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In airfield, rigid pavement rehabilitation involving asphalt overlays presents a major challenge: the potential for reflective cracking. Reflective cracking involves the development of cracks in the new overlay that mirrors the cracks and/or joints in the existing pavement. Reflective cracking is a serious concern associated with the use of HMA overlays but is not addressed in the current Federal Aviation Administration (FAA) Advisory Circular for asphalt concrete (AC) overlaid rigid pavements. Since 2010 four HMA overlays have been constructed, instrumented, and tested at the FAA National Airport Pavement Test Facility (NAPTF). Extensive test data, particularly, crack propagation rates, under controlled loading conditions to mimic the temperature cycles occurring in nature were obtained. This report presents the most recent full-scale test (Phase IV) and the development of an overlay fatigue life model using the full-scale test data. The fatigue life model reflected all three-stage process involving crack initiation, propagation, and final failure. Regression models were established to relate varies parameters including overlay temperature, failure strain, crack propagation rate, number of loading cycles, and crack length (CL). Based on the validation study results, it was shown that a reasonable prediction of the overlay fatigue life can be forecast. It was also demonstrated that lack of considering fracture healing effect during rest periods could result in substantial overestimate of the crack propagation rate and therefore premature overlay failure. 
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Many LCCA-based strategies for airport pavement design anticipate that one or more hot mix asphalt (HMA) overlays of rigid pavements will be placed over the course of the pavement life. Extending pavement life obviously depends on a reliable and validated overlay thickness design model considering the most prominent distress type in such overlays, i.e., reflection cracking. The LEDFAA overlay design model incorporated a crude estimate of reflection crack growth (1 year per inch), but this was removed in FAARFIELD because it was found to produce unsatisfactory or illogical design thicknesses (1). The current FAARFIELD model does not explicitly consider reflection cracking at all, which is likewise unacceptable. An ongoing project sponsored by the FAA led to a series of successfully full-scale experiments (Phase I, II, III, and IV) at the FAA National Airport Pavement Test Facility (NAPTF). Extensive test data, particularly, crack propagation rates, under controlled loading conditions to mimic the temperature cycles occurring in nature were obtained.
[bookmark: _Toc485164908]Objective
[bookmark: _GoBack]Prediction of reflective cracking under cyclic loading conditions is usually attempted through laboratory experiments. To account for different loading and environment conditions, a non-extrapolatable shift factor needs to be applied and its value may vary between 3 and 100. The research objective was to phenomenologically predict the fatigue life of a given HMA overlay structure and materials using Phase II, III, and IV full-scale test data. The fatigue prediction should take into account all three-stage process involving crack initiation, propagation, and final failure. The failure criterion was defined as the appearance of the first thorough reflection crack on the HMA overlay surface.
[bookmark: _Toc485164909]Reflective Cracking Mechanisms and Failure
Reflection cracks are caused by discontinuities (cracks or joints) in underlying layers that propagate through an HMA overlay. This propagation is due to continuous movement at the crack prompted by thermal expansion and traffic loadings. If the new overlay is bonded to the distressed layer, cracks in the existing pavement propagate to the surface after a period of time, which is generally a function of the thickness of the overlay. Most reflection cracking is caused by the combination of two mechanisms, as illustrated in Figure 1:
Horizontal Movement of Slab – Usually temperature associated and causes tensile and bending stresses to develop in the overlay.
Vertical Movement at the Joint/Crack Area – Primarily load induced and creates shear and tensile stresses within the overlay.

In addition, crack initiation and propagation are influenced by the existing pavement structure and conditions, reflection cracking countermeasures (e.g. reinforcing, interlayers), HMA mixture properties, the degree of load transfer at joints and cracks, and others. 

[image: ]
[bookmark: _Toc485165016]Figure 1. Mechanisms of Reflective Cracking (2).
The fatigue failure can be described as a three-stage process involving crack initiation, propagation, and final failure. During crack initiation, microcracks grow from microscopic size until they reach a critical size of about 0.3 in, as indicated by researchers (3). The location of the initiation is at a stress concentration and may be extremely small and difficult to distinguish from the succeeding stage of propagation, or crack growth. In crack propagation, a single crack or a few larger cracks grow, followed by more and larger cracks propagating and coalescing to complete the disintegration process. As the crack propagation continues, gradually reducing the cross-sectional area, it eventually weakens the material so that final, complete fracture occurs. Fatigue failure criteria vary upon the performance or mechanism. In most cases, the number of load repetitions to fatigue failure in controlled strain is defined as a 50% reduction in the calculated beam stiffness occurs or, traditionally, failure has been defined as a 50% reduction in initial stiffness (4, 6). In controlled-stress testing the failure is defined as the complete fracture of the sample (6, 7). From the mechanics viewpoint (8), it is assumed that failure occurs by brittle fracture at a critical crack depth or until the crack grows to almost the full depth of the specimen. In the dissipated energy approach, Ghuzlan and Carpenter (9) defined the failure point as the number of load cycles at which the percentage change of dissipated energy begins to increase rapidly, indicating instability. 
[bookmark: _Toc485164910]Fatigue Prediction
In general, there are two approaches to design against reflective cracking: traditional approach, which bases on the analysis of the nominal stresses in the region of the structure being analyzed; and fracture mechanics approach, which specifically deals with growing cracks using the fracture concept. It is noted that continuum damage mechanics has found increasing applications in the pavement area in recent years. However, once a crack is introduced, the system is no longer a continuum. Therefore, continuum damage mechanics is not considered in this study.
[bookmark: _Toc485164911]

