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[bookmark: _Toc478499507]Executive Summary
While a reflective cracking propagation rate of 1 inch per year is well accepted by airport pavement engineers, the mechanism of reflective cracking under field conditions has not been fully investigated.  The life span of the pavement rehabilitation is appreciably reduced without proper treatment or elimination of existing cracks and/or joints.  Reflective Cracking Phase I Test led to the development of the Temperature Effect Simulation System (TESS).  After an in-depth evaluation of the TESS, full-scale tests to mechanically simulate thermally-induced reflective cracking were conducted.  A large simulation matrix was first developed to select promising joint opening and displacement rates using three-dimensional viscoelastic-based finite element analyses.  A test pavement was then built, instrumented, and tested at the FAA National Airport Pavement Test Facility (NAPTF).  This report describes Phase II Test, crack monitoring under accelerated loading, and the data analysis used to evaluate the 1 inch per year assessment.  Furthermore, significant insights towards the mechanisms and mitigation of thermally-induced reflective cracking were obtained and presented.  Findings from Phase II Test are of immediate assistance to airports supporting light to medium weight aircraft and experiencing significant temperature cycling.
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[bookmark: _Toc478499508]Introduction
[bookmark: _Toc126138947]For a moderately deteriorated portland cement concrete (PCC) pavement where jet blast and fuel spillage are not a major concern, resurfacing the existing pavement with a relatively thin hot mix asphalt (HMA) layer provides an economic means of restoring or improving pavement life.  The new asphalt concrete (AC) overlay unfortunately often fails before reaching its design life due to the occurrence of reflective cracking.  In the early stages of development, reflection cracks may barely be visible and are not considered to be a structural problem.  However, when they propagate through the pavement, infiltration of water can weaken the foundation and fine material may be pumped to the surface, resulting in the creation of voids beneath the concrete.  Traffic loading exacerbates the situation but of greater concern on airfields is the likelihood of spalling at the cracks and the potential for Foreign Object Debris (FOD) to aircraft.  Field experiences indicate that reflective cracks usually propagate to the pavement surface at a rate of approximately 1 inch per year and appear at the surface, in most cases, within 3 years or less (1).  Unfortunately, the current Federal Aviation Administration (FAA) Advisory Circular for AC overlaid rigid pavements does not address reflective cracking (2).  To include HMA overlays as an alternative to increasing initial slab thickness, a reliable performance prediction model is essential.  In 2009, the FAA initiated a long-term research project to study reflective cracking through full-scale experiment, laboratory material characterization, and finite element modeling (FEM).
[bookmark: _Toc478499509]BACKGROUND
[bookmark: _Toc478499510]Thermally-induced Reflective Cracking
Temperature variations cause horizontal movements of the underlying PCC pavement joints.  As a result, tensile stresses are induced in the overlay immediately above the joint/crack whenever contraction occurs.  AC can relax under slow-moving conditions; therefore, large daily temperature changes have a far more instrumental role in the performance of HMA overlay than gradual seasonal temperature changes.  For instance, a number of reflection cracks were observed on the 18-month-old, 4-in.-thick AC overlaid PCC runway (1L-19R) at the Kansas City International Airport (KCI).  Since the Southwest Boeing 737 was identified as the predominant aircraft loading at KCI, these reflection cracks appeared to be the result of fairly large local temperature swings (3). 
[bookmark: _Toc478499511]Temperature Effect Simulation System (TESS)
Temperature Effect Simulation System (TESS) has been designed, built and installed at the FAA National Airport Pavement Test Facility (NAPTF).  The TESS can simulate the temperature induced horizontal opening and closing of PCC slab joints which naturally occur in field conditions.  A temperature induced contraction of the PCC slab results in a tensile stress at the overlay bottom while an expansion of the PCC slab leads to a compressive stress.  Phase I Test demonstrated that the TESS could not only mechanically simulate temperature-induced horizontal displacements at the joint but also effectively control the pavement temperature (4).  Moreover, the TESS is equipped with a state-of-the-art data collection system, which can accurately capture crack initiation and propagation.
[bookmark: _Toc478499512]OBJECTIVE
[bookmark: _Toc445112351][bookmark: _Toc445187075][bookmark: _Toc447486927]The primary research objective was to understand the mechanism of thermally-induced reflective cracking through full-scale tests.  Test results were then compared to the field observations to determine if bottom-up reflection cracks propagate roughly 1 inch per year. 

