ote technical note technica

Construction Cycle 8
Phase 4 Strength/Fatigue Traffic Test
Report — Outer Lane

August 2020

DOT/FAA/TC-TNxx/xx

This document is available to the U.S. public through the National
Technical Information Services (NTIS), Springfield, Virginia 22161.

This document is also available from the Federal Aviation Administration
William J. Hughes Technical Center at actlibrary.tc.faa.gov.

U.S. Department of Transportation
Federal Aviation Administration



NOTICE

This document is disseminated under the sponsorship of the U.S.
Department of Transportation in the interest of information exchange. The
United States Government assumes no liability for the contents or use
thereof. The United States Government does not endorse products or
manufacturers. Trade or manufacturer's names appear herein solely
because they are considered essential to the objective of this report. The
findings and conclusions in this report are those of the author(s) and do not
necessarily represent the views of the funding agency. This document does
not constitute FAA policy. Consult the FAA sponsoring organization listed
on the Technical Documentation page as to its use.

This report is available at the Federal Aviation Administration William J.
Hughes Technical Center's Full-Text Technical Reports page:
actlibrary.tc.faa.gov in Adobe Acrobat portable document format (PDF).



Technical Report Documentation Page

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.
DOT/FAA/TC-TNxx/xx DOT/FAA/TC-TNxx/xx

4. Title and Subtitle 5. Report Date

CC8 Phase 4 Strength/Fatigue Traffic Test Report — Outer Lane August 11,2020

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.
Horizon Engineering Consulting LLC

9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)

GDIT

600 Aviation Research Blvd. 11. Contract or Grant No.

Egg Harbor Township, NJ 08234 DTFACT-15-D-00007

12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered
U.S. Department of Transportation Technical Note

Federal Aviation Administration 14. Sponsoring Agency Code

Airport Engineering Division
800 Independence Ave., SW
Washington, DC 20591

AAS-100

15. Supplementary Notes
The Federal Aviation Administration Airport Technology Research and Development COR is Jeffrey Gagnon.

16. Abstract

The Strength/Fatigue (S/F) test is one of the three Construction Cycle 8 (CC8) experiments designed, built, and tested at the Federal Aviation Administration (FAA) National Airport Pavement
Test Facility (NAPTF). The CC8 S/F test area, located between stations 5+00 and 6+40 of the NAPTF test track, is 140 ft long and 60 ft wide. There is a total of thirty-two 15 x 15 ft slabs
distributed in four lanes, sixteen slabs on each the north and south side of the test area centerline. The 32 slabs are divided into eight groups of four, based on combinations of (a) slab
thickness, (b) design flexural strength R; and (c) subgrade CBR. Neither longitudinal nor transverse joints were dowelled. CC8 S/F tests were expected to determine the cracking strength and
fatigue life of concrete slabs designed and built to FAA standards.

The complex failure mechanism of concrete pavements cannot be thoroughly explained by the rigid pavement failure model in the current FAARFIELD. There is a lack of adequate
understanding of fatigue damage accumulation during major stages of the rigid pavement life before the appearance of significant cracks at the pavement surface. During Construction Cycle
6 (CC6), concrete slabs were loaded incrementally up to the point of rupture to determine the cracking loads. However, the progression of full-depth crack propagation was not fully captured.
The primary objective of the CC8 S/F test is to isolate and estimate the fatigue life contribution of the three phases of the bottom-up cracking mechanism: crack initiation, full-depth
propagation, and full-length crack propagation. The present report documents the tests conducted on the outer lanes of the CC8 S/F test area.

The CC8 S/F experiment started with stationary-load crack initiation tests on August 21-22, 2018 to determine the cracking strength of selected slabs. For the outer lane on the north side, the
static load was applied using a single-wheel (S) module. On the south outer lane, the slabs were not pre-cracked since the crack initiation was intended to be achieved “naturally” by the
moving gear load.

Upon the completion of stationary-load tests, the test proceeded to apply moving-loads for crack propagation on the north outer lane, and crack initiation and propagation on the south outer
lane. For comparison purposes, and all traffic on the outer lanes used the S module. The traffic test followed zero-wander (i.e., traffic applied over a single transverse position) due to the
simplicity of quantifying the failure mechanism. Moving-load traffic tests began on August 27, 2018. The traffic loads were set at 80% of the average cracking loads from the stationary-load
crack initiation tests. At the conclusion of outer lane trafficking on October 3, 2019, the cumulative pass numbers were 30,292 on the north side and 49,930 on the south side. Full-length
surface cracks eventually developed on all slabs except for one on the south outer lane.

During both stationary- and moving-load tests, extensive data was collected to monitor the mechanical response and performance of the test pavement. This report presents a comprehensive
analysis of dynamic instrumentation data, Heavy Weight Deflectometer (HWD) data, Portable Seismic Properties Analyzer (PSPA) data, and distress survey. The major findings from this
research effort are:

e The load-related stress, causing rupture of the PCC slabs, was determined under static loads. The stress level varied between 45% and 75% of the flexural strength of field cured
beams. In the previous CC6 strength tests, the estimated rupture stress at the bottom extreme fiber was close to the concrete flexural strength. This discrepancy between CC8 and CC6
tests was most likely due to the presence of non-load-related built-in stresses in the slab.

e Moving loads were applied to the outer lane slabs for full-depth and full-length crack propagation (and crack initiation in the case of not pre-cracked slabs). The effect of slab
thickness on crack initiation was greater than the effect of concrete strength. Conversely, the effect of concrete strength was more significant than slab thickness on both full depth
and full-length crack propagation.

e For slabs on low strength subgrade (CBR 3-4), the cumulative passes/coverages corresponding to the first crack appearance on the south side (i.e., comprising crack initiation and
full-depth crack propagation) was smaller than the north side (i.e., full-depth crack propagation only). This made it unfeasible to estimate the contribution of crack initiation to the
fatigue life. Therefore, the overall effect of subgrade strength on the crack initiation could not be determined.

e The FAARFIELD failure model showed a major sensitivity to slab thickness. For both crack initiation and full-depth propagation (combined) and full-length propagation,
FAARFIELD predictions for 12-inch slabs were nearly 80 times the corresponding predictions for 9-inch slabs. The same sensitivity was observed from field performance data but
only for crack initiation and full-depth propagation (combined). However, the FAARFIELD prediction of crack initiation and full-depth propagation coverages (combined) for 12-
inch slabs only doubled the corresponding coverages for 9-inch slabs.

e The delay for full-length crack propagation observed in the field performance of 9-inch slabs relative to 12-inch slabs can be attributed to the effect of concrete strength. This effect
was not observed in the FAARFIELD predictions, suggesting no evident sensitivity of the failure model to concrete strength.

e Regardless of slab thickness and concrete strength, the FAARFIELD failure model underestimated the actual percentage of fatigue life allocated to crack initiation and full-depth
propagation (combined) by 37% and 13% for 12- and 9-inch slabs, respectively. Consequently, FAARFIELD predictions for full-length crack propagation were conservative by the
same margin.

e The actual fatigue life of slabs on medium strength subgrade was longer than the fatigue life of slabs on low strength subgrade (i.e., approximately 1.9 times longer). Conversely,
FAARFIELD predicts a fatigue life for slabs on low strength subgrade approximately 27 times longer than the corresponding life for slabs on medium strength subgrade. This
disagreement can be attributed to the discrepancy in DF values (i.e., 1.33 and 1.35 for medium and low strength subgrade, respectively), and the effect of subgrade modulus on the
failure model coefficients.

e The number of coverages at SCI=80 obtained from the performance data for both 12- and 9-inch thick slabs were 1.5 and 95 times larger compared to the FAARFIELD predictions.
For 9-inch thick slabs on medium and low strength subgrade, the actual number of coverages at SCI=80 were 200 and 4 times larger compared to the FAARFIELD predictions,
respectively. These indicators quantify the conservatism of FAARFIELD failure model for the scenarios investigated during CC8 S/F test.

17. Key Words 18. Distribution Statement

This document is available to the U.S. public through the National Technical Information Service (NTIS),
Springfield, Virginia 22161. This document is also available from the Federal Aviation Administration
William J. Hughes Technical Center at actlibrary.tc.faa.gov.

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price
Unclassified Unclassified 95
Form DOT F 1700.7 (8-72) Reproduction of completed page authorized

111




TABLE OF CONTENTS

EXECUTIVE SUMMARY
INTRODUCTION

Research Need
Objective

DESIGN AND CONSTRUCTION OF TEST AREA

Description of Test Area
Construction

Subgrade (P-152M) Preparation

Subbase Course (P-154M) Construction

Lean Concrete Base Course (P-306MR) Construction
Cement Concrete Pavement (P-501MR) Surface Paving

Instrumentation

DESCRIPTION OF TESTING METHODS AND EQUIPMENT

Testing Equipment
Test Description

Stage 1 — Crack Initiation
Stage 2 — Crack Propagation

Test Procedure
Monitoring

FULL-SCALE TEST

Static Load Test (North)
Moving Load Test (North And South)

BEHAVIOR OF TEST AREA UNDER TRAFFIC

Distress Mapping
Summary Observation

PRELIMINARY DATA ANALYSIS

Characterization of Crack Propagation

Distress Data

v

Page

W N

— O 3 W

12

15

15
16

17
24
24
28

29

29
32

37

37
37

42

42

42



Instrumentation Data
Pavement Evaluation

PCC Slab Modulus
HWD Deflection

PCC Slab Cracking Strength

ADVANCED DATA ANALYSIS

Failure Mechanism

Pavement Deformation Energy For Crack Characterization
Internal Strain Energy In PCC Slab For Crack Characterization

Effect of Concrete Strength and Slab Thickness On Fatigue Life
Effect of Subgrade Strength On Fatigue Life
Field Experiment Versus Faarfield

CONCLUSIONS

Instrumentation and Field Testing
Cracking Strength

Moving Load Tests

field Experiment Versus FAARFIELD

REFERENCES

Appendix A—Summary of Seating Load Pattern

Appendix B—CC8 Phase 4 Strength Fatigue Distress Maps

Appendix C—CC8 Phase 4 Strength Fatigue Distress Map Written Log

Appendix D—Investigation of Diagonal Crack Formation

Appendix E—Embedded Strain Gage (EG) Data Analyzed for Crack Characterization

45

49

49
50

64

66

66

66
72

74
76
77

82



LIST OF FIGURES
Figure Page

1 Rigid Pavement Failure Model in FAARFIELD (Reproduced from Guo et al. 2008) 1
2 Location Map of the CC8 Strength/Fatigue Test Area (The Red Hatched Area is the Overall

CC8 Test Area) 2
3 General Layout of CC8 Phase 4 — Strength/Fatigue Test area 3
4 Slab Groups in CC8 Phase 4 — Strength/Fatigue Test Area 4
5 CC8 Phase 4 — S/F Test area Cross-Section: (a) Groups: 1-4, (b) Groups: 5-8 6
6 Subgrade (P-152M) Testing Map and Results 8
7 Subbase (P-154M) Testing Map and Results 10
8 Notch Detail 11
9 Instrumentation Layout, Plan View 13
10 Instrumentation Layout, Profile View 14
11 Gear Configuration used in CC8 Phase 4 S/F Test on Outer Lanes 16
12 Position of S NAPTV Module for Static Load Tests 17
13 Aircraft Gear Configuration for FEAFAA Simulations 19
14 Traffic Estimate at Different Levels of Cracking Load for S Module: 21
15 Traffic Estimate at Different Levels of Cracking Load for D Module: 22
16 NAPTV Module Positions for Moving Load Test 23
17 HWD Test Locations 25
18 Seating Load Wander 26
19 Strain versus Wheel Load for Bottom-up Strength Tests on MRS-1N - CC6 (Guo, 2012) 27
20 Static Load Test on the North Outer Lane, Slab SFON - Strain vs. Load 29
21 Tensile Strain vs. Load for 12 inch-Thick Slabs, North Outer Lane: (a) SFON, 30
22 Tensile Strain vs. Load for 9 inch-Thick Slabs, North Outer Lane: (a) SF13N, 31
23 Moving Load Test 32
24 Example of Crack Propagation in Slab SF14N: (a) 7,269 Passes (9/24/2018), 42
25 Final Distress Map after Traffic Test on the Outer Lanes (Groups 1-4) 44
26 Final Distress Map after Traffic Test on the Outer Lanes (Groups 5-8) 45
27 Response of Top EGs in Slabs of North Outer Lanes: (a) SFON, (b) SF13N 47

28 Response of Top and Bottom EGs in Slabs of South Outer Lanes: (a) SF9S, (b) SF13S 48
29 PSPA Slab Modulus: (a) North Outer Lanes (Group 1 & 3), (b) North Outer Lanes (Group 5

& 7), (¢) South Outer Lanes (Group 2 & 4), (d) South Outer Lanes (Group 6 & 8) 49
30 Slab Center Deflection Basins, North Outer Lanes 52
31 Slab Center Deflection Basins, South Outer Lanes 53
32 ISM vs. Cumulative Passes for Outer Lanes: (a) North (Group 1 & 3), (b) North (Group 5 &
7), (c) South (Group 2 & 4), (d) South (Group 6 & 8) 54
33 Corner-to-Center Deflection Ratio vs. Cumulative Passes for Outer Lanes: (a) North (Group 1
& 3), (b) North (Group 5 & 7), (¢) South (Group 2 & 4), (d) South (Group 6 & 8) 55
34 Slab Temperature vs. Cumulative Passes 56
35 Corner-to-Center Deflection Ratio vs. Slab Temperature for Outer Lanes: (a) North (Group 1
& 3), (b) North (Group 5 & 7), (c) South (Group 2 & 4), (d) South (Group 6 & 8) 56
36 Example of Void Detection in Corner 16NW of Slab SF16N 57

vi



37 Intercept vs. Cumulative Passes for Outer Lanes: (a) North (Group 1 & 3), (b) North (Group 5

& 7), (¢) South (Group 2 & 4), (d) South (Group 6 & 8) 58
38 Back-calculated Moduli of P-501MR vs. Cumulative Passes for Outer Lanes: 60
39 Back-calculated Moduli of P-306MR vs. Cumulative Passes for Outer Lanes: 61
40 Back-calculated Moduli of P-154M vs. Cumulative Passes for Outer Lanes: 62
41 Back-calculated Moduli of P-152M vs. Cumulative Passes for Outer Lanes: 63
42 Load-induced Strain during Static Load Tests on SFIN: (a) Load vs. Strain, (b) Change in
Neutral Axis Position 64
43 Load-induced Strain during Static Load Tests on SF13N: (a) Load vs. Strain and (b) Change
in Neutral Axis Position 65
44 Pavement Deformation Energy on 12-inch Thick Slabs in North Outer Lane: (a) SFON, (b)
SFI0N, (¢) SFI11N, (d) SFI2N 68
45 Pavement Deformation Energy on 12-inch Thick Slabs of South Outer Lanes: (a) SFIS, (b)
SF10S, (¢) SF118S, (d) SF12S 69
46 Pavement Deformation Energy on 9-inch Thick Slabs on North Outer Lanes: (a) SF13N, (b)
SF14N, (¢) SFI5N, (d) SF16N 70
47 Pavement Deformation Energy on 9-inch Thick Slabs on South Outer Lane: (a) SF13S, (b)
SF14S, (¢) SF158S, (d) SF16S 71
48 Derivation of Bending Moment from Strain Profile 72
49 Change in Internal Strain Energy Over the Course of Trafficking for Slab SF16S 73
50 FAARFIELD Predictions Versus Observed Performance for the South Outer Lanes: (a) 12-
inch Thick Slabs (Group 2 & 4), (b) 9-inch Thick Slabs (Group 6) 80

