5.6E+00
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Figure 19. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 61
using the NJDOT method.
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Figure 20. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 61

using the NJDOT method.
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Figure 21. Observed IRI vs. fatigue damage predicted for the PCC of Cell 61 using the NJDOT
method.

50



70 7.0E+00
60 & A — H/E 6.0E+00
i = S
o 20 W 5.0E+00
g 40 = 4.0E+00
=30 ot 3.0E+00 08’
a4 o
= 20 it 2.0E+00
10 1.0E-+00
0 0.0E+00

0 1 2 3 4
ESALSs, million
===Cell 61: 5"; 6'<5'; UD; US
===HMA fatigue-Constant Eac-Bonded
HMA fatigue-Constant Eac-Unbonded
HMA fatigue-Temperature-dependent Eac-Bonded
HMA fatigue-Temperature-dependent Eac-Unbonded

Figure 22. Observed IRI vs. fatigue damage predicted for the HMA of Cell 61 using the NJDOT
method.

Table 13. Fatigue summary for Cell 62 using the NJDOT method.

Constant Eppvia Temperature-dependent E gy

Date Bonded Unbonded Bonded Unbonded
PCC HMA PCC HMA PCC HMA PCC HMA
Dec-04 | 0.0E+00 | 8.1E-02 | 1.2E+06 | 9.2E-01 | 0.0E+00 | 9.2E-02 | 5.0E+08 | 1.5E+00
Dec-05 | 0.0E+00 | 2.9E-01 | 4.2E+06 | 3.3E+00 | 2.9E+00 | 2.7E-01 | 3.7E+14 | 3.5E+00
Dec-06 | 0.0E+00 | 5.2E-01 | 7.5E+06 | 5.9E+00 | 5.9E+00 | 4.7E-01 | 7.4E+14 | 6.1E+00
Dec-07 | 0.0E+00 | 7.4E-01 | 1.1E+07 | 8.5E+00 | 8.8E+00 | 6.7E-01 | 1.1E+15 | 8.6E+00
Dec-08 | 0.0E+00 | 9.7E-01 | 1.4E+07 | 1.1E+01 | 1.2E+01 | 8.7E-01 | 1.5E+15 | 1.1E+01
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Figure 23. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 62

using the NJDOT method.
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Figure 24. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 62
using the NJDOT method.
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Figure 25. Observed IRI vs. fatigue damage predicted for the PCC of Cell 62 using the NJDOT

method.
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Figure 26. Observed IRI vs. fatigue damage predicted for the HMA of Cell 62 using the NJDOT
method.
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Table 14. Fatigue summary for Cell 63 using the NJDOT method.

Constant Epvia Temperature-dependent Eynvia

Date Bonded Unbonded Bonded Unbonded

PCC HMA PCC HMA PCC HMA PCC HMA
Dec-04 | 0.0E+00 | 8.0E-02 | 3.0E+06 | 9.0E-01 | 0.0E+00 | 9.2E-02 | 2.0E+09 | 1.4E+00
Dec-05 | 0.0E+00 | 2.9E-01 | 1.1E+07 | 3.2E+00 | 5.6E+00 | 2.6E-01 | 2.0E+15 | 3.4E+00
Dec-06 | 0.0E+00 | 5.1E-01 | 1.9E+07 | 5.7E+00 | 1.1E+01 | 4.6E-01 | 4.0E+15 | 5.9E+00
Dec-07 | 0.0E+00 | 7.4E-01 | 2.7E+07 | 8.2E+00 | 1.7E+01 | 6.6E-01 | 6.1E+15 | 8.5E+00
Dec-08 | 0.0E+00 | 9.6E-01 | 3.6E+07 | 1.1E+01 | 2.3E+01 | 8.6E-01 | 8.1E+15 | 1.1E+01
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Figure 27. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 63

using the NJDOT method.
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Figure 28. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 63

using the NJDOT method.
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Figure 29. Observed IRI vs. fatigue damage predicted for the PCC of Cell 63 using the NJDOT
method.
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Figure 30. Observed IRI vs. fatigue damage predicted for the HMA of Cell 63 using the NJDOT

method.

Table 15. Fatigue summary for Cell 92 using the NJDOT method.

Constant Egma

Temperature-dependent Eva

Date Bonded Unbonded Bonded Unbonded
PCC HMA PCC HMA PCC HMA PCC HMA
Dec-97 | 0.0E+00 | 5.1E-02 | 6.1E-02 | 1.4E-01 | 0.0E+00 | 1.3E-01 | 0.0E+00 | 3.6E-02
Dec-98 | 0.0E+00 | 1.5E-01 | 1.8E-01 | 4.1E-01 | 0.0E+00 | 1.3E-01 | 2.2E+02 | 5.5E-01
Dec-99 | 0.0E+00 | 2.5E-01 | 3.1E-01 | 6.9E-01 | 0.0E+00 | 2.1E-01 | 3.3E+02 | 9.7E-01
Dec-00 | 0.0E+00 | 3.5E-01 | 4.3E-01 | 9.6E-01 | 0.0E+00 | 3.0E-01 | 4.5E+02 | 1.4E+00
Dec-01 | 0.0E+00 | 4.6E-01 | 5.5E-01 | 1.2E+00 | 0.0E+00 | 3.9E-01 | 5.8E+02 | 1.8E+00
Dec-02 | 0.0E+00 | 5.6E-01 | 6.7E-01 | 1.5E+00 | 0.0E+00 | 4.8E-01 | 7.1E+02 | 2.2E+00
Dec-03 | 0.0E+00 | 6.6E-01 | 8.0E-01 | 1.8E+00 | 0.0E+00 | 5.7E-01 | 8.4E+02 | 2.6E+00
Dec-04 | 0.0E+00 | 7.6E-01 | 9.2E-01 | 2.1E+00 | 0.0E+00 | 1.9E+00 | 9.6E+02 | 3.1E+00
Dec-05 | 0.0E+00 | 8.6E-01 | 1.0E+00 | 2.3E+00 | 0.0E+00 | 2.1E+00 | 1.1E+03 | 3.5E+00
Dec-06 | 0.0E+00 | 9.6E-01 | 1.2E+00 | 2.6E+00 | 0.0E+00 | 2.4E+00 | 1.2E+03 | 3.9E+00
Dec-07 | 0.0E+00 | 1.1E+00 | 1.3E+00 | 2.9E+00 | 0.0E+00 | 2.6E+00 | 1.3E+03 | 4.3E+00
Dec-08 | 0.0E+00 | 1.2E+00 | 1.4E+00 | 3.2E+00 | 0.0E+00 | 2.9E+00 | 1.5E+03 | 4.7E+00
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Figure 31. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 92

using the NJDOT method.
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Figure 32. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 92
using the NJDOT method.
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Figure 33. Observed IRI vs. fatigue damage predicted for the PCC of Cell 92 using the NJDOT
method.
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Figure 34. Observed IRI vs. fatigue damage predicted for the HMA of Cell 92 using the NJDOT
method.
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Table 16. Fatigue summary for Cell 93 using the NJDOT method.

Constant Egma Temperature-dependent E s
Date Bonded Unbonded Bonded Unbonded
PCC HMA PCC HMA PCC HMA PCC HMA
Dec-97 | 0.0E+00 | 7.6E-02 | 4.0E+00 | 1.1E+00 | 0.0E+00 | 1.0E-01 | 2.8E+06 | 9.0E-01
Dec-98 | 0.0E+00 | 2.3E-01 | 1.2E+01 | 3.4E+00 | 0.0E+00 | 2.0E-01 | 6.9E+06 | 3.0E+00
Dec-99 | 0.0E+00 | 3.8E-01 | 2.0E+01 | 5.7E+00 | 0.0E+00 | 3.3E-01 | 1.1E+07 | 5.1E+00
Dec-00 | 0.0E+00 | 5.2E-01 | 2.8E+01 | 7.8E+00 | 0.0E+00 | 4.5E-01 | 1.5E+07 | 6.9E+00
Dec-01 | 0.0E+00 | 6.8E-01 | 3.6E+01 | 1.0E+01 | 0.0E+00 | 6.0E-01 | 1.9E+07 | 9.3E+00
Dec-02 | 0.0E+00 | 8.3E-01 | 4.4E+01 | 1.3E+01 | 0.0E+00 | 7.4E-01 | 2.3E+07 | 1.1E+01
Dec-03 | 0.0E+00 | 9.8E-01 | 5.2E+01 | 1.5E+01 | 0.0E+00 | 8.7E-01 | 2.7E+07 | 1.4E+01
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Figure 35. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 93
using the NJDOT method.
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Figure 36. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 93

using the NJDOT method.
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Figure 37. Observed IRI vs. fatigue damage predicted for the PCC of Cell 93 using the NJDOT
method.
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Figure 38. Observed IRI vs. fatigue damage predicted for the HMA of Cell 93 using the NJDOT

method.

Table 17. Fatigue summary for Cell 94 using the NJDOT method.

Constant Expa

Temperature-dependent Eva

Date Bonded Unbonded Bonded Unbonded
PCC HMA PCC HMA PCC HMA PCC HMA
Dec-97 | 0.0E+00 | 7.6E-02 | 3.0E-01 | 1.6E+00 | 0.0E+00 | 6.9E-02 | 2.1E+08 | 1.3E+00
Dec-98 | 0.0E+00 | 2.3E-01 | 8.9E-01 | 4.8E+00 | 0.0E+00 | 2.1E-01 | 5.5E+08 | 4.0E+00
Dec-99 | 0.0E+00 | 3.8E-01 | 1.5E+00 | 8.0E+00 | 0.0E+00 | 3.5E-01 | 8.9E+08 | 6.6E+00
Dec-00 | 0.0E+00 | 5.2E-01 | 2.0E+00 | 1.1E+01 | 0.0E+00 | 4.8E-01 | 1.2E+09 | 9.0E+00
Dec-01 | 0.0E+00 | 6.8E-01 | 2.7E+00 | 1.4E+01 | 0.0E+00 | 6.3E-01 | 1.6E+09 | 1.2E+01
Dec-02 | 0.0E+00 | 8.4E-01 | 3.2E+00 | 1.8E+01 | 0.0E+00 | 7.8E-01 | 1.9E+09 | 1.5E+01
Dec-03 | 0.0E+00 | 9.9E-01 | 3.8E+00 | 2.1E+01 | 0.0E+00 | 9.2E-01 | 2.2E+09 | 1.7E+01
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Figure 39. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 94

using the NJDOT method.
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Figure 40. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 94
using the NJDOT method.
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Figure 41. Observed IRI vs. fatigue damage predicted for the PCC of Cell 94 using the NJDOT

method.
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Figure 42. Observed IRI vs. fatigue damage predicted for the HMA of Cell 94 using the NJDOT
method.
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Table 18. Fatigue summary for Cell 95 using the NJDOT method.