[bookmark: _Toc478499513]LABORATORY TESTING
Among pavement materials in an AC overlaid concrete pavement, HMA is probably the most critical material to govern pavement responses related to reflective cracking.  All laboratory tests were conducted on field cores obtained from post-test Phase I test overlay, which was constructed using the FAA standard P-401 HMA with design air voids of 6%.
[bookmark: _Toc478499514]DC(T) Fracture Test
The DC(T) test was conducted to determine low temperature fracture properties of the asphalt mixtures following ASTM D7313-07.  The DC(T) geometry is a circular specimen with a single edge notch loaded in tension.  Due to its simple geometry, DC(T) specimens can be obtained easily from field cores or lab compacted samples.  The DC(T) testing setup is shown in figure 1.  According to the specification, the loading rate for the DC(T) test is controlled through crack mouth opening displacement (CMOD) at a rate of 1 mm/min.  Specimens were conditioned in a cooling chamber for at least two hours at the test temperature.  Two test temperatures were used to evaluate the mixture, -12 oC and 0 oC.  The test was terminated when the applied load was less than 0.1 kN, according to the ASTM standard. 
[image: F:\DCIM\100SSCAM\SDC10334.JPG]
[bookmark: _Ref336570733][bookmark: _Toc478499958]Figure 1. DC(T) Test Setup.
The fracture energy is an estimate of the energy required to create a crack surface in the test specimen, normalized by the fracture area.  The fracture energy (Gf) can be determined by calculating the area under the plot of load versus CMOD (the area is truncated at the point where the post-peak load is reduced to 0.1 kN) and then dividing by the fractured area.  Fracture energy was calculated as:

				
                                                                  (1)

Where
Gf = Fracture energy (J/m2);
Af = Area under Load-CMOD curve (kN.mm);  
T = Thickness of specimen (mm), and;
L = Ligament length (mm).

[bookmark: _Ref336570718]Two different temperatures (-12 and 0oC) were used to evaluate fracture energy of standard FAA P-401 HMA materials (PG 64-22).  A total of three replicates was fabricated and tested for each test temperature.  Table 1 shows the calculated values of fracture energy for each temperature.  Figure 2 shows plots of load versus CMOD of all test temperatures.  Based on the test results, at the standard test temperature of -12oC, the average fracture energy of the mixture is 533 J/m2, which is greater than the recommended minimum value of 460 J/m2.  Therefore, the mixture appears to be suitable for a PG 64-22 climate.  



[bookmark: _Toc478499933]Table 1.  Fracture Energy of Standard FAA P-401 HMA Mixtures.
	Test Temperature
	
	Fracture Energy (J/m2)

	
	Rep 1
	Rep 2
	Rep 3
	Average

	-12oC
	486
	592
	521
	533

	0oC
	2,101
	2,019
	1,816
	1,979
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(a)
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(b)
[bookmark: _Toc478499959]Figure 2.  Load-CMOD Plots for Fracture Energy Determination.
[bookmark: _Toc478499515]Dynamic Modulus Test
Dynamic modulus (|E*|), an engineering property used in the design of pavement structures, was tested according to the AASHTO TP 63-07(2009) design guide.  Dynamic modulus is termed as the “norm” of the complex modulus in the mechanics community.  It was calculated by dividing the maximum (peak-to-peak) stress by the recoverable (peak-to-peak) axial strain after stable test results were obtained according to the specification.  Materials were subjected to a sinusoidal-waveform load test, as shown in figure 3.  The phase angle was used to describe the lag in the response between the applied stress and the measured strain.  The phase angle (ϕ) is an angle in degrees between a sinusoidal peak stress and peak strain.