51 FAARFIELD Predictions Versus Observed Performance for 9-inch Thick Slabs on the South
Outer Lanes: (a) CBR 7-8 (Group 6), (b) CBR 3-4 (Group 8) 81

vil



LIST OF TABLES
Table

1 Summary of Slab Groups

2 7-Day Compressive Strength of P-306MR

3 28-Day Flexural Strength of P-501MR

4 Summary of CC8 S/F Traffic Tests

5 Summary of CC8 S/F Traffic Tests

6 FAARFIELD Failure Model Parameters

7 Summary of Static Load Test Results

8 Determination of Traffic Loads

9 Traffic History of Moving Load Test on Outer Lanes
10 Pavement Deterioration History of Outer Lanes
11 Summary of Crack Characterization

12 Summary of PSPA Modulus (First and Final Round of Testing)

13 Summary of Material Properties for Backcalculation

14 Summary of Load-induced Maximum Fiber Strain, Stress, and Stress Ratio
15 Cumulative Passes Allocated to Each Stage of the Failure Model in Figure 1 (Based on

Averages of 4-Slab Groups)

16 Cumulative Passes Allocated to Each Stage of the Failure Model in Figure 1 (Based on

Averages of 2-Slab Groups)

17 Fatigue Life Allocated to Each Stage of the FAARFIELD Failure Model
18 Percent Fatigue Life Allocated to Each Stage of the Failure Model
19 Estimate of Coverages for Completion of Longitudinal Crack (CC8 S/F Experiment)

viil

Page

11
16
18
20
31
33
34
38
43
50
59
66

75

76
77
78
79



ASTM
BDF

C

CBR
CCo
CC8
Cv

D

DF

ECS
EG
FAA
FAARFIELD
FEAFAA
HWD
ID

ISM
NAPTF
NAPTV
NDG
PCC
PSPA
RG

S

SCI

S/F

T

LIST OF ACRONYMS

American Society for Testing Materials
Bridge Deck Finisher

Coverage

California Bearing Ratio
Construction Cycle 6
Construction Cycle 8
Coefficient of Variation

Dual (two-wheel)

Design Factor

Eddy Current Sensors
Embedded Strain Gauge

Federal Aviation Administration

FAA Rigid and Flexible Iterative Elastic Layered Design

Finite Element Analysis - FAA

Heavy Weight Deflectometer

Identifier

Impact Stiffness Modulus

National Airport Pavement Test Facility
National Airport Pavement Test Vehicle
Nuclear Density Gauge

Portland Cement Concrete

Portable Seismic Properties Analyzer
Resistance Gage

Single (single wheel)

Structural Condition Index
Strength/Fatigue

Thermocouple

X



EXECUTIVE SUMMARY

The Strength/Fatigue (S/F) test is one of the three Construction Cycle 8 (CC8) experiments
designed, built, and tested at the Federal Aviation Administration (FAA) National Airport
Pavement Test Facility (NAPTF). The CC8 S/F test area, located between stations 5+00 and 6+40
of the NAPTF test track, is 140 ft long and 60 ft wide. There is a total of thirty-two 15 x 15 ft slabs
distributed in four lanes, sixteen slabs on each the north and south side of the test area centerline.
The 32 slabs are divided into eight groups of four, based on combinations of (a) slab thickness, (b)
design flexural strength R; and (c) subgrade CBR. Neither longitudinal nor transverse joints were
dowelled. CC8 S/F tests were expected to determine the cracking strength and fatigue life of
concrete slabs designed and built to FAA standards.

The complex failure mechanism of concrete pavements cannot be thoroughly explained by the
rigid pavement failure model in the current FAARFIELD. There is a lack of adequate
understanding of fatigue damage accumulation during major stages of the rigid pavement life
before the appearance of significant cracks at the pavement surface. During Construction Cycle 6
(CC6), concrete slabs were loaded incrementally up to the point of rupture to determine the
cracking loads. However, the progression of full-depth crack propagation was not fully captured.
The primary objective of the CC8 S/F test is to isolate and estimate the fatigue life contribution of
the three phases of the bottom-up cracking mechanism: crack initiation, full-depth propagation,
and full-length crack propagation. The present report documents the tests conducted on the outer
lanes of the CC8 S/F test area.

The CC8 S/F experiment started with stationary-load crack initiation tests on August 21-22, 2018
to determine the cracking strength of selected slabs. For the outer lane on the north side, the static
load was applied using a single-wheel (S) module. On the south outer lane, the slabs were not pre-
cracked since the crack initiation was intended to be achieved “naturally” by the moving gear load.
Upon the completion of stationary-load tests, the test proceeded to apply moving-loads for crack
propagation on the north outer lane, and crack initiation and propagation on the south outer lane.
For comparison purposes, and all traffic on the outer lanes used the S module. The traffic test
followed zero-wander (i.e., traffic applied over a single transverse position) due to the simplicity
of quantifying the failure mechanism. Moving-load traffic tests began on August 27, 2018. The
traffic loads were set at 80% of the average cracking loads from the stationary-load crack initiation
tests. At the conclusion of outer lane trafficking on October 3, 2019, the cumulative pass numbers
were 30,292 on the north side and 49,930 on the south side. Full-length surface cracks eventually
developed on all slabs except for one on the south outer lane.

During both stationary and moving-load tests, extensive data were collected to monitor the
mechanical response and performance of the test pavement. This report presents a comprehensive
analysis of dynamic instrumentation data, Heavy Weight Deflectometer (HWD) data, Portable
Seismic Properties Analyzer (PSPA) data, and distress survey. The major findings from this
research effort are:

e The load-related stress, causing rupture of the PCC slabs, was determined under static loads.
The stress level varied between 45% and 75% of the flexural strength of field cured beams. In
the previous CC6 strength tests, the estimated rupture stress at the bottom extreme fiber was



close to the concrete flexural strength. This discrepancy between CC8 and CC6 tests was most
likely due to the presence of non-load-related built-in stresses in the slab.

Moving loads were applied to the outer lane slabs for full-depth and full-length crack
propagation (and crack initiation in the case of not pre-cracked slabs). The effect of slab
thickness on crack initiation was greater than the effect of concrete strength. Conversely, the
effect of concrete strength was more significant than slab thickness on both full depth and full-
length crack propagation.

For slabs on low strength subgrade (CBR 3-4), the cumulative passes/coverages corresponding
to the first crack appearance on the south side (i.e., comprising crack initiation and full-depth
crack propagation) was smaller than the north side (i.e., full-depth crack propagation only).
This made it unfeasible to estimate the contribution of crack initiation to the fatigue life.
Therefore, the overall effect of subgrade strength on the crack initiation could not be
determined.

The FAARFIELD failure model showed a major sensitivity to slab thickness. For both crack
initiation and full-depth propagation (combined) and full-length propagation, FAARFIELD
predictions for 12-inch slabs were nearly 80 times the corresponding predictions for 9-inch
slabs. The same sensitivity was observed from field performance data but only for crack
initiation and full-depth propagation (combined). However, the FAARFIELD prediction of
crack initiation and full-depth propagation coverages (combined) for 12-inch slabs only
doubled the corresponding coverages for 9-inch slabs.

The delay for full-length crack propagation observed in the field performance of 9-inch slabs
relative to 12-inch slabs can be attributed to the effect of concrete strength. This effect was not
observed in the FAARFIELD predictions, suggesting no evident sensitivity of the failure
model to concrete strength.

Regardless of slab thickness and concrete strength, the FAARFIELD failure model
underestimated the actual percentage of fatigue life allocated to crack initiation and full-depth
propagation (combined) by 37% and 13% for 12- and 9-inch slabs, respectively. Consequently,
FAARFIELD predictions for full-length crack propagation were conservative by the same
margin.

The actual fatigue life of slabs on medium strength subgrade was longer than the fatigue life
of slabs on low strength subgrade (i.e., approximately 1.9 times longer). Conversely,
FAARFIELD predicts a fatigue life for slabs on low strength subgrade approximately 27 times
longer than the corresponding life for slabs on medium strength subgrade. This disagreement
can be attributed to the discrepancy in DF values (i.e., 1.33 and 1.35 for medium and low
strength subgrade, respectively), and the effect of subgrade modulus on the failure model
coefficients.

The number of coverages at SCI=80 obtained from the performance data for both 12- and 9-
inch thick slabs were 1.5 and 95 times larger compared to the FAARFIELD predictions. For
9-inch thick slabs on medium and low strength subgrade, the actual number of coverages at
SCI=80 were 200 and 4 times larger compared to the FAARFIELD predictions, respectively.
These indicators quantify the conservatism of FAARFIELD failure model for the scenarios
investigated during CC8 S/F test.
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INTRODUCTION

RESEARCH NEED.

The Federal Aviation Administration (FAA) rigid pavement design is based on the failure model
proposed by Rollings in 1988 (Rollings, 1988), which used the Structural Condition Index (SCI)
as a measure of pavement performance (FAA, 2017).

Figure 1 shows this failure model, where the SCI describes pavement deterioration as an
approximately linear function of the logarithm of coverages. On the flat portion of the model, point
A represents the number of coverages to attain bottom-up crack initiation. Point B represents the
number of coverages at which SCI begins to diminish from its initial level of 100 (i.e.,
corresponding to the first observed through-crack on the surface). Point C corresponds to the FAA
definition of structural failure of a rigid pavement which takes place at an SCI of 80.

Crack Initiation Full-depth crack

SCI 4 Stage 1: ! Stage 2: Structural Failure
O0—=A) v  (A=-B) y i

100

80 ——————————

> Log (N)

Figure 1. Rigid Pavement Failure Model in FAARFIELD (Reproduced from Guo et al. 2008)

The complex failure mechanism of concrete pavements cannot be thoroughly explained by the
relationship between SCI and coverages in figure 1. There is a lack of adequate understanding of
fatigue damage accumulation during major stages of the rigid pavement life before the appearance
of significant cracks (i.e., Point B in figure 1). During Construction Cycle 6 (CC6) at the FAA
National Airport Pavement Test Facility (NAPTF), concrete slabs were loaded incrementally up
to the point of rupture to determine the cracking loads. However, the progression of full-depth
crack propagation was not fully captured (Guo, 2012).

OBJECTIVE.

Full-scale tests of Phase 4 of Construction Cycle 8 (CC8) are aimed at determining the cracking
strength and fatigue life of concrete slabs designed and built to FAA standards (FAA, 2017, 2018);
hence this phase is designated the Strength/Fatigue (S/F) test.



The primary objective of the CC8 S/F test is to isolate the three phases of the bottom-up cracking
mechanism and estimate the fatigue life contribution of all three stages (see figure 1). The series
of full-scale tests were designed to obtain data from individual slabs regarding: (1) slab cracking
strength for comparison to ASTM C78 (ASTM, 2018); (2) bottom-up crack propagation in notched
slabs (Stage 2 only); (3) crack initiation and propagation in unnotched slabs (Stages 1 and 2); and
(4) the trade-off between concrete strength and slab thickness as both factors affect fatigue life. In
addition, the effect of subgrade strength is considered by including two California Bearing Ratio
(CBR) values, low-strength (CBR 3-4) and medium-strength (CBR 7-8).

DESIGN AND CONSTRUCTION OF TEST AREA

DESCRIPTION OF TEST AREA.

The CC8 S/F test area is 140 ft long between stations 5+00 and 6+40, as shown in figure 2. The
width of the test area extends from -30 ft offset from centerline (north side) to +30 ft offset from
centerline (south side), with an additional 3 ft wide shoulder on each side backfilled with granular
material.

NAPTF BUILDING KEY PLAN . @
NORTH WALL

D+‘OU Uf|50 1+‘UIJ 1#50  2+00 2+50 3400

D 7400  T7+50 8+00  8+50  9+00

[ 1]

CCS8 Strength/Fatigue Test area

Figure 2. Location Map of the CC8 Strength/Fatigue Test Area (The Red Hatched Area is the
Overall CC8 Test Area)

Figure 3 shows the plan view of the test area. There is a total of thirty-two 15 x 15 ft slabs, sixteen
on each side of the test area centerline. These 32 slabs were divided into eight groups of four, as
indicated by the red dashed lines in figure 4, based on combinations of (a) slab thickness, (b) design
flexural strength R; and (c) subgrade CBR. The black horizontal dashed line on the south side
represents the notch location. Neither longitudinal nor transverse joints were dowelled. Table 1
summarizes slab thickness, design flexural strength (R), and subgrade strength of each slab group.
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Figure 3. General Layout of CC8 Phase 4 — Strength/Fatigue Test area
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Table 1. Summary of Slab Groups

Group Test Lane Notched / | Slab Thickness Concrete Sjcrength CBR
Item Unnotched (inch) R (psi) (%)

1 North | Inner and Outer | Unnotched 12 650 7-8

2 South Inner Notched 12 650 7-8

2 South Outer Unnotched 12 650 7-8

3 North | Inner and Outer | Unnotched 12 650 7-8

4 South Inner Notched 12 650 7-8

4 South Outer Unnotched 12 650 7-8

5 North | Inner and Outer | Unnotched 9 900 7-8

6 South Inner Notched 9 900 7-8

6 South Outer Unnotched 9 900 7-8

7 North | Inner and Outer | Unnotched 9 900 3-4

8 South Inner Notched 9 900 3-4

8 South Outer Unnotched 9 900 3-4

CONSTRUCTION.

Figure 5 illustrates the cross-section of pavement structures. Figure 5(a) shows the cross-section
corresponding to groups 1-4 (i.e., section E-E in figures 3 and 4), consisting of 12.1 inch P-501MR
(cement concrete pavement) on 6 inch P-306MR (lean concrete base course) on 13.7 inch P-
154MR (granular subbase course). The structure is supported on a prepared P-152MR (subgrade)
clay with CBR 7-8. Figure 5(b) illustrates the cross-section for groups 5-8 (i.e., section F-F in
figures 2 and 3), consisting of 9 inch P-501MR on 6 inch P-306MR on 16.7 inch P-154MR. The
structure of groups 5-6 and groups 7-8 is supported on P-152MR clay of medium strength (CBR
7-8) and low strength (CBR 3-4), respectively. A general overview of the construction of the CC8
S/F test area is provided in following sub-sections.

SUBGRADE (P-152M) PREPARATION. The subgrade target CBR range is 7-8 (+0.5) from
station 5+00 to 6+00, and 3-4 ((£0.5) from station 5+00 to 6+55. Following the demolition of
Construction Cycle 6 (CC6) pavement, the existing subgrade between station 5+00 and 6+00 is
tested to see if additional removal of existing DuPont clay is necessary. From station 5+00 to 6+00,
the procedure included: trimming to final grade, tilling to a minimum depth of 8 inch, monitoring,
and adjusting the moisture content until the target CBR value of 7-8 is achieved. From station
6+00 to 6+55, 28 inch of existing high strength subgrade (below final grade) were removed and
replaced with low strength subgrade (CBR 3-4). The low strength subgrade is obtained by
mechanical processing and air-drying stockpiled clay at the NAPTF Clay Processing Facility.
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Target moisture contents of approximately 29% and 25% were identified to achieve design CBR
values of 7-8 and 3-4, respectively. To attain target moisture contents, in-situ or stockpiled P-
152MR is processed regularly using a BOMAG MPH-364 soil stabilizer and a Seamax travel
mixer, and tested for moisture. Whenever moisture loss is required, commercial fans were used to
circulate airflow across the in-situ or stockpiled processed material surface. When additional
moisture is required, the in-situ material is watered using the NAPTF’s Bridge Deck Finisher
(BDF) with the spray bar attachment. Water is allowed to permeate the subgrade for a minimum
of 2 hours before reprocessing. The stockpiled P-152MR is transferred from the processing facility
to the NAPTF once it reached 1-2% above the target moisture content, as moisture loss is
anticipated during transport. Processing of stockpiled material to the target moisture condition is
completed in-situ at the NAPTF. Once a uniform moisture content is achieved, the subgrade is
compacted for acceptance testing.

