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The need to accurately characterize the structural condition of existing pavements has increased with the recent development, release, and on-going implementation of the Mechanistic-Empirical Pavement Design Guide (MEPDG) developed under NCHRP 1-37A.  A number of different material inputs are required in the procedure, and it is important that these be adequately characterized and defined so that competent structural designs can be developed.  The analysis of deflection data collected by the falling weight deflectometer (FWD) provides a quick and reliable way of characterizing many of the parameters of the existing pavement layers.  This paper summarizes how deflection data are incorporated into the MEPDG and describes two case studies—one a flexible pavement and one a rigid pavement.  Significant findings and recommendations from the evaluated flexible pavement case study include that surface-down cracking is critical in the design of the hot mix asphalt (HMA) overlay, correction factors recommended by Von Quintus and Killingsworth (1998) should be used for adjusting backcalculated layer moduli to laboratory determined values until additional guidance becomes available, and an FWD testing frequency of 30 Hz should be used for estimating the existing HMA modulus.  For rigid pavements, the case study found that the thinnest overlay produced from the MEPDG was a bonded PCC overlay while the HMA overlay was unreasonably thick.  Within the design procedure, the manually entered k-value is used for unbonded and bonded jointed plain concrete pavements, but does not appear to be used by the program in the HMA overlay design.  The backcalculated dynamic (or static) elastic modulus should be used for the PCC layer and the dynamic k-value should be used for the supporting layers.  Backcalculated k-value representing the composite stiffness of all layers beneath the slab does not appear to have a significant influence on the design thickness for the pavement structure analyzed.
Keywords:  Mechanistic-empirical pavement design, material properties, falling weight deflectometer, rehabilitation.
Introduction
Pavement deflection testing is a relatively quick and easy way to assess the structural condition of an existing pavement.  The resultant deflection data can be used in a number of ways, including in the design of structural overlays, in the appraisal the seasonal variations in pavement response, in the assessment of the structural variability along the project length, and in the characterization of the pavement layer parameters and subgrade support conditions.  In addition, for rigid pavements deflection data can be used for assessing load transfer across joints and cracks and to determine the presence and extent of underlying voids.  A number of different testing devices are available for obtaining pavement deflection measurements; however, the falling weight deflectometer (FWD) has become the primary world-wide standard.
The need to accurately characterize the existing pavement structure has increased with the development of the Mechanistic-Empirical Pavement Design Guide (MEPDG) prepared under NCHRP Project 1-37A (NCHRP 2004).  The MEPDG predicts pavement performance by simulating the expected accumulated damage on a monthly or semi-monthly basis over the selected design period.  The amount of incremental damage is dependent on the prevailing environmental conditions, changes in material properties, and effects of traffic loading.  The incremental damage is then converted to physical pavement distresses and projected roughness levels using calibrated models (NCHRP 2004).

In this process FWD deflection data can be used to characterize pavement layer parameters using either forward or backcalculation methodologies.  Though the MEPDG does not incorporate any deflection analysis routines, the backcalculation results can be included in the material characterization portion of the MEPDG.  With the release of the MEPDG, there is a need to determine how FWD testing and analysis results are integrated, as well as how they influence the rehabilitation design process.

Use of FWD Deflection Data in the MEPDG

Deflection-based input data are incorporated into the MEPDG for characterizing the existing pavement layers for only the Level 1 rehabilitation module.  Specifically, backcalculated results are used for the following pavement layers:

· Flexible pavement
· Dynamic modulus of hot mix asphalt (HMA) layers.

· Resilient modulus of chemically stabilized layers.

· Resilient modulus of unbound base, subbase, and subgrade layers.

· Elastic modulus of the bedrock layer (when present).
· Rigid pavement
· Elastic modulus of the concrete and base layers.

· Subgrade k-value.