Traditional Approach 
The number of cycles of a specific load a pavement can withstand before it cracks may be related to the critical strain using a fatigue law. In the case of reflective cracking, the number of cycles for crack initiation can be related to the tensile strain at the bottom of HMA overlay, as given in Equation 1 (10): 

                                                               (1)

where Nf is the number of cycles to failure, εt is the tensile strain at the bottom of HMA overlay, and k1 and k2 are coefficients determined from strain-controlled laboratory beam fatigue tests. 

Because of the phenomenological nature of Equation 1, Monismith et. at (11) proposed to include the HMA mixture stiffness, E, to account for varying temperature and loading frequency:

                                                         (2)

Where k1, k2, and k3 are regression model coefficient. Various researchers have conducted laboratory tests and correlated these with observed field performance to generate the model coefficients. The most recent being the work performed to develop a nationally calibrated fatigue model for the NCHRP 1-37A Mechanistic-Empirical Pavement Design Guide (12). The failure is normally defined as a 50% reduction in initial stiffness.

Besides the strain-dependent models described above, several energy-dependent models have been developed to characterize the cracking behavior of HMA mixtures (13-14). The concept is that when a material is subjected to cyclic loading, it will accumulate damage. Therefore, this damage can be defined as the deterioration, which occurs in the material before failure. When a load is applied to a material there will be a stress that induces a strain. The cumulative dissipated energy, Wf, can be related to Nf through experimentally derived material coefficients a and b:

 
                                                             (3)

[bookmark: _Toc485164912]Fracture Mechanics Approach
Since Majidzadeh et.al (8) introduced fracture mechanics concepts into the field of pavements, the fracture mechanics approach has been widely used in predicting pavement cracking, especially reflection cracking analysis. Different from continuum mechanics, the fracture mechanics excels in the crack propagation which is caused by a combination of three fracture modes (Figure 2): 
· Mode I (opening mode) results from loads that are applied normally to the crack plane. 
· Mode II (sliding mode) results from in-plane shear loading, which leads to crack faces sliding against each other normal to the leading edge of the crack.
· Mode III (tearing mode) results from out of plane shear loading, which causes sliding of the crack faces parallel to the crack leading edge. 
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[bookmark: _Toc485165017]Figure 2. Fracture Modes
Previous researchers reported that Mode I would only initially propagate the crack a short distance, and then it becomes ineffective. In contrast, Mode II may propagate the crack to the surface (8). For the case of reflective cracking, the pavement service life against crack initiation may be much shorter than that resulting from other common distresses (such as fatigue cracking) since the crack is already well established in the existing pavement structure.

Paris’ law (15) has been successfully applied to HMA materials for the analysis of experimental test data and prediction of reflective cracking assuming because of their large size as compared to the developed plastic zone (16, 17). Equation 4 suggests that crack growth rate, da/dN, under cyclic loading is related to the change in the stress intensity factor (SIF) K. Parameters A and n are material properties in the sense that they are independent of the loading magnitude applied. Paris’ law assumes that once a small crack is formed, it will propagate a simple plane discontinuity through the linear elastic material. But for the asphalt concrete materials, an application of SIF would be invalid because of the nonlinearity that the K field is greatly influenced by a large size of the plastic zone. Schapery (18-20) derived an energy-based parameter that is more appropriate for describing the time-dependent size and shape of cracks in linear viscoelastic and isotropic media. Thus, a modified Paris-Erdogan equation based on the energy release rate, G, can be used to capture viscoelastic effects. It takes the form expressed in Equation 5.


                                                           (4)

                                                           (5)


The traditional approach does not consider the effects of flaws or microcracks in the HMA mixtures. Because the model coefficients are determined through regression analysis, they are limited to the data set on which they were based. In addition, no effort was made to explicitly account for crack propagation. On the other hand, the mechanisms of reflection cracking can be reasonably represented by all three fracture modes. Commercial finite element analysis (FEA) packages are available for calculating the SIF and G, which is the most challenging part in the use of fracture mechanics. Moreover, a number of empirical equations, based on Schapery’s work, have been developed to estimate the material properties A and n. In the literature, fracture mechanics has been successfully employed to predict the reflection cracking in HMA overlays (21-28). Fracture mechanics approach appears to be most suitable approach to model the crack propagation stage.