The subgrade construction is completed in three sections. Construction of Section 1 initiated on
December 29, 2016 and comprised subgrade conditioning work between stations 5+00 and 5+65.
The P-152MR subgrade layer is accepted on March 7, 2017 with a final average CBR value of 7.7.
Construction of Section 2 consisted of removal and replacement of subgrade material between
stations 6+00 and 6+55. Low strength subgrade is placed in 3 lifts of 10-inch average thickness
and trimmed to final elevation thickness. The lifts were placed on July 11, July 19, and August 3
of 2017, and accepted on July 18, July 28, and August 11, respectively. The final average CBR
value is 3.6. Construction of Section 3 began on August 16, 2017 and consisted of subgrade
conditioning between stations 5+65 and 6+00. The P-152MR subgrade layer is accepted on August
25, 2017 with a final average CBR value of 8.3. Figure 6 shows the subgrade testing map and
results. Detailed information on CC8 S/F subgrade preparation can be found in CC8 Construction
Report (Tomlinson, et al. 2018).

SUBBASE COURSE (P-154M) CONSTRUCTION. The subbase construction was completed in
two sections: Section 1 between stations 5+00 and 5+65, and Section 2 between stations 5+65 and
6+55. Past NAPTF experience suggested a target moisture content lower than optimum (7.6%) to
prevent potential drain-down of water into the subgrade. Therefore, a target moisture content of
7% was selected. The spray bar attachment on the BDF was used to add water to the material as
needed for moisture control. In both construction sections, the P-154M subbase layer was placed
in two lifts.

The first lift of Section 1 was placed on March 7, 2017 and accepted on March 13. The second lift
was then placed on March 13 and accepted on March 30. The thicknesses of the first (bottom) and
second (top) lift were approximately 8 and 6 inch, respectively. The first lift of Section 2 was
placed on August 8 and accepted on August 14. The second lift was then placed on August 14 and
accepted on August 19. The thicknesses of the first (bottom) and second (top) lift were
approximately 9 and 8 inch, respectively.

After placement and conditioning to the target moisture content, the material was compacted to
final density. The compaction effort was monitored using a nuclear density gauge (NDG).
Compaction continued until little to no change was observed in the NDG results. The final surface
lift for each P-154MR section was slightly overbuilt and trimmed to achieve the design elevation.
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Figure 6. Subgrade (P-152M) Testing Map and Results



Acceptance and material testing of the P-154M material followed the compaction. Between
stations 5+00 and 5+65, the average sand cone compaction values were 99% (north of centerline)
and 100% (south of centerline) of the maximum dry density. Between stations 5+65 and 6+55, the
sand cone compaction values were 97% (north) and 96% (south) of the maximum dry density.
Figure 7 shows the P-154M testing map and results. Detailed information on CC8 S/F subbase
construction can be found in CC8 Construction Report (Tomlinson, et al. 2018).

LEAN CONCRETE BASE COURSE (P-306MR) CONSTRUCTION. The formwork for the lean
concrete base course (P-306MR) was completed before placement. P-306MR was placed in two
sections: Section 1 between stations 5+00 and 5+65, and Section 2 between stations 5+65 and
6+55. In both sections, P-306MR was placed in two lanes. The south and north lanes of Section 1
were placed on March 31, 2017 and April 6, respectively. The south and north lanes of Section 2
were placed on September 29 and October 2, respectively.

Material acceptance characterization were completed on-site by Craig Testing Laboratories, Inc.
and the FAA’s NextGen Pavement Materials Laboratory. Common masonry hand tools and a
vibratory screed were used by the contractor to complete the P-306MR placement, and
instrumentation was monitored and protected during the placement. The surface was a floated
finish with a smooth trowel. The contractor covered the test area, cylinder, and beam samples after
each placement with burlap and a poly sheet product for curing. The P-306MR laydown of Sections
1 and 2 were accepted on April 13 and October 9, respectively. The 7-day compressive strength of
P-306MR is summarized in table 2. Kerf cuts of 1 and 3 inch in width were made on the P-306 MR
surface of Sections 1 and 2 on April 14, 2017 and October 6, respectively. The depth of all kerf
cuts was not greater than 1 inch for accommodating instrumentation wires and cables. Kerf cut
diagrams are available in Construction Cycle 8 As-Built Drawings (Tomlinson, et al. 2018).).

Table 2. 7-Day Compressive Strength of P-306MR

7-Day Compressive Strength
Group Station | TestItem | Average | Standard Deviation Coefficient of
(psi) (psi) Variation (%)
1 5+00 - 5+30 | North 575 77.8 13.5
2 5+00 - 5+30 | South 540 28.3 5.2
3 5+30-5+60 | North 495 103.4 20.9
4 5+30-5+60 | South 543 20.6 3.8
5 5+70 - 6+00 | North 623 72.7 11.7
6 5+70 - 6+00 | South 605 26.5 4.4
7 6+10 - 6+40 | North 803 66.5 8.3
8 6+10 - 6+40 South 755 35.4 4.7
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CEMENT CONCRETE PAVEMENT (P-501MR) SURFACE PAVING. The first step of cement
concrete pavement (P-501MR) surface layer placement is installing formwork and
instrumentation. On the south side, triangular notches formed by wood chamfer strips (secured to
the underlying P-306MR surface) were installed at the locations indicated by black horizontal
dashed lines in figure 3. The notch cross-section is shown in figure 8.

212

P-206

Figure 8. Notch Detail

P-501MR installation was completed in two sections: Section 1 between stations 5+00 and 5+60,
and Section 2 between stations 5+60 and 6+55. In both sections, the concrete slabs were placed in
a checkerboard pattern. Section 1 comprised the paving of test slabs only and was completed in
two separate days: May 11 and May 17, 2017. Section 2 comprised the paving of transitions and
test slabs and was completed in three separate days. Transitions were paved on October 12, 2017
and October 30. Concrete slabs were paved on October 24 and October 30. Material acceptance
testing and characterization were completed onsite by Craig Testing Laboratories, Inc. and the
FAA’s NextGen Pavement Materials Laboratory.

The P-306MR layer was not watered prior to P-S0IMR placement to avoid deterioration of the
rosin paper bond breaker. The contractor used common masonry hand tools and a vibratory screed
to complete the P-S01MR placement. The instrumentation was monitored and protected during
this process. The surface was a float finished with a smooth trowel.

After each placement, the contractor covered the test area and field samples with burlap and a
polyethylene sheet product for curing. Within 24 hours of placement, the contractor made initial
saw cuts using a Husqvarna Soft-Cut saw. First, green cuts to 12 inch deep were made. Second, 3
inch deep cuts were made. Construction of P-501MR in Section 1 and 2 were accepted after the
28-day flexural strength breaks on June 14 and November 27, respectively. The 28-day flexural
strength of P-501MR is summarized in table 3. Additional information on construction acceptance
testing can be found in the CC8 Construction Report (Tomlinson, et al. 2018).).
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Table 3. 28-Day Flexural Strength of P-501MR

28-Day Flexural Strength

Group Station | Test Item | Average | Standard Deviation Coefficient of
(psi) (psi) Variation (%)

1 5+00 - 5+30 | North 504 27.2 5.4

2 5+00 - 5+30 | South 513 47.6 9.3

3 5+30 - 5+60 | North 535 50.9 9.5

4 5+30-5+60 | South 550 43.1 7.8

5 5+70 - 6+00 | North 897 80.3 9.0

6 | 5+70-6+00 | South 833 81.0 9.7

7 6+10 - 6+40 | North 853 103.2 12.1

8 | 6+t10-6+40| South 871 71.6 8.2

INSTRUMENTATION.

Gages were selected for reliability, accuracy, and ease of handling at the construction site. Gage
locations are shown in the plan and profile views in figure 9 and 10, respectively. Figure 10
includes the instrument key for both figures.

The naming convention for the sensor codes information on the sensor type, pavement side, test
name, construction phase, and sequential Identifier (ID). For example, EG-N-FS-II-7 refers to an
Embedded Strain Gage (EG) installed in the North side (N) of the S/F test area, construction phase
II (Construction Phase II was distinct from CC8 Test Phase 4, i.e., the Strength/Fatigue Test Area),
gage number 7 in sequence.

The vertical movement of the concrete surface (P-501MR) relative to the top surface of the P-
306MR was monitored by Eddy Current Sensors (ECS) installed at the slab corners. The ECS are
non-contact sensors consisting of a probe and a metal target separated by a distance of 16
thousandths of an inch. As the slab corner deflects, it induces an eddy current in the target plate,
which in turn changes the electrical inductance measured at the probe. This system allows accurate
measurements of very small deflections, to thousandths of an inch. The ECSs are intended to
operate both in static mode (to monitor the long-term upward movement of slab corners) and in
dynamic mode (to record transient responses to vehicle loads).

Pairs of EGs were installed along longitudinal and transverse edges of 32 slabs to measure strain
responses near the top (odd-numbered gages) and bottom (even-numbered gages) of the slab.
These gages were located along longitudinal and transverse construction joints. In the P-501MR
layer, a total of 124 EGs were installed prior to paving. Brackets, fabricated from sheet metal and
nailed to the P-306MR, were used to ensure the gage center was set at the proper height (i.e., 1
inch from either the top or bottom P-501MR surface).

Resistance gages (RG) were installed on the vertical edge of 3 notched slabs (SF4S, SF6S, and
SF7S). These paired RGs (gage center 0.75 inch above the notch and 0.75 inch below the slab top)
were expected to capture crack initiation and propagation during the traffic test.
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Figure 10. Instrumentation Layout, Profile View
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Thermocouple (T) trees were installed in both the north and south side of the test area in one slab
to monitor temperature gradients in the P-501MR layer. Each tree consists of three thermocouples
to measure the temperature at the bottom, middle, and top of the slab. In addition, moisture sensors
(MS) were driven into the top of the subgrade at two locations to monitor changes in moisture
content. Additional information on the instrumentation can be found in CC8 Construction Report
(Tomlinson, et al. 2018).

DESCRIPTION OF TESTING METHODS AND EQUIPMENT

TESTING EQUIPMENT.

The National Airport Pavement Test Vehicle (NAPTV) can be programmed for controlled aircraft
wander simulation and can operate in manual or fully automatic modes. The NAPTV can simulate
typical aircraft wander by varying the lateral position of the carriages to approximate a normal
distribution of aircraft traffic. The test vehicle is comprised of two carriages that can accommodate
up to five load modules spaced 57 inch apart in tandem. Each load module has two wheels with
typical dual spacing of 54 inches. This allows for configurations of up to 20 wheels, with loads up
to 75,000 Ibs per wheel. In this study, a single wheel (S) module was used on both north and south
carriages for static and moving load test (figure 11). For CC8 S/F tests, all applied traffic was zero-
wander with vehicle speed limited to 2.5 mph.
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Figure 11. Gear Configuration used in CC8 Phase 4 S/F Test on Outer Lanes

TEST DESCRIPTION.

As shown in figure 1, rigid pavement failure progresses through stages. Stage 1 is the initiation of
a crack in a new or intact pavement. The CC8 S/F experiment started with stationary-load crack
initiation tests to determine the cracking strength of selected slabs. For outer lanes on the north
side (slabs SFON-SF16N), the static load was applied using an S module, which can attain wheel
loads up to 150,000 Ibs. Slabs SF9S-SF16S on the south outer lanes were not pre-cracked, so in
those slabs, the crack initiation (Stage 1) was intended to be achieved “naturally” by the moving
gear load.

After the completion of stationary load tests for crack initiation, the test proceeded to apply moving
loads for crack propagation on the north outer lanes, and crack initiation and propagation in the
case of non-precracked slabs of the south outer lanes. For comparison purposes, all traffic on the
outer lanes used the S module. All applied traffic was zero-wander (i.e., traffic applied over a
single transverse position) due to the simplicity of quantifying the failure mechanism (Guo, 2012).
The traffic tests conducted during CC8 S/F experiment are summarized in table 4.

Table 4. Summary of CC8 S/F Traffic Tests

Crack Initiation Crack Propagation
Test Static | Moving Test Moving
Group Item Lane Load Load Group Item Lane Load
1,3,5,7 | North | Outer S - 1,3,5,7 North Outer S
2,4,6,8 | South | Outer - S 2,4,6,8 South Outer S
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STAGE 1 — CRACK INITIATION. During Stage 1, selected concrete slabs were brought from a
new condition to the point where bottom-up cracks initiate by applying static and moving loads.

Static Load Crack Initiation. Static load tests were performed to initiate bottom-up cracks at
transverse joints on the north side. Single wheel load was applied on the outer lane slabs SFON-
SF16N. As shown in figure 12, the NAPTV was positioned such that the forward edge of the tire
print (S module) was aligned with the transverse slab edge, and directly over the EG pair. This
position produces the maximum tensile stress at the slab bottom.

The initial wheel load of 5,000 Ibs was applied, held for approximately 10s, and then released.
During this interval, strain gage responses (€.g., EG-N-FS-11-9/10 in slab SFON for S module in
figure 12) were acquired at a rate of 20 Hz. The wheel load was then increased in 2,500 Ibs
increments and the procedure repeated until strain gage responses indicated a rupture at the slab
bottom. The final wheel load (cracking load) for the tested slab was noted. The load sequence was
repeated on the opposite side of the slab in the same wheel path. The locations for crack initiation
tests are provided in table 5.

W

SFON
.S = soNEsamono
Approximately 4.3 ft. 5 ft.
at maximum wheel y
load level
SFIN

Figure 12. Position of S NAPTV Module for Static Load Tests
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Table 5. Summary of CC8 S/F Traffic Tests

Group | NAPTV Module | Slab | EG to Monitor | Transverse Joint
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Prior to the initiation of full-scale tests, the theoretical wheel load magnitude required to initiate
bottom-up cracks along transverse joints was estimated by simulation using Finite Element
Analysis — FAA (FEAFAA) v2.11. The free edge stress was calculated assuming:

o Aircraft gear configurations: SWL-50 (figure 13(a)) and NAPTV D (figure 13(b));

e As-built pavement structure; and

e Layer properties of standard FAA materials

The initial wheel load of 50,000 Ibs was incrementally increased by 1,000 lbs until the calculated
maximum free edge stress had reached the flexural strength of lab-cured concrete beams.
Theoretical cracking loads of 54,000 Ibs and 63,000 Ibs that would result in a stress ratio of 1.0
were determined for groups 1-4 (12-inch slabs) and 5-8 (9-inch slabs), respectively. These
theoretical values represent 51% and 79% of the actual average cracking load for 12-inch and 9-
inch thick slabs, respectively, as determined from static load test results.
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Figure 13. Aircraft Gear Configuration for FEAFAA Simulations
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Moving Load Crack Initiation. Prior to the initiation of full-scale tests, the
FAARFIELD rigid pavement failure model (equation 1) was used to estimate the level of traffic
required to attain “first crack™ condition.

scI
DF Frebd 1-——)(ad—bc)+Frsbc

= ST S X logC + ( 1005)(;1 Equation 1
Fcar (1—m)(d—b)+F15b (1—m)(d—b)+F15
where:

SCI = Structural Condition Index;

DF = Design Factor (R/0), where R is the concrete flexural strength and o is the computed concrete
tensile stress;

C = coverages;

Fcar = stress calibration factor, 1.0;

F's = stabilized base compensation factor (Brill, 2010); 0.2464 and 0.4537 for 12- and 9-inch slabs,
respectively;

a, b, c and d = parameters whose value depends on the subgrade modulus

The maximum free edge stress corresponded to the cracking load as determined from the FEAFAA
simulations. Concrete flexural strength of 710 and 950 psi (i.e., for lab-cured beams with an
average age of 280 days) was assumed for groups 1-4 and groups 5-8, respectively. In table 6, the
rigid failure curve parameters were made to transition linearly from 50% values for low strength
subgrades (E=4,500 psi and approximately CBR=3) to 85% values for higher strength subgrades
(E=15,000 psi and approximately CBR=10). This transition reflected the fact that thinner Portland
Cement Concrete (PCC) pavements on strong foundations are more likely to experience top-down
cracking (e.g., corner breaks) than pavements on weaker foundations.

