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[bookmark: _Toc475997766]Exective Summary
Cracking in airport pavements can be the result of fatigue, shrinkage, movement of the subgrade soil, construction defects, or aging and environmental exposure. Reflective cracking refers to the propagation of cracks through an overlay from the underlying surface. In the case of an asphalt concrete (AC) overlay on a concrete pavement, the development of cracks can generally be attributed to temperature and load induced movements in the concrete. Unfortunately, this major distress is not addressed in the current Federal Aviation Administration (FAA) Advisory Circular for AC overlaid rigid pavements. In order to reduce the stress and strain in the overlay to acceptable limits for delaying reflective cracks, a thicker HMA overlay is sometimes applied than that required for structural purposes alone. Although this option provides an added benefit of better thermal insulation to the concrete, which helps to reduce thermal movements, the performance comparison of different overlay thicknesses is still somewhat empirical and unsupported by full-scale test data. This report presents a comprehensive study to evaluate the impact of overlay thickness on the crack propagation induced by temperature effects. Phase V test was conducted on two HMA overlay sections that were constructed with the same FAA standard P-401 materials (PG 64-22) but different thicknesses (i.e., 3-in. vs. 6-in.). It was observed that increasing overlay thickness significantly delayed the occurrence of bottom-up reflection cracks, however not reduced the incidence of horizontal crack progression. Once a bottom-up crack initiates, it can penetrate a thin overlay in a very short period of time. The brittleness of HMA mixture at low temperatures was thought to be the major contribution to the failure of Phase V test overlay. Ideally, a soft asphalt should improve the mixture’s ductility and therefore extend the time (temperature cycles) required for the crack to propagate. Full-scale test results revealed the crack channelling phenomenon and a conceptual two-stage failure model for reflective cracking was proposed.
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[bookmark: _Toc475482296][bookmark: _Toc475997767]INTRODUCTION
[bookmark: _Toc447486926][bookmark: _Toc445112350][bookmark: _Toc445187074]A hot mix asphalt (HMA) overlay of a rigid pavement may improve ride quality and/or surface friction, or may be placed for the purpose of substantially increasing structural capacity. A relatively thin HMA overlay (i.e., <3-in) is appropriate for existing pavements with functional inadequacies only, such as excessive loss of smoothness or poor surface friction. A thicker HMA overlay (i.e., >3-in) is appropriate for existing pavements with insufficient structural capacity for anticipated future traffic. For this case, functional inadequacies will be corrected as well. Although a thicker HMA overlay reduces the load-associated damage by reducing the effect of poor load transfer across a crack or a joint in the underlying pavement, and provides an added benefit of better thermal insulation to the concrete, which helps to reduce thermal movements and the amount of slab curling, it may not be cost effective because it only delays the occurrence of reflection cracks to some extent. The field rule-of-thumb is that one added inch of HMA will at most delay reflection cracks by 2 years (1). On a negative note, increasing the surface elevation on airfields requires the other related features (such as lighting) to be also raised accordingly.

[bookmark: _Toc475482297][bookmark: _Toc475997768]OBJECTIVE
[bookmark: _Hlk486852927][bookmark: _Toc445112351][bookmark: _Toc445187075][bookmark: _Toc475482298][bookmark: _Toc475997769][bookmark: _Toc447486927]The primary objective of Phase V test was to compare the performance of different overlay thicknesses and answer the question “Is increasing thickness an effective way to extend the overlay fatigue life?” Phase V test was also expected to further enrich reflective cracking database, particularly the crack propagation rates under controlled loading conditions to mimic the temperature cycles occurring in nature. 

