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EXECUTIVE SUMMARY

Reflection cracking possesses a major challenge in terms of rehabilitation and repair in airfield
pavements. For an asphalt concrete (AC) overlaid rigid pavement, a large daily cooling rate
combined with a very low temperature at the end of the cooling cycle represents the most critical
condition with respect to the development of thermal induced reflection cracking. However, this
distress mode is not addressed in the current Federal Aviation Administration (FAA) advisory
circular.

The main focus of Reflective Cracking Indoor Phase VI (RCIP-VI) test was to assess the impact
of extreme cooling cycle on the asphalt overlay reflective cracking. Phase VI test overlay is
comprised of two 30- by 5-ft overlay strips constructed with the FAA standard P-401 HMA (PG
64-22). The Temperature Effect Simulation System (TESS) was employed to mechanically
simulate daily temperature variations. While keeping the maximum joint opening at 12 mil, a
higher horizontal opening rate was introduced during the extreme cooling cycles. Key
instrumentation included asphalt strain gages and thermocouples at multiple depths in the overlay.

In general, the observations from RCIP-VI test, such as strain distribution, crack initiation
sequencing, failure strain at different depths, and crack evolution agreed with the previous
experiments. A pronounced effect of extreme cooling cycles on the evolution of reflection cracks
was found in the strain response and multi-scale damage analysis. To characterize the crack
propagation, a modified Paris and Erdogan Law was proposed based on the release of Strain
Energy as well as Fracture Energy.
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1. INTRODUCTION

The magnitude of thermal stresses developed in the asphalt concrete (AC) overlay is not generally
associated with the seasonal variations (slow changes in temperature) due to the ability of the AC
to relax under slow loading conditions. It is the daily temperature change that has the greatest
influence on the performance of AC overlay. A large daily cooling rate combined with a very low
temperature at the end of the cooling cycle represents the most critical condition with respect to
the development of reflective cracking due to horizontal slab movement, as well as low
temperatures causing the HMA overlay to stiffen (the stiffer the AC, the less likely it will relax
under straining, resulting in the development of a crack (1-3).

1.1 OBJECTIVES

The primary objective of Reflective Cracking Indoor Phase-VI (RCIP-VI) test was to assess the
effect of extreme cooling cycles on the crack evolution through varied displacement rates.
Secondly, it was expected to obtain the model parameters of Paris and Erdogan Law from full-
scale test data to support the parallel modeling effort on the crack propagation.

1.2 TEST OVERLAY AND INSTRUMENTATION

To maintain consistency from the previous experiments, Phase V1 test overlay included two strips
that were 30- by 5-ft with a 2 ft. space in between. Both 5-in thick sections were constructed with
the same materials in accordance with the Federal Aviation Administration (FAA) standard P-401
HMA (PG 64-22). To capture and quantify crack initiation and propagation, instrumentation was
designed to acquire, but not limited to, joint displacement, overlay temperature profile, and strain
responses at different overlay depths. Instrumentation took place in three stages: pre-construction,
during construction, and post-construction. To facilitate instrumentation, the overlay was placed
in two 2.5-in lifts. Prior to the overlay construction, six potentiometers (POT), four linear variable
differential transformers (LVDT), and four joint displacement gages (JDG) were connected and
secured. The purpose of these sensors was to monitor the performance of the Temperature Effect
Simulation System (TESS). During the overlay paving, eight H-type embedded asphalt strain
gages (EG) were installed at the bottom of each overlay lift (2.5 in.). After the paving, twenty
surface strain gages (SG) were installed at various locations on the surface. Two thermocouple
trees were installed in the overlay and each tree contained multiple thermocouples (T) to measure
the temperature at the same depth as the strain gages. A detailed instrumentation layout is shown
in Figurel. Note that all strain gages were placed directly above and perpendicular to the concrete
joint where the reflection crack would be expected.
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Figurel. Instrumentation Layout

2. OVERLAY CONSTRUCTION

Prior to the overlay construction, the 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 binder was applied to the dry surface of two 12-in.-thick, 15- by 15-ft concrete
slabs as shown in Figure2. The surface was then allowed to cure without being disturbed for the
period of time necessary to permit drying and setting. Prior to the overlay paving, H-type asphalt
strain gages (EG) were first secured atop concrete slabs using straight PG 64-22 asphalt binder
(Figure3(a)). These gages were then covered by loose FAA standard P-401 HMA materials close
to the lift thickness (Figure3(b)) and the screed of the paver was used to strike off the excess HMA
to the proper depth and grade.

On April 30, 2019, the placement of the first lift started on the south section around 11:00 AM and
the north section paving took place an hour later. The second lift was placed on the next day (May
1, 2019). The paving of south section started around 9:30 AM and the north section paving took
place an hour later.



Figure2. Thin Tack Coat of Straight PG 64-22 on Top of Concrete Slabs




(b)
Figure3. EG Installation on Top of Each Lift

Figure4 shows the complete test overlay after construction. After placing 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 was measured using Nuclear Densometer at a
minimum of four locations on each section (north and south). The density results are presented in
Table 1 and the average was about 92%.