[bookmark: _Toc485164913]Full-Scale Test Observations 
Reflection cracks may start as microcracks that later coalesce to form macrocracks that propagate due to tensile, shear stress, or combinations of both. Phase I – IV Tests utilized several types of instrumentation sensors to capture, monitor, and quantify reflection crack propagation. Figure 3 plots some strain gage signals from Phase II test. In general, the tensile strain continuously grew at a slow rate until a sudden rise occurred. The strain value at the slope change indicated the formation of an invisible damaged area/zone. This failure strain represents the fatigue resistance to withstand repeated loading without fracture and serves as the footprint of crack evolution under full-scale testing conditions. 

Figure 4 plots the repeated load-associated failure strains at different overlay depths from Phase III Test. The embedded strain gages at the overlay bottom recorded an average failure strain of 1800 microstrains. When a reflection crack reached the middle portion of the overlay, the failure strains ranged from 700 to 1000 microstrains. The failure strains on the pavement surface further reduced to approximately 500 microstrains. As part of the upward crack propagation process, a substantial amount of energy was dissipated. Due to the viscoelastic nature, the failure strains also exhibited a strong dependency on the temperature. For temperatures below 28oF, the failure strain ranged from 1500 to 2000 microstrains. The values of failure strain corresponding to temperatures above 34oF were between 400 and 600 microstrains. 


[image: ]
[bookmark: _Toc485165018]Figure 3. Strain Responses from Phase II Test
[image: ]
[bookmark: _Toc485165019]Figure 4. Failure Strains from Phase III Test.

[bookmark: _Toc485164914]Test Overlays, Instrumentation and Data
Prior to overlay construction, the milled surface of two 12-in.-thick, 15- by 15-ft PCC slabs was thoroughly washed to remove all dirt and dust. Next, a thin tack coat of straight PG 64-22 asphalt was applied on the milled concrete surface to prevent interface slippage and secondary cracks (13). A wood form was then set to divide the overlay into two 5-ft-wide strips (North section and South section) with a 2-ft gap. In Phase II, a 5-in. overlay was paved with two 2.5-in. lifts of standard FAA P-401 materials (PG 64-22). The gradation and volumetrics of the overlay HMA mix is provided in Table 1. The construction of Phase III overlay employed the same HMA materials. While the North (Control) section consisted of a 5-in. overlay, a 1-in thick HMA strain relieving interlayer (PG 76-22) was sandwiched between a 4-in. overlay and concrete slabs on the South (Interlayer) section. Both North and South sections of Phase IV overlay were constructed with the standard FAA P-401 materials (PG 64-22) but different overlay thicknesses (5 in. vs. 7 in.). 

To simulate temperature cycles mechanically, the overlay bottom temperature was maintained at 32oF during full-scale tests (29). The temperature variations were then approximated by a haversine load waveform defining the relationship between the concrete joint opening and cycle time. Each loading cycle began with a loading time of 75 sec, once the actuators reached the maximum horizontal displacement (joint opening) of 12 mils, a 75-sec unloading was executed. At the end of each loading cycle, a rest period of 600 sec was added to allow the overlay to relax (30). 

Instrumentation locations used in this study is shown in Figure 5. Given the bulkiness of embedded strain gages (EG), surface strain gages (SG) were placed 2.0-2.5 in away from the EG. To better monitor the reflection crack development between two strain gages, a crack detector (CD) was inserted. The CD is simply a single strand of copper wire, and any erratic change in the output signal (i.e., voltage) indicates a discontinuity. Pavement temperatures were recorded by thermocouples (T) installed at the same depth as strain gages. 
[bookmark: _Toc485164993]Table 1. Aggregate Gradation and Volumetric of Overlay HMA Mix.
	Sieve Size
	Cumulative Percent Passing

	
	Blended Aggregates
	P-401 Spec

	3/4"
	100.0
	100.0

	1/2"
	95.4
	79-99

	3/8"
	87.5
	66-88

	#4
	62.9
	48-68

	#8
	36.9
	33-53

	#16
	22.3
	20-40

	#30
	15.1
	14-30

	#50
	11.8
	9-21

	#100
	8.9
	6-16

	#200
	5.9
	3-6

	Maximum Specific Gravity
	2.628
	-

	Bulk Specific Gravity
	2.535
	-

	Optimum Asphalt Content (%)
	5.0
	4.5-7.0

	Air Voids (%)
	3.4
	2.8-4.2

	VMA (%)
	15.4
	>15.0




[bookmark: _Toc485164915]Fatigue Life Prediction
[bookmark: _Toc485164916]Prediction Framework
Phase II and III test data revealed that reflection cracks propagated in both vertical (thickness) and horizontal (along joint) directions. When a Mode I crack formed and developed to a critical length, the energy release rate decreased. This decreasing driving force was due to the presence of compressive stresses in the inner portion of the overlay. In addition to the advance in the through-thickness direction, a reflection crack can advance in other orientations. In this study, the crack propagation was limited to the upward crack direction. In other words, the crack channeling phenomenon was not considered. 