OVERLAY DESIGN & INSTRUMENTATION
To maintain consistency of previous experiments, the design of Phase V overlay included two overlay strips that were 30- by 5-ft with a 2-ft space in between. Both sections consisted of the same materials, the standard FAA P-401 PG 64-22 HMA, but different overlay thicknesses (i.e., 3-in. vs. 6-in.). The thin (north) and thick (south) overlays were designed to compare the crack development and avoid potential crack initiation from the surface. The thickness of the thin section represented the minimum requirement of HMA overlay on existing rigid pavements (2). To capture crack initiation, and quantify the propagation, instrumentation was designed to acquire, but not limited to, joint displacement, temperature profile, and strain responses in the overlay. Instrumentation took place in three stages: pre-construction, during construction and post-construction. Prior to the overlay construction, 6 Potentiometers (POT), 4 LVDTs, and 4 Joint Displacement Gages (JDG) were connected and secured. The purpose of these sensors was to monitor the performance of temperature effect simulation system (TESS). During the overlay paving, H-type asphalt strain gages (EG) were embedded at the bottom of each lift (1.5 in.) of the overlay. After the overlay paving, surface strain gages (SG) were installed at various locations on the surface. Each thermocouple tree contained multiple thermocouples (T) to measure temperature at the same depth as strain gages. A detailed instrumentation layout is given in Figure 1. Note that all strain gages were directly above and perpendicular to the concrete joint where the first reflection crack would be expected.

[image: ]
[image: ]
Figure 1. Instrumentation layout

OVERLAY CONSTRUCTION
Prior to overlay construction, milled concrete slab surface was thoroughly swept to remove all loose dirt and debris. 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 at an application rate of 0.04 to 0.06 gallons per square yard. After the application of tack coat, the surface was allowed to cure without being disturbed for the period of time necessary to permit drying and setting. Test overlay was paved in two lanes (i.e., north and south) using the same materials, the standard FAA P-401 PG 64-22 HMA, but different overlay thicknesses (i.e., 3-in. vs. 6-in.). Prior to the overlay paving, H-type asphalt strain gages (EG) were first secured atop concrete slabs using asphalt binder (Figure 2a). These gages were then covered by loose HMA materials close to the lift thickness (i.e., 1.5-in.) and the screed of the paver was used to strike off the excess HMA to the proper depth and grade (Figure 2b). As a result, instrumentation damage was reduced to a minimum. Figure 2c shows the complete test overlay after construction. After placing of each lift, the HMA materials were thoroughly and uniformly compacted by a power roller without vibration due to the sensors underneath. Then the density atop each lift were measured using Nuclear Densometer. The density was measured at a minimum of four locations on each section (north and south). The results of the field density are presented in Table 1. 
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(a)
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(b)
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(c)
Figure 2. Overlay construction


Table 1. Summary of field density

	Overlay Section
	Lift
	Field Density, %
	Roller Passes
	Temperature, °F

	north
	1st 
	89.8
	10
	166

	north
	2nd 
	92.1
	14
	161

	south
	1st 
	94.1
	16
	163

	south
	2nd 
	90.4
	10
	165

	south
	3rd 
	94.4
	12
	165

	south
	4th 
	94.8
	10
	166





On January 12, 2017, the placement of the first lift on the south section started around 11:30 AM, and the north side paving took place an hour later. As shown in Figure 3, the thermocouple readings atop concrete slabs clearly registered the placement of each lift and cool down progression.


[image: ]
Figure 3. Overlay bottom temperature during construction


Sample responses from embedded strain gage are presented in Figures 4 and 5 for the north and south section, respectively. Regardless of the lift sequence within each section, at the bottom of the lift being laid down and compacted, embedded strain gages always recorded a similar strain magnitude (first cluster of peak strains in each plot). This observation indicates an excellent construction quality and repeatability of the sensors. As expected, the same gage showed smaller and smaller strain responses as the thickness increased (i.e., paving progression). In addition, the gages directly under the paver tracks recorded higher strains (black) than that between the tracks (red) and this discrepancy was only noticeable for the first lift.