· Concrete flexural strength (determined from the backcalculated concrete elastic modulus).
In addition, the flexible pavement backcalculation results require the application of an adjustment factor to correspond the backcalculated modulus values (which are considered to be dynamic values) to the laboratory-based values (which are considered to be static values) that were used in the development and calibration of the MEPDG performance models.  The MEPDG allows for the consideration of non-linear unbound layers, however, this functionality is not recommended until the performance models have been calibrated for non-linear materials properties.
The MEPDG determines the existing hot mix asphalt (HMA) layer dynamic modulus using the same procedures as for a new layer, except it accounts for the damage incurred in the layer over the life of the pavement.  From this, a “field damaged” dynamic modulus master curve is developed and is determined as follows (NCHRP 2004):

1. Conduct FWD testing in the outer wheelpath—record HMA layer temperature at the time of testing, and note the equivalent frequency for the FWD pulse; determine the layer thickness along the project from coring or ground penetrating radar (GPR) testing; calculate the mean backcalculated HMA modulus (Edam) for the project, combining layers with similar materials and including cracked as well as uncracked areas.
2. Determine mix volumetric parameters (air void content, asphalt content, and gradation) and asphalt viscosity parameters (regression intercept [A] and regression slope of viscosity temperature susceptibility [VTS]) from cores and follow the same procedure for determining binder viscosity-temperature properties as for new or reconstruction design.

3. Develop an undamaged dynamic modulus (E*) master curve using the modified Witczak equation and the data from step 2 at the same temperature recorded in the field and at an equivalent frequency corresponding to the FWD pulse duration (see Fig. 1).
4. Estimate the fatigue damage in the HMA layer (dac) using Edam obtained from step 1 and E* obtained from step 3 using Equation 1 (( = regression parameter).
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(1)

5. Calculate α’= (1 – dac) α ; where α is a function of mix gradation parameters.
6. Determine the field-damaged dynamic modulus master curve using α’ instead of α in the modified Witczak equation.
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Figure 1.  Illustration of HMA modulus correction (NCHRP 2004).

Chemically stabilized layers are characterized in Level 1 using standard backcalculation procedures.  In overlay design, the backcalculated modulus of the chemically stabilized layer is used as the layer modulus at the time the overlay is placed and reduced based on the current condition of the stabilized layer and the pavement surface (see Fig. 2).  The condition of the chemically stabilized layer is a function of alligator cracking in both the chemically stabilized layer and pavement surface, and the percent of reflected cracks.
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Figure 2.  Illustration of damage estimation for chemically
stabilized layers (NCHRP 2004).

Similarly, unbound layers are also characterized in Level 1 using standard backcalculation procedures, which are adjusted to correspond with laboratory-obtained values.  MEPDG current guidance for adjustment factors includes 0.67 for granular bases and subbase, and 0.40 for subgrade soils.  Additional MEPDG modulus ratios recommendations are shown in Table 1.

Table 1.  Backcalculated-to-laboratory modulus ratios (Von Quintus and Killingsworth 1998).

	Layer Type
	Layer Location
	Mean MR/ER
Ratio1

	Unbound Granular Base and Subbase Layers
	Granular base/subbase between two stabilized layers (cementitious or asphalt stabilized materials).
	1.43

	
	Granular base/subbase under a PCC layer.
	1.32

	
	Granular base/subbase under an HMA surface or base layer.
	0.62

	Embankment and Subgrade Soils
	Embankment or subgrade soil below a stabilized subbase layer or stabilized soil.
	0.75

	
	Embankment or subgrade soil below a flexible or rigid pavement without a granular base/subbase layer.
	0.52

	
	Embankment or subgrade soil below a flexible or rigid pavement with a granular base or subbase layer.
	0.35


1 MR = Elastic modulus of the in-place materials determined from laboratory repeated load resilient modulus tests; ER = Backcalculated elastic modulus.
However, the MEPDG (version 1.003) does not allow the base modulus to be changed in the Level 1 rehabilitation module; i.e., the base modulus reverts back to the MEPDG material default value.  For example, the default modulus for A-1-b material is 262 MPa (38,000 lb/in2) and estimated backcalculated moduli of 72 MPa (10,400 lb/in2) was entered into the software; however, the default value of 262 MPa (38,000 lb/in2) is used in the analysis.
In order to illustrate how backcalculated layer parameters impact the results of the MEPDG analysis, six case studies were evaluated as part of the research study, consisting of the following pavement types (Smith et al. 2011):

· HMA pavement.

· HMA pavement on rubblized concrete pavement.

· Concrete pavement on a granular base.

· Concrete pavement on a stabilized base.

· Concrete pavement on an existing HMA pavement.

· Composite pavement (HMA overlay on concrete pavement)
The remainder of this paper summarizes only the HMA pavement and the concrete pavement on granular base case studies to illustrate the use of backcalculated layer parameters in the rehabilitation portion of the MEPDG.