Figure5 shows the thermocouple readings (T1S & T1N) from the first day of paving of the 1% lift
(April 30", 2019) and Figure6 shows the thermocouple readings (T1S & T1N) from the second
day of paving of the 2" lift (May 1%, 2019). As shown in Figure5 and Figure6, the thermocouple
readings atop concrete slabs clearly registered the placement of each lift and cool down
progression.
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Table 1. Summary of Field Density

Overlay Section | Lift | Field Density, % | Roller Passes
North 1% 924 8
North 2nd 91.3 8
South 1% 92.3 8
South 2nd 92.0 8




= = TIN

T1S

160

o o ] o
(o] o [se] o

140

— —
o “amyeradurdy,

INd CT-¥
Nd 9¢°¢
INd 00-¢
Nd vT'C
INd 8%-1

2
INd CT°1 m
Nd 9¢°T1
INd 00:CT
WV VTl

NV 81-01

= = TIN

T1S

160
40

Figure5. Overlay Bottom Temperature During Construction Day-1 (April 31%, 2019)
140

WNd 0C-¥

WNd bt

Nd 80:¢

Nd ¢&C

Nd 96°1

Nd 0C'1

Wd Tl

Nd 80-C1

NV e 11

NV 9601

NV 0T-01

WV #1:6

NV 80:6

Time
Figure6. Overlay Bottom Temperature During Construction Day-2 (May 1%, 2019)



Sample bottom EG responses during the paving of 1% lift of north and south section are presented
in Figure7 and Figure8, respectively. A cluster of peak strains were observed among the EG during
the occurrence of material lay down and roller compaction. After the compaction, similar strain
magnitudes were seen in both north and south sections. Sample mid-depth EG responses during
paving of 2" lift of north and south section are presented in Figure9 and Figure10, respectively.
Similar to the bottom EG, good construction quality as well as repeatability of the sensors were
observed.
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Figure7. Bottom EG Responses During North Side Lift-1 Construction (Day-1, April 31%, 2019)
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Figure8. Bottom EG Responses During South Side Lift-1 Construction (Day-1, April 31%, 2019)
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Figure9. Mid-depth EG Responses During North Side Lift-2 Construction (Day-2, May 1%,
2019)
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Figure10. Mid-depth EG Responses During South Side Lift-2 Construction (Day-2, May 1%,
2019)

3. SHAKE-DOWN TEST

To ensure the functionality of the TESS, instrumentation, and data acquisition system, a total of
100 cycles were executed. Temperature variations were approximated by a haversine waveform
describing the relationship between the joint opening, d(t), and cycle time:

d(t)= Dsin2[£+ﬂj+ R 1)
2 T

where t is the time, D is the amplitude of joint opening, T is the cycle time, and R is the rest period
at the end of each loading cycle. For the 100-cycle shake-down test, each loading cycle comprised
of a loading time of 75 seconds, unloading time of 75 seconds, and rest period of 600 seconds to
allow for sufficient relaxation of AC materials. Thejoint opening was set to 5 mil. For
demonstration purposes, temperature readings from the south section are shown in Figurell. A
uniform temperature at different depths was maintained. Sample strain gage responses at the
overlay bottom, mid-depth and surface from the south section are shown in Figurel2. As expected,
strains at the bottom were the highest. There was a gradual decrease of the bottom strains, which
was due to the initial stretch of the overlay, and the strain values became constant afterwards.

At the end of shake-down test, the overlay was thoroughly inspected for damage and no visible
cracks were observed. All instrumentation sensors and the data acquisition system were fully
functional.
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Figurel2. Strain Responses from the South Section

4. FORMAL TEST

Formal RCIP-VI testing started on June 7, 2019. The 360-day temperature variations with extreme
cool cycles were simulated in two steps. For the first 330 loading cycles, each cycle began with a
loading time of 75 seconds. Once the actuators (north and south) reached the maximum horizontal
displacement (joint opening) of 12 mil, a 75 second unloading was executed, followed by a rest
period of 600 seconds to allow the overlay to relax. Then, a different test recipe was executed for
the next 30 loading cycles with the same maximum displacement (12 mil). But both the loading
and unloading time was shortened to 35 seconds. For these 30 loading cycles, a rest period of 300
seconds was also included (4). The TESS was programmed to maintain a target temperature of
33°F at the AC — portland cement concrete (PCC) interface. Insulation blankets were used on the
pavement surface to maintain the overlay temperature (Figurel3). There was a power outage at the
FAA National Airport Pavement Test Facility (NAPTF) on June 16, 2019. Therefore,
instrumentation data between Cycle Number 833 and 1150 was not available.
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Figurel3. Insulation of AC Overlay

4.1 TEMPERATURE CONTROL

Three sets of thermocouple readings at different overlay depths are presented in Figure14. Through
the course of testing, the overlay maintained a relative uniform temperature (less gradient).
Towards the end of testing (i.e., Cycle-6426), the temperature in the top portion of the overlay
raised due to the increasing ambient temperature in the NAPTF.
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Figurel4. Overlay Temperature Profiles

4.2 PERFORMANCE MONITORING

Distress surveys were conducted multiple times a day. All identified cracks were outlined with
chalk when needed and measured using a tape measure. Any changes to existing cracks were
recorded along with any new cracks. Results of the visual distress survey were documented in two
ways: a scale map and a written log. The map displays all cracks on a scaled drawing. Figurel5
provides a small sample of the distress map. The distresses were numbered for reference to the
written log. The written log provides all the crack information chronologically. Table 2 provides
a sample of the distress map written log. The written log documents the date of entry, the cycle
number, the type of cracks, the crack number — which can be referenced to the distress map, the
location of crack and length, and any relevant notes. The notes would indicate any changes to
existing crack, merging of multiple previously identified cracks, and so on. A complete written

log is provided in Appendix A.
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Table 2. Distress Survey Written Log