[image: ]
(a) Overlay bottom

[image: ]
(b) 1.5 in from overlay bottom
Figure 4. EG responses during construction, north
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(a) Overlay bottom
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(b) 1.5 in from overlay bottom
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(c) 3.0 in from overlay bottom

[image: ]
(d) 4.5 in from overlay bottom
Figure 5. EG responses during construction, south

SHAKE-DOWN TEST
A total of 300 test cycles were first run to make sure all systems were operating properly. Temperature variations were approximated by a haversine waveform describing the relationship between the joint opening and cycle time:

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. The initial joint opening is 0.250 in. The joint opening (D) was set at 5 mils such that the shake-down would not impart much damage to the overlay. 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. An example of the aforementioned displacement loading waveform is shown in Figure 6. During the rest period, small oscillations existed during the idle stage of hydraulic unit. 


[image: ]
Figure 6. Actuator positions during shake-down


During shake-down, the overlay bottom temperature was maintained between 31oF and 33oF. However, due to mechanical issues, the chiller became malfunction after the first 60 loading cycles. The thermocouple readings from the bottom of HMA overlay are plotted in Figure 7.

[image: ]

Figure 7. Overlay bottom temperatures during shake-down


For demonstration purposes, strain gage responses collected from the first 40 cycles are provided in Figures 8a and 8b for the north and south section, respectively. At the same depth, the difference in the strain responses was trivial (20-30 microstrains) between the north and south sections. Interestingly, both sections exhibited an identical pattern that the strain magnitude dropped roughly 50% with an increase of 1.5-in. thickness. Two observations would be expected from the formal test:
1. Crack initiation in the thick overlay occurs shortly after the thin overlay.
2. The thick overlay requires twice as many loading cycles to propagate reflection cracks to the surface as the thin overlay does. 

At the end of shake-down, all instrumentation sensors were verified and the overlay was thoroughly inspected. There were no damage/cracks found on the HMA overlay.

[image: ]
(a) north 

[image: ]
(b) south
Figure 8. Representative strain gage responses during shake-down

FORMAL TEST
[bookmark: _Hlk486852964]Once the chiller issues were resolved, full-scale tests began on March 3, 2017. The same testing protocol of shake-down was employed except that the joint opening was increased to 12 mil. The temperature unit of temperature effect simulation system (TESS) was programmed to maintain the AC-PCC interface temperature between 31 and 33oF. To minimize condensation from cooling, insulation blankets were place on the entire pavement surface (see Figure 9). When an instrumented sensor detected a crack forming under operating conditions, a silver marker was used to trace any crack progress on the pavement (see Figure 10). After 1919 cycles, the overlay was completely separated and the test concluded on March 20, 2017.


[image: ]

Figure 9. Insulation of the HMA overlay
[image: ]

Figure 10. Visual examination and crack marking

Temperature Control
A complete history of temperature profiles in the north and south sections are presented in Figures 11a and 11b, respectively. Through the course of testing, the temperatures at overlay bottom were constantly below the target range, 31 - 33oF. In the field, the bottom of the HMA layer may act as a heat reservoir, protecting the top of the overlay to some extent during temperature cycles. The thicker overlay may also result in a large resistance and therefore a lower magnitude of PCC joint opening. A side by side comparison shows that the temperature profiles in the north and south sections were almost identical. The relatively uniform temperature through the depth of overlay (i.e., small temperature gradient) was believed to be strongly driven by the insulation blanket covered on the pavement surface. 
 



[image: ]
(a) north
[image: ]
(b) south
Figure 11. Temperature profiles in HMA overlay
Overlay Deterioration
As part of crack propagation process, a substantial amount of energy is dissipated. As shown in Figure 12, the initial load applied on the south was significantly higher than that on the north because of the overlay materials from doubled thickness. The load applied by the actuators decayed in stages. In Stage 1, the peak loads dropped sharply (40%). An almost identical load reduction rate was observed for both sections. In other words, both sections maintained a good structural capacity until the onset of the first reflection crack. This observation agreed with some laboratory studies that under fatigue loads asphalt concrete degraded very rapid during initial loading (3). This initial rapid fatigue damage is not apparent in bottom-up cracking simply because bottom-initiated fatigue damage isn’t visible until it has progressed the entire way through the pavement. In Stage 2, the loads decreased at an approximately constant rate as reflection cracks initiated and began to propagate. Because of a thinner thickness, the load reduction rate was higher (59 lbs/cycle) on the north section. Even though the crack was not always visually observed at the surface, the outer edges of the overlay were completely fractured at the end of this stage (about 350 cycles).  In Stage 3, the peak loads started to decline at a higher rate, indicating the crack was able to propagate through the inner portion of the overlay more rapidly. Stage 3 represents the major portion of the overlay deterioration. In this stage, a steeper load reduction (71 lbs/cycle) was yet observed on the thick section. Stage 3 continued for 500 cycles until the final stage began. At this point, the HMA overlay was completely separated. As expected, in Stage 4, the loads remained at 85% reduction (roughly 10,000 lb) for both north and south sections.