Constant E HMA

Temperature-dependent Eva

Date Bonded Unbonded Bonded Unbonded
PCC HMA PCC HMA PCC HMA PCC HMA
Dec-97 | 0.0E+00 | 7.6E-02 | 0.0E+00 | 1.6E+00 | 0.0E+00 | 6.9E-02 | 9.2E+06 | 1.3E+00
Dec-98 | 0.0E+00 | 2.3E-01 | 0.0E+00 | 4.8E+00 | 0.0E+00 | 2.1E-01 | 2.4E+07 | 4.0E+00
Dec-99 | 0.0E+00 | 3.8E-01 | 0.0E+00 | 8.0E+00 | 0.0E+00 | 3.5E-01 | 3.9E+07 | 6.6E+00
Dec-00 | 0.0E+00 | 5.2E-01 | 0.0E+00 | 1.1E+01 | 0.0E+00 | 4.8E-01 | 5.4E+07 | 9.0E+00
Dec-01 | 0.0E+00 | 6.9E-01 | 0.0E+00 | 1.4E+01 | 0.0E+00 | 6.4E-01 | 6.9E+07 | 1.2E+01
Dec-02 | 0.0E+00 | 8.4E-01 | 0.0E+00 | 1.8E+01 | 0.0E+00 | 7.8E-01 | 8.4E+07 | 1.5E+01
Dec-03 | 0.0E+00 | 9.9E-01 | 0.0E+00 | 2.1E+01 | 0.0E+00 | 9.3E-01 | 9.8E+07 | 1.8E+01
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Figure 43. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 95
using the NJDOT method.
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Figure 44. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 95

using the NJDOT method.
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Figure 45. Observed IRI vs. fatigue damage predicted for the PCC of Cell 95 using the NJDOT
method.
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Figure 46. Observed IRI vs. fatigue damage predicted for the HMA of Cell 95 using the NJDOT

method.

Table 19. Fatigue summary for Cell 96 using the NJDOT method.

Constant Exyma

Temperature-dependent Exva

Date Bonded Unbonded Bonded Unbonded
PCC HMA PCC HMA PCC HMA PCC HMA
Jan-98 | 0.0E+00 | 5.1E-02 | 0.0E+00 | 1.4E-01 | 0.0E+00 | 3.6E-02 | 2.5E+01 | 1.3E-01
Jan-99 | 0.0E+00 | 1.5E-01 | 0.0E+00 | 4.1E-01 | 0.0E+00 | 1.3E-01 | 6.0E+01 | 5.5E-01
Jan-00 | 0.0E+00 | 2.5E-01 | 0.0E+00 | 6.9E-01 | 0.0E+00 | 2.1E-01 | 8.9E+01 | 9.7E-01
Jan-01 | 0.0E+00 | 3.5E-01 | 0.0E+00 | 9.6E-01 | 0.0E+00 | 3.0E-01 | 1.2E+02 | 1.4E+00
Jan-02 | 0.0E+00 | 4.6E-01 | 0.0E+00 | 1.2E+00 | 0.0E+00 | 3.9E-01 | 1.6E+02 | 1.8E+00
Jan-03 | 0.0E+00 | 5.6E-01 | 0.0E+00 | 1.5E+00 | 0.0E+00 | 4.8E-01 | 1.9E+02 | 2.2E+00
Jan-04 | 0.0E+00 | 6.6E-01 | 0.0E+00 | 1.8E+00 | 0.0E+00 | 5.7E-01 | 2.3E+02 | 2.6E+00
Jan-05 | 0.0E+00 | 7.6E-01 | 0.0E+00 | 2.1E+00 | 0.0E+00 | 6.6E-01 | 2.6E+02 | 3.1E+00
Jan-06 | 0.0E+00 | 8.6E-01 | 0.0E+00 | 2.3E+00 | 0.0E+00 | 7.5E-01 | 3.0E+02 | 3.5E+00
Jan-07 | 0.0E+00 | 9.6E-01 | 0.0E+00 | 2.6E+00 | 0.0E+00 | 8.4E-01 | 3.3E+02 | 3.9E+00
Jan-08 | 0.0E+00 | 1.1E+00 | 0.0E+00 | 2.9E+00 | 0.0E+00 | 9.3E-01 | 3.7E+02 | 4.3E+00
Jan-09 | 0.0E+00 | 1.2E+00 | 0.0E+00 | 3.2E+00 | 0.0E+00 | 1.0E+00 | 4.0E+02 | 4.7E+00
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Figure 47. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 96

using the NJDOT method.
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Figure 48. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 96
using the NJDOT method.
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Figure 49. Observed IRI vs. fatigue damage predicted for the PCC of Cell 96 using the NJDOT

method.
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Figure 50. Observed IRI vs. fatigue damage predicted for the HMA of Cell 96 using the NJDOT
method.
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Table 20. Fatigue summary for Cell 97 using the NJDOT method.

Constant Egma

Temperature-dependent Eva

Date Bonded Unbonded Bonded Unbonded

PCC HMA PCC HMA PCC HMA PCC HMA
Dec-97 | 0.0E+00 | 5.1E-02 | 6.1E-02 | 1.4E-01 | 0.0E+00 | 3.6E-02 | 9.3E+01 | 1.3E-01
Dec-98 | 0.0E+00 | 1.5E-01 | 1.8E-01 | 4.1E-01 | 0.0E+00 | 1.3E-01 | 2.2E+02 | 5.5E-01
Dec-99 | 0.0E+00 | 2.5E-01 | 3.1E-01 | 6.9E-01 | 0.0E+00 | 2.1E-01 | 3.3E+02 | 9.7E-01
Dec-00 | 0.0E+00 | 3.5E-01 | 4.3E-01 | 9.6E-01 | 0.0E+00 | 3.0E-01 | 4.5E+02 | 1.4E+00
Dec-01 | 0.0E+00 | 4.6E-01 | 5.5E-01 | 1.2E+00 | 0.0E+00 | 3.9E-01 | 5.8E+02 | 1.8E+00
Dec-02 | 0.0E+00 | 5.6E-01 | 6.7E-01 | 1.5E+00 | 0.0E+00 | 4.8E-01 | 7.1E+02 | 2.2E+00
Dec-03 | 0.0E+00 | 6.6E-01 | 8.0E-01 | 1.8E+00 | 0.0E+00 | 5.7E-01 | 8.4E+02 | 2.6E+00
Dec-04 | 0.0E+00 | 7.6E-01 | 9.2E-01 | 2.1E+00 | 0.0E+00 | 6.6E-01 | 9.6E+02 | 3.1E+00
Dec-05 | 0.0E+00 | 8.6E-01 | 1.0E+00 | 2.3E+00 | 0.0E+00 | 7.5E-01 | 1.1E+03 | 3.5E+00
Dec-06 | 0.0E+00 | 9.6E-01 | 1.2E+00 | 2.6E+00 | 0.0E+00 | 8.4E-01 | 1.2E+03 | 3.9E+00
Dec-07 | 0.0E+00 | 1.1E+00 | 1.3E+00 | 2.9E+00 | 0.0E+00 | 9.3E-01 | 1.3E+03 | 4.3E+00
Dec-08 | 0.0E+00 | 1.2E+00 | 1.4E+00 | 3.2E+00 | 0.0E+00 | 1.0E+00 | 1.5E+03 | 4.7E+00
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Figure 51. Observed transverse cracking vs. fatigue damage predicted for the PCC of Cell 97
using the NJDOT method.
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Figure 52. Observed transverse cracking vs. fatigue damage predicted for the HMA of Cell 97
using the NJDOT method.
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Figure 53. Observed IRI vs. fatigue damage predicted for the PCC of Cell 97 using the NJDOT

method.
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Figure 54. Observed IRI vs. fatigue damage predicted for the HMA of Cell 97 using the NJDOT
method.

3.2.1 Conclusion for the NJDOT evaluation

Determining the degree of partial bonding plays an important role in using the NJDOT method to
successfully predict the fatigue for the concrete overlay, since it greatly affects the predicted
stresses that are significant in the PCA fatigue model. The predicted stresses by the NJDOT
structural model are significantly higher for unbonded cases than bonded cases. As can be seen,
the trends of the distress development for Cells 93 to 95 agree better with the predictions
assuming unbonded layers while the assumption of bonded layers seem to work better for the
other cells. Therefore, consistent and successful predictions seem possible to achieve only when
the percentage of partial bonding is determined on a cell-to-cell basis.

The low asphalt modulus of elasticity accelerates the PCC fatigue if the overlay is unbonded
with the HMA layer. This is indicated by the outstanding predicted PCC damage for cases using
a temperature-dependent asphalt modulus of elasticity and the assumption of unbonded layers.
Thus, the importance of correctly determining the bonding condition is again addressed in terms
of the successful application of the temperature-dependent asphalt modulus of elasticity.

Regarding the HMA fatigue predictions, the employment of a temperature-dependent modulus is
only effective for thick whitetopping, i.e. Cells 92, 96 and 97 that are 6 in thick. For the other
thinner cells, practically no difference can be observed between predictions using a constant
modulus and those with a temperature-dependent modulus.