Case Studies

Data from the Long-Term Pavement Performance (LTPP) program experimental sections were extracted and reviewed for use in each of the case studies.  Deflection data from the project sites were used to backcalculate layer parameters and to develop material inputs for the MEPDG design procedure.  Details of the case studies are provided in Volume 2 of the project report (Bruinsma et al. 2011).

The MEPDG version 1.003 was used in all evaluations as were the nationally calibrated performance models (i.e., no local calibration was conducted).

HMA Pavement Case Study

The HMA pavement section used for this case study included LTPP Section 30-0100.  Details of the LTPP section include:
· Climate zone:  Dry-freeze (vicinity of Great Falls, Montana)
· Functional class:  Rural principal interstate (Interstate 15)
· Original construction:  1997

· Pavement section:  102-mm (4-in) HMA


203-mm (8-in) aggregate base


No (or deep) rigid layer

· Subgrade classification:  Sand (AASHTO A-2-6)

· Rehabilitation and repair work:  Crack sealing (2003)


Aggregate seal coat (2004)

· Distress:  HMA rutting – 6.4-mm (0.25-in)


Granular base rutting – 5.1-mm (0.20-in)


Subgrade rutting – 3.8-mm (0.15-in)

· Overall pavement condition:  Fair.  For Level 3 rehabilitation inputs, the user is asked to include an overall assessment of the pavement condition based on an excellent, good, fair, poor, or very poor rating (Table 2.5.16 of NCHRP 2004).
An HMA overlay was selected as the rehabilitation type for this case study.  It was assumed that the upper 19-mm (0.75-in) of the existing HMA layer would be milled prior to placement of the HMA overlay.  A summary of the MEPDG analysis inputs for the new HMA overlay material is shown in Table 2.

Three backcalculation programs (MODTAG, MICHBACK, and EVERCALC) were used to analyze the FWD deflection data for this LTPP site.  These programs were selected because they are widely used, readily available, and non-proprietary.  Since the intent of this paper is not to report on the results of the FWD testing and a comparison of backcalculation programs, but to demonstrate the role of deflection data in the MEPDG, the respective  backcalculation results will not be presented here, but can be found in the project report (Bruinsma et al. 2011).

Table 2.  Summary of analysis parameter inputs (Bruinsma et al. 2011).

	Variable
	Value

	Initial IRI, in/mi
	63

	Terminal IRI, in/mi
	172

	HMA surface down cracking, longitudinal cracking, ft/mi
	2,000

	HMA bottom up cracking, alligator cracking, %
	25

	HMA thermal fatigue cracking, ft/mi
	1,000

	Chemically stabilized layer fatigue fracture, %
	N/A

	Permanent deformation – total pavement, in
	0.75

	Permanent deformation – HMA only, in
	0.25

	Reliability, %
	90

	Design life, years
	20

	New HMA overlay material properties
	

	Asphalt grading
	PG 70-28

	Asphalt content, %
	12.5

	Air voids, 
	4.0

	Total unit weight, lb/ft3
	148

	Aggregate gradation
	

	0.75-in
	100

	0.375-in
	78

	No. 4
	50

	No. 200
	6.5


In order to illustrate the influence of unbound and bound backcalculated layer inputs on the MEPDG results, six analysis runs were evaluated (see Table 3).
Table 3.  Layer moduli used in MEPDG analysis.

	Scenario
	Layer Moduli, MPa (lb/in2)

	
	HMA
	Base
	Subgrade

	A
	MEPDG default
	262 (38,000)
	100 (14,500)

	B
	4,195 (608,500)
	115 (16,700)
	148 (21,500)

	C
	4,195 (608,500)
	72 (10,400)
	52 (7,500)

	D
	4,116 (597,000)
	52 (7,500)
	62 (9,000)

	E
	2,413 (350,000)
	91 (13,200)
	27 (3,900)

	F
	4,075 (591,000)
	84 (12,200)
	43 (6,300)1
57 (8,300)2


Notes:

A:
Default layer properties; HMA modulus determined internally based on material properties.

B:
Uncorrected backcalculation values based on MODTAG results for a 3-layer system.

C:
Corrected backcalculation values based on MODTAG results for a 3-layer system.