[image: ]
Figure 12. TESS load cell readings

Failure Observations
Upon the completion of testing, cracks on the edges were full-depth through the overlay. On the thin section (Figure 13a), the crack initiated at the overlay bottom. At first, the crack propagated upward, indicating fracture Mode I dominance. Once this vertical crack reached the boundary of two 1.5-in lifts, it started to deviate at an angle toward the surface. Meanwhile, a second crack propagated from the top of the overlay, headed to the bottom, but was arrested at the lift interface. On the thick section (Figure 13b), despite of some wiggling, a bottom-up crack formed at the overlay bottom and progressed on its upward track. Figures 14 and 15 show that the resulting transverse crack was directly atop the underlying PCC joint in 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. 


[image: ]
(a) north

[image: ]
(b) south
Figure 13. Cracks on the outer edge
[image: ]
(a) During test

[image: ]
(b) After test
Figure 14. Cracks on the surface, north section


[image: ]
(a) During test

[image: ]
(b) After test
Figure 15. Cracks on the surface, south section

TEST DATA PROCESSING
Full-scale test data were in .txt format and collected from static and dynamic sensors and RC rig control program, as shown in the Table 2. 


Table 2. Summary of field density
	Data Source
	Unit

	Instrumentation Sensor

	Surface Strain Gage (SG)
	Microstrain, E-6

	Embedded Strain Gage (EG)
	Microstrain, E-6

	Thermocouple (T)
	OF

	RC Rig Control Program

	Load Cell (LC)
	lbs




The first step of data processing was to extract the following parameters from each data source:
a. Cycle No
b. OL - OffsetLeft (first reading)
c. MRL - MinResponseLeft
d. MR - MaxResponse
e. MRR - MinResponseRight
f. OR - OffsetRight (last reading) 

For demonstration purpose, a typical strain response curve is given in Figure15. The diagram also illustrates some characteristic elements of the response curve that were considered in data processing.

For most cases, when the crack propagated through a strain gage, tensile strains continuously grew at a slow rate until a sudden rise occurred (Figure 16). The second step in data processing was to determine the failure strain at the inflection point (IF) on the strain vs. cycle curve, which was believed to be a good indicator for the formation of an invisible damaged area/zone (4-7). It’s not uncommon that, when the strain gage was off but close to the crack path (Figure 17a), a significant drop in tension was recorded as the strain energy is released by the crack formation. One of such example are EG2-N-1.5 and SG2-N-3.0 shown in Figure 17b. For these two gages, the maximum strain values (solid circles) on strain vs. cycle curve were selected as the failure strains. 


[image: ]
Figure 15. Sample strain responses from one loading cycle

[image: ]
(a) north

[image: ]
(b) south
Figure 16. Sample peak strain responses, on crack path



[image: ]
(a)

[image: ]
(b)
Figure 17. Sample peak strain responses, off crack path


One important observation from Figure 16 is that the crack propagation was much more rapidly on the thin section as compared to the thick section. To calculate the crack propagation rate, aforementioned inflection point (IP) needs to be accurately determined. In view of the effect of daily temperature variations on strain responses (Figures 16a and 16b), the first step to determine the IP was to calculate the moving median (MRn) of the peak strains (R) over n loading cycles:


                                                        (1)

where each median is calculated over a sliding window of length n across neighboring cycles. When n is odd, the window is centered about the cycle in the current position. When n is even, the window is centered about the current and previous cycles. The window size is truncated at the endpoints when there are not enough cycles to fill the window. When the window is truncated, the median is taken over only the cycles that fill the window.