Yin and Ishee (31) reported that the interlayer enhanced the reflective cracking resistance of Phase III Test overlay. The effectiveness of interlayer was more pronounced at an early stage of crack propagation and slowly diminished as the crack length increased. Inclusion of a 1-in.-thick interlayer between existing concrete slabs and the overlay extended overlay service life up to 15%. In addition, the existence of 1-in thick interlayer dramatically altered the temperature distribution in the HMA overlay. Therefore, only test data collected from the edges of the North and South sections of Phase II overlay, and the Control section of Phase III overlay were selected to predict the overlay fatigue life. These data are summarized in Table 2. 


[image: ]CL: crack length
CPR: crack propagation rate

[bookmark: _Toc485165020]Figure 5. Instrumentation Layout of a 5-in Overlay.
Figure 6 outlines four main steps of the prediction framework. Linear and nonlinear regression analyses were conducted to quantify relations between the fatigue resistance to crack propagation, initial loading cycles, crack propagation rate, and pavement temperature. In the first step, a temperature model was developed to predict overlay temperature profile. The second prediction model focused on the relationship between the failure strain and pavement temperature. In the third step, a Power function was adopted to describe the dependence of crack propagation rate on the failure strain. Lastly, a unique correlation between the initial loading cycles and cycles to failure was discovered. The fatigue life model considered crack initiation, propagation, and final failure.
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[bookmark: _Toc485164994]Table 2. Summary of Phase II and III Test Data.

	Test Overlay 
	Sensor Location
	Sensor Depth, in
	Temperature, F
	Failure Strain, E-6
	Cycles
	 Cycles to Failure
	Initial Loading Cycles

	Phase II North
	Inner Edge
	0
	33
	587
	178
	3009
	753

	Phase II North
	Inner Edge
	1.00*
	31.5
	846
	365
	
	

	Phase II North
	Inner Edge
	2
	29.8
	1083
	515
	
	

	Phase II North
	Inner Edge
	3.25*
	28.7
	1507
	791
	
	

	Phase II North
	Inner Edge
	4.5
	27.5
	1865
	1160
	
	

	Phase II North
	Outer Edge
	0
	33.5
	592
	155
	2860
	774

	Phase II North
	Outer Edge
	1.00*
	31.5
	786
	317
	
	

	Phase II North
	Outer Edge
	2
	30
	1001
	448
	
	

	Phase II North
	Outer Edge
	3.25*
	28.7
	1476
	931
	
	

	Phase II North
	Outer Edge
	4.5
	27.5
	1898
	1009
	
	

	Phase II South
	Inner Edge
	0
	32.3
	628
	167
	3187
	834

	Phase II South
	Inner Edge
	1.00*
	31.5
	837
	370
	
	

	Phase II South
	Inner Edge
	2
	30.6
	1023
	500
	
	

	Phase II South
	Inner Edge
	3.25*
	28.7
	1343
	991
	
	

	Phase II South
	Inner Edge
	4.5
	27.8
	2077
	1159
	
	

	Phase II South
	Outer Edge
	0
	32.6
	604
	145
	2772
	727

	Phase II South
	Outer Edge
	1.00*
	31.5
	846
	322
	
	

	Phase II South
	Outer Edge
	2
	30.2
	977
	435
	
	

	Phase II South
	Outer Edge
	3.25*
	28.7
	1401
	862
	
	

	Phase II South
	Outer Edge
	4.5
	27.8
	1938
	1008
	
	

	Phase III Control
	Inner Edge
	0
	33.8
	623
	175
	2793
	711

	Phase III Control
	Inner Edge
	1.00*
	31.5
	786
	348
	
	

	Phase III Control
	Inner Edge
	2
	29.7
	1102
	476
	
	

	Phase III Control
	Inner Edge
	3.25*
	28.7
	1507
	757
	
	

	Phase III Control
	Inner Edge
	4.5
	27.6
	2009
	1037
	
	

	Phase III Control
	Outer Edge
	0
	33.6
	579
	152
	2661
	690

	Phase III Control
	Outer Edge
	1.00*
	31.5
	747
	303
	
	

	Phase III Control
	Outer Edge
	2
	30.4
	1143
	414
	
	

	Phase III Control
	Outer Edge
	3.25*
	28.7
	1404
	890
	
	

	Phase III Control
	Outer Edge
	4.5
	27.6
	2075
	902
	
	



* prediction from OT model (Equation 3)
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[bookmark: _Toc485165021]Figure 6. Prediction Framework.


[bookmark: _Toc485164917]Overlay Temperature (OT) Model
The overlay temperature data from Phase II and III tests were collected from three depths: 0.0, 2.0, and 4.5 in below the overlay surface. Full-scale reflective cracking tests utilized a 40-ton chiller and refrigeration grids to maintain the overlay bottom temperature between 27o and 28oF. This bottom-up cooling scheme constantly resulted in higher temperatures in the upper portion of the overlay, as shown in Figure 7. Pavement temperature is generally influenced by solar radiation, air temperature, wind speed, time of day, cloud cover, precipitation, and to some extent the temperature of the ground. However, the impact from these factors was believed to be minimal because of the NAPTF’s indoor environment. The following linear regression model was selected to predict the overlay temperature profile for its simplicity applicable to a given overlay structure and materials.