Dynamic modulus and phase angle can be derived, respectively, as:

                                	                                                                   (2)						

Where
 is the stress amplitude,
 is the strain amplitude, and

                                                      (3)
Where
tlag is the time difference between the stress and strain signals (seconds), and f is the frequency of the dynamic load (Hz).
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[bookmark: _Ref336572196]
[bookmark: _Toc478499960]Figure 3.  Plot of Normalized Load vs. Displacement.
/[image: Description: C:\Users\nachian1\Desktop\TOR(Back-Up Files)\00_Fine-Graded_IDOT_Project\Task_08_PERFORMANCE TESTS++\05_Complex Modulus (E star)\02.Pictures\SDC10928.JPG]
[bookmark: _Toc478499961]Figure 4.  Dynamic Modulus Test and Specimen.
Three replicates fabricated from the supplied core samples were tested.  According to the specification, standard dimensions of the test specimen are 150 mm tall and 100 mm in diameter.  Figure 4 shows the device and a specimen used to examine dynamic modulus of the mixes.  Each specimen was tested at five different temperatures (-10, 4, 21, 37, and 53 oC).  Also, for each temperature the specimen was tested at six different loading frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz).  A haversine loading waveform was applied to the specimen in a cyclic manner.  This cyclic loading was adjusted to control the axial strain between 50 and 150 microstrains to ensure that the sample was tested in the linear viscoelastic range.  Table 2 presents test results of the dynamic modulus test at different temperatures and frequencies.  Figure 5 shows the master curve of the mixture at a reference temperature of 21 oC (70oF) for this project.  Once the reference temperature was set, test data at other temperatures were shifted along an axis of frequency to have a smooth curve.  The Arrhenius and Williams-Landel-Ferry (WLF) models were used to obtain shift factors of viscoelastic materials in conjunction with the principle of the time-temperature superposition.  The shift factor can be calculated by:


 	                                                              (4)                          	    		   

Where
fr = reduced frequency (loading frequency at the reference temperature), 
f = loading frequency, and 
a(T) = shift factor.
[bookmark: _Toc478499516]IDT Creep Test
The IDT creep test was conducted following AASHTO T-322 at 0 oC, -12 oC, and -24 oC under static load for 1,000 second duration.  Creep compliance was determined using the horizontal and vertical deformations measured in the center of the specimen, using equations provided in AASHTO T-322.  The induced strains were measured at 30 seconds after starting the test and then compared with the allowable lower and upper limits to ensure the material behaved in linear viscoelastic manner.  Three replicates were used for each test temperature.  Figure 6 shows a prepared IDT specimen as well as the IDT testing setup.  The creep compliance master-curve was constructed through time-temperature superposition.  The generalized Voigt-Kelvin (Equation 5) model and Power-law model (Equation 6) were fitted to the master curves using the following equations, respectively: 



                                         (5)


                                                    (6)
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[bookmark: _Toc478499934]Table 2.  Dynamic Modulus and Phase Angle at Different Temperature and Frequencies.

[image: ]
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[bookmark: _Toc478499962]Figure 5.  Master Curve of HMA Mixture at the Reference Temperature.
[image: ]
1.        	                                                     (b) 
[bookmark: _Ref336574197][bookmark: _Toc478499963]Figure 6.  IDT Specimen and Test Setup.
Based on test results, the fitted power law model for this mixture is:

                                            (7)

Figure 7 illustrates a master curve of the creep compliance test results.  The power-law parameters are utilized for a least-square fitting procedure.  The m value of the power law, which is equal to 0.505 for this material, is associated with the rate of creep deformation and stress relaxation in viscoelastic materials. 
     		
 	      
[image: ]
[bookmark: _Toc478499964]Figure 7.  Creep Compliance Master Curve.
[bookmark: _Toc478499517]FINITE ELEMENT ANALYSIS
Yin (5) previously demonstrated an FE-based pavement simulation model for the analysis of thermally-induced reflective cracking.  In the current study, a commercially available FE software package, ABAQUS, was used as the analysis engine.  In the developed full-scale, three-dimensional (3-D) FE model, a generalized Maxwell model was used for the AC.  Aforementioned dynamic modulus was interconverted into relaxation modulus and then used for the AC layer (4).  The concrete layer and subgrade were modeled as linear elastic materials.  This is a reasonable assumption because the stress state of granular layers typically involves low-magnitude triaxial compression under all applied field loads.  The HMA overlay was fully bonded to the underlying slabs.  No separation in normal direction was allowed once the two interfaces were contacted.  The interface between concrete and subgrade was assumed to be frictionless. 
Yin and Barbagallo (2013) reported that reflection cracks most likely initiated from the edge of pavement in full-scale tests.  In order to generate a maximum amount of information from one round of full-scale tests, it was worth evaluating another alternative: two-strip AC overlay.  The previously developed 3-D FE model was modified in such a manner that two 5-ft wide HMA was placed atop PCC slab, as illustrated in figure 8. 