Lastly, it is important to obtain correct and accurate pavement parameters, namely the overlay
thickness and the concrete modulus of rupture. This is because the NJDOT structural model is
very sensitive to the overlay thickness in terms of stress prediction; furthermore, the concrete
modulus of rupture is a very influential input in the PCA fatigue model.
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3.3 Evaluation of the ICT method

In the ICT method, the HMA layer is not considered in the fatigue analysis and thus, fatigue
predictions are only made for PCC overlays in this study. The prediction results, as well as their
comparisons with the observed transverse cracking and IRI, are presented in this section.

For Cell 60, the predicted fatigue damage using constant and temperature-dependent asphalt
moduli of elasticity are compared in Table 21, where cases with a constant asphalt modulus of
elasticity yield much lower fatigue predictions. The monthly stress predictions by the ICT
method, as shown in Table 22, do not vary as much as those by the NJDOT method (Table 11).
For example, the stress predicted in April is only 15 -20 percent lower than that in July.
However, when considering the sensitivity of the ACPA concrete fatigue model to the stress
ratio, the allowable repetitions in April can be found to be approximately 3,000 times higher than
that in July. Therefore, it makes sense to see significantly higher fatigue predictions for the cases
where a temperature-dependent asphalt modulus of elasticity is used when there are
approximately 0.1 million ESALs each month. The fatigue development shown in Figure 55
also suggests a rapid increase in the summer at 0.6 to 0.8 million ESALSs.

Comparisons between the predicted fatigue damage and observed distresses are presented in
Figure 55 and Figure 56 for Cell 60. While failure has been suggested by the predictions using a
temperature-dependent asphalt modulus of elasticity, the predictions using a constant modulus
indicate nearly no damage and thus, better agree with the observation. A similar phenomenon
can be found for Cells 61, 62 and 63 in Figure 57 to Figure 62. These cells all have a low
concrete modulus of rupture. On the other hand, little damage is predicted for Cells 92 to 97
even using the temperature-dependent asphalt modulus of elasticity as shown in Table 26 to
Table 31 and Figure 63 to Figure 74. This does not agree with the observation that Cells 93, 94
and 95 failed due to excessive distresses. A closer examination of the pavement parameters
reveals that Cells 92 to 97 present a much higher concrete modulus of rupture than Cells 60 to
63. Therefore, the variation in the predicted stresses for the cells is overcome by the difference
in the concrete modulus of rupture so that the predicted damage is much higher for Cells 60 to 63
than Cells 92 to 97.

The last interesting finding is that the predictions of fatigue damage for Cells 92 and 97 are
significantly higher than those for Cells 93 to 96. As discussed in Section 2.4.5, the slab length
is used in the ICT structural model to substitute an item in the PCA structural model. However,
this substitution tends to over predict stresses for long slabs. Cells 92 and 97 are both 144 in
long compared with 48 in and 72 in for the other four cells. After checking the predicted
stresses, it was found that the stresses for Cells 92 and 97 are 20 to 30 percent higher than the
other four cells.
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Table 21. Fatigue summary for Cell 60 using the ICT method.

Date Constant Egma Temperature-dependent Eyyia
Dec-04 7.0E-14 6.7E-07
Dec-05 7.8E-13 4.8E-03
Dec-06 2.4E-12 9.7E-03
Dec-07 5.0E-12 1.4E-02
Dec-08 8.5E-12 1.9E-02
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5 5 ]
é 4 r@y 1.0E-02 ©
= 3
£ 2 W 5.0E-03
2 1
& 0 'meemw 'J D i Seimaie s o H—— 0.0E+00
0 | 2 3 4 5

ESALs, million

=e=Cell 60: 5"; 6'<5'; UD; S
===Predicted fatigue-Temperature-dependent Eac

Predicted fatigue-Constant Eac

Figure 55. Observed transverse cracking vs. fatigue damage predicted for Cell 60 using the ICT

method.
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Figure 56. Observed IRI vs. fatigue damage predicted for Cell 60 using the ICT method.

Table 22. Stress predictions for Cell 60 using the ICT method.

Cell 60 Stress in PCC, psi Stress ratio Allow load repetitions
Jan 195 0.33 2.3E+14
Feb 203 0.34 1.8E+13
Mar 215 0.36 3.8E+11
Apr 240 0.40 1.2E+09
May 272 0.46 7.3E+06
Temperature Jun 286 0.48 1.4E+06
dependent Envia Jul 298 0.50 4.2E+05
Aug 294 0.49 6.3E+05
Sep 279 0.47 3.4E+06
Oct 249 0.42 2.6E+08
Nov 223 0.38 4.5E+10
Dec 204 0.34 1.2E+13
Constant Eygva 231 0.39 7.4E+09
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Table 23. Fatigue summary for Cell 61 using the ICT method.

Date Constant Eypa Temperature-dependent Epa
Dec-04 5.8E-11 2.0E-04
Dec-05 6.5E-10 2.6E-01
Dec-06 2.0E-09 5.2E-01
Dec-07 4.1E-09 7.8E-01
Dec-08 7.0E-09 1.0E+00
10 1.2E+00
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Figure 57. Observed transverse cracking vs. fatigue damage predicted for Cell 61 using the ICT

method.
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Figure 58. Observed IRI vs. fatigue damage predicted for Cell 61 using the ICT method.

Table 24. Fatigue summary for Cell 62 using the ICT method.

Date Constant Egma Temperature-dependent Epna
Dec-04 8.0E-14 1.7E-06
Dec-05 8.9E-13 6.3E-02
Dec-06 2.8E-12 1.3E-01
Dec-07 5.7E-12 1.9E-01
Dec-08 9.7E-12 2.5E-01
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Figure 59. Observed transverse cracking vs. fatigue damage predicted for Cell 62 using the ICT

method.
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Figure 60. Observed IRI vs. fatigue damage predicted for Cell 62 using the ICT method.
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Table 25. Fatigue summary for Cell 63 using the ICT method.

Date Constant Eypa Temperature-dependent Eya
Dec-04 1.1E-12 1.4E-05
Dec-05 1.2E-11 2.0E-01
Dec-06 39E-11 4.1E-01
Dec-07 7.9E-11 6.1E-01
Dec-08 1.3E-10 8.1E-01
10 9.0E-01
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Figure 61. Observed transverse cracking vs. fatigue damage predicted for Cell 63 using the ICT

method.
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Figure 62. Observed IRI vs. fatigue damage predicted for Cell 63 using the ICT method.

Table 26. Fatigue summary for Cell 92 using the ICT method.

Date Constant Egma Temperature-dependent Eya
Dec-97 1.8E-12 9.2E-06
Dec-98 1.8E-12 2.0E-05
Dec-99 1.8E-12 3.0E-05
Dec-00 1.8E-12 4.1E-05
Dec-01 1.8E-12 5.1E-05
Dec-02 1.8E-12 6.1E-05
Dec-03 1.8E-12 7.2E-05
Dec-04 1.8E-12 8.2E-05
Dec-05 1.8E-12 9.3E-05
Dec-06 1.8E-12 1.0E-04
Dec-07 1.8E-12 1.1E-04
Dec-08 1.8E-12 1.2E-04
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Figure 63. Observed transverse cracking vs. fatigue damage predicted for Cell 92 using the ICT

method.
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Figure 64. Observed IRI vs. fatigue damage predicted for Cell 92 using the ICT method.
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Table 27. Fatigue summary for Cell 93 using the ICT method.

Date Constant Eypa Temperature-dependent Eqna
Dec-97 5.0E-37 1.7E-18
Dec-98 5.0E-37 4.5E-18
Dec-99 5.0E-37 7.4E-18
Dec-00 6.4E-38 1.0E-17
Dec-01 5.0E-37 1.3E-17
Dec-02 5.0E-37 1.6E-17
Dec-03 5.0E-37 1.9E-17
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Figure 65. Observed transverse cracking vs. fatigue damage predicted for Cell 93 using the ICT

method.
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Figure 66. Observed IRI vs. fatigue damage predicted for Cell 93 using the ICT method.

Table 28. Fatigue summary for Cell 94 using the ICT method.

Date Constant Egma Temperature-dependent Eyyia
Dec-97 7.4E-40 1.5E-17
Dec-98 7.4E-40 4.1E-17
Dec-99 7.4E-40 6.8E-17
Dec-00 9.6E-41 9.5E-17
Dec-01 7.4E-40 1.2E-16
Dec-02 7.4E-40 1.5E-16
Dec-03 7.4E-40 1.7E-16
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Figure 67. Observed transverse cracking vs. fatigue damage predicted for Cell 94 using the ICT

600

500

IRI, in/mile
WA
S S
[w) [w)

N
]
(=)

method.

ESALSs, million
===Cell 94: 3"; 4'x4"; UD; S
===Predicted fatigue-Temperature-dependent Eac
~=Predicted fatigue-Constant Eac

1.0E+00

8.0E-01

6.0E-01

e

4.0E-01

anSt

2.0E-01

0.0E+00

Figure 68. Observed IRI vs. fatigue damage predicted for Cell 94 using the ICT method.
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Table 29. Fatigue summary for Cell 95 using the ICT method.

Date Constant Egma Temperature-dependent Eyyia
Dec-97 8.8E-30 2.3E-11
Dec-98 8.8E-30 6.1E-11
Dec-99 8.8E-30 9.9E-11
Dec-00 1.1E-30 1.4E-10
Dec-01 8.8E-30 1.8E-10
Dec-02 8.8E-30 2.1E-10
Dec-03 8.8E-30 2.5E-10
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Figure 69. Observed transverse cracking vs. fatigue damage predicted for Cell 95 using the ICT

method.
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Figure 70. Observed IRI vs. fatigue damage predicted for Cell 95 using the ICT method.

Table 30. Fatigue summary for Cell 96 using the ICT method.

Date Constant Ejgma Temperature-dependent Eya
Dec-97 9.2E-27 1.0E-16
Dec-98 2.3E-26 1.2E-15
Dec-99 3.9E-26 3.3E-15
Dec-00 5.5E-26 6.5E-15
Dec-01 7.0E-26 1.1E-14
Dec-02 8.6E-26 1.6E-14
Dec-03 1.0E-25 2.2E-14
Dec-04 1.2E-25 2.9E-14
Dec-05 1.3E-25 3.7E-14
Dec-06 1.5E-25 4.6E-14
Dec-07 1.6E-25 5.7E-14
Dec-08 1.8E-25 6.8E-14
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Figure 71. Observed transverse cracking vs. fatigue damage predicted for Cell 96 using the ICT

method.
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Figure 72. Observed IRI vs. fatigue damage predicted for Cell 96 using the ICT method.
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Table 31. Fatigue summary for Cell 97 using the ICT method.