Distress
Total Cycles ) -
Date Daily Location
Cycles | Description | No. | X Axis(in.) | Y Axis(in.) .
North | South — — Location
Initial | End | Initial | End
6/10/2019 | 320 | 320 | 120 | Bottom-up 1 | 2875 |2875| o0 | 1125 |Outer vertical
crack edge, North
6/10/2010 | 320 | 320 | 100 | Transverse 2 | 16 | 475 | 25 | 4.625 | North section
surface crack
6/10/2019 | 320 | 320 | 120 | Bottom-up 3 | 2875 |3125| 0 |1.105]|'Mner  vertical
crack edge, North
6/11/2010 | 480 | 480 | 120 | Bottom-up 4 | 2875 | 325 | 1.125 | 2.25 | Outer  vertical
crack edge, North
6/11/2010 | 480 | 480 | 120 | Transverse 5 | 115 | 16 3 | 3.62 | North section
surface crack
6/11/2019 | 480 | 480 | 120 |BOWOMUD | o | 505 |75 | 1125 | o | Inner  vertical
crack edge, North

4.3 OBSERVATIONS

Reflection cracks initiated from the overlay bottom and propagated to the surface. Bottom-up
cracks were first observed on the outer edge of the north section followed by the inner edge. Similar
observations were obtained from the south section but after more loading cycles. After 6426
loading cycles, RCIP-VI testing concluded on August 5, 2019. Directly above the underlying PCC
joint, continuous transverse reflection cracks were observed on the overlay surface (Figurel6(a)
and (b)). Pictures of the final stage of vertical edges are provided in figures 17 and 18. Three of
four edges showed full-depth reflection cracks except for the outer edge of the south section
(Figurel7 (b)). The uncracked area was most likely due to an isolation zone caused by mixed-
mode fracture under crack channeling. As illustrated in Figurel9, when a Mode | crack formed
and developed to a critical length, a mixed-mode fracture occurred and led the crack to advance in
other orientations (4). Later, a 4-in diameter overlay core was taken from the uncracked area and
confirmed no visible cracks (Figure20).
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Figurel6. Transverse Reflection Cracks on the Surface
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(b) South

Figurel7. Cracks on Outer edge of North and South Section
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(b) South

Figurel8. Cracks on Inner edge of North and South Section.
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Surface

South outer edge

Figurel9. Crack Channeling and Isolation Zone

Figure20. Overlay Core from Uncracked Area

5. OVERLAY DETERIORATION

Through the course of full-scale testing, a slight difference in load cell readings was observed
between the north and south section during the generation of equal joint displacements along the
outer edges. This difference may be attributed to the non-uniform AC-PCC interface conditions
from the milling and tack coat application. Figure21 reveals four distinct stages that were also
identified in Reflective Cracking Indoor Phase V (RCIP-V) test (5). A rapid load reduction (66
Ibs/cycle) was observed in Stage 1. On the vertical edges, bottom-up cracks initiated and started

19



propagating upwards, as recorded in the distress survey. A noticeable load jump coincided with
the 1% set of extreme cooling cycles (331-360 loading cycles). In Stage 2, the load decreased at a
slightly lower rate of 50 Ibs/cycle. At the end of this stage, both inner and outer edges of the north
section were completely cracked. Transverse reflection cracks on the surface became more visible.
On the south section, bottom-up cracks reached approximately 3.5 in on the inner and outer edges.
Compared to Stage 1, less of a load increase was observed during the 2" set of extreme cooling
cycles (691-720 loading cycles). In Stage 3, a load reduction continued but at a much lower rate
(1.35 Ibs/cycle). Bottom-up cracks appeared at the surface of the south section. Stage 4 began with
a drop of 3,700lbs and maintained steady till the end of testing. Except for the outer edge of the
south section, a complete separation of the overlay was observed.

North South

80000 |

~
st
70000 - &

N

60000 4 le— >

i
)
8
2
§0q

50000 A

F
v

40000 A

Load, Ibs

20000 A

I

I

I

|

|

|

I
30000 {
I

I

I

I
10000 { !
I

0 1000 2000 3000 4000 5000 6000
Cycle Number

Figure21. Load Cell Readings

6. DAMAGE ANALYSIS

Crack evolution is a multi-scale phenomenon. Cracks develop as micro-cracks at points of stress
concentration which coalesce to form macro-cracks. Reflective cracking inan AC overlay is driven
by crack nucleation, initiation, and propagation (6). Crack nucleation and crack initiation needs to
be conducted on both a micro and macro scale (Figure22). At a micro-scale, failure strain was
selected as the damage parameter for crack initiation because it represents localized damage
occurring in the vicinity (5). At a macro-scale, strain energy and fracture energy were deemed as
the most appropriate parameters.
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6.1 FAILURE STRAIN

Figure23 shows plots of the peak strain responses from the 1% loading cycle in a contour format.
Strain responses were tensile in nature and increased with the overlay depth. The highest tensile
strains were observed at the bottom outer edges, indicating the initial occurrence of reflection
cracks.

North South

1500

1000

500

0
Figure23. Tensile Strain Distribution from the 1% Loading cycle

Following the previous FAA reflective cracking research (4, 5, 7, 8), the inflection point (IF)
represented the sharp change on the strain response curve under repeated loading. Peak strain
corresponding to IF was defined as the failure strain. For most of the strain gages, the tangent
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method, which is point of intersection of two tangents from initial and the final point, was able to
detect the IF (Figure24). In Figure24, conceptually, point (a) would be considered as IF (5);
however, considering the sharp strain increase during the extreme cooling cycle, point (b) was
considered to be the IF. The position of point (b) varied from sensor to sensor and engineering
judgement was used to determine the exact location. The cycle number and failure strain at the IF
are summarized in Table 3. Note most embedded strain gages (EG) failed during the NAPTF power
outage on June 16, 2019.
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Figure24. Determination of IF, SG3-N-5