                                                 (6)
where  is temperature, D is depth of interest, and a1, a2, and a3 are model coefficients. Estimate of model coefficients are provided in Table 3. A p-value of 0.102 indicated an accurate fit of a second-order polynomial to the temperature data, as revealed in Figure 7.
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[bookmark: _Toc485165022]Figure 7. Measured and Predicted Overlay Temperatures.
[bookmark: _Toc485164995]Table 3. Summary of Prediction Models, Coefficients, and Goodness of Fit.
	Model
	Coefficient
	p-value

	Overlay Temperature (OT)
	a1
	0.1151
	0.102

	
	a2
	-1.7402
	

	
	a3
	33.133
	

	Failure Strain (FS)
	b1
	676491
	0.184

	
	b2
	-0.213
	

	Crack Propagation (CP)
	c1
	1867
	0.219

	
	c2
	-1.967
	

	Crack Initiation (CI)
	d1
	0.355
	0.365

	
	d2
	0.961
	




[bookmark: _Toc485164918]Failure Strain (FS) Mode
Figure 8 presents the failure strain and overlay temperature at multiple depths. The failure strain steadily declines with the temperature rise but the magnitude of reduction rate becomes smaller and smaller, the failure strain eventually approaches to a constant value (asymptote). Thus, an exponential regression function was selected to describe the dependency of the response variable, failure strain, on the predictor variable, temperature:

                                                          (7)

where c is failure strain, T is temperature, and b1 and b2 are model coefficients. Initial values of b1 and b2 were found by taking the natural logarithm of Equation 4:

                                          (8)

Next the Gauss-Newton algorithm was employed to estimate b1 and b2 by iteratively adjusting the parameter estimates to reduce the sum of squares of the residual error. The iterations continued until the algorithm converged to the minimum sum of squares of the residual error. As summarized in Table 3, opposite signs of model coefficients b1 and b2 suggest that the failure strain decreases with the increase in temperature, which confirms that HMA is a temperature dependent material. A p-value of 0.184 suggested an excellent agreement between measured and predicted failure strains, as presented in Figure 8. 
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[bookmark: _Toc485165023]Figure 8. Measured and Predicted Failure Strain vs. Temperature.
[bookmark: _Toc485164919]Crack Propagation (CP) Model
In the case of repeated loading, crack evolution consists of a sequence of incremental crack propagations. Given a macrocrack develops slowly within the stage of stable crack growth, individual crack propagation was assumed as a fixed crack length (CLi) with a constant crack propagation rate (CPRi). This assumption is illustrated in Figure 5. The number of loading cycles for each crack propagation was determined from the timestamp on the strain gage and crack detector responses. Figure 5 plots the measured failure strain and crack propagation rate from Phase II and III tests. Because the CD did not measure a quantitative strain value, the temperatures at CD locations were extrapolated from nearby thermocouple readings using the OT model. These temperatures were then fed into the CS model to obtain failure strains at CD locations. 

As exhibited in Figure 9, the crack propagation became more aggressive once the reflection crack penetrated into the upper portion of the overlay, which agreed with full-scale test observations. Although exponential and logarithmic functions fitted the data well, they tended to underestimate the crack propagation rates at both low and high ends of the overlay temperature. Therefore, a Power (convex) function similar to Equation 1 and 2 was employed to relate the crack propagation rate (CPR) to the failure strain under a cyclic loading condition:

                                                           (9)

where L is crack length, N is number of loading cycles. The term on the left side represents the crack propagation rate. On the right side, c1 and c2 are model coefficients. Using the same iterative algorithm as the CS model, estimate of Equation 9 parameters were determined as 1867 for c1 and -1.967 for c2, respectively. Opposite signs of model coefficients c1 and c2 suggest that the crack propagation rate increases with the drop in the failure strain. A p-value of 0.219 suggested the appropriateness of chosen model form even though only 15 data points were used. The CP model predicted crack propagation rates are plotted in Figure 9.


[image: ]
[bookmark: _Toc485165024]Figure 9. Measured and Predicted Failure Strain vs. Crack Propagation Rate.
[bookmark: _Toc485164920]Fatigue Life (FL) Model
The Crack Propagation model implies a series of successive analysis, in each one the crack propagation rate is calculated. In this study, the reflection crack was simplified as a tension driven large crack. At this scale, the crack propagation would be fairly insensitive to the microstructure of HMA materials. Therefore, the cycles to failure (Nf) can be calculated by integration of crack length over the number of loading cycles: 

                     (10)

To complete the prediction of fatigue life, crack initiation must be considered. Since the relationship between the cycles to failure and initial loading cycles appeared to be a straight line on the log-log scale plot, the following regression function was proposed to correlate these two variables.

                          (11)

Model coefficients d1 and d2 were found to be 0.355 and 0.961, respectively. Figure 10 suggests that the larger number of cycles required to transmit a reflection crack to the surface the more initial loading cycles to initiate it at the overlay bottom. Consequently, the overlay fatigue life can be expressed as the summation of crack initiation and propagation life.