Date Constant Eypa Temperature-dependent Egva
Dec-97 1.8E-12 9.2E-06
Dec-98 1.8E-12 2.0E-05
Dec-99 1.8E-12 3.0E-05
Dec-00 1.8E-12 4.1E-05
Dec-01 1.8E-12 5.1E-05
Dec-02 1.8E-12 6.1E-05
Dec-03 1.8E-12 7.2E-05
Dec-04 1.8E-12 8.2E-05
Dec-05 1.8E-12 9.3E-05
Dec-06 1.8E-12 1.0E-04
Dec-07 1.8E-12 1.1E-04
Dec-08 1.8E-12 1.2E-04
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. Observed transverse cracking vs. fatigue damage predicted for Cell 97 using the ICT

method.
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Figure 74. Observed IRI vs. fatigue damage predicted for Cell 97 using the ICT method.
3.3.1 Conclusion for the ICT evaluation

Small fatigue predictions are yielded using the ICT method, especially when the concrete
modulus of rupture is high. Other than the concrete modulus of rupture, the ICT method is also
sensitive to slab thickness. Comparing the predictions for Cells 60, 61, 62 and 63, reducing the
slab thickness by 1 in can result in ten times more fatigue damage. The significance of slab
length on predictions seems to be even greater based on the comparison between Cell 92 and
Cells 93 to 96. However, this significance cannot be found from the comparison between Cells
93 and 94 (48-in slabs) and Cells 95 and 96 (72-in slabs). This indicates that the use of the ICT
structural model might be more appropriate for smaller whitetopping slabs.

The monthly asphalt modulus of elasticity only results in 20 to 30 percent variation in stress
predictions. However, it yields thousands of times difference in terms of fatigue predictions. It
can be anticipated that the effect of a temperature-dependent asphalt modulus of elasticity would
be even greater if the partial interface bonding is taken into account.

3.4 Evaluation of the PCA method

In the PCA method, the fatigue analysis is carried out for each type of axle load. The axle load
spectrum used by Vandenbossche et al. (2008) in their analysis on MnROAD mainline cells is
borrowed and the traffic is adjusted so that the calculated ESALs by the Mechanistic-Empirical
Pavement Design Guide (MEPDG) (ARA, 2004) is 0.8 million in 1998 which agrees with the
observed ESALs. The axle load repetitions in 1998 are presented for single and tandem axles in
Table A1 and Table A2 in the appendix, respectively. Since the accumulated ESALs on
MnROAD show a linear trend, it is considered to be appropriate to apply the same axle load
repetitions to each year.
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The predicted fatigue for Cell 60 is presented in Table 32, where it is found to be lower using a
constant asphalt modulus of elasticity than using a temperature-dependent asphalt modulus of
elasticity, especially in terms of PCC fatigue. The comparisons between the fatigue predictions
and observed transverse cracking and IRIs can be found in Figure 75 and Figure 76, respectively.

It is interesting to see a much larger PCC fatigue predicted by the PCA method than the ICT
method. Both methods use almost the same equation, i.e. Equations (35) and (42), to determine
stresses in the concrete overlay under 18-kip single axle loading. The stresses for Cell 60 due to
an 18-kip single axle loading are 171 psi and 194 psi using PCA and ICT methods, respectively.
After considering the temperature-induced stresses, the total stresses using the two methods
become 179 psi and 231 psi, respectively. Furthermore, the PCA fatigue model tends to yield
more allowable load repetitions than the ACPA model, as shown in Figure 9. It seems that the
PCA method would tend to yield smaller PCC predictions. However, it should be noted that the
critical stresses in yielding the PCC fatigue damage are not those due to 18-kip single axle loads.
The stresses due to other axle loads in the PCA method are interpolated based on the 18-kip and
36-kip stresses for single axles and tandem axles, respectively. As a result, a small increase in
the axle load would lead to a large increase in the predicted allowable load repetitions, which can
be seen in Table 33 where the stresses are predicted for three tandem axle loads using a constant
asphalt modulus of elasticity. This conclusion is further supported by the finding that the
majority of the predicted PCC fatigue is caused by tandem axle loads in the summer, as shown in
Table 34 where the predicted PCC fatigue is broken down monthly for single and tandem axle
loadings using a temperature-dependent asphalt modulus of elasticity. The rapid increase of
fatigue damage during the summer can also be seen in Figure 75 and Figure 76, where, 0.7 to 1.0
million ESALSs correspond to June through September.

Regarding the HMA fatigue, no significant difference can be found between predictions using
the two types of elastic moduli. This might indicate that the asphalt modulus of elasticity
determined based on the monthly average temperature is a fair approximation to the temperature-
dependent modulus in terms of HMA fatigue predictions using the PCA method.

The results for the other cells are presented in Table 35 to Table 43 and Figure 77 to Figure 94.
In general, the PCA method predicts much lower, but more constant HMA fatigue damage.

It is also interesting to see that the fatigue of the HMA dominates when the concrete modulus of
rupture is very high for Cells 92 to 97 and thus the predicted PCC fatigue becomes very low.
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Table 32. Fatigue summary for Cell 60 using the PCA method.

Date Constant Eygma Temperature-dependent Evia
HMA PCC HMA PCC
Dec-04 4.0E-02 5.9E-01 5.0E-02 2.4E+02
Dec-05 1.3E-01 2.5E+00 1.6E-01 4.7E+02
Dec-06 2.2E-01 4.4E+00 2.6E-01 7.1E+02
Dec-07 3.1E-01 6.3E+00 3.7E-01 9.5E+02
Dec-08 4.0E-01 8.2E+00 4.7E-01 1.2E+03
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Figure 75. Observed transverse cracking vs. fatigue damage predicted for Cell 60 using the PCA
method.
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Figure 76. Observed IRI vs. fatigue damage predicted for Cell 60 using the PCA method.

Table 33. Stress predictions for Cell 60 using the PCA method.

Tandem axle load, kips Stress, psi Stress ratio Allow repetitions
36 254 0.43 unlimited
38 268 0.45 6.1E+07
40 282 0.47 4,0E+06

Table 34. PCC fatigue predictions based on temperature-dependent asphalt modulus of elasticity
for Cell 60 using the PCA method.

Month Single axle Tandem axle
January 0.0E+00 2.7E-06
February 1.4E-06 5.9E-03
March 4.5E-05 4.2E-02
April 2.5E-03 2.1E+00
May 4.0E-06 8.4E-02
June 5.7E-06 1.3E-01
July 1.2E+01 4.9E+01
August 1.7E-04 3.8E-01
September 3.6E-03 1.7E+02
October 6.5E-06 1.6E-02
November 0.0E+00 8.4E-04
December 0.0E+00 1.0E-04
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Table 35. Fatigue summary for Cell 61 using the PCA method.

Date Constant Egma Temperature-dependent Eyyva
HMA PCC HMA PCC
Dec-04 4.0E-02 6.8E+00 6.0E-02 5.9E+03
Dec-05 1.4E-01 2.5E+01 1.6E-01 1.2E+04
Dec-06 2.3E-01 4 3E+01 2.7E-01 1.8E+04
Dec-07 3.2E-01 6.0E+01 3.8E-01 2.4E+04
Dec-08 4.1E-01 7.8E+01 4.9E-01 2.9E+04
10 3.5E+04
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Figure 77. Observed transverse cracking vs. fatigue damage predicted for Cell 61 using the PCA
method.
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Figure 78. Observed IRI vs. fatigue damage predicted for Cell 61 using the PCA method.

Table 36. Fatigue summary for Cell 62 using the PCA method.

Date Constant Egma Temperature-dependent Evia
HMA PCC HMA PCC

Dec-04 5.0E-02 1.3E+00 8.0E-02 3.5E+03

Dec-05 1.6E-01 5.1E+00 2.2E-01 7.1E+03

Dec-06 2.7E-01 8.8E+00 3.7E-01 1.1E+04

Dec-07 3.9E-01 1.3E+01 5.1E-01 1.4E+04

Dec-08 5.0E-01 1.6E+01 6.5E-01 1.8E+04
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Figure 79. Observed transverse cracking vs. fatigue damage predicted for Cell 62 using the PCA

method.
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Figure 80. Observed IRI vs. fatigue damage predicted for Cell 62 using the PCA method.
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Table 37. Fatigue summary for Cell 63 using the PCA method.

Date Constant Epva Temperature-dependent Epvia
HMA PCC HMA PCC
Dec-04 5.0E-02 2.5E+00 8.0E-02 8.2E+03
Dec-05 1.6E-01 9.3E+00 2.1E-01 1.6E+04
Dec-06 2.6E-01 1.6E+01 3.5E-01 2.5E+04
Dec-07 3.7E-01 2.3E+01 4.9E-01 3.3E+04
Dec-08 4.8E-01 3.0E+01 6.3E-01 4.1E+04
10 5.0E+04
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Figure 81. Observed transverse cracking vs. fatigue damage predicted for Cell 63 using the PCA
method.
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Figure 82. Observed IRI vs. fatigue damage predicted for Cell 63 using the PCA method.

Table 38. Fatigue summary for Cell 92 using the PCA method.