D:
Corrected backcalculation values based on EVERCALC and MICHBACK for a 3-layer system.

E:
Based on LTPP laboratory testing results.
F:
Corrected backcalculation values based on MODTAG results for a 4-layer system.


1 Represents a subgrade depth of 610-mm (24-in);


2 Represents an infinite subgrade depth.
For each backcalculation scenario the required HMA overlay thickness to meet a 90 percent reliability level was determined and the change in distress predictions was compared.  Based on this analysis the required HMA overlay thickness for all scenarios was 76 mm (3 in), except for Scenario D which required an overlay thickness of 89 mm (3.5 in).  The primary distress that controlled the required HMA overlay thickness, for each scenario, was top-down cracking, with other distress predictions having minimal influence (see Table 4).

Table 4.  Summary of condition results for each Scenario.

	Predicted Distress
	Scenario1

	
	A
	B
	C
	D
	E
	F

	Terminal IRI (in/mi)
	109
(98)
	97
(100)
	97
(100)
	97
(100)
	101
(99)
	98
(100)

	AC Surface Down Cracking
(Long. Cracking) (ft/mile)
	5.2
(100)
	62.7
(92)
	69.5
(91)
	165.0
(86)
	49.4
(93)
	50.4
(93)

	AC Bottom Up Cracking
(Alligator Cracking) (%)
	0
(100)
	0
(100)
	0
(100)
	0
(100)
	0.3
(100)
	0
(100)

	AC Thermal Fracture
(Transverse Cracking) (ft/mi)
	1
(100)
	1
(100)
	1
(100)
	1
(100)
	1
(100)
	1
(100)

	Chemically Stabilized Layer
(Fatigue Fracture)
	n/a
	n/a
	n/a
	n/a
	n/a
	n/a

	Permanent Deformation
(AC Only) (in)
	0.13
(99)
	0.08
(100)
	0.07
(100)
	0.08
(100)
	0.12
(100)
	0.08
(100)

	Permanent Deformation
(Total Pavement) (in)
	0.38
(100
	0.08
(100)
	0.08
(100)
	0.08
(100)
	0.16
(100)
	0.12
(100)

	Required HMA thickness (in)
	3
	3
	3.5
	3
	3
	3


1 Values include estimated distress quantity and reliability in parentheses.
Scenario D has the greatest predicted top-down cracking, though it also had the weakest base layer modulus with one of the higher subgrade moduli.  The existing HMA modulus for Scenario D is also nearly the same as Scenario B and C.  Even though Scenario E has the lowest subgrade modulus, the top-down cracking is lower than Scenario B and C (uncorrected and corrected backcalculation-based, respectively).  However, the permanent deformation for this analysis increases compared to Scenario C, which is partly attributed to the lower HMA modulus.  Scenario F (four-layer system) is comparable to the three-layer scenarios.
Additional findings from the MEPDG analysis of the six scenarios include:
· Until ongoing studies are completed, the correction factors for backcalculated layer moduli to laboratory determined values, shown in Table 1, should be applied to the backcalculation results.

· While the procedure needs to be verified, for the time being an equivalent frequency of 30 Hz should be used.  This is calculated as 1/(FWD pulse duration) = 1/0.033 sec = 30Hz.  While this formula is technically incorrect, it is compatible with the equivalent frequency used for calculating E* in the MEPDG.

Concrete Pavement Case Study

The concrete pavement section used for this case study included LTPP Section 32-0200.  Details of the LTPP section include:

· Climate zone:  Dry-freeze (Lander County, Nevada)

· Functional class:  Rural principal interstate (Interstate 80)

· Original construction:  1993

· Rehabilitation and repair work:  Crack sealing (1995 & 1997)

· Pavement section:  295-mm (11.6-in) concrete


145-mm (5.7-in) dense-graded aggregate base


513-mm (20-in) granular subbase


305-mm (12-in) lime treated subgrade

· Subgrade classification:  Sandy silt (AASHTO A-2-6)

· Distress:  Transverse cracking (100 percent of slabs)


Faulting greater than 0.25-mm (0.1-in)

· Overall pavement condition:  Poor (see Table 2.5.15 of NCHRP 2004)

For this case study a HMA overlay, an unbonded jointed plain concrete pavement (JPCP) concrete overlay and a bonded JPCP were selected as the rehabilitation options.  A summary of the MEPDG analysis inputs are shown in Tables 5 through 7.