Second, the difference between each peak strain and the moving median was computed using Equation 2. 

                                                         (2)


The RDn was then plotted against the number of cycles. Finally, the IP was selected corresponding to the peak value (solid circle) of the RDn vs. cycle curve. Figure 18 illustrates the above analytical procedure for the determine of IF. Table 3 summarizes the failure strain, number of cycles, and temperature at all inflection points.

[image: ]
Figure 18. Determination of inflection point


[bookmark: _Hlk487457404]Table 3. Summary of cycle, failure strain, and temperature at inflection point
	[bookmark: _Hlk487457294]Sensor ID
	Cycle
	Failure Strain, E-6
	Temperature, F

	SG1-S-0.0
	551
	1391
	28

	SG1-S-1.5
	593
	1120
	28

	SG1-S-3.0
	642
	890
	29

	SG1-S-4.5
	661
	741
	29

	SG1-S-6.0
	740
	870
	29

	EG2-S-0.0
	475
	1829
	28

	EG2-S-1.5
	554
	1103
	29

	EG2-S-3.0
	626
	920
	29

	EG2-S-4.5
	649
	645
	29

	SG2-S-6.0
	707
	655
	30

	EG3-S-0.0
	357
	1987
	29

	EG3-S-1.5
	427
	1338
	29

	EG3-S-3.0
	432
	1124
	30

	SG3-S-6.0
	535
	677
	30

	EG4-S-0.0
	342
	2002
	29

	EG4-S-1.5
	411
	1445
	29

	EG4-S-3.0
	469
	1402
	30

	EG4-S-4.5
	486
	905
	30

	SG4-S-6.0
	511
	581
	30

	EG5-S-0.0
	249
	2038
	30

	EG5-S-1.5
	344
	1611
	30

	EG5-S-3.0
	429
	1087
	30

	EG5-S-4.5
	440
	942
	30

	SG5-S-6.0
	474
	876
	30

	SG6-S-1.5
	245
	1340
	31

	SG6-S-3.0
	313
	719
	30

	SG6-S-4.5
	449
	576
	30

	SG6-S-6.0
	545
	676
	30

	SG1-N-0.0
	631
	1662
	28

	SG1-N-1.5
	602
	1192
	29

	SG1-N-3.0
	553
	828
	29

	EG2-N-0.0
	705
	2407
	27

	EG2-N-1.5
	677
	1494
	29

	SG2-N-3.0
	475
	820
	30

	EG3-N-0.0
	348
	2394
	29

	EG3-N-1.5
	302
	1666
	30

	EG4-N-0.0
	239
	2404
	30

	EG4-N-1.5
	195
	1732
	31

	EG5-N-0.0
	232
	2047
	30

	EG5-N-1.5
	189
	1148
	31

	SG5-N-3.0
	168
	854
	30

	SG6-N-0.0
	129
	1941
	29

	SG6-N-3.0
	181
	641
	31



ANALYSIS OF TEST RESULTS
Aforementioned secondary crack on the north section seemed to start from the surface of the thin overlay and then propagated towards the bottom (Figure 13a). For the south section, only one bottom-up reflection crack was observed on the thick overlay (Figure 13b). When a flexible pavement ages, the surface is exposed to sunlight, air and water to a much greater extent than the underlying material. Consequently, the surface of aged pavements may exhibit significantly lower tensile strength and stress relaxation capability (8-9). Because of the NAPTF’s indoor environment and 7-week gap between the construction and full-scale test, age hardening was believed to be irrelevant to the secondary crack on the thin section.