Date Constant Exma Temperature-dependent Eyvia

HMA PCC HMA PCC
Dec-97 1.0E-02 0.0E+00 2.0E-02 2.0E-02
Dec-98 4.0E-02 0.0E+00 5.0E-02 4.0E-02
Dec-99 7.0E-02 0.0E+00 9.0E-02 6.0E-02
Dec-00 9.0E-02 0.0E+00 1.2E-01 8.0E-02
Dec-01 1.2E-01 1.0E-02 1.6E-01 1.1E-01
Dec-02 1.5E-01 1.0E-02 1.9E-01 1.3E-01
Dec-03 1.7E-01 1.0E-02 2.2E-01 1.5E-01
Dec-04 2.0E-01 1.0E-02 2.6E-01 1.7E-01
Dec-05 2.2E-01 1.0E-02 2.9E-01 1.9E-01
Dec-06 2.5E-01 1.0E-02 3.3E-01 2.1E-01
Dec-07 2.8E-01 1.0E-02 3.6E-01 2.3E-01
Dec-08 3.0E-01 1.0E-02 4.0E-01 2.6E-01

96




10 1.0E+00
X9
< 8 8.0E-01
(]
<7
S 6 6.0E-01
° 5 =,
< 4 1 4.0E-01%E
@ 3 . @
5 2 L 2.0E-01
s 1 ....... F -
A~ 0 I eseeregeresya () ,0E+00

ESALs, million
=>&Cell 92: 6"; 12'x10"; D; S
PCC fatigue-Constant Eac
PCC fatigue-Temperature-dependent Eac
HMA fatigue-Constant Eac
HMA fatigue-Temperature-dependent Eac

Figure 83. Observed transverse cracking vs. fatigue damage predicted for Cell 92 using the PCA

method.
140 1.0E+00
12
0 8.0E-01
o 100
£ 80 6.0E-01 2
E £
— 60 015
= 4.0E-01 @
40 )
1 2.0E-01
20
0 2 4 6 8 10

ESALSs, million
=>&=Cell 92: 6"; 12'x10"; D; S
PCC fatigue-Constant Eac
PCC fatigue-Temperature-dependent Eac
HMA fatigue-Constant Eac
HMA fatigue-Temperature-dependent Eac

Figure 84. Observed IRI vs. fatigue damage predicted for Cell 92 using the PCA method.
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Table 39. Fatigue summary for Cell 93 using the PCA method.

=>&=Cell 93: 4"; 4'x4'; UD; S

Figure 85. Observed transverse cracking vs. fatigue damage predicted for Cell 93 using the PCA
method.
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Figure 86. Observed IRI vs. fatigue damage predicted for Cell 93 using the PCA method.

Table 40. Fatigue summary for Cell 94 using the PCA method.

Date Constant Egma Temperature-dependent E gy

HMA PCC HMA PCC
Dec-97 1.0E-02 0.0E+00 2.0E-02 0.0E+00
Dec-98 3.0E-02 0.0E+00 6.0E-02 0.0E+00
Dec-99 5.0E-02 0.0E+00 1.0E-01 0.0E+00
Dec-00 7.0E-02 0.0E+00 1.4E-01 0.0E+00
Dec-01 9.0E-02 0.0E+00 1.7E-01 0.0E+00
Dec-02 1.1E-01 0.0E+00 2.1E-01 0.0E+00
Dec-03 1.3E-01 0.0E+00 2.5E-01 0.0E+00
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Figure 87. Observed transverse cracking vs. fatigue damage predicted for Cell 94 using the PCA

method.
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Figure 88. Observed IRI vs. fatigue damage predicted for Cell 94 using the PCA method.
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Table 41. Fatigue summary for Cell 95 using the PCA method.

Date Constant Epma Temperature-dependent Exvia
HMA PCC HMA PCC
Dec-97 2.0E-02 0.0E+00 4.0E-02 1.0E-02
Dec-98 5.0E-02 0.0E+00 1.0E-01 2.0E-02
Dec-99 9.0E-02 0.0E+00 1.6E-01 3.0E-02
Dec-00 1.3E-01 0.0E+00 2.2E-01 4.0E-02
Dec-01 1.6E-01 0.0E+00 2.8E-01 5.0E-02
Dec-02 2.0E-01 0.0E+00 3.4E-01 6.0E-02
Dec-03 2.3E-01 0.0E+00 4.0E-01 7.0E-02
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Figure 89. Observed transverse cracking vs. fatigue damage predicted for Cell 95 using the PCA
method.
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Figure 90. Observed IRI vs. fatigue damage predicted for Cell 95 using the PCA method.

Table 42. Fatigue summary for Cell 96 using the PCA method.

Date Constant Eygva Temperature-dependent Eyyva

HMA PCC HMA PCC
Dec-97 1.0E-02 0.0E+00 1.0E-02 0.0E+00
Dec-98 2.0E-02 0.0E+00 3.0E-02 0.0E+00
Dec-99 3.0E-02 0.0E+00 5.0E-02 0.0E+00
Dec-00 5.0E-02 0.0E+00 7.0E-02 0.0E+00
Dec-01 6.0E-02 0.0E+00 9.0E-02 0.0E+00
Dec-02 7.0E-02 0.0E+00 1.1E-01 0.0E+00
Dec-03 9.0E-02 0.0E+00 1.3E-01 0.0E+00
Dec-04 1.0E-01 0.0E+00 1.5E-01 0.0E+00
Dec-05 1.1E-01 0.0E+00 1.7E-01 0.0E+00
Dec-06 1.3E-01 0.0E+00 1.8E-01 0.0E+00
Dec-07 1.4E-01 0.0E+00 2.0E-01 0.0E+00
Dec-08 1.5E-01 0.0E+00 2.2E-01 1.0E-02
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Figure 91. Observed transverse cracking vs. fatigue damage predicted for Cell 96 using the PCA

method.
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Figure 92. Observed IRI vs. fatigue damage predicted for Cell 96 using the PCA method.
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Table 43. Fatigue summary for Cell 97 using the PCA method.

Date Constant E . Temperature-dependent E .
HMA PCC HMA PCC
Dec-97 1.0E-02 0.0E+00 2.0E-02 4.0E-02
Dec-98 4.0E-02 0.0E+00 5.0E-02 9.0E-02
Dec-99 7.0E-02 1.0E-02 9.0E-02 1.4E-01
Dec-00 9.0E-02 1.0E-02 1.2E-01 1.9E-01
Dec-01 1.2E-01 1.0E-02 1.6E-01 2.4E-01
Dec-02 1.5E-01 2.0E-02 2.0E-01 2.8E-01
Dec-03 1.8E-01 2.0E-02 2.3E-01 3.3E-01
Dec-04 2.0E-01 2.0E-02 2.7E-01 3.8E-01
Dec-05 2.3E-01 2.0E-02 3.0E-01 43E-01
Dec-06 2.6E-01 3.0E-02 3.4E-01 4.7E-01
Dec-07 2.9E-01 3.0E-02 3.7E-01 5.2E-01
Dec-08 3.1E-01 3.0E-02 4.1E-01 5.7E-01
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Figure 93. Observed transverse cracking vs. fatigue damage predicted for Cell 97 using the PCA
method.
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Figure 94. Observed IRI vs. fatigue damage predicted for Cell 97 using the PCA method.
3.4.1 Conclusion for the PCA evaluation

Both PCC and HMA predictions by the PCA method do not seem to capture the observed
distress development for MnROAD cells. On one hand, the HMA predictions are relatively
constant for all the cells. The PCC predictions are extremely higher than the observations for
Cells 60 to 63 and extremely lower than the observations for Cells 93 to 95. This again suggests
the importance of accurately determining the concrete modulus of rupture, which is a very
sensitive input in the PCA fatigue model. The assumption of a constant bonding condition may
also be responsible for the inability to predict the performance, since the influence of pavement
parameters, such as PCC thickness and stiffness and HMA thickness and stiffness, on the stress
predictions would be more significant for unbonded whitetopping.

Based on the PCA evaluation, it can also be concluded that the use of load spectrum as a traffic
input would result in more PCC fatigue predictions than ESALSs, especially when the asphalt is
less stiff during summer.

3.5 Evaluation of the CDOT method

Similar to the PCA method, the monthly axle spectra in Tables A1 and A2 are used in the
evaluation of the CDOT method. Although a modified procedure was introduced in the CDOT
method that employs the 18-kip ESALSs as the traffic input, the correlation between the axle
loading and ESALSs is only valid for 6-in whitetopping and thus, cannot be used in this study.

The predicted fatigue damage for Cell 60 are presented in Table 44, where the fatigue prediction
can be found for both HMA and PCC layers using both constant and temperature-dependent
asphalt moduli of elasticity. The comparisons between the fatigue predictions and the field
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observations can be found in Figure 95 and Figure 96 for transverse cracking and IRI,
respectively.

Compared with the predictions by the ICT and PCA methods, the difference between PCC
fatigue predictions using constant and temperature-dependent asphalt moduli of elasticity, as
shown in Table 44, is as large as hundreds of times. This is because the asphalt modulus of
elasticity is explicitly considered in the CDOT stress predictions as shown in Equations (4) and
(5). Therefore, much larger stresses are predicted for the PCC when the asphalt is less stiff
during the summer time.

A similar analysis is carried out for all of the other cells and the results are presented in Table 45
to Table 53 and Figure 97 to Figure 114.

It is interesting to see that the predicted fatigue damage using a constant modulus is greater for
Cell 61 than for Cell 62, while the predictions with a temperature-dependent modulus are lower
for Cell 61 than for Cell 62. The constant modulus is determined based on an annual average
temperature that is more representative to the temperature in March or April, as shown in Table
9. In March or April, the asphalt is relatively stiff and therefore thicker whitetopping slabs, i.e.
Cell 61 will present more stresses. However, fatigue damage mainly occurs during the summer
using the temperature-dependent asphalt modulus of elasticity. When the asphalt is soft, more
fatigue would be predicted for thinner slabs. Therefore, the above finding may suggest that that
thinner slabs are more critical in terms of fatigue prediction when the temperature is high and the
asphalt is soft and vice versa.

It is also interesting to see that the CDOT method successfully predicts that more distresses
developed at Cells 93, 94 and 95 than Cells 92, 96 and 97. The thin slabs of Cells 93, 94 and 95
are believed to be responsible for the increase in PCC fatigue damage predicted.

Over 100 percent of HMA fatigue damage is predicted for Cell 92. However, the overall HMA
fatigue predictions were kept relatively constant for all the cells. The stress and strain are both
corrected for the effect of partial bonding in the CDOT method. Therefore, for Cell 92, which
presents the lowest PCC stresses, the highest HMA strain would definitely occur.