                                 (12)
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[bookmark: _Toc485165025]Figure 10. Measured and Predicted Cycles To Failure vs. Initial Loading Cycles.
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Phase IV Test
To maintain consistency with previous experiments, Phase IV test overlay consisted of two 5-ft wide overlay strips. As shown in Figure 11, both strips have the same materials, FAA P-401 PG 64-22 HMA, but different overlay thicknesses (i.e., 5-in. vs. 7-in.). In-place mixture properties are summarized in Table 4.

[image: ]
[bookmark: _Toc485165026]Figure 11. Phase IV Test Pavement.

[bookmark: _Toc485164996]Table 4. Aggregate Gradation and Volumetric of Overlay HMA Mix.
	Sieve Size
	Cumulative Percent Passing

	
	Blended Aggregates
	P-401 Spec

	3/4"
	100.0
	100.0

	1/2"
	95.4
	79-99

	3/8"
	87.5
	66-88

	#4
	62.9
	48-68

	#8
	36.9
	33-53

	#16
	22.3
	20-40

	#30
	15.1
	14-30

	#50
	11.8
	9-21

	#100
	8.9
	6-16

	#200
	5.9
	3-6

	Maximum Specific Gravity
	2.628
	-

	Bulk Specific Gravity
	2.535
	-

	Optimum Asphalt Content (%)
	5.0
	4.5-7.0

	Air Voids (%)
	3.4
	2.8-4.2

	VMA (%)
	15.4
	>15.0



[bookmark: _Toc485164922]Construction and Instrumentation
Prior to overlay construction, the milled concrete slab surface was thoroughly washed to remove all dirt and dust. To prevent interface slippage and secondary cracks, a thin tack coat of straight PG 64-22 asphalt was applied on the dry surface of two 12-in.-thick, 15- by 15-ft concrete slabs. To facilitate instrumentation, the north overlay was built in two 2.5-in. lifts and the south side contained two 2.5-in lifts at the bottom and one 2.0-in. lift on the top. The complete HMA overlay was 30- by 5-ft with a 2-ft gap in between.

Instrumentation took place in two phases: during construction and post-construction. During the overlay paving, H-type asphalt strain gages (EG) were installed at the bottom of each lift. Once the pavement temperature stabilized, surface strain gages (SG) were installed at the varies locations on the pavement surface and edges. Note that all sensors were directly above and perpendicular to the PCC joint. Thermocouples were embedded at three depths (surface, mid-depth, and bottom) in the overlay to acquire the temperature profile.
[bookmark: _Toc485164923]Full-scale Test
Test Parameters
Temperature variations were approximated by a haversine waveform describing the relationship between the joint opening and cycle time:

+R                                                    (13)

where t is the time of interest, D is the amplitude of joint opening, T is the cycle time, and R is rest period, which was included at the end of each loading cycle to allow the HMA materials to relax. In Phase III testing, the joint opening (D) was set at 12 mils which corresponded to a large temperature drop (17oF) at the overlay bottom in the field. Each haversine loading cycle began with a loading time of 75 sec, once the actuators reached the maximum horizontal displacement (joint opening), a 75-sec unloading was executed and then followed by a rest period of 600 sec to allow the overlay to relax.

Shake-down
A total of 100 test cycles were first run to make sure all systems were operating properly. Previously discussed test parameters were used except that the joint opening (D) was set at 5 mils to not impart much damage to the overlay. 
At the end of shake-down, all instrumentation sensors were verified and the overlay was thoroughly inspected. While the north section remained intact, some crack/damage was observed on the edges of the south HMA overlay. As shown in Figure 12, hairline bottom-up cracks first showed up at the overlay bottom, and followed by severe debonding between the overlay and underlying concrete slabs.

[image: ]
(a) Crack
 [image: 20150319_141356]
(b) Debonding
[bookmark: _Toc485165027]Figure 12. Observation from the South Section After Shake-Down.
Figure 13 plots sample strain gage responses from the shake-down. As expected (Figure 13a), the strain gage at the overlay bottom recorded a much higher value as compared to the mid-depth and surface. For the south section, a few observations can be made (Figure 13b): 

· Although the overlay was 2-in. thicker than the north section, the magnitude of strain responses at the overlay bottom were unreasonable low. This could be a result from the aforementioned bottom-up crack (Figure 12a). 
· The separation between the strain responses at different overlay depths was not noticeable. This is most likely due to the debonding at the AC-PCC interface (Figure 12b) and consequent significantly stress reduction in the lower portion of the overlay.