Table 3. Summary of Cycle Number and Failure Strain at IF

Sensor ID | Cycle Number | Failure strain, E-6 | Sensor ID | Cycle Number | Failure Strain, E-6
SG1-N-0.0 251 1169 SG1-S-0.0 380 1194
SG1-N-2.5 487 842 SG1-S-2.5 574 887
SG1-N-5.0 600 417 SG1-S-5.0 700 424
SG2-N-5.0 563 498 SG2-S-5.0 570 400
SG3-N-5.0 350 682 SG3-S-5.0 380 618
SG4-N-5.0 358 686 SG4-S-5.0 525 706
SG5-N-5.0 512 645 SG5-S-5.0 1529 529
SG6-N-5.0 546 498 SG6-S-5.0 - A
SG6-N-2.5 361 752 SG6-S-2.5 -2 -2
SG6-N-0.0 84 1378 SG6-S-0.0 250 1110

Note 1: Strain gage did not reach IF
Note 2: Strain response data was not recorded due to power outage.
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Similar to the previous experiments (Figurel8 of (4), Figure20 of (5), and Figure4 of (7)), a strong
dependency of failure strains on the overlay depth was observed from RCIP-VI test data, as shown
in Figure25. The failure strain decreased in magnitude with crack propagation towards the overlay
surface. Average failure strain of north and south sections at the bottom, mid-depth, and surface
of the overlay was 1215, 890, and 560 microstrains, respectively.
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Figure25. Failure Strain vs. Depth

Figure26 shows a contour plot generated by the number of cycles at the IF (Table 3). Bottom-up
cracks on both north and south sections initiated at the outer edge where the highest stress
concentration was expected. Once transverse reflection cracks reached the overlay surface, it
progressed to the edges. This crack sequence agreed with the distress survey (Appendix A).
Considering the linear propagation along the horizontal and transverse directions, the average
crack propagation rate in the horizontal (transverse) direction (CPRH) for the north section was
0.11 in./cycle whereas for the south section it was 0.075in./cycle. The average crack propagation
rate in the vertical direction (CPRv) for the north and south section was 0.013 and 0.015 in./cycle
respectively. RCIP-V test data (Figure23 of (5)) also concluded that CPRx was much higher
compared to CPRy. Calculation details of CPR are reported in table 1 of Appendix B.

23



North

Outer Edge
Inner Edge

(a) North

Uncracked Area

Inner Edge
Outer Edge

(b) South
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6.2 STRAIN ENERGY

Strain Energy is defined as elastic energy stored in the body under loading (9-11). From the basic
principles of work and energy, strain energy density (U ) is defined as:

o1
U =—o0¢ 2
> (2)

where o is the stress and ¢ is the strain. Internal Strain Energy per unit area in the undamaged
system (U Undamaged )can be defined as:

! ed 3)

Undamaged — E

U

where d is the depth of an undamaged overlay system with zero crack length. Considering unit
area, internal Strain Energy associated with a damaged system is given by Equation 4.
1 :

UDamaged =§G€(d ) (4)
where d’ is the effective depth. Internal Strain Energy is reduced as a result of crack propagation.
From the RCIP-VI test data, U, jamaged @Nd U pypgeq Were determined as follows:

1. Calculate the average peak strain from bottom, mid-depth, and top gage responses for each
loading cycle till the inflection point of the respective gage (for demonstration purpose,
calculations for cycle 1 and 361 are shown in table 2 (a) of Appendix B).

2. Calculate the stress from the peak load (from load cell readings) and cross-sectional area
for each loading cycle (see table 2 (b) of Appendix B).

3. Calculate U 4 andU 4 using Equations 3 and 4 (see table 2 (c) of Appendix B).

Undamage Damage

Figure27 demonstrates U, ;,na0a @Nd U for the north section, and both followed an

identical path until the crack initiation. Strain Energy at crack initiation was defined as Critical
Strain Energy. During the crack propagation, U e @Nd Up,aeq gradually deviated but

continued to decay in a linear pattern until the crack reached the mid-depth of overlay. Once the
crack penetrated into the upper portion of the overlay, both U, ;,a0eq @nd U decreased more

rapidly due to the strain energy release (3).

Damaged

Damaged
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Figure27. Strain Energy

6.3 FRACTURE ENERGY

Fracture Energy (G) is defined as the area under the loading regime on the load vs. displacement
curve, as illustrated in Figure28 (12, 13). To separate the two phases of crack formation, initiation
and propagation, Equation 11 of RCIP-IVV Comprehensive Report (7) was adopted to determine
the number of cycles for crack initiation:
d,

Nini:dl(Nf) ®)
Model coefficients di and dz were assumed to be 0.355 and 0.961 (7), respectively. Given Ny was
700 for RCIP-V1 test data, N;,,; was found to be 192.
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Figure28. Calculation of Fracture Energy

Fracture Energy of each loading cycle in the crack initiation stage (Cycle 1 to Cycle 192) and
propagation stage (Cycle 193 to Cycle 2700) is provided in Figure29. Fracture Energy at crack
initiation was defined as Critical Fracture Energy. Due to the overlay deterioration, less and less
energy was required to maintain the joint opening of 12 mils till Cycle 925. Afterwards, the
Fracture Energy remained steady with the progression of loading cycles, indicating a completion
of crack propagation in the overlay.
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Figure29. Fracture Energy

7. CRACK PROPAGATION ANALYSIS

Paris and Erdogan Law (14) has been used extensively for modelling crack propagation in linear
elastic materials (3, 15-20). It relates the crack growth rate to the stress intensity factor (SIF) and
IS given by:
da n
[dN j A(AK) ©)
where a is the crack length; N is the number of loading cycles; A, n are material parameters; AK
is the change in SIF.