Table 6. FAARFIELD Failure Model Parameters

Parameter | 50% Failure Envelope | 85% Failure Envelope
a 0.760 1.027
b 0.160 0.160
c 0.857 1.100
d 0.160 0.160

Since the bottom-up cracking was the focus of this experiment, the 50% failure curve was first
used to recover the relationship between DF and C where SCI=100. The SCI was never intended
to reflect the condition of single-slab sampling units. However, in theory (and in FAARFIELD’s
model) SCI=80 corresponds to the condition where 50% of the slabs in a sampling unit have a
complete crack. That is, there is a 50% probability of a specific slab showing a crack after N passes,
where N is the FAARFIELD design life. Half the time N (the mean number of passes to complete
the crack) will be less and half the time it will be more (most likely much more). In an attempt to
compensate for the higher variability expected from testing one slab versus a large sampling unit,
the 85% failure curve was chosen to predict pavement life at SCI=80. Assuming the SCI decreases
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under traffic as a linear function of the logarithm of coverages, total coverages to the “first crack”
(Point B in figure 1) was finally determined.

Due to the zero-wander traffic applied in CC8 S/F test, the number of coverages is equivalent to
the number of passes. Both terms are used interchangeably throughout the present report.
Computed coverages to failure are presented in figures 14 and 15. Neither the concrete thickness
(12 inch vs. 9 inch) nor gear configuration (S module vs. D module) clearly separated the groups
in all three stages. At 80% of the theoretical cracking load, FAARFIELD failure model predicted
single-digit coverages causing initial rupture at the bottom of the slab. The analysis was later
updated to include cracking data from the actual static load tests. Results of the updated analysis
are discussed in the Field Experiment Versus FAARFIELD section.
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Figure 14. Traffic Estimate at Different Levels of Cracking Load for S Module:
(a) Groups 1-4, (b) Groups 5-8
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Figure 15. Traffic Estimate at Different Levels of Cracking Load for D Module:
(a) Groups 1-4, (b) Groups 5-8

Zero-wander traffic was applied to both north and south side for the moving load tests. The S
module was used for crack initiation of the entire outer lane on the south (groups 2, 4, 6, and 8).
Following tracks N1 and S1 in figure 16, the NAPTV carriages were positioned such that the
module traveled directly above the EG pairs of interest. Note that tracks N1 and S1 are specific for
this test, and are not related to any wander patterns used in previous construction cycles at the
NAPTF to approximate a normal distribution of aircraft traffic. Following procedures developed
for the earlier CC6 Strength Test (Guo, 2012), the traffic loads were set at 80% of the average
cracking loads from the static tests. Trafficking continued until the strain responses indicated
rupture at the gage location.
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STAGE 2 — CRACK PROPAGATION. Once bottom-up cracks were initiated, additional

trafficking was executed to complete Stage 2, characterized by the development of a full-length
and full-depth crack. The Stage 2 failure mechanism was quantified by a rolling wheel test at 80%
of the bottom-up cracking load. On both the north and south side, the S module was used to
propagate cracks to the surface on outer lanes. The vehicle speed was 2.5 mph traveling in both
West to East (W—E) and East to West (E—W) directions at the transverse gear positions shown
in figure 16.

TEST PROCEDURE.

a.

b.

General. The vehicle speed was 2.5 mph with a nominal tire pressure of 220 psi.

Slab Identification. Each slab was labeled with a unique identifier starting with “SF”” as shown
in figure 9.

c. HWD Location. Heavy Weight Deflectometer (HWD) test locations were marked at the
center of all slabs and slab corners as illustrated in figure 17.

Flexural Strength. During concrete placement, beam specimens were cast and retained for
testing. These test specimens were allowed to cure in the NAPTF (alongside the test items)
and are referred to as “field-cured” beams. Flexural strength tests following ASTM C78 were
conducted on the field-cured beams between August 7 and 14, 2018 prior to the application of
seating loads (see item ¢). The age of these field-cured beams ranged from 288 to 453 days.
FAARFIELD was then re-run with new field R values to refine the calculation of failure passes.

Seating Loads. Seating loads were applied to the test area using a two-wheel (D) gear
configuration at 10,000 Ibs per wheel on both carriage 1 and 2. The special seating load pattern
(figure 18 and table A1 in Appendix A) consisted of 21 tracks spaced every 10 inch to cover
the entire pavement width (except for areas near shoulders that are out of range of the load
carriage). During seating, the vertical movement of slabs were monitored with ECS.

Baseline HWD Tests. After the seating load wander, HWD tests were performed at the
locations specified in figure 17. The HWD testing was conducted with a four-drop loading
sequence beginning with an approximate 36,000 lbs seating load. The subsequent loads were
approximately 12,000 lbs, 24,000 lbs, and 36,000 1bs. The HWD measurements were used to
back-calculate layer moduli, and as a reference baseline to monitor subsequent slab curling
and changes in support conditions.

Traffic Test. The purpose of this test was to initiate and propagate bottom-up cracks under both
static and moving loads.
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1) Static load_tests were conducted on the north side only. The S module was used for tests
on the outer lanes of groups 1, 3, 5 and 7. An initial wheel load of 5,000 lbs was applied,
held for approximately 10s, and then released. During this interval, strain gage data were
acquired at a rate of 20 Hz. The wheel load was then increased in 2,500 lbs increments and
the procedure repeated until a bottom-up crack was formed. At each discrete load level, the
tensile strain increment corresponding to the applied load was computed and plotted
against the wheel load.

For demonstration purposes, figure 19 illustrates the methodology for identification of
cracking load used in concrete pavement strength investigations during CC6 (Guo, 2012).
It can be observed that the relationship between tensile strain and wheel load for both slabs
in the example become highly nonlinear after crack initiation (i.e., 65,000 lbs (29,484 kg)
and 55,000 1bs (24,948 kg) for slab 21N and 22N, respectively). This approach was adopted
for the identification of cracking loads in the CC8 S/F test.
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Figure 19. Strain versus Wheel Load for Bottom-up Strength Tests on MRS-1N - CC6 (Guo,
2012)

2) Moving load tests were conducted on both the north and south side. The vehicle speed was
2.5 mph. Traffic was bidirectional. Each movement of the NAPTV from west to east
counted as a pass, and the return from east to west counted as a second pass. The sensor
data were automatically collected and stored in files created during traffic test operations.
Data collection and storing for sensors measuring dynamic responses to moving load (e.g.,
strains and displacements) are automatically triggered by NAPTV operations. The S
module was used to traffic the outer lanes of groups 1, 3, 5, and 7 on the north, and groups
2,4, 6, and 8 on the south. Traffic load equivalent to 80% of the bottom-up cracking load
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was applied on tracks N1 and S1 (figure 16). Trafficking continued until full-length crack
propagation was attained on every slab of each outer lane.

MONITORING.

a. Dynamic Responses. EG and ECS data were collected through the Signal Processing Units
(SPUs). TenView is a data processing program used at the NAPTF to track sensor data in real
time. During traffic testing, the TenView program was used to monitor responses indicating
rupture at gage locations. Raw data files were processed and stored for subsequent data
analysis.

b. Static Responses. Temperature and moisture data were collected hourly.

c. Pavement Condition.

1) Manual Distress Survey. Distress surveys were conducted every day on all slabs after
testing has concluded for the day. In addition, the test area was inspected informally after
each wander and the appearance of any new distress was noted. In accordance with ASTM
D5340 (ASTM, 2012), longitudinal, transverse and diagonal cracking; corner breaks;
intersecting cracks and shattered slabs; and shrinkage cracking were to be considered. Wire
brushes, flashlights, and chalk markers were used to verify the appearance and delineate
the pattern of very fine cracks. Cumulative plots of crack mapping were prepared and
submitted to the FAA daily. On these plots, the distresses were color-coded to separate
dates/passes of distress survey on which new distresses were observed.

HWD and PSPA Testing. In addition to item (f) of the Test Procedure section, HWD and Portable
Seismic Properties Analyzer (PSPA) testing were conducted weekly to detect any changes in
pavement deterioration and support condition over time. These measurements were taken at the
blue dots as illustrated in figure 17. Both ECS data and the edge-to-center deflection ratios were
expected to provide information on the separation of the PCC slabs from the P-306MR (“lift-off”).
The watering of slabs was anticipated to take place once slab corner deflection exceeded 20 mils.
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FULL-SCALE TEST

The full-scale tests on the outer lanes was conducted in two phases: static and moving load testing.
The static load test was aimed at attaining the initiation of bottom-up cracking (Stage 1) in the
north outer lane. The moving load test aimed at achieving crack propagation (Stage 2 and 3) in the
north outer lane, and both crack initiation and propagation (Stage 1-3) in the south outer lane.

STATIC LOAD TEST (NORTH).

During the static load tests, strain gage data on crack initiation were collected over two days,
August 21-22, 2018. Figure 20 shows an example of a static load test to initiate a bottom-up crack.
For this test (Slab SFON, north outer lane) the NAPTV S module was positioned as described and
illustrated in figure 12. The initial wheel load of 5,000 lbs was applied, held for approximately
10s, and then released. The wheel load was then increased in 2,500 lbs increments and the
procedure repeated until EG-N-SF-II-10 response indicated a rupture at the slab bottom. As shown
in figure 20, the relationship observed between the recorded strain and applied load was
approximately linear at low load levels but turned highly nonlinear after a crack formed at 130,000
Ibs.
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Cracking strain Cracking load f
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Figure 20. Static Load Test on the North Outer Lane, Slab SFON - Strain vs. Load
Figure 21 and 22 shows the relation between tensile strain and load for 12 inch and 9 inch-thick

slabs in the north outer lane, respectively. Table 7 summarizes both cracking loads and strains
from the static load tests.
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Figure 21. Tensile Strain vs. Load for 12 inch-Thick Slabs, North Outer Lane: (a) SFON,

(b) SF10N, (c) SF11N, (d) SF12N
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Table 7. Summary of Static Load Test Results

Slab ID Thickness R-value Cracking Load Cracking Strain
(inch) (psi) (Ibs) (microstrain)
SFON 130,000 63
SF10N 100,000 53
12 650
SF11IN 112,500 76
SF12N 77,500 51
SF13N 87,500 85
SF14N 75,000 85
9 900
SF15N 67,500 76
SF16N 87,500 77
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MOVING LOAD TEST (NORTH AND SOUTH).

Upon completion of static load tests for crack initiation, the test proceeded by applying moving
loads for crack propagation on slabs SFON-SF16N. In the case of non-precracked slabs SF9S-
SF16S (south outer lane), the crack initiation was first achieved “naturally” by the moving gear
load and then followed by the crack propagation phase.

Moving-load traffic tests on the outer lanes began on August 27, 2018. As illustrated in figure 23,
the moving load test with zero-wander was conducted simultaneously on the north and south outer
lanes using the NAPTV S module, at a nominal tire pressure of 220 psi. The traffic loads were set
at 80% of the average cracking loads from the static tests (Guo, 2012). Table 8 summarizes the
determination of traffic loads.

At the conclusion of outer lane traffic testing on October 3, 2019, the cumulative pass numbers
were 30,292 on the north and 49,930 on the south. Table 9 shows the moving load traffic test
history for the outer lanes. As expected, the pass counts on the north side were much smaller
because of the pre-cracked condition. Full-length surface cracks eventually developed on all slabs
except SF11S. This slab will be further investigated in post-traffic forensic tests.

Figure 23. Moving Load Test
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Table 8. Determination of Traffic Loads

Slab ID Thickness | Cracking Load | Average Cracking 80% of Average
(inch) (Ibs) Load (Ibs) Cracking Load (lbs)
SFON 130,000
SF10N 100,000
12 105,000 84,000
SF11N 112,500
SFI12N 77,500
SF13N 87,500
SF14N 75,000
9 79,375 63,500
SFI15N 67,500
SF16N 87,500
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Table 9. Traffic History of Moving Load Test on Outer Lanes

Day No Date Passes Cumulative Passes
North South North South
1 08/27/18 310 310 310 310
2 08/28/18 506 506 816 816
3 08/29/18 504 504 1320 1320
4 08/30/18 506 506 1826 1826
5 09/04/18 510 510 2336 2336
6 09/05/18 526 526 2862 2862
7 09/06/18 490 490 3352 3352
8 09/10/18 368 368 3720 3720
9 09/12/18 520 520 4240 4240
10 09/13/18 520 520 4760 4760
11 09/17/18 520 520 5280 5280
12 09/18/18 520 520 5800 5800
13 09/19/18 510 510 6310 6310
14 09/20/18 440 440 6750 6750
15 09/24/18 520 520 7270 7270
16 09/25/18 520 520 7790 7790
17 09/26/18 520 520 8310 8310
18 09/27/18 520 520 8830 8830
19 10/01/18 520 520 9350 9350
20 10/02/18 520 520 9870 9870
21 10/03/18 520 520 10390 10390
22 10/04/18 520 520 10910 10910
23 10/09/18 520 520 11430 11430
24 10/10/18 520 520 11950 11950
25 10/11/18 520 520 12470 12470
26 01/22/19 388 388 12858 12858
27 01/23/19 524 524 13382 13382
28 01/24/19 424 424 13806 13806
29 01/28/19 494 494 14300 14300
30 01/29/19 506 506 14806 14806
31 01/30/19 494 494 15300 15300
32 01/31/19 524 524 15824 15824
33 02/07/19 462 462 16286 16286
34 02/11/19 300 300 16586 16586
35 02/19/19 474 474 17060 17060
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Table 9 (continued)

Day No Date Passes Cumulative Passes
North South North South

36 02/20/19 428 428 17488 17488
37 02/21/19 524 524 18012 18012
38 02/25/19 524 524 18536 18536
39 02/26/19 524 524 19060 19060
40 02/27/19 524 524 19584 19584
41 02/28/19 500 500 20084 20084
42 03/11/19 494 494 20578 20578
43 03/12/19 524 524 21102 21102
44 03/13/19 524 524 21626 21626
45 03/14/19 318 318 21944 21944
46 03/26/19 456 456 22400 22400
47 04/01/19 516 516 22922 22922
48 04/15/19 484 484 23406 23406
49 04/16/19 524 524 23930 23930
50 04/17/19 524 524 24454 24454
51 04/18/19 524 524 24978 24978
52 04/22/19 524 524 25502 25502
53 04/23/19 474 474 25976 25976
54 04/24/19 524 524 26500 26500
55 04/25/19 496 496 26996 26996
56 04/29/19 164 164 27160 27160
57 05/02/19 524 524 27684 27684
58 05/06/19 524 524 28208 28208
59 05/07/19 524 524 28732 28732
60 05/08/19 512 512 29244 29244
61 05/09/19 524 524 29768 29768
62 05/14/19 524 524 30292 30292
63 05/15/19 - 524 - 30816
64 05/16/19 - 524 - 31340
65 05/29/19 - 372 - 31712
66 05/30/19 - 456 - 32168
67 06/03/19 - 456 - 32624
68 06/04/19 - 524 - 33148
69 06/05/19 - 524 - 33672
70 06/06/19 - 524 - 34196
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Table 9 (continued)

Day No Date Passes Cumulative Passes
North South North South

71 06/10/19 - 524 - 34720
72 06/11/19 - 524 - 35244
73 06/12/19 - 504 - 35748
74 06/13/19 - 500 - 36248
75 06/17/19 - 524 - 36772
76 06/18/19 - 524 - 37296
77 06/19/19 - 524 - 37820
78 06/20/19 - 524 - 38344
79 06/21/19 - 204 - 38548
80 06/24/19 - 524 - 39072
81 06/25/19 - 520 - 39592
82 06/26/19 - 524 - 40120
83 06/27/19 - 518 - 40638
84 07/01/19 - 524 - 41162
85 07/02/19 - 524 - 41686
86 07/03/19 - 504 - 42190
87 07/05/19 - 290 - 42480
88 07/08/19 - 524 - 43004
89 07/09/19 - 524 - 43528
90 07/10/19 - 524 - 44052
91 07/11/19 - 524 - 44576
92 07/12/19 - 324 - 44900
93 07/16/19 - 472 - 45372
94 07/17/19 - 284 - 45656
95 07/18/19 - 524 - 46180
96 09/12/19 - 150 - 46330
97 09/13/19 - 238 - 46568
98 09/16/19 - 476 - 47044
99 09/17/19 - 436 - 47480
100 09/18/19 - 518 - 47998
101 09/19/19 - 273 - 48271
102 09/23/19 - 450 - 48720
103 09/24/19 - 448 - 49168
104 10/02/19 - 492 - 49660
105 10/03/19 - 270 - 49930
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BEHAVIOR OF TEST AREA UNDER TRAFFIC

DISTRESS MAPPING.