Significantly higher PCC fatigue is predicted for Cells 60 to 63 than for Cells 92 to 97 in the
CDOT evaluation, which is also believed to be due to the lower modulus of rupture for Cells 60
to 63.

Table 44. Fatigue summary for Cell 60 using the CDOT method.

Date Constant Egma Temperature-dependent Eqna
PCC HMA PCC HMA
Dec-04 8.4E+00 1.2E-02 6.5E+03 2.0E-02
Dec-05 1.3E+04 3.8E-02 8.7E+08 5.6E-02
Dec-06 2.6E+04 6.3E-02 1.7E+09 9.2E-02
Dec-07 3.8E+04 8.9E-02 2.6E+09 1.3E-01
Dec-08 5.1E+04 1.1E-01 3.5E+09 1.6E-01
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Figure 95. Observed transverse cracking vs. fatigue damage predicted for Cell 60 using the

CDOT method.
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Figure 96. Observed IRI vs. fatigue damage predicted for Cell 60 using the CDOT method.
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Table 45. Fatigue summary for Cell 61 using the CDOT method.

Dat Constant Egma Temperature-dependent E s
ate
PCC HMA PCC HMA
Dec-04 1.8E+02 1.2E-02 3.4E+05 2.0E-02
Dec-05 4.1E+05 3.8E-02 1.3E+11 5.7E-02
Dec-06 8.2E+05 6.4E-02 2.6E+11 9.4E-02
Dec-07 1.2E+06 8.9E-02 3.9E+11 1.3E-01
Dec-08 1.6E+06 1.2E-01 52E+11 1.7E-01
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Figure 97. Observed transverse cracking vs. fatigue damage predicted for Cell 61 using the
CDOT method.
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Figure 98. Observed IRI vs. fatigue damage predicted for Cell 61 using the CDOT method.

Table 46. Fatigue summary for Cell 62 using the CDOT method.

Date Constant Egma Temperature-dependent Epya
PCC HMA PCC HMA
Dec-04 3.4E+01 1.2E-02 4.3E+05 2.1E-02
Dec-05 6.2E+04 3.8E-02 7.3E+11 6.0E-02
Dec-06 1.2E+05 6.4E-02 1.5E+12 9.8E-02
Dec-07 1.9E+05 9.0E-02 2.2E+12 1.4E-01
Dec-08 2.5E+05 1.2E-01 2.9E+12 1.7E-01
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Figure 99. Observed transverse cracking vs. fatigue damage predicted for Cell 62 using the

CDOT method.
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Figure 100. Observed IRI vs. fatigue damage predicted for Cell 62 using the CDOT method.
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Table 47. Fatigue summary for Cell 63 using the CDOT method.

Date Constant Exma Temperature-dependent E yya
PCC HMA PCC HMA
Dec-04 6.6E+01 1.2E-02 1.1E+06 2.1E-02
Dec-05 1.3E+05 3.8E-02 2.3E+12 6.0E-02
Dec-06 2.7E+05 6.4E-02 4.6E+12 9.8E-02
Dec-07 4.0E+05 8.9E-02 6.9E+12 1.4E-01
Dec-08 5.3E+05 1.2E-01 9.2E+12 1.7E-01
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Figure 101. Observed transverse cracking vs. fatigue damage predicted for Cell 63 using the

CDOT method.
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Figure 102. Observed IRI vs. fatigue damage predicted for Cell 63 using the CDOT method.

Table 48. Fatigue summary for Cell 92 using the CDOT method.

Date

Constant Exyma

Temperature-dependent Expva

PCC HMA PCC HMA
Dec-97 1.6E-02 2.6E-02 2.7E+00 5.9E-02
Dec-98 3.4E-02 8.1E-02 5.4E+00 1.6E-01
Dec-99 5.1E-02 1.4E-01 8.1E+00 2.6E-01
Dec-00 6.8E-02 1.9E-01 1.1E+01 3.6E-01
Dec-01 8.5E-02 2.4E-01 1.3E+01 4.6E-01
Dec-02 1.0E-01 3.0E-01 1.6E+01 5.6E-01
Dec-03 1.2E-01 3.5E-01 1.9E+01 6.6E-01
Dec-04 1.4E-01 4.1E-01 2.2E+01 7.7E-01
Dec-05 1.5E-01 4.6E-01 2.4E+01 8.7E-01
Dec-06 1.7E-01 5.2E-01 2.7E+01 9.7E-01
Dec-07 1.9E-01 5.7E-01 3.0E+01 1.1E+00
Dec-08 2.1E-01 6.3E-01 3.2E+01 1.2E+00
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Figure 103. Observed transverse cracking vs. fatigue damage predicted for Cell 92 using the

CDOT method.
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Figure 104. Observed IRI vs. fatigue damage predicted for Cell 92 using the CDOT method.
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Table 49. Fatigue summary for Cell 93 using the CDOT method.

Dat Constant Eypa Temperature-dependent Epa
ate PCC HMA PCC HMA
Dec-97 2.9E-02 5.7E-03 1.2E+03 8.0E-03
Dec-98 5.9E-02 1.8E-02 2.4E+03 2.3E-02
Dec-99 9.0E-02 3.0E-02 3.6E+03 3.8E-02
Dec-00 1.2E-01 4.1E-02 4.8E+03 5.3E-02
Dec-01 1.5E-01 5.3E-02 5.9E+03 6.8E-02
Dec-02 1.8E-01 6.5E-02 7.1E+03 8.3E-02
Dec-03 2.1E-01 7.7E-02 8.3E+03 9.8E-02
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Figure 105. Observed transverse cracking vs. fatigue damage predicted for Cell 93 using the
CDOT method.
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Figure 106. Observed IRI vs. fatigue damage predicted for Cell 93 using the CDOT method.

Table 50. Fatigue summary for Cell 94 using the CDOT method.

Date Constant Egma Temperature-dependent Eva
PCC HMA PCC HMA
Dec-97 9.1E-02 5.7E-03 3.6E+04 8.3E-03
Dec-98 1.9E-01 1.8E-02 7.1E+04 2.4E-02
Dec-99 2.8E-01 3.0E-02 1.1E+05 3.9E-02
Dec-00 3.8E-01 4.2E-02 1.4E+05 5.4E-02
Dec-01 4.8E-01 5.3E-02 1.8E+05 7.0E-02
Dec-02 5.7E-01 6.5E-02 2.1E+05 8.5E-02
Dec-03 6.7E-01 7.7E-02 2.5E+05 1.0E-01
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Figure 107. Observed transverse cracking vs. fatigue damage predicted for Cell 94 using the

CDOT method.
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Figure 108. Observed IRI vs. fatigue damage predicted for Cell 94 using the CDOT method.
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Table 51. Fatigue summary for Cell 95 using the CDOT method.

Dat Constant Eypa Temperature-dependent Epa
ate PCC HMA PCC HMA
Dec-97 7.3E-02 1.1E-02 1.9E+04 2.0E-02
Dec-98 1.5E-01 3.5E-02 3.8E+04 5.6E-02
Dec-99 2.3E-01 5.9E-02 5.7E+04 9.1E-02
Dec-00 3.0E-01 8.3E-02 7.6E+04 1.3E-01
Dec-01 3.8E-01 1.1E-01 9.5E+04 1.6E-01
Dec-02 4.6E-01 1.3E-01 1.1E+05 2.0E-01
Dec-03 5.4E-01 1.5E-01 1.3E+05 2.3E-01
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Figure 109. Observed transverse cracking vs. fatigue damage predicted for Cell 95 using the
CDOT method.
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Figure 110. Observed IRI vs. fatigue damage predicted for Cell 95 using the CDOT method.

Table 52. Fatigue summary for Cell 96 using the CDOT method.

Date Constant Eypa Temperature-dependent Ejya
PCC HMA PCC HMA
Dec-97 5.0E-03 1.1E-02 6.0E-01 1.7E-02
Dec-98 1.0E-02 3.4E-02 1.2E+00 4.7E-02
Dec-99 1.5E-02 5.7E-02 1.8E+00 7.8E-02
Dec-00 2.1E-02 7.9E-02 2.4E+00 1.1E-01
Dec-01 2.6E-02 1.0E-01 3.0E+00 1.4E-01
Dec-02 3.1E-02 1.3E-01 3.6E+00 1.7E-01
Dec-03 3.6E-02 1.5E-01 4 2E+00 2.0E-01
Dec-04 4.2E-02 1.7E-01 4 8E+00 2.3E-01
Dec-05 4.7E-02 1.9E-01 5.4E+00 2.6E-01
Dec-06 5.2E-02 2.2E-01 6.0E+00 2.9E-01
Dec-07 5.7E-02 2.4E-01 6.6E+00 3.2E-01
Dec-08 6.2E-02 2.6E-01 7.2E+00 3.5E-01
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Figure 112. Observed IRI vs. fatigue damage predicted for Cell 96 using the CDOT method.
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Table 53. Fatigue summary for Cell 97 using the CDOT method.

Dat Constant Eypa Temperature-dependent Epa
ate PCC HMA PCC HMA
Dec-97 1.6E-02 2.6E-02 2.7E+00 5.9E-02
Dec-98 3 4E-02 8.1E-02 5.4E+00 1.6E-01
Dec-99 5.1E-02 1.4E-01 8.1E+00 2.6E-01
Dec-00 6.8E-02 1.9E-01 1.1E+01 3.6E-01
Dec-01 8.5E-02 2.4E-01 1.3E+01 4.6E-01
Dec-02 1.0E-01 3.0E-01 1.6E+01 5.6E-01
Dec-03 1.2E-01 3.5E-01 1.9E+01 6.6E-01
Dec-04 1.4E-01 4.1E-01 2.2E+01 7.7E-01
Dec-05 1.5E-01 4.6E-01 2.4E+01 8.7E-01
Dec-06 1.7E-01 5.2E-01 2.7E+01 9.7E-01
Dec-07 1.9E-01 5.7E-01 3.0E+01 1.1E+00
Dec-08 2.1E-01 6.3E-01 3.2E+01 1.2E+00
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Figure 113. Observed transverse cracking vs. fatigue damage predicted for Cell 97 using the
CDOT method.
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Figure 114. Observed IRI vs. fatigue damage predicted for Cell 97 using the CDOT method.
3.5.1 Conclusion for the CDOT evaluation

The CDOT method is the only one out of the four methods that successfully predicts much more
fatigue damage for Cells 93 to 95 than Cells 92, 96 and 97. However, the high dependency of
the concrete modulus of rupture impairs the sensitivity of the method to the pavement parameters
in the stress and subsequent fatigue predictions.