To accommodate viscoelastic nature of HMA materials, researchers implemented energy
dependent crack propagation models (21-23). Change in Strain Energy and Fracture Energy over

number of cycles are defined as Strain Energy Release (AU ) and Fracture Energy Release (AG)
respectively.

For RCIP-VI test data, a modified Paris and Erdogan Law was proposed by replacing SIF (AK)
by AG and AU as follows:
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geometry.

=)

A(AU)’

(3—;) = A(AG)'

Note that AU and AG are both function of load, crack geometry, material properties, and overlay

(7)

(8)

Table 4 tabulates the number of loading cycle and crack length from distress survey. Material
parameters A and n were then determined through regression analysis on the average crack
propagation rate values of north and south section. As shown in Figure30 and Figure31, positive
values of A and n indicated that crack propagation rate increased with increase in both Strain
Energy Release and Fracture Energy Release. Values of the parameters, such as CPR (da/dN), AU
and AG, related to Figure30 and 31 are shown in table 3 and 4 of Appendix B. It was observed
that A and n followed the similar trend as reported in literature (20). Note that the reported values
were derived from Paris and Erdogan law based on SIF, whereas in this report Paris and Erdogan
law was modified based on AU and AG.

Table 4. Summary of Crack Length and Cycle Number

North South
Outer Inner Inner
Cycle Crack Length, Cycle Crack Length, Cycle Crack Length,
Number in. Number in. Number in.

320 1.125 320 1.125 480 1.125
480 2.250 480 2.000 565 2.25
565 2.500 1169 4.250 1160 3.500
800 3.500 2550 5.000 1284 3.625
1160 5.000 1660 4.250
2100 5.000

29



0.016

A=0.0326

< < < < < <
=) =) =) =) o ) =)
S S S S o — —
o = =y co —_ ) =

Crack Propagation Rate (da/dN), in./cycle

=

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Strain Energy Release, in.-lb

Figure30. Crack Propagation Rate vs. Strain Energy Release (Detailed calculations are
summarized in table 3 of Appendix B)
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Figure31. Crack Propagation Rate vs. Fracture Energy Release (Detailed calculations are
summarized in table 4 of Appendix B)
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8. EFFECT OF EXTREME COOLING CYCLE

8.1 STRAIN RESPONSE

Based on the peak strain from the loading cycle preceding and succeeding the extreme cooling
cycles, the (%) Increase in Strain Response was calculated as follows:

. . E proceding — Esucceec
(%) Increase in Strain Response = e _eeeedid 100 9)

gpreceding

WhHere &g, ceeding AN € preceaing @re Peak  strain responses at the cycle number preceding and

succeeding the extreme cooling cycles, respectively. Most of the strain gages had failed before the
start of 2" set of extreme cooling cycles, the analysis was therefore limited to the 1% set of extreme
cooling cycles. In general, a noticeable effect of extreme cooling cycles was found in the strain
responses. One of such examples is provided in Figure32. Few more of such examples are provided
in Appendix B (Figurel and Figure2). Figure33 compares the average percentage (%) increase in
strain responses at bottom, mid-depth, and surface of the overlay. The highest (%) increase was at
the surface (17%) followed by mid-depth (11%) and bottom (7%). The (%) increase in strain
response for all the gages is provided in table 5 of Appendix B. Given the time and temperature
dependency of AC materials (Figurel4), the negative temperature gradient could have rendered
the upper portion of overlay more susceptible to the higher loading rate.
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Figure32. Peak Strain Response in SG3-N-5

31



® Bottom = Mid-depth = Surface

18.00

16.00

14.00

12.00 Temperature=31.1 °F

10.00

Temperature=26.87 °F

Average % increase in strain

0.00

Figure33. Average Percent Increase in Strain Response at Different Depths (Detailed
calculations are summarized in table 5 of Appendix B)

Modulus
Modulus

\4

T, T, LR, LR,

Temperature Loading Rate
(@) (b)

Figure34. Viscoelastic Behavior of AC Materials under the effect of (a) Temperature and (b)
Loading rate

32

v



8.2 STRAIN ENERGY

Figure35 illustrates two quantities defined as follows:
U U

(%) increase in UDamaged — Damaged,extreme Damaged,preceding XlOO (10)
U Damaged,preceding

0 : U Damaged,extreme U Damaged,succeeding

(%) decrease in U, .0 = 0 x100 (11)

Damaged,extreme

where U is the average of U during 30 extreme cooling cycles, U is

Damaged, extreme Damaged Damaged, preceding

the average of U

U bamagea dUTing the succeeding 30 loading cycles. As mentioned earlier, most of the strain gages

had failed before the start of 2" set of extreme cooling cycles, limiting the analysis to the 1% set
of extreme cooling cycles. Figure35 shows the portion of U, ..., from Figure27 that captures the
1% set of extreme cooling cycle i.e., between 300 and 390 loading cycles. Figure35 reveals a higher
energy release due to extreme cooling cycles and resulted in more damage because (%) decrease
IN U p,nageq Was higher compared to (%) increase.

during the preceding 30 loading cycles and U is the average of

Damaged Damaged, succeeding

0.2

% increase =10%

% decrease =27%
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Figure35. Strain Energy Preceding, During, and Succeeding the 1% set of Extreme Cooling
Cycles
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8.3 FRACTURE ENERGY

For Fracture Energy, Figure36 illustrates two quantities defined as follows:

- . Gextreme - Gpreceding
(%) increase in G = x100 (12)
preceding
(%) decrease in G = Ge"”ﬁ;"*";““eedmg x 100 (13)
extreme

where G is the average of G during 30 extreme cooling cycles, G is the average of G

extreme

during the preceding 30 loading cycles and G
loading cycles.