Table 5.  Summary of analysis parameter inputs (Bruinsma et al. 2011).

	Variable
	HMA
Overlay
	Unbonded
Overlay
	Bonded
Overlay

	Initial IRI, in/mi (m/km)
	63
(1.0)
	63
(1.0)
	63
(1.0)

	Terminal IRI, in/mi (m/km)
	172
(2.7)
	172
(2.7)
	172
(2.7)

	Transverse cracking, % slabs cracked
	15
	25
	25

	HMA longitudinal cracking, ft/mi (m/km)
	2,000 (610)
	NA
	NA

	HMA alligator cracking, %
	25
	NA
	NA

	HMA thermal fatigue cracking, ft/mi (m/km)
	1,000
(305)
	NA
	NA

	Mean joint faulting, in (mm)
	NA
	0.12
(3)
	0.12
(3)

	Chemically stabilized layer fatigue fracture, %
	25
	NA
	NA

	Permanent deformation – total pavement, in (mm)
	0.75
(19)
	NA
	NA

	Permanent deformation – HMA only, in (mm)
	0.25
(6)
	NA
	NA

	Reliability, %
	90
	90
	90

	Design life, years
	20
	20
	20

	Existing concrete elastic modulus, lb/in2 (MPa)
	3,100,000
(21,374)
	3,100,000
(21,374)
	3,100,000
(21,374)

	Existing concrete modulus of rupture, lb/in2 (MPa)
	550
(3.8)
	550
(3.8)
	550
(3.8)


Table 6.  Summary of HMA overlay material
inputs (Bruinsma et al. 2011).

	Variable
	Value

	Asphalt grading
	PG 58-22

	Asphalt content, %
	5.6

	Air voids, 
	4.0

	Aggregate gradation (% passing)
	

	0.75-in (19 mm)
	100

	0.375-in (9.5 mm)
	82

	No. 4 (4.76 mm)
	67

	No. 200 (0.074 mm)
	4


Table 7.  Summary of concrete overlay material inputs (Bruinsma et al. 2011).

	Variable
	Value

	Unit weight, lb/ft3 (kg/m3)
	138 (2,211)

	Poisson’s ratio
	0.12

	Coefficient of thermal expansion, /°F (/°C)
	5.3×10-6 (9.5 x10-6)

	Modulus of rupture, lb/in2 (MPa)
	570 (3.9)


To validate the reliability of using FWD backcalculation results in MEPDG designs, the following three design alternatives were conducted for each type of overlay (resulting input values are shown in Table 8):
· Alternative 1.  The laboratory determined material properties are used as inputs in the MEPDG.
· Alternative 2.  The backcalculated values, in terms of the dynamic elastic modulus for the existing PCC layer and the dynamic k-value for the supporting layers, are used as inputs, assuming that the k-value reflects the stiffness of all the layers beneath the base.
· Alternative 3.  The same inputs as those used in the second alternative are used, except that the dynamic k-value reflects the composite stiffness of all layers beneath the slab.
Table 8.  Summary of concrete material inputs (Bruinsma et al. 2011).

	Alternative
	PCC Elastic Modulus,
lb/in2 (MPa)
	k-value, lb/in2/in
(kPa/mm)

	1. Laboratory determined
	2,783,000 (19,188)
	NA

	2. Backcalculated PCC
	3,100,000 (21,359)
	310 (84)

	3. Composite stiffness
	3,100,000 (21,359)
	375 (101)


For the rigid pavement backcalculation, the AREA method (Ioannides, Barenberg, and Lary 1989) was used since it is an established process, includes closed-form equations, and is easily implemented in a spreadsheet.  The average laboratory measured static PCC modulus 19,292,000 kPa (2,800,000 lb/in2) presents a good correlation with the average backcalculated static PCC elastic modulus of 21,359,000 kPa (3,100,000 lb/in2); however, there was significant variation of the backcalculated values along the section (22 percent, which is substantially higher than the 15 percent typically assumed acceptable).
The MEPDG results for this case study are summarized in Table 9.  The thinnest design thickness was obtained by using a bonded JPCP overlay, since it utilizes the remaining structural capacity of the existing slab.  The design thickness of the unbonded overlay was determined considering the fact that the unbonded JPCP overlays work independently and thus some restraints in thickness have to be provided to guarantee its structural capacity.  The MEPDG provided an unreasonably thick HMA overlay design, with the critical performance parameter being surface rutting.  Even when various modifications were made to the HMA mix design, the resulting HMA overlay thickness was considered unreasonably thick.  If surface rutting is addressed through maintenance at some intermediate year (less than 20 years), then a thinner HMA overlay would be appropriate.
Table 9.  Summary of MEPDG overlay thickness results.