The asphalt modulus of elasticity is such a significant input in the CDOT method that the
difference in PCC fatigue predictions using constant and temperature-dependent moduli is the
largest among the four methods. Furthermore, it was found that the critical pavement structure,
in terms of stress predictions, shifts with the temperature of the asphalt.

Both PCC stress and HMA strain are corrected for partial bonding resulting in the phenomenon
where larger HMA strains can be found in the cell where the PCC stress is the lowest.

3.6 Conclusions made base on the evaluations

Evaluations were made on four of the methods currently available for whitetopping design, on
which the following conclusions can be made.

The NJDOT method predicts tremendous PCC and HMA fatigue damage for unbonded
conditions and nearly zero fatigue damage for fully bonded conditions, as can be seen in Table
54. The prediction for the degree of bonding condition is supposed to lie in between the two
extreme scenarios. However, a new problem arises when trying to determine the percentage of
partial bonding.

The ICT method yields the lowest predictions for the PCC fatigue damage among the four
methods as shown in Table 54. This can be explained by the fact that the ICT method predicts
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the lowest stresses, as shown in Table 55, considering that the stresses due to an 18-kip single
axle loading are not the most critical stresses in the fatigue analysis of the PCA method. The
ICT method is sensitive to pavement parameters, namely pavement thickness and slab size.
However, Cell 92 and 97, which are 144-in slabs, have significantly over predicted stresses, as
shown in Table 55. This is believed to be due to the difference between the ICT stress equations,
Equations (42) and (43), and the PCA stress equations, Equations (35) and (38). The difference
between the PCA stresses and the ICT stresses becomes more significant as the joint spacing
increases, as shown in Figure 8. As long as typical whitetopping slab dimensions, 36-72 in, are
used, it is appropriate to use either equation.

Among the four methods, the PCA and the CDOT methods seem to be able to yield the most
reasonable fatigue predictions for both PCC and HMA, as shown in Table 54. Both methods
have taken partial bonding into account through calibrating the structural response models based
on field observations. Furthermore, the CDOT method is the only one that captures more fatigue
damage in Cells 93, 94 and 95 than Cells 92, 96 and 97. As shown in Table 55, the CDOT
method predicts lower stresses for Cells 93 to 95, which are thinner than Cells 92, 96 and 97,
while the PCA method is not very sensitive to the slab thickness.

The use of a temperature-dependent asphalt modulus of elasticity results in significantly higher
fatigue damage for all four methods, since a monthly asphalt modulus of elasticity is better able
to capture the critical stresses generated in the overlay when asphalt is soft in the summer. This
effect is found to be more significant for whitetopping with unbonded layers. The other
advantage of using a temperature-dependent asphalt modulus of elasticity is that it can capture
the shift in the critical pavement thickness in terms of stress prediction. Based on both the PCA
and CDOT evaluations, it is found that a thicker concrete overlay will present more stresses
when the asphalt is stiffer and vice versa.

Regarding the traffic input, it was identified that the use of axle repetitions instead of ESALS
results in more fatigue damage. Furthermore, it was found that the majority of the fatigue is
predicted due to heavy tandem axle loadings occurring during the summer time.

It is extremely important to accurately determine the concrete modulus of rupture since it is a
very sensitive input in the PCC fatigue analysis. In Table 54, significantly higher fatigue
predictions can be found for Cells 60 to 63, which have a much lower modulus of rupture than
Cells 92 to 97. However, the variation in stress predictions among the cells, as shown in Table
55, is so small that it is not statistically significant. Instead, it is the sensitivity of fatigue models
to the stress ratio, as shown in Table 56 that leads to the exponential increase of fatigue with tiny
changes in the stress ratio.

The thermal stresses due to the temperature differentials in the slab are considered in all four
methods. Depending where the critical tensile stress is located in the overlay, the thermal stress
would be added or subtracted from the load-induced tensile stress. For the MnROAD cells,
negative temperature differentials exist. In the ICT and PCA methods, the critical stresses are
assumed to be at the top of the overlay, so positive tensile stresses are added to the total stress, as
shown in Table 57. On the other hand, the tensile stress is alleviated due to the temperature
differential in the CDOT and NJDOT methods, since the critical stress is assumed to be at the
bottom of the slabs. It can also be found that the thermal stresses make up a large percent of the
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total predicted stresses in the ICT and NJDOT method (bonded cases). Therefore, to
successfully apply these two methods, the determination of the concrete CTE and temperature
differential becomes very critical.

Compared with the fatigue predictions for the PCC, the predictions for the HMA are consistently
low as long as the assumed bond condition is reasonable. This is believed to be due to the fact
that the Asphalt Institute fatigue model is not as sensitive to the asphalt strain as the PCA and
ACPA concrete fatigue model is to the stress ratio. Therefore, the employment of the inactive
asphalt fatigue analysis into design might not always be helpful.
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Table 54. Summary of fatigue damage predictions at 3 million ESALs for MnROAD cells using a constant asphalt modulus of

elasticity.
PCC fatigue HMA fatigue
NJDOT NJDOT

CDOT 1T Bonded Unbonded PCA CDOT IcT Bonded Unbonded PCA
Cell 60 3.8E+04 0% 0% 1.8E+05 652% 9% N.A. 69% 335% 32%
Cell 61 1.2E+06 7% 0% 1.8E+05 6362% 9% N.A. 69% 335% 33%
Cell 62 1.9E+05 0% 0% 1.2E+07 1317% 9% N.A. 82% 932% 40%
Cell 63 4.0E+05 0% 0% 3.0E+07 2407% 9% N.A. 81% 909% 38%
Cell 92 7% 0% 0% 44% 1% 20% N.A. 36% 98% 10%
Cell 93 12% 0% 0% 2890% 0% 4% N.A. 54% 820% 5%
Cell 94 38% 0% 0% 212% 0% 4% N.A. 55% 1146% 7%
Cell 95 30% 0% 0% 0% 0% 9% N.A. 55% 1153% 13%
Cell 96 2% 0% 0% 0% 0% 8% N.A. 36% 98% 5%
Cell 97 7% 0% 0% 44% 1% 20% N.A. 36% 98% 10%
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Table 55. Summary of structural response predictions due to 18-kip single axle loading for MnROAD cells using a constant asphalt
modulus of elasticity.

PCC stress, psi

HMA microstrain

NIDOT NIDOT

CDOT Ict Bonded Unbonded PeA DOt Ict Bonded Unbonded PeA
Cell 60 307 194 106 518 179 102 N.A. 136 219 105
Cell 61 312 196 96 503 182 103 N.A. 137 224 106
Cell 62 312 196 45 587 175 103 N.A. 143 299 110
Cell 63 310 196 45 591 176 103 N.A. 143 297 109
Cell 92 240 270 103 388 173 129 N.A. 112 151 75
Cell 93 257 132 -4 480 138 81 N.A. 126 288 61
Cell 94 258 133 -44 396 131 81 N.A. 127 319 66
Cell 95 262 177 -43 364 144 100 N.A. 127 320 79
Cell 96 240 168 103 388 160 99 N.A. 112 151 62
Cell 97 240 270 103 388 174 129 N.A. 112 151 76
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Table 56. Summary of stress ratios due to 18-kip single axle loading for MnROAD cells using a constant asphalt modulus of elasticity.

NIDOT

DOt IcT Bonded Unbonded PCA
Cell 60 0.52 0.33 0.18 0.87 0.30
Cell 61 0.52 0.33 0.16 0.85 0.31
Cell 62 0.52 0.33 0.08 0.99 0.29
Cell 63 0.52 0.33 0.08 0.99 0.29
Cell 92 0.40 0.45 0.17 0.65 0.29
Cell 93 0.43 0.22 -0.01 0.81 0.23
Cell 94 0.43 0.22 -0.07 0.66 0.22
Cell 95 0.44 0.30 -0.07 0.61 0.24
Cell 96 0.40 0.28 0.17 0.65 0.27
Cell 97 0.40 0.45 0.17 0.65 0.29
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Table 57. Summary of thermal stress/strain predictions for MnROAD cells using a constant asphalt modulus of elasticity.

PCC stress, psi

HMA microstrain

NJDOT NJIDOT
CDOT IcT Bonded Unbonded PCA CDOT IcT Bonded Unbonded PCA
Cell 60 -12 37 -40 -54 8 N.A. N.A. N.A. N.A. -2
Cell 61 -12 41 -41 -55 9 N.A. N.A. N.A. N.A. -3
Cell 62 -13 28 -36 -47 2 N.A. N.A. N.A. N.A. 2
Cell 63 -13 32 -40 -52 3 N.A. N.A. N.A. N.A. 1
Cell 92 -8 20 -57 -78 16 N.A. N.A. N.A. N.A. -6
Cell 93 -11 67 -52 -66 19 N.A. N.A. N.A. N.A. -13
Cell 94 -11 50 -39 -49 12 N.A. N.A. N.A. N.A. -9
Cell 95 -11 34 -36 -45 4 N.A. N.A. N.A. N.A. -2
Cell 96 -8 64 -57 -78 25 N.A. N.A. N.A. N.A. -15
Cell 97 -8 20 -57 -78 16 N.A. N.A. N.A. N.A. -6
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4 RECOMMENDATION FOR NEW GUIDE

In this task, the structural and performance models for whitetopping pavements, concrete
pavements and asphalt pavements were reviewed, with special attention paid to the modeling
effort of the interface bonding.