[image: ]
[bookmark: _Toc478499965]Figure 8.  3-D Finite Element Model.
For demonstration purpose, 15 mil joint opening and 600 sec loading time were selected.  Calculated tensile stresses at the bottom of 5-in thick overlay are given in figure 9.  In the longitudinal direction (figure 9a), the tensile stresses concentrates within the 0.1 m from the joint.  In the transverse direction (figure 9b), the tensile stresses reach peak values at 0.15 m from the outer and inner edges.  By dividing the AC overlay into two pieces, the maximum tensile raises about 3%.  This stress increase probably results from the change of overlay resistance to the PCC slab movement.


[image: ]
(a) Tensile stress in longitudinal direction

[image: ]
(b) Tensile stress in transverse direction
[bookmark: _Toc478499966]Figure 9.  Comparison of One-Strip and Two-Strip Overlay from FEM.
Two key parameters to be considered in full-scale reflective cracking tests are joint opening and cycle time (displacement rate).  To approximate the daily temperature variations, a haversine function describing the relationship between the joint opening and cycle time was adopted in the FE model:

		(8)
where t is the time of interest, D is the amplitude of joint opening, and T is the cycle time, which is referred to as the time between two zero amplitudes.  Three cycle times were arbitrarily chosen, 150, 300, and 600 secs, respectively.  Since the research focus was placed on fatigue, D in Equation 8 was iteratively varied until the calculated maximum tensile stress in the overlay had reached 85% of the HMA tensile strength, 430 psi.  One example from such an exercise is shown in figure 10a.  Three sets of joint opening and cycle time resulted in similar maximum tensile stress (366 psi) during one loading cycle.  Because the overlay deformation cannot be fully recovered under displacement-controlled conditions, the stresses (S11) at the end of the cycle appeared to be compressive.  This phenomenon is more noticeable during multiple loading cycles; substantial amounts of compressive stresses would be accumulated at the overlay bottom due to the lack of time for HMA to relax.  The reduction of tensile stress and increase of compressive stress could have some counter effect to the initiation and propagation of reflection cracks (3).  The haversine function was, therefore, modified with an inclusion of a rest (nonloading) period at the end of each cycle.  Calculated stresses from the same sets of joint opening and cycle time are presented in figure 10b.  The shorter loading time (higher displacement rate) requires less time for the overlay to relax.  For the 600-sec loading time, there was still some residual compressive stress after a 20-min rest period.

[image: ]
(a) Single cycle, without rest period                   

[image: ]
(b) Single cycle, with rest period
[bookmark: _Toc478499967]Figure 10.  Stress Relaxation Analysis of Single Loading Cycle.

To further facilitate the overlay relaxation, more combinations of joint opening, loading time, and rest periods were investigated, as summarized in table 3.  There needs to be a careful balance between these parameters, overlay failure cannot be abrupt but must occur within a reasonable number of repetitions consistent with the overall project schedule.  A cycle time of 15 min was chosen as the longest practical cycle time.  The total FE simulation time was limited to 30,000 sec.  The predicted maximum tensile stresses are shown in figures 11a to 11d.  Including a rest period can effectively preserve the tensile stress while reducing the compressive stress.  The maximum and minimum tensile and compressive stresses are also summarized in table 3.  Case 9 presented the most favorable scenario: the compressive stress was completely eliminated after 40 cycles, and the tensile stress only dropped 7.8% due to the existence of rest period.