Temperature Analysis
One factor contributing to the direction of crack propagation (bottom-up vs. top-down) in flexible pavements is the existence of temperature gradient in the HMA layer that affects the mixture stiffness. On hot summer afternoons, for example, the pavement surface can exceed 140 °F, while the material beneath the HMA layer will be much cooler. Similar gradients can occur in the winter, but in opposite directions. Figure 19a plots the maximum temperature difference between the overlay surface and bottom from Phase II – V tests. Instead of a large gradient (about 15oF per 5-in.), the overlay temperature of Phase V test was relatively uniform through the depth (about 4oF per 3/6-in.). Therefore, it is reasonable to assume the influence from overlay temperature gradient on the HMA stiffness would be minimal.

At low temperatures, HMA exhibits predominantly linear viscoelastic behavior. During severe cooling cycles (fast cooling rates), when thermal stresses exceed the local fracture resistance of the mixture, softening (material damage) occurs and a fracture process zone is developed. With further cooling, the initiation of crack occurs. Once a crack is initiated, the stresses localize at the crack tip and, as subsequent cooling cycles ensue, cracks eventually penetrate the depth and width of the HMA layer. Figure 19b plots the maximum temperature drop at the overlay surface from consecutive loading cycles. There was no evidence of any occurrence of cooling event during the tests. Although thermally-induced stresses were not high enough to cause sudden cracks at the overlay surface, which may gradually weaken the surface and contribute to brittle failure modes.
[image: ]
(a) Maximum temperature difference at the bottom and surface
[image: ]
(b) Maximum surface temperature variation between loading cycles
Figure 19. Comparison of overlay temperature between Phase II - V Tests
Failure Strain
Similar to previous experiments, there was a strong correlation between the failure strain and depth in the overlay, as demonstrated Figure 20. Because of the stress concentration directly above the PCC joint, the largest failure strains located at the overlay bottom. It is also clear that the overlay thickness significantly affected the magnitude of the failure strain at the overlay bottom. During the crack propagation process, the magnitude of failure strains decreased at a higher rate for the thin section and indicated a speedy overlay deterioration. When a crack reached the overlay surface, failure strains (more brittle) were much lower, 750 microstrains. As shown in Figure 21, due to the relative uniform temperature distribution in the overlay, no dependency of the failure strains on the temperature was observed.

[bookmark: _Hlk487457965]Appendix A and B present contour plots of the strain distribution at each loading cycle where failure strains were identified. On the north section (Appendix A), a damage zone first formed at the overlay bottom. When the first initiated crack reached the surface, a second damage zone formed in the upper portion of the overlay. As the testing continued, two damage zones expanded, merged, and finally progressed to the inner edge of the overlay. On the south section (Appendix B), a damage zone started at the bottom of the outer edge of the overlay. Afterwards the damage zone progressed in both vertical and horizontal directions, and no second zone was formed. A comparison of the strain distribution in the north and south sections revealed a more violent damage growth for the thin overlay.
[image: ]
Figure 20. Depth vs. Failure Strain


[image: ]
Figure 21. Temperature vs. Failure Strain

Failure of viscoelastic materials is far more complicated than that of elastic materials. In evaluating thermal and bottom-up fatigue cracking in asphalt pavements, failure is usually determined when maximum tensile stresses exceed the tensile strength of the HMA mixture. However, this criterion can overestimate the strength at the fracture point because the strength of viscoelastic material is time (strain rate) dependent. Take Phase II test for example, the repeated loading-associated tensile stress at failure was only 77% (330 psi) of the laboratory measured tensile strength, 428 psi (4).

One unique observation from Phase V test was the harsh crack propagation in the horizontal plane, which was possibly caused by the brittleness of HMA at low temperatures. When the mixture is brittle, the time required for crack initiation is short, and crack propagation is fast. For more ductile mixtures, cracks would require a longer time to develop and propagate.

Failure of HMA mixtures does not only depend on the current value of stress or strain, but depends on the entire history of stress or strain. The failure strain obtained from displacement-controlled tests can be only applied to situations in which the conditions are close to those in testing, i.e., full-scale reflective test at a constant temperature. The failure strain is not only a good detector for the formation of an invisible damaged area/zone but also an indicator of brittleness or ductility of HMA mixtures. It is believed that the strain at failure is as important as strength for reflection crack initiation and propagation. 