Daily distress surveys were conducted in accordance with ASTM D5340 (Brill, 2010). Distresses
were outlined with chalk and measured using a tape measure. Surveys recorded changes to existing
distresses and any new distresses. Visual distress surveys were documented in two ways: a scale
map and a written log. The distress map shows all distresses to scale and keys each distress to a
pass number, station number, and slab ID. Distresses are numbered for reference to the written
log. The traffic paths are delimited by narrow greyed out areas representing the single track
positions on the north and south sides. The station numbers are identified on both the left and right
sides of the map. The full length of the map is best viewed by scrolling on a computer screen due
to the long aspect ratio of the test area. Appendix B contains all CC8 S/F distress maps.

The written log records all the distress information chronologically. The written log records the
date, pass number, type of distress, distress number (which can be cross-referenced to the distress
map), the location of the distress, and any relevant notes. The notes may indicate changes to
existing distresses, severity levels, merging of multiple previously identified distresses, etc.
Appendix C contains the complete written log.

SUMMARY OBSERVATION.

The primary objective of the CC8 S/F test area is to isolate the three phases of the bottom-up
cracking mechanism and estimate the fatigue life contribution of each stage (see figure 1). Distress
surveys were the tool to track the number of passes required by slabs to attain: (a) the first
appearance of surface distresses (i.e., formation and full-depth progression of bottom-up cracks),
and (b) the full-length propagation of longitudinal cracks (i.e., crack extends to both ends of the
slab). In addition, the surveys documented the formation of secondary distresses (e.g., diagonal
cracks).

Table 10 presents the pavement deterioration history for the outer lanes. Table 10 compiles all
surface deterioration events from first appearance of the crack to full-length completion.
Longitudinal cracks were the dominant distress type, as expected due to zero-wander traffic.
Surface distresses were observed on the north slabs earlier than the south side. This was the
anticipated result of bottom-up cracking initiated in the north outer lane during static load test. On
certain slabs, the formation of adjacent diagonal cracks was observed following full-length
propagation of longitudinal cracks. Additional efforts directed to investigate the formation of
diagonal cracks during CC8 S/F trafficking are summarized in Appendix D.

Trafficking on the north outer lane concluded at 30,292 total vehicle passes on May 14, 2019 after
all slabs had a full-length longitudinal crack. All outer lane slabs on the south side except SF11S
achieved full-length crack propagation by July 5, 2019. Since no sign of surface distress on slab
SF11S was observed after 49,930 vehicle passes, trafficking on the south outer lane was terminated
on October 3, 2019.

37



Table 10. Pavement Deterioration History of Outer Lanes

Cumulative Passes

Day No| Date North | South Distress Observations
1 08/27/18 310 310
2 08/28/18 816 816
3 08/29/18 1320 1320
4 08/30/18 1826 1826
5 09/04/18 | 2336 2336
6 09/05/18 | 2862 2862
7 09/06/18 | 3352 3352
8 09/10/18 | 3720 3720
9 09/12/18 | 4240 4240
10 09/13/18 | 4760 4760
11 09/17/18 | 5280 5280 |A new crack on SF16S
12 09/18/18 | 5800 5800 |A new crack on SF12N
13 09/19/18 | 6310 6310
14 09/20/18 | 6750 6750
15 09/24/18 7270 7270 |(a) A new crack on SF14N, (b) Existing longitudinal crack on SF12N continued to propagate towards west end
16 09/25/18 | 7790 7790
17 09/26/18 8310 8310
18 09/27/18 8830 8830
19 10/01/18 9350 9350 |Existing longitudinal crack on SF16S reached both ends
20 10/02/18 9870 9870 |Existing longitudinal crack on SF14N continued to propagate from east end towards west, and reached 120 in from east end
21 10/03/18 | 10390 10390 |Existing longitudinal crack on SF14N continued to propagate from east end towards west, and reached 152 in from east end
22 10/04/18 | 10910 10910
23 10/09/18 | 11430 11430 |Existing longitudinal crack on SF14N continued to propagate from east end towards west, and reached west end
24 10/10/18 | 11950 11950 |A new crack (length: 7 in) near east end of SF16N
25 10/11/18 | 12470 12470 |Existing crack on SF16N continued to propagate towards west (length: 13 in)
26 01/22/19 | 12858 12858 |[(a) A new crack on west end of SF13S (length: 33 in), (b) Existing crack on SF16N reached 53 in from east end
27 01/23/19 | 13382 13382 |(a) Existing crack on SF13S reached 45 in from west end, (b) A new crack on east end of SF15S (length: 5 in)
28 01/24/19 | 13806 13806 |Existing crack on SF15S reached 165 in from east end
29 01/28/19 | 14300 14300 (a) Existing crack on SF16N reached 64 in from east end, (b) Existing crack on SF15S reached 171 in from east end, (c) Existing crack on SF13S

reached 54 in from west end
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Table 10 (continued)

Cumulative Passes

Day No| Date North | South Distress Observations
or ou!
(a) A new crack on west end of SF15N (length: 38 in), (b) Existing crack on SF16N reached 127 in from east end, (c) Existing crack on SF15S
30 01/29/19 14806 14806 reached 173 in from east end
31 01/30/19 15300 15300 |(a) Existing crack on SF15N reached 74 in from west end, (b) Existing crack on SF16N reached 131 in from east end
32 01/31/19 15824 15824 (a) Two new diagonal cracks on both ends of SF12N, (b) Existing crack on SF15N reached 90 in from west end, (c) Existing crack on SF16N
reached 151 in from east end, (d) Existing crack on SF158S reached west end, (e) Existing crack on SF13S reached 61 in from west end
33 02/07/19 | 16286 | 16286
34 02/11/19 | 16586 16586 |[(a) A new crack on east end of SF11N (length: 142 in), (b) Existing crack on SF16N reached 154 in from east end
(a) A new crack on east end of SF10N (length: 62 in), (b) Existing crack on SF11N reached the other end, (c) A new diagonal crack on southwest
35 02/19/19 | 17060 17060 |area of SF12N, (d) Existing crack on SF15N reached 110 in from west end, (e) Existing crack on SF16N reached 158 in from east end, (f) A new
diagonal crack on southeast area of SF16S, (g) A new crack on west end of SF13N (length: 54 in)
(a) Existing crack on SF10N reached 130 in from east end, (b) Existing crack on SF13N reached 105 in from west end, (c) Existing crack on SF15N
36 02/20/19 17488 17488 reached 118 in from west end, (d) Existing crack on SF16N reached the other end
37 02/21/19 | 18012 | 18012
(a) Existing crack on SF10N reached 149 in from east end, (b) A new diagonal crack on southeast area of SF12N, (c) Existing crack on SF13N
38 02/25/19 18536 18536 reached the other end, (d) Existing crack on SF15N reached 132 in from west end
39 02/26/19 | 19060 19060 |(a) Existing crack on SF10N reached 165 in from east end, (b) Existing crack on SF15N reached the other end
40 02/27/19 | 19584 19584 |Existing crack on SF10N reached the other end
(a) A new longitudinal crack in the middle of SF9S (length: 98 in), (b) Two new diagonal cracks on the southeast and southwest areas of SF9S,
41 02/28/19 | 20084 20084 merging with the longitudinal crack
(a) A new transverse crack extending to north edge of SF9S, merging with longitudinal and diagonal cracks on east side of slab, (b) Existing crack
42 03/11/19 | 20578 20578 on SF13S reached 68 in from west end
43 03/12/19 | 21102 | 21102
44 03/13/19 | 21626 21626 |(a) Existing longitudinal crack on SF9S reached west end, (b) Existing crack on SF13S reached the other end
45 03/14/19 | 21944 | 21944
46 03/26/19 | 22400 | 22400 |Existing longitudinal crack on SF9S reached east end
(a) A new longitudinal crack on west end of SFION (length: 133 in), (b) A new diagonal crack on west end of SF10N, (c) Two new diagonal cracks
47 04/01/19 | 22922 22922 |on east end of SF11N, (d) A new diagonal crack on east end of SF16S, (¢) A new longitudinal crack on east end of SF14S (length: 131 in), (f) A
new longitudinal crack on SF10S reached both ends
48 04/15/19 | 23406 23406 |(a) Existing longitudinal crack on SFON reached 147 in from west end, (b) Existing longitudinal crack on SF14S reached 156 in from east end
49 04/16/19 | 23930 | 23930 |A new diagonal crack started from existing longitudinal crack on SF9S, and merged with existing diagonal crack near east end
50 04/17/19 | 24454 24454 |(a) Existing longitudinal crack on SFON reached 156 in from west end, (b) Existing longitudinal crack on SF14S reached 163 in from east end
A new diagonal crack started from existing longitudinal crack on SF9S (83 in from west end), and merged with existing diagonal crack near east
51 04/18/19 | 24978 | 24978 | 4
(a) A new diagonal crack started from existing longitudinal crack on SF12N (123 in from west end), (b) A new diagonal crack started from existing
52 04/22/19 | 25502 25502 longitudinal crack on SF10S (37 in from west end)
53 04/23/19 | 25976 25976 |A new diagonal crack started on T3-2S,from the existing longitudinal crack near east end
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Table 10 (continued)

Cumulative Passes

Day No| Date North | South Distress Observations
54 04/24/19 | 26500 | 26500
55 04/25/19 | 26996 26996 |Existing longitudinal crack on SF14S reached 169 in from east end
56 04/29/19 | 27160 27160 |(a) Existing longitudinal crack on SFON reached 162 in from west end, (b) Existing longitudinal crack on SF14S reached the other end
57 05/02/19 | 27684 27684 |(a) A new diagonal crack started on SF9S from the existing longitudinal crack, (b) A new diagonal crack was observed on SF10S near west end
58 05/06/19 | 28208 | 28208
59 05/07/19 | 28732 28732 |Existing longitudinal crack on T6-2N reached 176 in from west end
60 05/08/19 | 29244 | 29244
61 05/09/19 | 29768 29768 |Existing longitudinal crack on SFON reached 174 in from west end
62 05/14/19 | 30292 30292 gzlix;s;nsl}g:;(énf;fll.;ldel;aiigrsszoer;nslej ;fhaecrh:si;}:ii gtgggirrlg,l (Ctzlslfsalhng on SF12N nearby longitudinal crack (140-147 in), (¢) A new diagonal
63 05/15/19 30816
64 05/16/19 31340
65 05/29/19 31712 |A new diagonal crack on SF10S
66 05/30/19 32168
67 06/03/19 32624
68 06/04/19 33148
69 06/05/19 33672
70 06/06/19 34196 |A new diagonal crack on SF10S
71 06/10/19 34720
72 06/11/19 35244
73 06/12/19 35748
74 06/13/19 36248
75 06/17/19 36772
76 06/18/19 37296
77 06/19/19 37820
78 06/20/19 38344
79 06/21/19 38548
80 06/24/19 39072 |A new longitudinal crack on SF12S, 33 inch from west end (length: 63 inch)
81 06/25/19 39592 |(a) Existing longitudinal crack on SF12S extended both directions (length: 124 inch), (b) A new diagonal crack on east end of SF14S
82 06/26/19 40120 fzzl;zl;tllgagl I:Q%Luﬁllgzlxciiikg%?asgi rlélscrrzzlihed east end (length: 150 inch), (b) A new diagonal crack on SF14S (length: 13 inch) merging with
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Table 10 (continued)

Cumulative Passes

Day No| Date North | South Distress Observations
83 06/27/19 40638
84 07/01/19 41162 |Two new diagonal cracks near west side of T5-2S
85 07/02/19 41686 |Existing longitudinal crack on SF12S extended 14 inch towards west end (length: 164 inch)
86 07/03/19 42190 |A new diagonal crack on east side of SF15S
87 07/05/19 42480 |Existing longitudinal crack on SF12S reached the other end
88 07/08/19 43004
89 07/09/19 43528 |(a) A new diagonal crack on the west side of SF13S, (b) A new diagonal crack on the north-east side of SF15S
90 07/10/19 44052
91 07/11/19 44576
92 07/12/19 44900 |A new diagonal crack on the south-east side of SF16S
93 07/16/19 45372
94 07/17/19 45656
95 07/18/19 46180
96 09/12/19 46330 |A new diagonal crack on the south-east side of SF12S
97 09/13/19 46568 |A new diagonal crack on SF14S
98 09/16/19 47044
99 09/17/19 47480
100 09/18/19 47998 |Two new diagonal cracks on SF14S
101 09/19/19 48271
102 | 09/23/19 48720
103 09/24/19 49168
104 10/02/19 49660
105 10/03/19 49930
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PRELIMINARY DATA ANALYSIS

CHARACTERIZATION OF CRACK PROPAGATION.

DISTRESS DATA. Figure 24 shows an example of longitudinal crack progression under moving
load on slab SF14N, with an R-value and thickness of 650 psi and 12 inches, respectively. The
longitudinal crack was first observed after 7,269 vehicle passes on September 24, 2018 (figure
24(a)). The crack surfaced at the east end of the slab and progressed towards the west, along the
wheel path (figure 24(b) and (c)). Full-length crack propagation was attained on October 9, 2018
after 11,430 vehicle passes (figure 24(d)). All outer lane slabs exhibited the same longitudinal
crack progression except SF9S, SF10S, and SF11S. Cumulative passes corresponding to the first
appearance of bottom-up cracks and full-length propagation of longitudinal cracks (i.e., crack
connects both west and east end of the slab) are summarized in table 11. In general, longitudinal
cracks were observed on the north outer lane earlier than the south.