[image: ]
(a) Multiple cycles, Cases 1, 3, and 6                     
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(b) Multiple cycles, Case 2

[image: ] 
(c) Multiple cycles, Cases 4 and 5                        
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(d) Multiple cycles, Cases 7, 8, and 9
[bookmark: _Toc478499968]Figure 11.  Stress Relaxation Analysis of Multiple Loading Cycles from FEM.



[bookmark: _Toc478499935]Table 3.  Results of Finite Element Simulations.

	Case
	Cycle Time, sec
	Joint Opening, mil
	Max Tensile Stress, psi
	Max Compressive Stress, psi

	
	Loading Time
	Rest Period
	Total
	
	Initial
	End
	Initial
	End

	1
	600
	0
	600
	15
	367
	245
	40
	146

	2
	600
	300
	900
	15
	367
	291
	29
	89

	3
	300
	0
	300
	14
	368
	243
	39
	144

	4
	300
	300
	600
	14
	368
	314
	14
	96

	5
	300
	600
	900
	14
	370
	339
	14
	38

	6
	150
	0
	150
	12
	369
	248
	42
	151

	7
	150
	150
	300
	12
	371
	309
	-7
	45

	8
	150
	300
	450
	12
	371
	328
	-9
	25

	9
	150
	600
	750
	12
	371
	342
	-10
	-9






[bookmark: _Toc478499518]OVERLAY CONSTRUCTION AND INSTRUMENTATION
The concrete slabs of the FAA’s TESS were prepared for the HMA overlay.  To prevent AC-PCC interface slippage and secondary cracks, a thin tack coat of straight PG 64-22 asphalt was applied on the milled surface of two 12-in.-thick, 15- by 15-ft PCC slabs (figure 12).  Yin and Barbagallo (3) reported that reflection cracks most likely initiated from the edges of pavement in the full-scale tests.  A wood form was set prior to construction to divide the overlay into two 5.5-ft-wide strips with a 1-ft gap, as shown in figure 13.  The overlay was constructed with two 2.5-in. lifts of standard FAA P-401 materials (PG 64-22).  Thermocouples were embedded at three depths (surface, mid-depth, and bottom) in the overlay to acquire the temperature profile.

[image: ]
[bookmark: _Toc478499969]Figure 12.  Overlay Paving.








[image: ]
[bookmark: _Toc478499970]Figure 13.  Completed Overlay Construction.
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.  As shown in figure 14, these embedded gages were placed close to the outer and inner edges where the first reflection crack would most likely occur.  Unfortunately, 5 of the 12 EGs malfunctioned after construction.  Earlier work demonstrated the superior performance of surface strain gages (SG) and crack detectors (CD) for crack detection (3).  The CD is simply a single strand of copper wire, and any erratic change in the output signal (i.e., voltage) indicates a discontinuity.  However, due to the lack of durability, the best application for the SGs and CDs was on the pavement surface.  Once the pavement temperature stabilized, 18 SGs and 18 CDs were installed at the locations depicted in figure 14.  Note that all sensors were directly above and perpendicular to the PCC joint.  A complete summary of sensor locations is shown in table 4.
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[bookmark: _Toc478499971]Figure 14.  Pavement Instrumentation, Profile View.










[bookmark: _Toc478499936]Table 4.  Summary of Sensor Locations and Crack Sequence (* Damaged During Paving).

	Sensor ID
	Location, in.
	Crack Sequence
	Cycle

	
	x
	y
	
	