Failure Mechanism
Figure 22 is a contour plot generated from the cycles in Table 3. It demonstrates that the first crack presence on both north and south section was at the bottom of the outer edges where the maximum tensile stresses were located (4). A close examination of Figure 22 reveals that two bottom-up reflection cracks exhibited a distinct progression and therefore resulted in an opposite location of the last fracture occurrence on the inner edges. This observation agrees with previous full-scale tests that a bottom-up crack can advance in other orientations in addition to the through-thickness direction (8, 9). At shorter crack lengths, propagation was driven purely by tension and the crack grew straight up into the overlay. At intermediate depths, the bottom-up crack re-orientated because the stress states within the HMA layer changed with depth. 

The crack propagation rate (CPR) controls the crack orientation. Figure 23a plots the CPRV at 0, 24, 36, and 60 in from the origin of the reflection crack (outer edge). The CPRV was fairly uniform across the width of the overlay except for an extreme value at the outer edge of the thin section. This explains why the thin overlay cracked 100 cycles earlier than the thick overlay. Figure 23b plots the CPRH at varies depths parallel to the PCC joint. In the horizontal plane, the thin overlay possessed a higher CPRH at the surface and a reverse for the thick overlay. This explains the downward path of the secondary crack on the thin overlay. Because the CPRH at all depths was higher for the thick overlay, it only preserved 35 more loading cycles than the thin overlay (740 vs. 705). It can be concluded that the major contribution to the overlay failure was the horizontal crack evolution due to its 10 times higher CPR.

[image: ]
Figure 22. Crack propagation, cycles


[image: ]
(a) Vertical 

[image: ]
(b) Horizontal
Figure 23. Crack propagation rate in different directions

Phase V test results suggested the detrimental effect of the mixture brittleness on the overlay failure. One factor can indirectly contribute to brittleness is poor compactibility, since poor compaction can lead to the high air voids at the pavement surface, which then increase the likelihood of cracking (less resistance to fracture). During construction of an AC overlay, the top ¼ in cannot be thoroughly compacted, even under the ideal conditions and with the most careful workmanship.  As shown in Table 1, a lower density was measured at the top lift on the north section. This less adequate compaction resulted in a relatively weak surface, prone to crack propagation.


DISCUSSION
Effect of Overlay Thickness
The overlay thickness significantly affected the magnitude of the tensile stresses at the bottom of overlay, the failure strains in the overlay, and therefore the evolution of reflection cracks. 

Because the north and south sections had a different overlay thickness (3-in. vs. 6-in.), the relationship between normalized crack length and number of cycles is shown in Figure 24. It is clear that the thick overlay delayed the crack initiation by 101 cycles. 

Previous full-scale experiments (Phase II, III, and IV tests) showed that once bottom-up reflection cracks reached a critical length (i.e., 3-in. benchmark), the crack evolution became very aggressive. However, this two-stage crack evolution was not noticeable in Phase V test, and both thin and thick sections exhibited a more or less linear crack progression. On the thin section, the crack penetrated completely through the overlay in as little as 18 cooling cycles due to the confounding effect of the overlay thickness and brittleness of HMA at low temperatures. A conclusion that overlay thickness affects the propagation of bottom-up reflection cracks does not mean that this relationship is consistent or simple in nature, or that a change in overlay thickness always results in a change in crack propagation. It might be tempting to conclude from Figure 24 that the effect of overlay thickness on the crack propagation lessened for thinner overlays, but it should be remembered that this represents only the crack evolution in the vertical direction. 

As discovered in the analysis of crack propagation rate (CPR), the horizontal crack evolution was much swifter than the vertical direction, particularly for the thick overlay. It does not mean that the horizontal crack evolution did not occur in the thinner overlays, only that, if it did, it was probably occurring simultaneously with bottom-up cracking. In other words, the thicker overlay appeared to significantly delay the occurrence of bottom-up reflective cracking, while not significantly reducing the incidence of the crack progression along the PCC joint. 
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Figure 24. Crack evolution



Design Consideration
The analyses of Phase V test data presented in this report are by no means comprehensive. There are a few other issues that were not covered and essential to be considered for the design of HMA overlay on rigid pavements. They are discussed here as suggestions for future efforts needed in this research area.