Therefore, it was decided that the data analysis would be limited to the 5-in. overlay on the north side only. Strain responses were used as the primary tool to determine crack initiation. In addition, a visual examination of the test pavement was conducted multiple times a day to identify cracks off the “best guess” crack path and trace the extension of existing cracks.
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(a) North
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(b) South
[bookmark: _Toc485165028]Figure 13. Sample Strain Responses from Shake-Down.
Formal Test
Formal test started on February 12, 2015. The temperature unit of temperature effect simulation system (TESS) was programmed to maintain the AC-PCC interface temperature between 31 and 33oF. When an instrumented sensor detected a crack forming under operating conditions, a silver marker was used to trace any crack progress on the pavement. After 3757 cycles, the test concluded on April 6, 2015. 

Upon the completion of testing, bottom-up cracks on the north section were full-depth through the overlay (Figure 14a). Figures 14b shows that the resulting transverse crack was directly atop the underlying PCC joint inn the horizontal plane. The crack not only propagated in a vertical direction, but also tended to develop across the overlay (along the joint) as well. 

Measured overlay temperature, failure strain, crack propagation rate, initial loading cycles, and fatigue life are summarized in Table 5. As mentioned earlier, all these data were collected from the 5-in. thick north section because of the pre-test damage introduced to the south section.
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(a) edge
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(b) surface
[bookmark: _Toc485165029]Figure 14. Failure Observations
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	HMA Overly Depth, in
	Crack Length, in
	Temperature, F
	Failure Strain, E-6
	Crack Propagation Rate, in/cycle
	Cycles
	Fatigue Life, cycles

	
	
	M
	PP
	C
	M
	P
	M
	P
	M
	P
	M
	P

	0.000
	5.000
	35.1
	33.1
	34.8
	495
	406
	0.0081
	0.0138
	31
	18
	2318
	2060

	0.250
	4.750
	-
	32.7
	34.4
	-
	444
	0.0071
	0.0116
	123
	76
	2287
	2042

	1.125
	3.875
	-
	31.3
	33.0
	-
	597
	0.0055
	0.0065
	137
	116
	2164
	1967

	1.875
	3.125
	-
	30.3
	32.0
	-
	745
	0.0038
	0.0042
	33
	30
	2027
	1851

	2.000
	3.000
	31.9
	30.1
	31.8
	811
	772
	0.0036
	0.0039
	209
	192
	1994
	1821

	2.750
	2.250
	-
	29.2
	30.9
	-
	934
	0.0025
	0.0027
	203
	186
	1785
	1629

	3.250
	1.750
	-
	28.7
	30.4
	-
	1044
	0.0020
	0.0022
	439
	406
	1582
	1442

	4.125
	0.875
	-
	27.9
	29.6
	 
	1233
	0.0015
	0.0016
	255
	241
	1143
	1036

	4.500
	0.500
	29.1
	27.6
	29.3
	1344
	1309
	0.0013
	0.0014
	398
	362
	888
	795

	CI 
	490
	433
	490
	433




Note: 
M: Measurement
P: Prediction
C: Calibration
CI: Initial loading cycles to crack initiation




[bookmark: _Toc485164924]Model Validation
Although an effort was made to develop prediction models for the overlay fatigue life, some approximations were inevitable. To examine the predictive capacity and accuracy, full-scale test data from the north side of Phase IV overly were chosen due to the same overlay thickness, materials, and instrumentations. Note that crack detectors were not used in Phase IV test and visual examination was conducted periodically to trace crack progression on the surface. Predicted overlay temperature, failure strain, crack propagation rate, initial loading cycles, and fatigue life are summarized in Table 5. 
[bookmark: _Toc485164925]Overlay Temperature
Figure 15 reveals that the temperature profile predicted from Equation 6 compared marginally with the measured temperatures. Temperatures were significantly underpredicted at all three overlay depths and could have resulted in erroneous subsequent predictions of crack propagation and fatigue life. Therefore, it was decided to calibrate the OT model with measured temperatures. A calibration factor (CF) was introduced in Equation 14 as a multiplier to the coefficient a3. This procedure is demonstrated in Figure 15a. The ability to make such a calibration is critical for the future work, because it extends the operational season of full-scale tests. As shown by the grey circles in Figure 15b, after applying a calibration factor of 0.051, Equation 6 yielded a much-improved temperature prediction.
                                                 (14)
[bookmark: _Toc485164926]Crack Propagation
A comparison of measured and predicted crack propagation rates is provided in Figure 16. At lower crack propagation rates, the predictions matched the measurements reasonably well. The predictions began to deviate from measurements once the CPR exceeded 0.005 in/cycle. A further examination of the impact of CPR on the crack evolution is given in Figure 17. Although the reflection crack advanced as both predicted and measured CPR increased, the crack progressed substantially divergent once it penetrated through the bottom lift of the overlay. To fracture the top 1.125-in overlay, the predicted CPR boosted from 0.0065 to 0.0138 in/cycle. On the other hand, a growth of only 35% in the measured CPR projected the appearance of a reflection crack on the surface.
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(a)
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(b)
[bookmark: _Toc485165030]Figure 15. Prediction of Overlay Temperature.
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[bookmark: _Toc485165031]Figure 16. Measured and Predicted Crack Propagation Rate of Phase IV North Overlay.
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[bookmark: _Toc485165032]Figure 17. Examination of crack propagation f Phase IV North Overlay.
[bookmark: _Toc485164927]Revised Crack Propagation Model
In an attempt to reduce the prediction error of crack propagation, the crack propagation model was revised such that the power function (Equation 9) was replaced by a bilinear function to describe the dependency of crack propagation rate on the failure strain. This concept is illustrated in Figure 18. As shown below, two equations were proposed to count for different crack propagation rates and the separation point was 0.0025 in/cycle: 

                                                   (15)


                                                (16)
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[bookmark: _Toc485165033]Figure 18. Bilinear Function for the Prediction of Crack Propagation Rate.