	CD-1
	6
	1.0
	31
	3578

	CD-2
	6
	4.0
	33
	3707

	CD-3
	12
	5.0
	29
	3376

	CD-4
	24
	5.0
	12
	1598

	CD-5
	54
	5.0
	10
	1537

	CD-6
	66
	5.0
	8
	1469

	CD-7
	72
	4.0
	22
	1947

	CD-8
	72
	1.0
	7
	1389

	CD-9
	-6
	1.0
	39
	4331

	CD-10
	-6
	4.0
	38
	4202

	CD-11
	-12
	5.0
	37
	3926

	CD-12
	-24
	5.0
	28
	3309

	CD-13
	-54
	5.0
	17
	1866

	CD-14
	-66
	5.0
	24
	2090

	CD-15
	-72
	4.0
	26
	2220

	CD-16
	-72
	1.0
	23
	1973

	SG-1
	6
	2.5
	32
	3612

	SG-2
	6
	5.0
	35
	3820

	SG-3
	18
	5.0
	27
	2309

	SG-4
	30
	5.0
	13
	1608

	SG-5
	48
	5.0
	14
	1637

	SG-6
	60
	5.0
	9
	1478

	SG-7
	72
	5.0
	16
	1814

	SG-8
	72
	2.5
	6
	1259

	SG-9
	-6
	2.5
	34
	3794

	SG-10
	-6
	5.0
	36
	3910

	SG-11
	-18
	5.0
	30
	3444

	SG-12
	-30
	5.0
	25
	2182

	SG-13
	-48
	5.0
	18
	1867

	SG-14
	-60
	5.0
	15
	1718

	SG-15
	-72
	5.0
	19
	1877

	SG-16
	-72
	2.5
	20
	1904

	EG-1*
	12
	0.5
	 
	 

	EG-2*
	12
	3.0
	 
	 

	EG-3
	66
	3.0
	5
	1237

	EG-4
	66
	0.5
	1
	902

	EG-5*
	66
	3.0
	 
	 

	EG-6*
	-12
	0.5
	 
	 

	EG-7
	-66
	3.0
	11
	1563

	EG-8
	-66
	0.5
	3
	1009

	EG-9
	-62
	0.5
	4
	1010

	EG-10*
	-16
	0.5
	 
	 

	EG-11
	16
	0.5
	21
	1919

	EG-12
	62
	0.5
	2
	1008



[bookmark: _Toc478499519]FULL-SCALE TEST
A series of trial tests were first performed to examine the effectiveness of including a rest period at the end of each loading cycle.  For demonstration purposes, both the actuator position and force of Case 9 (table 3) are provided in figures 15a and 15b.  The actuator on the north side of the test pavement generally sensed a slightly higher hydraulic force than the south actuator.  This discrepancy may be attributed to the nonuniform AC-PCC interface conditions from the milling and tack coat application.  When the actuators returned to their initial position (joint opening of 0.250 in.) from the maximum displacement (0.262 in.), there was a negative actuator force of 20,000 lb.  This compressive force reflects the nature of displacement-controlled testing on viscoelastic materials.  The negative (compressive) force would have some counter effect on the bottom-up crack development, if there is not enough time for the overlay to relax.  The compressive force recovered rapidly at the beginning of the rest period, and then gradually declined until the next loading cycle began.  It was believed that, at the end of the 600-sec rest period, a 9000-lb residual force would not invoke considerable accumulation of compressive stresses at the overlay bottom. 

The full-scale test began on January 24, 2013.  A maximum horizontal displacement (joint opening) of 0.012 in., a loading time of 150 sec, and a rest period of 600 sec were used.  After 4869 cycles, the HMA overlay was completely separated and therefore the test concluded on March 8, 2013.


[image: ]
(a) Actuator position                                              

[image: ]
(b) Actuator force
[bookmark: _Toc478499972]Figure 15.  TESS Performance.

[bookmark: _Toc478499520]Overlay Temperature
The TESS temperature unit was programmed to maintain the AC-PCC interface temperature between 29o and 31oF.  In field, the surface temperature is strongly influenced by solar radiation, air temperature, wind speed, and to some extent, the temperature of the ground.  Frequently, there is a wider variation in temperature at the surface or close to the surface during the day than at night, mainly because there is no solar radiation at night.  As shown in figure 16a, during the night, the surface temperature was almost equal to the ambient temperature (AMB).  During the day, the surface temperature was far lower than the AMB.  During the transition period between day and night, the temperatures at different depths were closer to one another.  Through the course of testing, the temperature at the AC-PCC interface was constantly below 30oF.  The NAPTF’s indoor environment maintained the temperature of the overlay’s upper portion to under 37oF.  Assuming a linear interpolation between the bottom and surface temperatures, the thermal gradient in the overlay was calculated.  As shown in figure 16b, for most of the time, the thermal gradient was about -0.7oF/in.  Such a negative thermal gradient was believed not to affect the hypothesis that the HMA behaves linear viscoelastically at low temperatures.