Asphalt Binder
At low temperatures, the fracture resistance of HMA primarily depends on the binder grade, stiffness, and strength. All these properties affect the mixture’s ability to tolerate stresses, as well as its resistance to aging that causes the mixture to become brittle with time, which can exacerbate crack development under rapid cooling events. One way to control the crack propagation is to add sulfur to the asphalt binder. Sulfur-binder not only behaves as soft asphalt at low temperatures, but also reduces the construction cost as some of the higher priced asphalt is replaced by relatively cheaper sulfur. It should be pointed out that the stability of soft asphalt mixtures is low. Therefore, the HMA overlay using this type of mixtures should be designed to ensure that there is sufficient thickness prevent rutting and shoving under heavy aircraft traffic. 

Failure Model
The fundamental of reflective cracking is the propagation of cracks through the overlay due to movements in the vicinity of cracks and joints in the existing pavement. At this stage, periodic or routine maintenance (crack sealing) may be effective in retarding further crack progression. Eventually, multiple reflection cracks will form and portions of the HMA overlay will spall and dislodge from the pavement surface. Reflection cracks lead to a reduction of pavement smoothness and shorten the life of the overlay.

To proper characterize the mechanism of reflective cracking, previously discussed crack channeling should be considered. A conceptual two-stage failure model was proposed:
· Stage I, represents the overlay deterioration until the onset of first crack. A crack is not counted as a crack until the local vertical crack propagates through the entire thickness of the HMA overlay. In other words, no contribution is made to the amount of global reflective cracking until the local vertical crack breaks through the surface layer.
· Stage II, represents the overlay deterioration from Stage 1 to failure. In this stage, only the crack progression in the horizontal plane is considered. From design perspective, this assumption appears rational because, once the first thorough crack makes its appearance to the surface, insufficient thermally-induced stresses exist to advance another bottom-up crack. Initially, each of these potential cracks starts out as a very small local vertical crack (or flaw, fissure, etc.) at the bottom of the HMA overlay. The failure is defined as the completion of a transverse crack between two adjacent longitudinal PCC joints.

[bookmark: _Hlk487459369]Assuming these two stages occur in sequence, a general failure model for reflective crack can be derived as the sum of cumulative damage (D) in Stage I and II:

                                                              (2)

                                                                    (3)

                                                                    (4)

where ΔLv is the vertical crack length increment per loading cycle, ΔLh is the horizontal crack length increment per loading cycle, H is the overlay thickness; and S is the PCC joint spacing. 

CONCLUSIONS & RECOMMENDATIONS
In Phase V Test, the effectiveness of overlay thickness to retard thermally-induced reflection cracks was evaluated. Two overlay sections consisted of the same materials, the standard FAA P-401 PG 64-22 HMA, but different overlay thicknesses (i.e., 3-in. vs. 6-in.). Side-by-side comparisons of overlay performance led to the following conclusions:
1. Increasing overlay thickness significantly delayed the occurrence of bottom-up reflection cracks, however not reduced the incidence of horizontal crack progression.
2. Once a bottom-up crack initiated, it can penetrate a thin overlay in a very short period of time. 
The above may only be applicable to lightly loaded airport pavement structures, such as general aviation airports and regions of airport runways, taxiway, and aprons which receive little or no aircraft loading.

The brittleness of HMA mixture at low temperatures was thought to be the major contribution to the failure of Phase V test overlay. Ideally, a soft asphalt should improve the mixture’s ductility and therefore extend the time (temperature cycles) required for the crack to propagate. Full-scale test results revealed the crack channelling phenomenon and a conceptual two-stage failure model for reflective cracking was proposed. 

DATA STORAGE & ORGANIZATION
Placeholder until RC Database in place
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