Following the same principle of fatigue life model, the number of cycles to failure (Nf) can be calculated using Equations 17 and 18, respectively.

                                                (17)

                                                (18)



Predicted crack lengths from revised crack propagation model are provided in Figure 19. A comparison of Figures 17 and 19 suggests the appropriateness of bilinear function to correlate the crack length and crack propagation rate, as observed from full-scale tests. While the bilinear function resulted in a indifferentiable prediction as compared to the power function, predicted crack lengths at higher propagation rates were much closer to field measurements.

[image: ]
[bookmark: _Toc485165034]Figure 19. Crack Length Predicted from Revised Crack Propagation Model.
[bookmark: _Toc485164928]Fatigue Life
The observation that the fracture healing may decelerate the crack propagation suggests a longer overlay fatigue life if rest periods are introduced. As illustrated in Figure 20, the Fatigue Life model always predicted less number of cycles than the full-scale measurements regardless of the form of crack propagation model. Shorter lives in the prediction were most likely due to higher crack propagation rates as it was a function of the failure strain that could have experienced a gradual reduction as the material weakened in the field. The predicted crack initiation occurred 57 loading cycles earlier than the measurement. For the 5-in. thick Phase IV overlay, the measured fatigue life was about 11% longer due to the combined effect of fracture healing and underestimate of the initial loading cycles. In addition, no noticeable fatigue life extension was observed when the crack length exceeded the 3.0-in benchmark. This is to say, increasing overlay thickness may not be an effective way to prolong the fatigue life (delay crack propagation) for the overlay structure and materials considered in the study.
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[bookmark: _Toc485165035]Figure 20. Measured And Predicted Fatigue Life Of Phase IV North Overlay.
One explanation for the above discrepancy would be the fracture healing (recovery of crack damage) occurred during the rest periods between each loading cycles. Healing occurs in asphalt mixtures due to several mechanisms such as closure of micro cracks and macro cracks, coalescence of air voids, steric hardening of asphalt. A number of studies (32-37) observed that when given a certain amount of rest time among continuous loading sequence in a fatigue test, the damage recovered and fatigue life extended. Crack healing is an inverse effect to crack propagation. Lytton et al. (38-39) demonstrated that asphalt material has the capability to heal cracks.

Reflection cracks occur at lower temperatures may heal at elevated temperatures. In a study of the healing performance on reflective cracks in asphalt layers, Tschegg et al. (40) found the fracture energy (crack resistance) was reduced after each temperature healing action. The authors further concluded that 3 times more crack growth resistance could be introduced in the asphalt layers without temperature healing, depending on the type of asphalt and the healing temperature (41). Figure 17 shows that the largest prediction error was at the overlay surface where the highest pavement temperature existed. With regard to the crack propagation it is essential to consider the healing effect. 
[bookmark: _Toc485164929]Conclusion and Recommendations
In support of the FAA’s reflective cracking research, a series of HMA overlays were built, instrumented, and tested at the NAPTF to acquire reliable full-scale test data, particularly, crack propagation rates. The full-scale tests were conducted in a controlled displacement mode at a specific displacement rate with a fixed maximum joint opening. This paper presents the development of a phenomenological prediction model for HMA overlay fatigue life using full-scale test data. Regression analyses were employed to relate varies variables, including overlay temperature, failure strain, crack propagation rate, number of loading cycles, and crack length. Crack initiation, propagation, and final failure were all taken into consideration. Although confined to limited data, this preliminary work provides some valuable results for the planning of future research. Based upon the validation study with newly completed Phase IV test, the following conclusions can be made: 
· The developed model demonstrated potentialities for the prediction of overlay fatigue life.
· Predictions and field measurements suggested that increasing overlay thickness might not be an effective way to extend the fatigue life for the overlay structure and materials considered in the study.
· Fracture healing effects occurring in the rest periods seemed to have a beneficial effect on the fatigue life.
HMA overlay resistance to fracture contains two components, resistance to crack initiation and propagation and the ability to heal, processes that both change over time. Prediction of fatigue life or the number of cycles to final failure (Ntotal) must account for the healing effect on the number of cycles for crack initiation (Nini) and propagation (Nf). This study has shown that there are areas that need to be investigated to provide a better understanding of the effect of fracture healing on the reflection crack propagation. This includes the influence of rest periods between loading cycles, elevated pavement temperatures close to the surface, and their interaction with the crack propagation rate.
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