[image: ] 
(a) Temperature profile                                         
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(b) Thermal gradient
[bookmark: _Toc478499973]Figure 16.  Measured Overlay Temperature.
[bookmark: _Toc478499521]Strain Gage Response
As previously mentioned, three types of sensors were installed in the overlay to capture the crack propagation: surface strain gages, embedded strain gages, and crack detectors.  Figure 17 shows an example of the signals from the strain gages.  In general, the tensile strain continuously grew at a slow rate until a sudden rise occurred.  According to the previous tests (3), the strain at the slope change indicated the formation of an invisible damaged area/zone.  At the gage location (figure 18), the repeated loading-associated failure strains varied. 


[image: ]
[bookmark: _Toc478499974]Figure 17.  Sample Strain Responses.
As shown in figure 18, the embedded strain gages at the overlay bottom recorded an average failure strain of 1900 microstrains.  When a bottom-up crack reached the middle of the overlay, the failure strain ranged from 758 to 1075 microstrains.  The failure strain on the pavement surface further reduced to approximately 550 microstrains.  It can be concluded that, as part of the upward crack propagation process, a substantial amount of energy was dissipated.

[image: ]
[bookmark: _Toc478499975]Figure 18.  Failure Strains Measured During Full-Scale Test.
[bookmark: _Toc478499522]Crack Development
When an instrumented sensor detected a crack forming under operating conditions, a silver marker was used to trace any crack progress on the pavement.  In the horizontal plane, the resulting transverse crack was directly atop the underlying PCC joint (figure 19).  Cracks at the outer and inner edges were vertical through the HMA overlay, as shown in figure 20.  Apparently, the controlling fracture Mode for thermally-induced reflection cracks was fracture Mode I.  The formerly discussed energy dissipation was also reflected in the staged decay of the actuator forces.  As shown in figure 21, at the start of the test, the opening (positive) force was similar for the north and south actuators, 65,000 lb.  The driving force applied by the actuators can be broken into three stages.  During Stage 1, the force applied to overlay decayed linearly as pavement cracks initiated and began to propagate.  The first slope change occurred at 2100 cycles when the outer pavement edges were completely fractured.  Stage II continued for another 1100 cycles, then the final stage began.  The second slope alteration between Stages II and III coincided with the formation of thorough cracks at the inner edges.  In Stage III, the opening forces remained at 17,000 lb.

The crack sequence is summarized in table 4 and figure 22.  The first reflection crack initiated at the overlay bottom of the south strip.  One hundred cycles later, one of the bottom embedded strain gages detected a crack on the north strip.  This delay was most likely caused by the uneven resistance from the HMA overlay.  The first two cracks occurred at the same location, 6 in. from the outer edge.  This observation agreed with the FE analysis reported in reference (6).  Because the cracks did not always follow the bottom-up direction and the inner area required considerably more loading cycles to fail, it can be concluded the reflection cracks propagated in both the horizontal and vertical directions.  The last (39th) crack was captured by CD-9 after 4331 cycles.

A graphic representation of the crack sequence is shown in figure 23a.  While the north strip required more cycles to propagate cracks, both strips exhibited a parallel pattern of the crack evolution.  Additional t-test analysis using all data points from table 4 suggested no statistically significant difference between the crack development on the north and south strips.  The crack length progressed aggressively once the crack reached the 1.0-in. benchmark.  This observation simply implies that, given a specific pavement structure and materials, the critical zone to retard bottom-up cracks is the lower portion of the overlay.  Logically, a layer of strain-relieving HMA at the overlay bottom could be an effective control for thermally-induced reflective cracking.

Field experiences indicate that reflection cracks usually propagate to the pavement surface at a rate of approximately 1 in. per year.  Assuming a 2-month (60-day) period of severe temperature variations, approximately 300 thermal cycles would be required for a reflection crack to travel through a 5-in.-thick HMA overlay.  The corresponding crack propagation rate would be nearly 1 in. per 60 cycles.  Figure 23b shows the crack evolution at two locations.  The first through crack on the north strip was recorded by EG-4, EG-3, and CD-6.  On the south strip, responses from EG-8, EG-7, and SG-14 indicated the second full-depth crack.  Both cracks followed a linear growth and the propagation rates were 1 in. per 158 and 126 cycles for the north and south strip, respectively.  Note that these rates from the full-scale test only imitate the effect of temperature loading.  Therefore, if the pavement is subjected to both temperature and traffic loads, the “1 in. per year” may yield less conservative estimations.