1.2

preceding

is the average of G during the succeeding 30

succeeding

1.1
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Figure36. Fracture Energy Preceding, During, and Succeeding Extreme Cooling Cycles

As mentioned earlier, due to a power outage, data was not available for the 3™ set of extreme
cooling cycles. As shown in Figure37, both the (%) decrease and (%) increase reduced at higher
loading cycles because of increasing fracture energy release from the crack evolution. The
reduction in load carrying capability of AC overlay also resulted in that the (%) decrease after
extreme cooling cycles was always higher than the (%) increase. This observation is consistent
with Figure35.
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9. IMPLEMENTATION OF RCIP-VI TEST DATA

In support of the modeling effort of crack propagation, the following 3 steps are proposed for
future implementation of RCIP-VI1 full-scale test data.

9.1 STEP 1: CRACK INITIATION

The Finite Element Model (FEM) was previously developed to facilitate Reflective Cracking
Outdoor Phase-1 (RCOP-I) Test Plan (26). Indoor full-scale reflective cracking tests were limited
to a temperature loading study, whereas outdoor experiment considers both aircraft and
temperature loading. The overlay experiences horizontal stress/strain due to the temperature
variation and it leads to Mode | fractures. Under the wheel loading, vertical shear stress/strain is
observed in addition to the horizontal stress/strain at the bottom of the HMA overlay leading to
Mode Il fractures. Under the temperature and traffic loading, horizontal stress/strain are more
enhanced compared to the traffic loading, in addition to vertical shear stress/strain, leading to
Mode Il fractures (3). In conventional practices, characterization of vertical shear stress (and/or
strain) of HMA is barely observed and supporting evidence is not readily available for Mode 11
fractures. Consequently, only Mode | fractures were considered. Therefore, to estimate the number
of loading cycles to crack initiation, the indoor full-scale test data used a strain-based criterion of
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1800 microstrain instead of advanced fatigue models (such as Viscoelastic Continuum Damage
model (24)). Full-scale test data analysis of RCIP-VI provided the possibility of energy based
criterions: Critical Strain Energy and Critical Fracture Energy for modeling crack initiation (see
Table 5).

9.2 STEP 2: CRACK PROPAGATION

A modified Paris and Erdogan Law (e.g., based on AU and AG) was employed to quantify the
crack propagation rate of RCIP-V1 test overlay. Both sets of the material parameters (i.e., A and n)
are recommended to be considered in the modeling of the crack propagation (see Table 5).

Table 5. Summary of Step 1 and 2 Implementation

Crack Initiation Crack Propagation
Modified Paris and Erdogan law based on AU
Critical Strain Energy 0.23in.lb A=0.0326

n=0.3821
Modified Paris and Erdogan Law based on AG
Critical Fracture Energy 0.9 in.Ib/in? A=8E-3
n=0.4213

9.3 STEP 3: FINITE ELEMENT MODEL VALIDATION

Figure38 plots the crack length vs. cycle number of north and south sections of RCIP-VI test
overlay. A difference in cycle number between the two test sections was observed, which was
inherited from the loading difference as observed in Figure2l; however, crack propagation
followed almost identical trend. The crack length remained at a slow increase rate until it reached
the upper portion of the overlay. As the propagation of reflection cracks became aggressive (steep
slope), much lesser number of loading cycles were required. Similar observations were reported
from the previous NAPTF studies (Figure24 of (5), Figure23 of (4), and Figurel2 of (25)). The
previously developed FEM for RCOP-I should be validated by comparing simulated crack
propagation against the RCIP-V1 test observations.
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10. CONCLUSIONS

The RCIP-VI test overlay consisted of two sections built with identical AC materials, using the
standard FAA P-401 HMA (PG 64-22), and of equal thicknesses of 5 in. To evaluate the effect of
extreme cooling cycle on the crack initiation and propagation, two distinct displacement rates were
simulated by the TESS. General test observations such as crack sequencing, failure strain, and
crack evolution agreed well to the previous experiments. Analysis of the results of RCIP-VI test
data included the following:

1. Effect of extreme cooling cycles was prominent on the strain gage responses.

2. Effect of extreme cooling cycle was identified and quantified through Strain Energy and
Fracture Energy analysis. Both demonstrated the energy release during the crack
propagation and associated overlay weakening.

3. To characterize the crack propagation, the Paris and Erdogan Law was first modified using
Strain Energy Release and Fracture Energy Release. Then material properties, A and n,
were derived.

Lastly, future implementation of RCIP-VI full-scale test data to the modeling effort of crack
initiation and propagation was proposed.
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APPENDIX A. DISTRESS SURVEY WRITTEN LOG

Distress
Total Cycles Cocat
H ocation
Date Dallly
Cycles Description No. X Axis (in.) Y Axis (in.)
North South Location
Initial End Initial End

6/10/2019 320 320 120 | Bottom-upcrack | 1 2.875 2.875 0 1125 | Outervertical

edge, North

6/10/2019 320 320 120 Trans"ceggks“rface 2 16 475 25 4625 | North section
6/10/2019 320 320 120 | Bottom-upcrack | 3 | 2875 | 3125 0 1195 | Innervertical

edge, North
Outer vertical

6/11/2019 480 480 120 Bottom-up crack | 4 2.875 3.25 1125 | 225 =diop, North
6/11/2019 480 480 120 Trans"cerrggf“rface 5 115 16 3 362 | North section
6/11/2019 480 480 120 | Bottom-upcrack | 6 2.25 2875 | 1.125 2 Inner vertical