STA. 6+ 00 i ¥ STA. 6+ 00 ]
3 3
SF14N SF14N 4
STA.5 +85 STA.5+85
(a) (b)
STA. 6+ 00 ,I. STA. 6+ 00 : !
3 3
SF14N SF14N
STA.5 +85 STA.5+85
(c) (d)

Figure 24. Example of Crack Propagation in Slab SF14N: (a) 7,269 Passes (9/24/2018),
(b) 9,870 Passes (10/2/2018), (c¢) 10,930 Passes (10/3/2018), (d) 11,430 Passes (10/9/2018)
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Table 11. Summary of Crack Characterization

Test Groun | Siab 1D Thickness | R-value First (érack ;Agpearance Fullc-lengtlht}.)ropagatlon
Item P (inch) (psi) | Location umuiative Average Location umulative Average
Passes Passes
{ SFON West End 22922 East End 30292
SFI10N East End 17060 West End 19584
12 650 15528 18551
; SF1IN East End® 16586 West End 17060
North SFI12N East End 5543 West End 7269
° , | SFIN WestEnd | 17060 East End 18536
SF14N East End 7269 West End 11430
9 900 12771 16629
. SF15N West End 14806 East End 19060
SF16N East End 11949 West End 17488
5 SF9S! - 20084 - 20084
SF10S! - 22922 - 22922
12 650 27359 28495
4 SF11S3 - - - -
South SF12S Mid-slab 39072 Both Ends 42480
0
Y . | SFI38 West End | 12858 East End 21626
SF14S East End 22922 West End 27160
9 900 5 13608 18490
9 SF15S East End 13382 West End 15824
SF16S East End 5269 West End 9349

! Location of first crack appearance unknown

2 Slab end instrumented with EG
3 No surface distresses were observed on SF11S
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On the south side, both first appearance and full-length crack propagation on SF9S and SF10S
were recorded on the same day, most likely because of uninterrupted daily trafficking. The traffic
tests on the south outer lane was terminated on October 3, 2019 with no surface distress observed
on SF118S. Figures 25 and 26 show the final distress maps after traffic testing for slab groups 1-4
and 5-8, respectively.
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Figure 25. Final Distress Map after Traffic Test on the Outer Lanes (Groups 1-4)
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The strains measured by EGs were monitored in real-time

throughout traffic testing. The bottom EGs were primarily intended to capture the initiation of
bottom-up cracks. After the static load test on the north outer lane, the bottom EGs in pre-cracked
slabs were no longer expected to provide insight on full-depth propagation. It was then decided to
use only top EGs for characterizing crack propagation (i.e., full-depth and full-length) during the
moving load test. Figure 27 shows examples of top EGs responses from slab SFON and SF13N
that had a thickness of 12 and 9 inch, respectively. The initial peak negative strains observed in
both slabs decreased sharply over the beginning of trafficking, approaching zero in SFON and
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transitioning to positive (or extensive) in SFI13N. Similar patterns were observed in the initial
response of all 12- and 9-inch thick slabs along the north outer lane. These patterns may reflect the
rapid stabilization of underlying layers during the initial stage of trafficking, accompanied by
gradual crack propagation through the depth of pre-cracked slabs. Unlike 12-inch thick pre-
cracked slabs, the entire cross-section of 9-inch thick slabs was eventually subjected to positive
strains following the initial stage of trafficking. The observed discrepancy may be attributed to a
combined effect of slab thickness and crack depth. The thinner the slab and the shallower the
bottom-up crack tip the more likely EGs at the top of the slab will capture positive strains. Strain
response data from all the EGs installed in outer lane slabs are included in Appendix E.

Since top EGs were installed one inch below the surface, the gages were expected to capture
bottom-up crack propagation ahead of first crack appearance on the surface. However, neither
figure 27 (a) nor (b) shows such an indication in the response trend. Distress maps for SFON and
SF13N on the date of first crack appearance (i.e., February 19 and April 1, 2019) recorded that on
both slabs, the crack surfaced at the opposite end where no EGs were installed. In the case of full-
length crack propagation, the top EG response for slab SFON shifted from negative values to zero
at the completion of longitudinal crack. After the first crack appearance on slab SF13N, the data
trend shows a sharp change of trajectory that corresponds to the full-length crack progression.

Since the south outer lane slabs were not pre-cracked, the positive response of both top and bottom
EGs were (prior to full-length propagation) below the maximum cracking strain levels observed
during static load tests (see table 7). Therefore, both top and bottom EGs were considered adequate
for characterizing crack initiation and propagation (i.e., full-depth and full-length). Figure 28
shows examples of EG responses in Slab SF9S and SF13S, with a thickness of 12 and 9 inch,
respectively. Both bottom EGs, EG-S-FS-II-10 (figure 28(a)) and EG-S-FS-11-42 (figure 28(b))
recorded positive strains rapidly diminishing over the beginning stage of trafficking to attain a
fairly stable condition. This initial response can be attributed to a rapid stabilization of the
underlying layers. After stabilized, the response of bottom EGs remained relatively constant
through the first observance of surface distress. Overall, the response of bottom EGs did not
capture signs of full-depth crack propagation.

Similar to the north side, the strain responses of top EGs of the south slabs were initially negative,
transitioning into positive over the course of trafficking. The negative-to-positive transition
observed for 9-inch thick slabs: SFI3N (figure 27(b)) and SF13S (figure 28(b)), were in close
agreement. Conversely, no consistency of such transition was observed between 12-inch thick
slabs: SFON (figure 27(a)) and SFIS (figure 28(a)). In figure 28, the top EGs responses showed
no sign of full-depth crack propagation, possibly because the cracks first surfaced on the opposite
end of these slabs, where no EGs were installed. As indicated by the markers in figure 28, the
trajectory of top EG trends showed a sharp change that coincided with the completion of
longitudinal cracks on the slabs. Generally, the response of EGs showed no indication of crack
propagation before full-length cracks were observed on the surface.

46



150

EG-N-FS-1I-9 (Top)
100 First Crack Full-length
= Appearance Propagation
<
b= | |
g 0 I I
é ! !
- 0 O C_° -
)
~ 50 I I
8 I I
L, | |
-100 | |
| |
-150 1 |
0 5000 10000 15000 20000 25000 30000 35000
Cumulative Passes
(a)
150
First Crack Full-length
100 Appearance Propagation

Peak Strain (microstrain)

-100

| ©EG-N-FS-II-41 (Top)

-150
0 5000 10000 15000 20000 25000 30000 35000

Cumulative Passes

(b)

Figure 27. Response of Top EGs in Slabs of North Outer Lanes: (a) SFON, (b) SF13N
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PAVEMENT EVALUATION.

PCC SLLAB MODULUS. PSPA tests were conducted on outer lanes to evaluate slab integrity

(i.e., change in slab modulus over the course of trafficking). The PSPA equipment suffered damage
before the initiation of the CC8 S/F traffic test. The equipment became available on January 25,
2019, after 13,806 cumulative passes on the outer lanes.

Figure 29(a) through (d) plot the slab modulus changes throughout trafficking. On both outer lanes,
thick slabs (SFON-SF12N and SF9S-SF12S) generally showed lower moduli than thin slabs
(SFI3N-SF16N and SF13S-SF16S). This observation confirmed a positive correlation between R
values and concrete modulus. The average modulus degradation on the north was 10% and 8% for
12- and 9-inch slabs, respectively. On the south side, the modulus degradation was more noticeable
due to a longer trafficking span: 17% and 21% for 12- and 9-inch slabs, respectively.
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Table 12 reports the average moduli from the first and final rounds of PSPA testing. The relatively
small decrease upon trafficking completion indicates that the slab integrity deteriorated at a slow
rate. The effect of full-length crack propagation (observed on most slabs) on modulus degradation
was not noticeable, because the localized seismic wave propagation was away from the wheel
tracks (e.g., 2.5 ft).

Table 12. Summary of PSPA Modulus (First and Final Round of Testing)

First Round of Testing Final Round of Testing!
Test Gro Slab ID Thickness | R-value
Item up (inch) (psi) Modulus | Average CV2 (%) Modulus | Average CV2 (%)
(ksi) (ksi) (ksi) (ksi)
. SFON 5050 4550
SFI0N 4793 4668
12 650 5093 6.2 4577 6.1
; SF1IN 5533 4881
SF12N 4995 4209
North
s SF13N 5390 4765
SF14N 5282 5053
9 900 5310 5.2 4893 3.7
. SF15N 4950 4713
SF16N 5618 5042
5 SF9S 5242 3934
SF10S 5178 4103
12 650 5209 1.3 4335 8.6
A SF11S 5286 4618
SF12S 5129 4684
South
6 SF13S 6135 4902
SF14S 5433 4281
9 900 5871 54 4637 5.7
o SF15S 5849 4736
SF16S 6067 4629

! Final round of PSPA testing on the north and south was conducted on May 17 and October 15, 2019, respectively.
2 Coefficient of Variability (CV)

HWD DEFLECTION.

Deflection Basin. Weekly HWD tests were conducted at the center of all 32 S/F slabs
and slab corners, as illustrated in figure 17. Figures 30 and 31 show deflection basins normalized
to 36,000-1bs HWD drops at slab centers for both north and south outer lanes, respectively. Most
of the slabs except for SFON, SF13N, SF15N on the north and SF11S on the south, exhibited
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significant changes in the deflection basin throughout trafficking. Notable deflection increase
with respect to the baseline indicates deterioration of structural capacity in most of the slabs.
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Figure 31. Slab Center Deflection Basins, South Outer Lanes
Impulse Stiffness Modulus. Impulse Stiffness Modulus (ISM) is the ratio of HWD test
load (P) to the maximum deflection (Jdmax) at the center of the load plate. ISM was calculated at
P=36,000 lbs using the following equation:

ISM=-%

)

5max

Figures 32(a) and (b) show the changes in ISM as a function of cumulative passes for 12- and 9-
inch thick slabs on the north outer lanes, respectively. In general, within approximately 15,000
passes from traffic commencement, neither 12- nor 9-inch thick slabs showed observable changes
in ISM trends. In figure 32(a), SF12N was the first 12-inch thick slab that exhibited a significant
drop in ISM at 8,830 passes, followed by SF10N and SF11N, and SFON at 18,012 and 24,454
passes, respectively. This order was consistent with the observed progression of full-depth and
full-length crack propagation for 12-inch thick slabs on the north (table 11). Generally, all 12-inch
thick slabs showed progressive degradation of ISM indicating gradual loss of slab structural
integrity. Figure 32(b) shows no loss of structural integrity for 9-inch thick slabs with a final
average change in ISM of +0.9% (i.e., relative to the baseline condition at pass zero).

Figure 32(c) and (d) show the changes in ISM for 12- and 9-inch thick slabs, respectively, on the
south outer lane. Figure 32(c) shows that the ISM of 12-inch thick slabs remained relatively
constant for approximately 20,000 cumulative passes. Beyond this point, slabs SF9S and SF10S
exhibited a noticeable decrease in ISM that coincides with the first crack appearance on both slabs
(table 11). Among the four 12-inch thick slabs, SF11S showed the maximum terminal ISM and
the lowest rate of degradation. This observation was consistent with the absence of surface distress
on SF118S at the completion of traffic testing. The drop in ISM observed for slab SF12S at the end
of trafficking corresponds to the first crack appearance at about 39,000 cumulative passes (table
11). Figure 32(d) shows a more uniform degradation of ISM among 9-inch thick slabs throughout
trafficking. For the south outer lane, the loss of structural integrity for 9-inch thick slabs was
generally lower compared to 12-inch thick slabs.

Corner-To-Center Deflection Ratio. Corner-to-center deflection ratios corresponding to
the highest HWD load (36,000 1bs) were calculated. A three-character designation was assigned
to every corner as follows:

1** Character: Slab Identification Number
2" Character: Test Item (N or S)
3 Character: Corner Orientation (E or W)

For example, ONE corresponds to the east corner of slab 9 on the north test item. The following

corners were evaluated: 9NE, IONW, 11NE, 12NW, 13NE, 14NW, 15NE, and 16NW (north outer
lane); 9SE, 10SW, 11SE, 12SW, 13SE, 14SW, 15SE, and 16SW (south outer lane).
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Figures 33(a)-(d) show the change in corner-to-center deflection ratio throughout trafficking. The
initial value of all slabs ranged from 2 to 3. In figures 33(a), (c), and (d), there is observable scatter
among the individual slabs. In figure 33(b), the trends of 9-inch thick slabs on the north side is
fairly consistent. Figure 34 shows the change in slab temperature over the course of trafficking.
Generally, there is an observable correspondence between the corner-to-center deflection ratio and
the change in slab temperature as illustrated in figure 35. The deflection ratio often increased when
the slab temperature dropped and vice versa due to slab curling (corner lift). However, this
correspondence seemed to stop after about 32,000 cumulative passes when the slab temperature is
above approximately 70°F. Overall, the observed variation in corner-to-center deflection ratio may
reflect a combined effect of changes in slab temperature and corner-to-center discontinuity within
slabs resulting from longitudinal crack propagation along the wheel track.
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Figure 33. Corner-to-Center Deflection Ratio vs. Cumulative Passes for Outer Lanes: (a) North
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Void Analysis. Slab support conditions are a key element of the performance of rigid
pavements. The occurrence of surface distresses such as corner breaks, joint faulting, and slab
cracking can all result from loss of support. Figure 36 shows an example of maximum deflection
at slab corner (Do) versus HWD loads, from corner 16NW of slab SF16N. Intercept values
greater than zero along the vertical axis, indicate the possible presence of voids.
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Figure 36. Example of Void Detection in Corner I6NW of Slab SF16N

Figures 37(a)-(d) show the change in intercept values (i.e., theoretical deflection at zero load)
throughout trafficking for 12- and 9-inch thick slabs along both the north and south outer lanes.
The initial intercept values in figures 37(c) were very small compared to those in figure 37(d),
while the discrepancy in these values between figures 37(a) and (b) was significantly less. This
indicates that the initial support conditions provided by layers underlying 12-inch thick slabs were
stronger than 9-inch thick slabs on the south side. Over the initial stage of traffic, the intercept
values generally showed an increasing trend. After about 10,000 cumulative passes, the intercept
trends became irregular and inconsistent. Since all the slabs were trafficked over a single wheel
track at an offset of 5 ft from the corner (zero wander), the effect of trafficking on support
conditions at the corners would be minimal. Therefore, the inconsistency observed in intercept
trends may be attributed to changes in slab temperature and possible localized settlement in the
unbound layers.
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Figure 37. Intercept vs. Cumulative Passes for Outer Lanes: (a) North (Group 1 & 3), (b) North
(Group 5 & 7), (c) South (Group 2 & 4), (d) South (Group 6 & 8)

Backcalculation Of Layer Moduli. _ISM from HWD deflection represents the combined
stiffness of a pavement section, whereas the PSPA modulus only provides information on the
surface PCC slab. The layer moduli of individual structural layers were back-calculated from
slab center deflection basins using BAKFAA v3.1.0 software. The pavement structure and
material properties used in back-calculation are summarized in table 13. FAARFIELD default
seed moduli were assigned to the subbase and subgrade. Fully unbonded condition (Interface
condition: 0) was assigned to the slab-base interface, while fully bonded condition (Interface
condition: 1) was considered for the base-subbase and subbase-subgrade interfaces.

Representative layer moduli for slab groups with similar cross-section, R-value, and subgrade
stiffness were determined by averaging the values of individual slabs within the groups. Figures
38-41 show the changes in back-calculated modulus throughout trafficking for the PCC slab, base,
subbase, and subgrade. In figure 38(b), 39(b) and 40(b), the back-calculated modulus for groups 5
and 6 show a noticeable inconsistency between the north and south for P-501MR, P-306MR and
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P-154M layers, respectively. This inconsistency reflects the observed disparity in measured
deflections between the north and south side for the indicated groups (figure 30 and 31). Figure
38(c) shows a sudden change in P-501MR modulus after 15,824 cumulative passes. This change
is actually amid a general descending trend initiated after 12,470 cumulative passes. There is
correspondence between the measured deflections in figure 30 and 31, and the observed decrease
in back-calculated modulus. Although the mechanism is unknown, it was observed that the change
in deflections coincides with changes in slab temperature. Generally, besides the modulus variation
observed over the course of trafficking, there was no clear sign of modulus degradation for any
layer. This is because the wheel load was 2.5 ft off the slab center, and therefore the load-induced
damage was not reflected in the back-calculated moduli.

Table 13. Summary of Material Properties for Backcalculation

Group: 1-4 Group: 5-8
P t
avemen Seed Poisson’s | Interface | Thickness Seed Poisson’s | Interface | Thickness
Layer Modulus . .. . Modulus . .. .
. Ratio Condition (inch) . Ratio Condition (inch)
(ksi) (ksi)
P-
501MR 4000 0.15 12 4000 0.15 9
0.0 0.0
P- 2000 0.2 6 2000 0.2 6
306MR ’ ’
1.0% 1.0%
P-154M 20.24 0.35 14 20.24 0.35 17
1.0 1.0
P-152M 11.74 0.4 - 11.74 0.4 -

! fully-unbonded
2 fully-bonded
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(a) Groups 1-4, (b) Groups 5 & 6, (c) Groups 7 & 8
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Figure 39. Back-calculated Moduli of P-306MR vs. Cumulative Passes for Outer Lanes:

(a) Groups 1-4, (b) Groups 5 & 6, (c) Groups 7 & 8
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Figure 41. Back-calculated Moduli of P-152M vs. Cumulative Passes for Outer Lanes:
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PCC SLAB CRACKING STRENGTH.