The mechanistic-empirical approach that has been used in most of the currently available
whitetopping structural models shows the merit in combining the advantages of both analytical
and numerical models. Such an approach is usually implemented in three steps, namely
calculating the stress and strain by finite element methods, correlating the FEM calculated
stresses and strains to typical pavement parameters and finally calibrating the established
correlations based on field observations. Three models have been identified using such an
approach during the development, namely the CDOT model, the NJDOT model, and the PCA
model (ICT method employs the PCA model). During the development of the CDOT and the
NJDOT models, a 2-D FEM analysis was employed and the so-called ‘2.5-D’ FEM was used to
develop the PCA model. The 2.5-D FEM analysis for developing the analytical stress/strain
equations is more capable to capture the unique features of whitetopping due to the employment
of 3-D FEM. The performance of the NJDOT, the ICT, the PCA and the CDOT methods were
evaluated using field observations. None of the methods yield perfect predictions for the fatigue
development of the MnROAD cells. The PCA and the CDOT methods seem to be able to yield
the most reasonable predictions for the PCC fatigue. This might be because of the consideration
of partial bonding. Therefore, the PCA structural model seems to be the most favorable model
for which the new design guide can be developed.

With respect to the concrete performance model, the PCA and ACPA models were the most-
widely borrowed ones by the current whitetopping design methods. The PCA model only
employs the stress ratio as an input and yields an average fatigue prediction among the fatigue
models. The modified ACPA model not only considers the stress ratio but also takes into
account the design probability and failure criterion; furthermore, it yields similar predictions to
the PCA model. Therefore, either one would be a good candidate in modeling the fatigue
performance for PCC.

The Asphalt Institute fatigue model is the only model used in the current whitetopping designs,
except for the ICT method where the asphalt fatigue is not considered as a failure criterion.
However, it is worth noting that the Asphalt Institute model was not developed for a flexible
layer underlying a concrete overlay. Therefore, a research effort is still needed to validate the
employment of the Asphalt Institute model into whitetopping design.

Based on the literature review and the evaluation of the current design methods, the following
models are believed the best candidates to develop the new UTW design guide, namely the PCA
structural model, the PCA/ACPA PCC fatigue model, and the Asphalt Institute asphalt fatigue
model.

No model is currently available for the interface bonding. Based on the review, more laboratory
and field work is still needed to characterize the interface debonding, which contributes greatly
to the failure of whitetopping, especially UTWs. This issue will be addressed in Task 3.
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During the evaluation, it was also identified that the asphalt modulus of elasticity is such an
important parameter in stress predictions that a monthly based asphalt modulus of elasticity
should be used. To achieve this goal, a nationwide characterization for climate in terms of
ambient temperature and temperature gradient should be carried out. This issue will be
addressed in Task 4. Furthermore, the condition of the existing asphalt layer has to be
characterized, possibly in terms of its stiffness, so that the regions where reflective
cracking/distress is most likely to occur can be predicted and repairs can be suggested in
advance.
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APPENDIX A: LOAD SPECTRUM FOR SINGLE AND TANDEM AXLES AT
THE MNROAD CELL



Table Al. Load spectrum for single axle loads at the MnROAD cells.

Axle Load, kips | January | February | March | April | May | June | July | August | September | October | November | December
3 530 551 759 | 385 | 684 | 744 | 539 692 1017 578 323 599
4 1767 1685 1952 | 1173 | 1572 | 1609 | 1341 | 1636 2382 1766 1328 1848
5 1611 1582 2175 | 1516 | 1797 | 1865 | 1733 | 1871 5116 1974 1775 1969
6 2002 2165 6004 | 3870 | 1763 | 1836 | 1955 | 2066 6274 2438 2158 1968
7 1870 2066 7203 | 2028 | 1678 | 1755 | 1353 | 1585 2312 1751 1610 1847
8 3571 3518 8525 | 1960 | 2963 | 2938 | 2258 | 3067 3015 3145 2431 2889
9 4716 4813 2815 | 1839 | 3746 | 3797 | 2719 | 3802 3104 3967 2767 4416
10 9554 9627 2573 | 3381 | 7425 | 7574 | 5641 | 7416 5517 8139 5715 9226
11 9342 9417 2766 | 3669 | 8575 | 8765 | 7423 | 8281 6567 8837 7115 10459
12 7525 7375 3751 | 4128 | 9515 | 9532 | 10761 | 9323 6656 9894 11360 10280
13 2317 2172 2399 | 2461 | 3958 | 3263 | 6020 | 3894 2566 5281 9288 3407
14 999 957 1204 | 1930 | 1216 | 1118 | 1573 | 1222 1098 1804 2896 1260
15 1038 1042 1586 | 3397 | 1181 | 1107 | 1170 | 1138 1082 1333 1392 1137
16 818 712 1520 | 3691 | 831 | 930 | 827 837 819 948 1084 990
17 964 908 1871 | 5155 | 1034 | 1091 | 1026 | 1048 923 1086 999 903
18 691 718 1148 | 3319 | 819 | 937 | 901 833 645 783 755 764
19 613 666 794 | 2423 | 886 | 882 | 1021 887 574 800 1170 689
20 272 259 311 851 | 433 | 404 | 675 448 287 462 625 426

A-1




Table Al. Load spectrum for single axle loads at the MnROAD cells (continued).

Axle Load, kips

S

[}

)

gl |2 en|o
3|R|S|B|2|>e|a|o|o|o|o|o|ooo|o|o|o|o|o|o|e
Q

(&)

A

=

[}

el

£z |oln
S|Q|e|Elae|eeeolo|o|o|o|o|o|o|o|o|o|o|o
> —

o

Z

=

Bl
m%0%%9m620000000000000
153 —

o

=

[}

el
m%%2723844100303000000
m1196321

[P}

n

~

wn

NINEIES

BN A| K| elalololo|lo|o|o|o|o|o|o|o|o|o

<

22T o|olalw|alvs|ol==|m|lalt|=«w|ls

.m41152423233335556584
L«
m%%%m57000000000000000

—_

= o |0

nMa%M5184000000000000000

Tlwn nisln|olo

. — en|len| —

gl |vn|w|o|x|d|R o||alFR220 x|~ |olo|lc|e

Lo | F| QA QA== T

S ol

W | on —

= oA —|~

nMaﬂBBMmwU785321953100000
g

Xlo|o

lm652954110000000100000
—

()

~

Sl lo|len|o

i = R e e e e R e e S A T I S I
—

5

—_
—~|N|en|F|n|ol~|wlaol—=lala|d|vn|vo|c|o| oo —
AN AN AN AN AN AN enfenfenjenfenjenjenjen|on| <t | <t

A-2



Table A2. Load spectrum for tandem axle loads at the MnROAD cells.

Axle Load, kips | January | February | March | April | May | June | July | August | September | October | November | December
6 358 366 1247 | 311 | 377 | 439 | 289 468 3292 386 371 314
8 1010 1187 3162 | 504 | 848 | 1041 | 776 | 1114 3068 1081 964 901
10 2900 3227 4551 | 1127 | 2348 | 2344 | 1874 | 2396 3651 2468 2731 2830
12 4446 4514 4137 | 2010 | 3925 | 4078 | 3251 | 3758 4335 4223 4270 4209
14 4771 4772 3947 | 2572 | 4500 | 4524 | 4867 | 4685 4361 4976 5044 4541
16 3843 3932 3942 | 2645 | 3610 | 3522 | 4135 | 3744 5059 4235 4715 4083
18 3417 3386 3735 | 3105 | 2989 | 2870 | 3263 | 3140 3647 3568 3874 3537
20 3230 3373 3912 | 3398 | 2852 | 3054 | 2858 | 2940 2482 3406 3171 3864
22 3088 3376 5282 | 2995 | 2891 | 3036 | 2889 | 2910 2374 3572 3009 3669
24 3002 3197 4772 | 2962 | 3186 | 3167 | 3152 | 3243 2598 3657 3231 3852
26 2651 2662 1772 | 2339 | 2631 | 2729 | 2586 | 2853 2239 3012 2821 3557
28 2694 2839 1215 | 2320 | 2575 | 2691 | 2464 | 2893 2396 2934 2285 3212
30 3558 3762 1243 | 2445 | 2922 | 3087 | 2495 | 3083 2886 3225 2199 3748
32 4708 4887 1523 | 2791 | 3833 | 4246 | 3134 | 3793 3674 4278 3466 4772
34 4524 4237 1761 | 3064 | 5061 | 5208 | 4382 | 4839 3444 4825 5143 4944
36 2774 2104 1368 | 2659 | 4826 | 4314 | 5092 | 4160 1808 4454 5578 3782
38 1261 790 719 | 1875 | 2559 | 1980 | 3496 | 2154 720 2805 3681 1787
40 553 319 518 | 1300 | 826 | 556 | 1291 | 666 303 953 1328 499
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Table A2. Load spectrum for tandem axle loads at the MnROAD cells (continued).

Axle Load, kips | January | February | March | April | May | June | July | August | September | October | November | December
42 197 98 469 | 1163 | 216 | 136 | 408 169 211 242 326 177
44 65 33 507 | 1195 | 59 40 126 49 170 66 130 51
46 22 8 684 | 1618 | 32 20 88 21 127 25 45 30
48 12 3 716 | 1730 | 12 7 68 7 94 6 16 6
50 3 2 700 | 2033 | 5 1 32 0 54 0 0 26
52 1 0 519 | 1957 | 5 1 34 1 29 0 0 3
54 0 5 380 | 1505 | O 0 22 0 12 0 0 2
56 0 0 174 | 832 0 0 15 3 7 0 0 3
58 0 0 78 379 0 0 1 0 5 0 0 0
60 0 1 25 142 0 0 1 0 6 2 0 0
62 0 0 17 68 0 0 0 0 5 0 0 0
64 0 5 10 30 0 0 1 0 6 0 0 0
66 0 0 5 11 0 0 0 0 5 0 0 0
68 0 0 0 5 0 0 0 0 6 0 0 0
70 0 0 0 0 0 0 1 0 5 0 0 0
72 0 0 0 0 0 0 0 0 5 0 0 0
74 0 5 0 0 0 0 0 0 5 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
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