edge, North

6/11/2019 480 480 120 | Bottom-upcrack | 7 2.75 2.875 0 1 Inner vertical

edge, South
Outer vertical

6/12/2019 565 565 120 Bottom-up crack | 8 3 3 2.25 25 =diop, North
6/12/2019 565 565 120 Trans"cerrggf“rface 9 475 485 3 375 | North section
6/12/2019 565 565 120 | Bottom-upcrack | 10 225 25 2 225 | Innervertical

edge, North

6/12/2019 565 565 120 | Bottom-upcrack | 11 | 275 3.125 1 205 | Mnervertical

edge, South

6/12/2019 565 565 120 Tra”S"cerrgng“rface 12 14 34.75 2 4 South section
6/12/2019 595 595 120 Trans"cerrggf“rface 13 45 115 2,625 4 North section
6/12/2019 595 595 120 Trans"cerrzglf“rface 14 | 3475 375 2.75 325 | South section
6/13/2019 680 680 120 Trans"cerr;;f”rface 15 | 3625 45 3 3375 | North section
6/13/2019 680 680 120 Tra”S"cerrgng“rface 16 485 52375 3 4 North section
6/13/2019 680 680 120 Trans"cerrggf“rface 17 11 14 2.25 375 | South section
6/13/2019 680 680 120 Trans"cerrzglf“rface 18 375 49 2625 | 3875 | Southsection
6/13/2019 725 725 120 Trans"cerr;;f”rface 19 | 52375 55 3 35 North section
Outer vertical

6/14/2019 800 800 120 Bottom-up crack | 20 35 3.75 3 35 =dige. North
6/14/2019 800 800 120 Trans"cerrggf“rface 21 3 3.625 3 35 North section
6/14/2019 800 800 120 Trans"cerrzglf“rface 22 5 11 2.75 35 | Southsection
6/14/2019 800 800 120 Trans"cerr;;f”rface 23 495 53 2875 | 3.125 | South section
Outer vertical

6/17/2019 1160 1160 120 Bottom-up crack | 24 25 3.625 25 425 =dige. North
6/17/2019 1160 1160 120 | Bottom-upcrack | 25 | 3375 4 35 4 Outer vertical
edge, North
6/17/2019 | 1160 1160 120 | Bottom-upcrack | 26 35 3.75 4 5 Outer vertical
edge, North
6/17/2019 1160 1160 120 Trans"cerr;;f”rface 27 0 3 25 2.875 | North section
Inner vertical

6/17/2019 1160 1160 120 Bottom-up crack | 28 | 2.625 3 175 275 e, North
6/17/2019 1160 1160 120 | Bottom-upcrack | 29 3 3375 | 3375 | 425 | Mmnervertical
edge, North
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Distress

Total Cycles Cocat
H ocation
Date Dallly
Cycles Description No. X Axis (in.) Y Axis (in.)
North South Location
Initial End Initial End
6/17/2019 1160 1160 120 | Bottom-upcrack | 30 3.75 1.75 4.25 275 | Innervertical
edge, North
6/17/2019 1160 1160 120 | Bottom-upcrack | 31 4.25 2.25 5625 | 275 | 'Mnervertical
edge, North
6/17/2019 | 1160 1160 120 | Bottom-upcrack | 32 5 6 1 15 | Mnervertical
edge, North
Inner vertical
6/17/2019 1160 1160 120 | Bottom-upcrack | 33 3 2375 3.25 35 edlge, South
6/17/2019 1160 1160 120 | Bottom-upcrack | 34 | 2875 0 3.25 3 Outer vertical
edge, South
6/18/2019 1284 1284 120 | Bottom-upcrack | 35 0 2.75 05 1 Outer vertical
edge, North
6/18/2019 1284 1284 120 Trans"cerr;;f”rface 36 55 58 2.75 3 North section
Inner vertical
6/18/2019 1284 1284 120 | Bottom-upcrack | 37 25 3125 | 3375 | 3625 | oot 'l
6/18/2019 1284 1284 120 Trans"cerr:;f“rface 38 3 5 2375 | 3375 | Southsection
6/18/2019 1284 1284 120 Trans"ceggks“rface 39 525 54.25 2.875 3 South section
6/19/2019 | 1388 1388 120 | Bottom-upcrack | 40 4 4.625 225 25 | Innervertical
edge, south
6/20/2019 1515 1515 120 Trans"cerr;;f”rface 41 15 25 25 3 South section
6/20/2019 1515 1515 120 Trans"cerr:;f“rface 42 55 56.5 1.25 15 South section
6/21/2019 | 1660 1660 120 | Bottom-upcrack | 43 2 25 35 425 | Mnervertical
edge, South
6/21/2019 1660 1660 120 Trans"cerr;;f”rface 44 0.75 15 35 35 | South section
6/21/2019 1660 1660 120 Tra”S"cerrgng“rface 45 56.5 57 1375 | 1.375 | South section
6/24/2019 1724 1724 210 | Bottom-upcrack | 46 | 5.125 6 Inner vertical
edge, South
6/27/2019 | 2100 2100 120 | Bottom-upcrack | 47 2 2375 425 5 Inner vertical
edge, South
6/27/2019 | 2100 2100 120 Trans"cerr;;f”rface 48 0 05 3.75 375 | South section
Inner vertical
7/1/2019 2550 2550 120 | Bottom-upcrack | 49 3.25 35 4 475 e, North
7/1/2019 2550 2550 120 Trans"cerr:;f“rface 50 58 59.5 3 3 North section
7/3/2019 2820 2820 120 | Bottom-upcrack | 51 35 35 475 55 | Inervertical
edge, North
7/3/2019 2820 2820 120 Trans"cerr;;f”rface 52 58.5 59.5 3 3 North section
7/8/2019 3200 3200 120 Tra”S"cerrgng“rface 53 50.5 60 3 35 | North section
7/16/2019 4015 4015 190 | Transversesurface | o,
crack
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APPENDIX B. DETAILS OF ANALYSIS