During static load tests, strain responses from bottom EGs were collected at every load increment.
For demonstration purposes, selected strain response histories indicating a rupture at the slab
bottom are shown in figure 42(a) and 43(a) for 12-inch and 9-inch thick slabs, respectively.
Corresponding strain profiles in figure 42(b) and 43(b) confirmed that in both cases the neutral
axis started close to the mid-depth and moved downward with increasing loads until the point of
rupture.
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Figure 42. Load-induced Strain during Static Load Tests on SFON: (a) Load vs. Strain, (b)
Change in Neutral Axis Position
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Figure 43. Load-induced Strain during Static Load Tests on SF13N: (a) Load vs. Strain and (b)
Change in Neutral Axis Position

Given the known slab thickness, and estimating the neutral axis position from the top and bottom
strain gage data, the extreme fiber strain (bottom of slab) corresponding to the load just before
rupture was calculated. Then, using the in-situ concrete modulus derived from PSPA test data, the
maximum load-induced extreme-fiber stress was calculated. Estimated load-induced stress at
rupture ranged from 321 psi to 652 psi. As summarized in table 14, these stresses were
unexpectedly low compared to the flexural strength R of field-cured beams determined from
ASTM C78 (710 psi and 950 psi for 12-inch and 9-inch thick slabs, respectively). In fact, the
apparent stress ratio of all slabs was below 80%, which theoretically should not result in rupture.
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Table 14. Summary of Load-induced Maximum Fiber Strain, Stress, and Stress Ratio

Thickness | R-value Max1murp PSPA Modulus Max1mum Stress
Slab ID (inch) (psi) Fiber Strain (ksi) Fiber Stress Ratio
p (microstrain) (psi)
SFON &1 5050 411 0.58
SF10N 67 4793 321 0.45
12 650
SFI1IN 97 5533 534 0.75
SF12N 64 4995 322 0.45
SF13N 121 5390 652 0.69
SF14N 116 5281 612 0.64
9 900
SF15N 105 4950 521 0.55
SF16N! - 5618 - -

!Embedded strain gage malfunction

By contrast, the previous NAPTF CC6 Slab Strength Test reported cracking strains at the bottom
of the PCC slab between 128 and 136 microstrains (Guo, 2012), which were in the expected range
for concrete with R-value of 650 psi. The discrepancy between the CC6 and CCS8 strength test
results could be attributed to differences in some of the test parameters, specifically: the loading
gear configuration (S in CC8 vs. 2D in CC6); the base material (lean concrete in CC8 vs. hot-mix
asphalt treated base in CC6); and the joint type (undoweled construction joints in CC8 vs. dowelled
construction joints in CC6). Any analysis must consider that the total stress operating on the
concrete slab, and which leads to the rupture, is the sum of the load-related stress and the built-in
or residual stress (Guo, 2012). There is a strong likelihood that non-load-related tensile stresses
may have developed in the CCS8 slabs during the more than 400 days that elapsed between the
concrete placement and the static load tests.

ADVANCED DATA ANALYSIS

FAILURE MECHANISM.

In CC8 S/F tests, longitudinal cracking was the dominant distress type due to the application of
zero-wander traffic. Two approaches were followed in an attempt to understand the failure
mechanism: (a) HWD imposed pavement deformation energy for full-length longitudinal crack
propagation, and (b) internal strain energy for crack initiation and propagation.

PAVEMENT DEFORMATION ENERGY FOR CRACK CHARACTERIZATION. HWD load
imposed external energy can be simply calculated from the drop load (P) and surface deflection

(A):

Energy = %PA 3)

Figures 44(a)-(d) show the changes in HWD load imposed pavement deformation energy for 12-
inch thick slabs on the north side. At the beginning of traffic, all slabs had fairly close initial values
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within a range of 0.15 to 0.20 in-kip. Later, the energy value of each slab became inconsistent, at
the following ranges of cumulative passes: 20,000-25,000 for SFON, 15,000-20,000 for SF10N
and SF11N, and 5,000-10,000 for SFI12N (marked with red circles in figures 44(a)-(d)). This
observation coincides with the first appearance and full-length propagation of longitudinal crack
reported in table 11.

Figures 45(a)-(d) show the changes in HWD load imposed pavement deformation energy for the
south side 12-inch thick slabs. Energy trends for slabs SF9S and SF10S became inconsistent within
a range of 20,000 to 25,000 cumulative passes, as marked by the red circles in figures 45(a) and
(b). This is similar to the above observations from the north outer lane. The energy values of slabs
SF11S and SF12S (figures 45(c) and (d)), were almost constant throughout the traffic test. These
energy trends are consistent with the following observations from distress survey: (a) no distresses
observed on SF118S, and (b) both first appearance and full-length propagation of longitudinal crack
on SF12S occurred between cumulative pass 39,072 and 42,480 (this was not captured in energy
trends because the HWD equipment was not available for testing at that time). Figures 46 and 47
show the changes in pavement deformation energy for 9-inch thick slabs on the north and south
sides, respectively. On both 12- and 9-inch thick slabs, first crack appearance followed by full-
length propagation was associated with the inconsistencies observed in energy trends. These
inconsistencies for 9-inch thick slabs were less noticeable than those for 12-inch thick slabs. This
can be attributed to the higher slab integrity exhibited by the PSPA modulus of 9-inch thick slabs
in figure 29.
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Figure 44. Pavement Deformation Energy on 12-inch Thick Slabs in North Outer Lane: (a)
SFON, (b) SFI0N, (c) SF11N, (d) SF12N
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Figure 45. Pavement Deformation Energy on 12-inch Thick Slabs of South Outer Lanes: (a)
SFIS, (b) SF10S, (¢) SF118, (d) SF12S
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Figure 47. Pavement Deformation Energy on 9-inch Thick Slabs on South Outer Lane: (a)
SF13S, (b) SF148, (c) SF15S, (d) SF16S
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INTERNAL STRAIN ENERGY IN PCC SLAB FOR CRACK CHARACTERIZATION. HWD
load imposed external energy showed a clear limitation for capturing the initiation and full-length
crack propagation. The internal strain energy computed from EG responses was investigated as an
alternative indicator. The slab bending moment (M) and curvature (@) were first determined from
the strain response history under each vehicle pass.

Figure 48 illustrates the derivation of the bending moment based on the strain profile. The top and
bottom EGs of a loaded slab recorded both compressive and tensile strains, respectively. These
strains were multiplied by the slab modulus from PSPA data (Esiab), to determine compressive (oc)
and tensile (ot) stresses.

Ec g =

— N F=0.5E¢
‘. ______
Estab Moment {
4 } !
-------- >
—> ‘—p F=0.5E¢

& o=

Figure 48. Derivation of Bending Moment from Strain Profile

Resultant compressive (F¢) and tensile (Fr) forces were determined based on the stress magnitudes
and spacing between top and bottom EGs. The bending moment was calculated using the following
equation:

M= §d1Fc + %szt (4)

where di and > are the depth of compressive and tensile stress zone, respectively. The curvature
angle, 8, was calculated using the equation below:

0 = & X bottom EG gage length/d, (5)

Finally, the strain energy was calculated as the product of moment and curvature using equation

(6):

Internal Strain Energy = %M@ (6)

Figure 49 shows the changes in internal strain energy for slab SF16S, which was intact before the
moving load test. An initial drop in the energy due to the stabilization of pavement is observed,
followed by a consistent cyclic trend. After approximately 4,000 cumulative passes, the trend
transitioned into a flat region due to a sudden drop in tensile strain (as measured by the bottom
EG) indicating a possible initiation of bottom-up crack. The strain energy showed a second
transition into an upward trend after approximately 5,000 cumulative passes, which coincided with
the first appearance of crack at the un-instrumented end of the slab (table 11). The upward energy
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trend then exhibited a significant jump after approximately 9,000 cumulative passes. This time
was very close to the observed full-length propagation at the instrumented end of the slab (e.g.,
9,349 cumulative passes). Although there was a certain correlation between the internal strain
energy and the initiation and propagation of longitudinal crack for SF16S, the same
correspondence was not observed in the energy trends for the remaining slabs. Therefore, the strain
energy analysis did not proceed further.
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Figure 49. Change in Internal Strain Energy Over the Course of Trafficking for Slab SF16S
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EFFECT OF CONCRETE STRENGTH AND SLAB THICKNESS ON FATIGUE LIFE.

Table 15 summarizes the cumulative passes corresponding to each stage of fatigue life. These
numbers were later converted to the percentage of total fatigue life, considering the FAARFIELD
failure model and full-scale test observations. For the north outer lane slabs, fatigue damage
accumulation only represented Stage 2 and 3, as depicted in figure 1. On the south side, the bottom-
up cracks were initiated by moving wheel loads and the total number of passes to failure
represented all three stages. Assuming both sides were replicates, the fatigue life of Stage 1 on the
south side can be estimated by deducting the total cumulative passes to first crack appearance on
the north (Stage 2) from the corresponding cumulative passes on the south (Stage 1+2). This
theoretically assumes that the fatigue life of Stage 2 for the south side is the same as observed for
the north. The fatigue life of Stage 3 can then be estimated by deducting the total cumulative passes
to first crack appearance (i.e., Stage 2 and Stage 1+2 on the north and south side, respectively)
from the total cumulative passes to full-length crack propagation (i.e., Stage 2+3 and Stage 1+2+3
on the north and south side, respectively). These calculations were performed using the average
cumulative passes of within slab groups under specific slab thickness and strength categories.

Both concrete strength and slab thickness play a critical role in preventing fatigue damage. To
assign relative sensitivity to each factor, the “thick-to-thin slab” Fatigue Life Ratio (FLR) was
determined as the ratio of average number of passes for 12-inch slabs to the corresponding passes
for 9-inch slabs per stage. Table 15 shows that the absolute number of passes and percentage of
total fatigue life consumed to attain Stage 1 (passes to crack initiation) are much less for a thin,
high-strength slab than that for the “equivalent” thick, low-strength slab. With a thick-to-thin slab
FLR of 14, the major controlling factor in Stage 1 life on the south side was the slab thickness, as
higher strength is expected to provide longer life, all else being equal. For Stage 2 on the north,
the thick-to-thin slab FLR was 1.2, suggesting that the contribution of concrete strength to delaying
full-depth crack propagation was more significant compared to Stage 1. For Stage 3, thick-to-thin
slab FLRs of 0.8 and 0.2 for the north and south side, respectively, suggest that concrete strength
played a more important role than slab thickness in delaying the progression of full-length cracks.
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Table 15. Cumulative Passes Allocated to Each Stage of the Failure Model in Figure 1 (Based on Averages of 4-Slab Groups)

Test Thickness | R-value Average Cumulative Passes
Group | Slab ID . .
Item (inch) (psi) Stage 1 Stage 2 Stage 1+2 Stage 3 Stage 2+3 | Stage 1+2+3
{ SFON
SF10N
12 650 - 15528 - 3024 18551 -
3 SF11N
SF12N
North
s SF13N
SF14N
9 900 - 12771 - 3858 16629 -
. SF15N
SF16N
SF9S
2
SF10S
. 12 650 11831 - 27359 1136 - 28495
4 SF11S
SF12S
South
6 SF13S
SF14S
9 900 837 - 13608 4882 - 18490
g SF15S
SF16S

I No surface distresses were observed on SF118S
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EFFECT OF SUBGRADE STRENGTH ON FATIGUE LIFE.

Table 16 summarizes some information from table 15, but including the different strengths of the
subgrade under 9-inch thick slabs. The cumulative passes corresponding to Stage 1+2 for group 8
(south) were less than Stage 2 for group 7 (north), which made it impossible to estimate the
contribution of Stage 1 to the total fatigue life of group 8. The effect of subgrade strength on Stage
1, crack initiation, was not captured with outer lane data, but it will be further assessed when inner
lane test data become available.

On the north side, the average cumulative passes corresponding to Stage 3 (full-length crack
progression) for slabs on low strength subgrade (group 7) was higher compared to medium strength
subgrade (group 5). Figure 32(b) illustrates the changes in the structural integrity of pavement
sections with 9-inch pre-cracked slabs using the ISM. There was a clear separation between groups
5 and 7. The ISM of slabs SFI5N and SF16N (group 7) were higher than those of slabs SF13N
and SF14N (group 5), which was consistent with the higher number of cumulative passes required
to attain full-length crack propagation (Stage 3) over low strength subgrade.

On the south side, when group 8 is compared to group 6, subgrade strength appeared to have the
opposite effect. In other words, the stronger the subgrade the higher the number of cumulative
passes required to attain full-length crack propagation (Stage 3).

Table 16. Cumulative Passes Allocated to Each Stage of the Failure Model in Figure 1 (Based on
Averages of 2-Slab Groups)

Test G | Stab | Subgrade Average Cumulative Passes
Item roup ID CBR Stage | Stage | Stage | Stage | Stage Stage
1 2 1+2 3 2+3 1+2+3
SF13N
5 7-8 - 12771 - 2212 | 14983 -
SF14N
North
SF15N
7 3-4 - 13378 - 4896 | 18274 -
SF16N
SF13S
6 7-8 5119 - 17890 | 6503 - 24393
SF14S
South
SF15S
8 3-4 - - 9326 | 3261 - 12587
SF16S

L Only groups of constant cross-section and layer properties, but different subgrade strength
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FIELD EXPERIMENT VERSUS FAARFIELD.

The Moving Load Crack Initiation section under Stage 1 — Crack Initiation provides estimates of
coverages required for full-depth (Stage 1+2) and full-length (Stage 3) crack propagation obtained
using the FAARFIELD failure model, prior to the commencement of full-scale tests. The load
level was assumed as 80% of the theoretical cracking load determined from FEAFAA simulations.
The default failure envelope was assumed regardless of subgrade strength. The initial analysis in
was later updated by incorporating load-induced tensile stresses derived from measured tensile
strains. The response of bottom EGs from the ‘first pass’ of the moving load test (at 80% of the
average cracking load) and the PSPA slab moduli (table 12) were used for calculating the stresses.
Unlike the initial analysis, the failure model coefficients a and ¢ (equation 1) were interpolated to
consider the effect of subgrade strength (i.e., CBR) on the failure envelop. This analysis was
limited to the non-precracked slabs of the south side.

Table 17 shows the coverages allocated by the FAARFIELD failure model to each stage of the
fatigue life for 12- and 9-inch thick slabs. Note that table 17 includes results from both the initial
and updated analysis. Slabs from groups 4 and 6 were considered for the analysis under the 12-
inch slab category. To isolate the effect of slab thickness and concrete strength from that of
subgrade strength, only slabs from group 6 were considered under the 9-inch slab category. The
updated estimates show a significant increase in the coverages for Stage 1+2 and Stage 3 after
incorporating the responses measured during the moving load test in the analysis. This is mainly
attributed to the observed increase in DF values. Based on the updated analysis, a major sensitivity
to slab thickness was observed in the FAARFIELD failure model estimates for both Stage 1+2 and
Stage 3. This is consistent with the CC8 S/F performance only for Stages 142 since a delay in full-
length crack propagation (Stage 3) associated to the concrete strength was observed in the field
experiment (table 15). Unlike slab thickness, the sensitivity of the FAARFIELD failure model to
concrete strength was not captured.