[image: ]

[bookmark: _Toc478499976]Figure 19.  Failed Test Pavement Surface.
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[bookmark: _Toc478499977]Figure 20.  Failed Test Pavement Edge.
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[bookmark: _Toc478499978]Figure 21.  TESS Opening Force Decay.
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[bookmark: _Toc478499979]Figure 22.  Crack Sequence, Profile View.
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(a) Crack length vs. cycle, all                               
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(b) Crack length vs. cycle, selected
[bookmark: _Toc478499980]Figure 23.  Crack Evolution.
[bookmark: _Toc478499523]

Forensic Investigation
After the last crack appearance, the full-scale test continued for 538 cycles so that the transverse crack on the surface became incessant from the outer edges to the inner edges.  The full-scale test concluded after a total of 4869 cycles.  Since the research focus was placed on the bottom-up cracking phenomenon, field cores were taken to verify the crack direction.

For each overlay strip, three 9-in.- and one 6-in.-diameter cores were obtained.  Figure 24a shows the locations of these cores.  The 9-in.-diameter core ring was selected because it was easy to extract at the pavement edges.  Each core was visually inspected to determine the crack extent and direction.  As shown in figure 24b, all cores exhibited a through bottom-up crack, except for the boundary between the cores close to the inner edges.  On the boundary (red solid line), the cracks began from the surface and penetrated barely into the bottom 2.5-in.-thick HMA lift.  To further investigate this observation, four 9-in.-diameter cores (N1, N2, S1, and S2) were sliced into 3-in. pieces.  Because there were embedded strain gages located at 6 in. (EG-1, EG-2, EG-5, and EG-6) and 10 in. (EG-10 and EG-11) from the inner edges, the saw-cut went through these gages, as shown in figure 23c.  The saw-cut planes (blue dashed line) clearly show full-depth cracks.  Consequently, it was speculated that the existence of strain gages interfered with the localized strain responses and somehow initiated a top-down crack in between, as hypothesized by the red arrows in figure 24c.  A recent publication (7) shed some light on this subject.
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(a)
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(b)
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(c)

[bookmark: _Toc478499981]Figure 24.  Forensic Investigation.



[bookmark: _Toc478499524]CONCLUSIONS AND RECOMMENDATIONS
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.  Field experience suggests that reflection cracks propagate to the pavement surface, in most cases, within 3 years or less.

The purpose of the Phase II Test was to simulate thermally-induced reflection cracks using full-scale tests.  Laboratory tests were first carried out to characterize the viscoelastic properties of HMA at low temperatures.  Next, extensive FE simulations were performed to optimize the joint opening and displacement rate.  It was determined that incorporating a rest period at the end of each loading cycle would allow sufficient time for the overlay to relax.  To support full-scale tests, over 50 sensors were installed in two 30- by 5.5-ft strip-type HMA overlays. 

Based upon the full-scale test results, the following conclusions can be drawn:
· Fracture Mode I controls thermally-induced reflection cracks;
· “1 inch per year” is quite conservative for thermally-induced reflective cracking;
· A two-strip overlay structure is suitable for evaluating reflective cracking control techniques; for example, the control section versus the mitigation section.

The Phase II Test provided some insights towards the mitigation of thermally-induced reflective cracking.  Instrumentation data revealed that once bottom-up reflection cracks reached a critical length, the crack evolution became very aggressive.  For that reason, it is logical to sandwich a strain relieving HMA interlayer between the PCC slabs and the new overlay to minimize overlay stresses and to tolerate horizontal movements at the joint.  Further exploration is needed to assess the impact of instrumentations on crack development.  It is expected that Phase III, along with ongoing field investigation, will provide the airport designer with superior tools for cost-effective HMA overlay design.
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