Table 1. Crack Propagation Rate

North South
Horizontal Vertical Horizontal Vertical
Crack Length (in.) 24 5 24 5
Average Number of Cycles 218 385 320 333
Crack Propagation Rate (CPR) 0.11 0.013 0.075 0.015
(in./cycle)
Table 2: Demonstration of steps for calculating U, jamages @A paaged
(@): Step 1
Cvele Bottom SG: Mid-Depth SG: Top SG: Average
Nobor SG6-N-0 SG6-N-2.5 SG6-N-5 strain
Step 1: (microstrain) (microstrain) (microstrain) | (microstrain)
1 200 417 1314 644
361 330 752 1378 820
(b): Step 2
Cycle Number | Peak Load (Load cell readings), Ibs | Area, in.2 | Stress, psi
Step 2: 1 66588 300 222
361 37645 300 126
(c): Step 3
Cycle | Stress, | Average Strain | Depth (d), digteth(ldv’(; U Undamaged U bamaged
Number Si microstrain in. . "I in.- in.-
Step 3: p ( ) i, in.-Ib in.-Ib
1 222 644 5 5 0.357 0.357
361 126 820 5 2.5 0.257 0.129
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Table 3: Calculation details for Figure30.

Crack length (a), in. | Number of cycles | da, in. dN U, in.-Ib AU , in.-lb
0.5 56 111 0.2407 0.0705
15 167 110 0.1702 0.0416
2.5 277 74 0.1286 0.0665
3.5 351 15 111 0.0621 0.0617
5 462 0.0004
Table 4: Calculation details for Figure31.
Crack length (a), in. | Number of cycles | da, in. dN G, in.-Ib/in® | AG, in.-Ib/in?
1.125 373 1.125 135 0.84 0.36
2.25 508 1.25 472 0.48 0.225
3.5 980 0.75 435 0.255 0.019
4.25 1415 0.75 522 0.236 0.016
5 1937 0.22

Table 5(a): (%) increase in strain during the 1% set of extreme cooling cycle at the surface of the

overlay.
SGsat Top
Sensor 1D € preceeding € succeeding (%) increase
SG1-N-5.0 247 219 13
SG2-N-5.0 312 271 15
SG3-N-5.0 857 567 51
SG4-N-5.0 788 558 41
SG5-N-5.0 403 371 9
SG6-N-5.0 330 311 6
SG1-S-5.0 250 213 17
SG2-S-5.0 229 201 14
SG3-S-5.0 524 428 22
SG4-S-5.0 332 301 10
SG5-S-5.0 255 251 2
SG6-S-5.0 251 246 2




Table 5(b): (%) increase in strain during the 1% set of extreme cooling cycle at mid-depth of the

overlay.
SGs at Mid-depth

Sensor 1D Epreceeding Esucceeting (%) increase
SG1-N-2.5 570 496 15
SG6-N-2.5 752 678 11
EG2-N-2.5 785 687 14
EG3-N-2.5 1297 1121 16
EG4-N-2.5 1428 1253 14
EG5-N-2.5 874 804 9
SG1-S-2.5 496 419 18
SG6-S-2.5 411 402 2
EG2-S-2.5 765 672 14
EG3-S-2.5 1089 1008 8
EG4-S-2.5 1130 1062 6
EG5-S-2.5 622 592 5

Table 5(c): (%) increase in strain during the 1% set of extreme cooling cycle at the bottom of the

overlay.
SGs at Mid-depth

Sensor ID € preceeding € succeeding (%) increase
EG2-N-0 1594 1462 9
EG3-N-0 1825 1733 5
EG4-N-0 1913 1818 5
EG5-N-0 1727 1633 6

SG1-S-0.0 1116 975 14
EG2-S-0 1454 1333 9
EG3-S-0 1637 1578 4
EG4-S-0 1798 1739 3
EG5-S-0 1451 1397 6




1800

1600

1400

[ N < L == R
zc o o o o
= s = T |

1200

—

9-9 ‘asuodsay] uens

500

300 350 400 450

100 150 200 250
Cycle Number
Figurel. Peak Strain Response in SG4-N-5

50

o o o o ©o o o o oo o
o o o o <o o o o o
«w O = o O w O = ol
- - o~ -

9-H ‘esuodsay uens

100 150 200 250 300 350 400 450 500

50

Cycle Number
Figure2. Peak Strain Response in SG3-S-5

B-4



	EXECUTIVE SUMMARY
	1.   INTRODUCTION
	1.1   OBJECTIVES
	1.2   TEST OVERLAY AND INSTRUMENTATION

	2.   OVERLAY CONSTRUCTION
	3.   SHAKE-DOWN TEST
	4.   FORMAL TEST
	4.1   Temperature Control
	4.2   Performance Monitoring
	4.3   Observations

	5.   OVERLAY DETERIORATION
	6.   DAMAGE ANALYSIS
	6.1   Failure Strain
	6.2   Strain Energy
	6.3   Fracture Energy

	7.   CRACK PROPAGATION ANALYSIS
	8.   EFFECT OF EXTREME COOLING CYCLE
	8.1   Strain Response
	8.2   Strain Energy
	8.3   Fracture Energy

	9.   IMPLEMENTATION OF RCIP-VI TEST DATA
	9.1   Step 1: Crack Initiation
	9.2   Step 2: Crack Propagation
	9.3   Step 3: Finite Element Model Validation

	10.   CONCLUSIONS
	11.   REFERENCES
	APPENDIX A. Distress Survey Written Log
	APPENDIX b. DETAILS OF ANALYSIS