	Alternative
	HMA Overlay,
in (mm)
	Unbonded PCC Overlay,
in (mm)
	Bonded PCC Overlay,
in (mm)

	1. Laboratory determined
	12 (305)
	7 (178)
	4 (100)

	2. Backcalculated PCC
	12 (305)
	7 (178)
	4 (100)

	3. Composite stiffness
	12 (305)
	7 (178)
	4 (100)


No difference in terms of the design thickness was found among the three design alternatives (laboratory/material default values, “adjusted” backcalculated k-value and backcalculated PCC elastic modulus, and backcalculated PCC elastic modulus and k-value), indicating the reliability of using both the backcalculated dynamic elastic modulus for the PCC layer and the dynamic k-value for the supporting layers in the MEPDG design.

It is found that the backcalculated k-value that represents the composite stiffness of all layers beneath the slab can be directly input into the MEPDG without having a significant influence on the design thickness for the pavement structure analyzed.  However, this does not definitively mean that the MEPDG takes the stiffness of the base layer into account in the k-value. It could be either due to the insensitivity of the design thickness on the input k-value or because the granular base contributes little to the composite stiffness of all layers beneath the slab.  Other observations made regarding the calculation of k-value within the MEPDG program include:

· For the HMA overlay design, varying the subbase stiffness had very little influence on the determined k-value, which seems to suggest the stiffness of the subbase layer is not taken into account in the calculated k-value. Additionally, the reported k-values in the output file are identical for cases with varying base layer stiffness, indicating the stiffness of the base is likely not included in the k-value calculation. Furthermore, it appears that the MEPDG ignores the entered dynamic k-value and calculates the k-values based on the entered layer moduli because the summarized values were the same regardless of what dynamic k-value was entered or when a dynamic k-value wasn’t entered.

· For the unbonded PCC overlay, additional design runs seem to indicate that the stiffness of the interlayer and the existing PCC are not considered in the calculation of the k-value.  It does appear that the base layer is taken into account by the difference in k-values when using a stiff and weak base layer. Additionally, the k-values agree well with the entered dynamic k-value, suggesting that the MEPDG utilizes the entered value for unbonded PCC overlay designs.

· It appears that the modulus of the base layer is considered in the calculation of the k-value for bonded JPCP overlay designs, which agrees with the assumptions made for bonded PCC overlays.  It is also apparent that the calculated k-values match the entered dynamic k-value.

Summary
Case study investigations were performed for both HMA and concrete pavements to evaluate the use of deflection data in the MEPDG.  Significant findings from this investigation are presented below.

For HMA pavements, backcalculated layer moduli should be adjusted to laboratory determined values using the correction factors developed by Von Quintus and Killingsworth (1998).  In addition, until the procedure is verified, an equivalent frequency of 30 Hz should be used for calculating E*.

For concrete pavements over a granular base, no explicit conclusion can be drawn with respect to defining the layers used in the composite effective dynamic k-values calculated within the MEPDG for each type of overlay design, due to the conflicting results obtained.  However, it can be concluded that the manually entered k-value is used for unbonded JPCP and bonded JPCP overlay designs but not for the HMA overlay design.  No appreciable difference in terms of the design thickness was found among the three design alternatives indicating the reliability of using the backcalculated dynamic (or static) elastic modulus for the PCC layer and the dynamic k-value for the supporting layers in the MEPDG design.  Furthermore, it is also found that the backcalculated k-value that represents the composite stiffness of all layers beneath the slab can be directly input into the MEPDG without having a significant influence on the design thickness for the pavement structure analyzed.  However, this does not definitively mean that the MEPDG takes the stiffness of the base layer into account in the k-value.  It could be either due to the insensitivity of the design thickness on the input k-value or because the unstabilized granular contributes very little to the composite stiffness of all layers beneath the slab.
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