Table 17. Fatigue Life Allocated to Each Stage of the FAARFIELD Failure Model

Thickness R-value ; FAARFIELD Prediction®
) : CBR Anal =R
(inch) (psi) nalysis | DF = /5 Stage 142 Stage 3
initial! 1.25 8 18
12 650 7.7
updatedz 1.62 5703 9706
initial' 1.25 9 14
9 900 7.9
updated? 1.33 74 122

! Initial analysis performed prior to the commencement of CC8 S/F tests
2 Updated analysis incorporating load-induced stresses during the moving load test

3 Number of coverages. Due to zero-wander traffic, the terms coverage and pass are interchangeable

The percent fatigue life allocated to each stage of the FAARFIELD failure model was determined
using both CC8 S/F performance data and FAARFIELD predictions. Table 20 summarizes the
percentage distribution of fatigue life for 12- and 9-inch thick slabs. The FAARFIELD failure
model is a 2-stage model (i.e., Stage 1+2 and Stage 3) and is not capable of distinguishing between
Stage 1 and Stage 2. Regardless of slab thickness and concrete strength, the updated FAARFIELD
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predictions underestimate the actual percent of fatigue life for Stage 1+2 by 37% and 13% for 12-
and 9-inch slabs, respectively. Consequently, FAARFIELD predictions for Stage 3 were
conservative by the same margin.

Table 18. Percent Fatigue Life Allocated to Each Stage of the Failure Model

Fatigue Life (%)
CBR | Analysis Observed from CC8 S/F Traffic Test FAARFIELD Prediction

Thickness | R-value
(inch) (psi)

Stage 1 | Stage 2 | Stage 1+2 | Stage 3 | Stage 1+2 Stage 3
initial! 43 57
12 650 7.7 42 54 96 4
updated? 59 41
initial! 63 37
9 900 7.9 5 69 74 26
updated? 61 39

! Initial analysis performed prior to the commencement of CC8 S/F tests

2 Updated analysis incorporating load-induced stresses during the moving load test

The FAARFIELD rigid failure model relies on the correlation between SCI and the logarithm of
coverages. SCI applies to an inspection sample unit consisting of a statistically meaningful number
of slabs and is not defined for an individual slab. However, in theory (and in FAARFIELD’s
model) SCI=80 corresponds to the condition where 50 percent of the slabs in a sample unit have a
completed crack. That is, there is a 50% probability that a particular slab has a crack after N
cumulative passes, where N is the FAARFIELD design life. With this understanding, the
FAARFIELD model can be applied to the performance analysis of individual slabs in CC8 S/F.
Assuming the failure model is properly calibrated, then the FAARFIELD life prediction (i.e.,
passes to SCI=80) should be close to the median (not mean) value of coverages to crack completion
in a series of tests of individual slabs with like properties.

Table 19 presents estimates of coverages to failure (i.e., full-length completion of longitudinal
cracking) based on the CC8 S/F performance data. For each combination of slab thickness and
subgrade strength on both the north and south outer lanes, the coverages corresponding to a 50%
probability that a slab attains full-length completion of longitudinal crack was calculated as the
median value. Table 19 shows that the calculated life for sample units on the south side was longer
than that of sample units on the north. This was expected since the slabs on the north side were
pre-cracked. On both the north and south side, the calculated life for 9-inch thick slabs with a
flexural strength of 900 psi was shorter than that of 12-inch thick slabs with a flexural strength of
650 psi.
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Table 19. Estimate of Coverages for Completion of Longitudinal Crack (CC8 S/F Experiment)

Test G Slab ID Thickness | R-value Cumulatnofe Pa§ses To _
Item roup a (inch) (psi) Full-length 50% Failure Probablllty
Propagation (median)
i SFON 30292
SF10N 19584
12 650 18322
3 SF1IN 17060
SF12N 7269
North
5 SF13N 18536
SF14N 11430
9 900 18012
7 SFI5N 19060
SF16N 17488
) SF9S 20084
SF10S 22922
12 650 22922
4 SF11S! -
SF12S 42480
South
6 SF13S 21626
SF14S 27160
9 900 18725
g SF15S 15824
SF16S 9349

! No surface distresses were observed on SF11S

Figure 50 compares the FAARFIELD predictions (table 17) with the estimated coverages to failure
based on performance data (table 19). Although only slabs from groups 6 were considered for the
FAARFILED predictions, the estimated coverages to failure for 9-inch slabs includes groups 6
and 8. The number of coverages at SCI=80 obtained from performance data for 12- and 9-inch
thick slabs were 1.5 and 95 times larger compared to FAARFIELD predictions, respectively,
indicating the conservatism of the FAARFIELD design.

Figure 51 compares FAARFIELD predictions that consider the difference in subgrade strength
between group 6 (CBR 7-8) and group 8 (CBR 3-4) with estimated coverages to failure based on
performance data. Note that due to sample size limitations for this specific comparison, the
coverages to failure from performance data was estimated as the mean value of the two slabs in
each group. As anticipated, the actual fatigue life of group 8 on low strength subgrade was shorter
than group 6 on medium strength subgrade. However, the opposite effect was observed in the
FAARFIELD predictions. This can be attributed to the difference in DF values between group 6
and 8 (i.e., 1.33 and 1.35 for medium and low strength subgrade, respectively), and the adjustment
of FAARFIELD failure model parameters a and ¢ (equation 1) based on subgrade modulus. The
conservatism of the FAARFIELD failure model was observed with “predicted-to-actual” FLR of
200 and 4 for groups on medium and low strength subgrade, respectively.
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Figure 50. FAARFIELD Predictions Versus Observed Performance for the South Outer Lanes:
(a) 12-inch Thick Slabs (Group 2 & 4), (b) 9-inch Thick Slabs (Group 6)
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CONCLUSIONS

The CC8 S/F series of tests conducted on the outer lanes aimed at determining the cracking strength
and fatigue life of concrete slabs designed and built to FAA standards. Data from individual slabs
were obtained regarding: (1) slab cracking strength for comparison to ASTM C78; (2) crack
initiation and propagation in unnotched slabs (Stages 1 and 2); (3) the trade-off between concrete
strength and slab thickness; and (4) the effect of subgrade strength. Based on the performance data,
the three phases of the bottom-up cracking mechanism were isolated, and the fatigue life
contribution of each stage was estimated. Instrumentation and field tests data collected during the
tests was analyzed to support the crack characterization effort. The conclusions of this study are
summarized in the following sections.

INSTRUMENTATION AND FIELD TESTING.

e The strain response of EGs installed at the top and bottom of slabs was used to monitor crack
initiation, full-depth, and full-length propagation. Overall, EG strain responses throughout
trafficking did not provide a clear indication for any of the three stages.

e PSPA tests were conducted to evaluate slab integrity (i.e., change in slab modulus throughout
trafficking). The average modulus of 12-inch thick slabs was lower than 9-inch thick slabs.
This observation confirmed a positive correlation between R values and concrete modulus.
Relatively small decreases in the average slab moduli were observed upon trafficking
completion, indicating a very slow deterioration rate.

e Based on the ISM distribution based on HWD data, crack initiation and full-depth crack
propagation did not affect the structural integrity of pavements, which may be due to the fact
that HWD tests were conducted at the slab center, 2.5 ft off the wheel load. After the first crack
appearance on the pavement surface, the slab structural integrity slowly diminished as the
crack propagated longitudinally to reach the opposite slab end.

CRACKING STRENGTH.

e The load-related stress, causing rupture of the PCC slabs, was determined under static loads.
The stress level varied between 45% and 75% of the flexural strength of field cured beams. In
the previous CC6 strength tests, the estimated rupture stress at the bottom extreme fiber was
close to the concrete flexural strength. This discrepancy between CC8 and CC6 tests was most
likely due to the presence of non-load-related built-in stresses in the slab. It is speculated that
these built-in tensile stresses may be related to the use of a P-306MR, but it will be further
assessed when inner lane test data become available.

MOVING LOAD TESTS.

e Moving loads were applied to the outer lane slabs for full-depth and full-length crack
propagation (and crack initiation in the case of not pre-cracked slabs). The effect of slab
thickness on Stage 1 of fatigue life (crack initiation) was greater than the effect of concrete
strength. Conversely, the effect of concrete strength was more significant than slab thickness
during Stages 2 and 3.

e For the slabs on low strength subgrade (CBR 3-4), the cumulative passes/coverages
corresponding to the first crack appearance on the south (i.e., comprising crack initiation and
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full-depth crack propagation) was smaller than the north (i.e., full-depth crack propagation
only). This made it unfeasible to estimate the contribution of crack initiation to the fatigue life.
Therefore, the overall effect of subgrade strength on the crack initiation could not be
determined.

FIELD EXPERIMENT VERSUS FAARFIELD.

e The FAARFIELD failure model showed a major sensitivity to slab thickness. For both Stage
1+2 (crack initiation and full-depth propagation) and Stage 3 (full-length propagation)
FAARFIELD predictions for 12-inch slabs were nearly 80 times the corresponding predictions
for 9-inch slabs. The same sensitivity was observed from field performance data but only for
Stages 1+2. However, the FAARFIELD prediction of Stage 1+2 coverages for 12-inch slabs
only doubled the corresponding coverages for 9-inch slabs.

e It was speculated that the delay for Stage 3 (full-length crack propagation) observed in the field
performance of 9-inch slabs relative to 12-inch slabs can be attributed to the effect of concrete
strength. This effect was not observed in the FAARFIELD predictions, suggesting no evident
sensitivity of the failure model to concrete strength.

e Regardless of slab thickness and concrete strength, the FAARFIELD failure model
underestimated the actual percentage of fatigue life allocated to Stage 1+2 by 37% and 13%
for 12- and 9-inch slabs, respectively. Consequently, FAARFIELD predictions for Stage 3
were conservative by the same margin.

e As anticipated, the actual fatigue life of slabs on medium strength subgrade was longer than
the fatigue life of slabs on low strength subgrade (i.e., approximately 1.9 times longer).
Conversely, FAARFIELD predicts a fatigue life for slabs on low strength subgrade
approximately 27 times longer than the corresponding life for slabs on medium strength
subgrade. This disagreement can be attributed to the discrepancy in DF values (i.e., 1.33 and
1.35 for medium and low strength subgrade, respectively), and the effect of subgrade modulus
on the failure model coefficients.

e The number of coverages at SCI=80 obtained from the performance data for both 12- and 9-
inch thick slabs were 1.5 and 95 times larger compared to the FAARFIELD predictions. For
9-inch thick slabs on medium and low strength subgrade, the actual number of coverages at
SCI=80 were 200 and 4 times larger compared to the FAARFIELD predictions, respectively.
These indicators quantify the conservatism of FAARFIELD failure model for the scenarios
investigated during CC8 S/F test.
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Appendix A—Summary of Seating Load Pattern

A-1



Table Al. Carriage Positions for Each Pass for Seating Loads

Carriage Centerline Location, ft.

Pass Sequence No. Direction North South
1 W_E -19.340 2.680
2 E_W -19.340 2.680
3 W_E -18.507 3.5613
4 E W -18.507 3.513
5 W _E -17.674 4.346
6 E W -17.674 4.346
7 W E -16.841 5.179
8 E W -16.841 5.179
9 W E -16.008 6.012
10 EOW -16.008 6.012
11 W'E -15.175 6.845
12 EOW -15.175 6.845
13 W_E -14.342 7.678
14 E_W -14.342 7.678
15 W_E -13.509 8.511
16 E W -13.509 8.511
17 W E -12.676 9.344
18 E W -12.676 9.344
19 W™ E -11.843 10.177
20 ETW -11.843 10.177
21 W™ E -11.010 11.010
22 EOW -11.010 11.010
23 W_E -10.177 11.843
24 EOW -10.177 11.843
25 W_E -9.344 12.676
26 E W -9.344 12.676
27 W_E -8.511 13.509
28 E W -8.511 13.509
29 W E -7.678 14.342

30 E W -7.678 14.342
31 W™ E -6.845 15.175
32 ETW -6.845 15.175
33 W™ E -6.012 16.008
34 EOW -6.012 16.008
35 W_E -5.179 16.841




Carriage Centerline Location, ft.

Pass Sequence No. Direction North South
36 E_ W -5.179 16.841
37 W E -4.346 17.674
38 E"W -4.346 17.674
39 W E -3.513 18.507
40 E"W -3.513 18.507
41 WCE -2.680 19.340
42 ECW -2.680 19.340




Appendix B—CC8 Phase 4 Strength Fatigue Distress
Maps
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Figure B4-1. Distress Map for Groups 1-4, Outer Lanes (09/20/2018)
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Figure B5-1. Distress Map for Groups 1-4, Outer Lanes (09/24/2018)
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Figure B6-1. Distress Map for Groups 1-4, Outer Lanes (09/25/2018)
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Figure B6-2. Distress Map for Groups 5-8, Outer Lanes (09/25/2018)
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Figure B7-1. Distress Map for Groups 1-4, Outer Lanes (09/27/2018)
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Figure B8-1. Distress Map for Groups 1-4, Outer Lanes (10/01/2018)
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Figure B9-1. Distress Map for Groups 1-4, Outer Lanes (10/02/2018)
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Figure B9-2. Distress Map for Groups 5-8, Outer Lanes (10/02/2018)
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Figure B10-1. Distress Map for Groups 1-4, Outer Lanes (10/03/2018)
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Figure B10-2. Distress Map for Groups 5-8, Outer Lanes (10/03/2018)
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Figure B11-1. Distress Map for Groups 1-4, Outer Lanes (10/09/2018)
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Figure B11-2. Distress Map for Groups 5-8, Outer Lanes (10/09/2018)
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Figure B12-1. Distress Map for Groups 1-4, Outer Lanes (10/10/2018)
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Figure B12-2. Distress Map for Groups 5-8, Outer Lanes (10/10/2018)
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Figure B13-1. Distress Map for Groups 1-4, Outer Lanes (10/11/2018)
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Figure B13-2. Distress Map for Groups 5-8, Outer Lanes (10/11/2018)
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Figure B14-1. Distress Map for Groups 1-4, Outer Lanes (01/17/2019)
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Figure B14-2. Distress Map for Groups 5-8, Outer Lanes (01/17/2019)
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Figure B15-1. Distress Map for Groups 1-4, Outer Lanes (01/22/2019)
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Figure B15-2. Distress Map for Groups 5-8, Outer Lanes (01/22/2019)
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Figure B16-1. Distress Map for Groups 1-4, Outer Lanes (01/23/2019)
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Figure B16-2. Distress Map for Groups 5-8, Outer Lanes (01/23/2019)
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Figure B17-1. Distress Map for Groups 1-4, Outer Lanes (01/24/2019)
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Figure B17-2. Distress Map for Groups 5-8, Outer Lanes (01/24/2019)
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Figure B18-1. Distress Map for Groups 1-4, Outer Lanes (01/28/2019)
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Figure B18-2. Distress Map for Groups 5-8, Outer Lanes (01/28/2019)
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Figure B19-1. Distress Map for Groups 1-4, Outer Lanes (01/29/2019)
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Figure B19-2. Distress Map for Groups 5-8, Outer Lanes (01/29/2019)
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Figure B25-1. Distress Map for Groups 1-4, Outer Lanes (02/21/2019)
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Figure B26-1. Distress Map for Groups 1-4, Outer Lanes (02/25/2019)
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Figure B27-1. Distress Map for Groups 1-4, Outer Lanes (02/26/2019)
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Figure B28-1. Distress Map for Groups 1-4, Outer Lanes (02/27/2019)
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Figure B32-1. Distress Map for Groups 1-4, Outer Lanes (03/13/2019)
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B-66

—— STA.5+70

—— STA.5+60

—— STA.5+45

—— STA.5+30

—— STA.5+15

—— STA.5+00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

: T6-2N |

T6-1S I

U

: SF16N I

| SF8N

SF8S I

| SF16S

i

SF15N

)
|
(=]

| SF7N

SF7s

| SF15S

T5-2N

EIRE

T5-1S

| T5-2S

e

SF14N

!
T

| SF6N

SF6S I

| SF14S

‘ SF13N I

l
l
)

| SF5N

SF5S I

| SF13S

S

Figure B33-2. Distress Map for Groups 5-8, Outer Lanes (03/26/2019)

B-67

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA.6+00

—— STA.5+85

—— STA.5+70



STA.5+70 ——

STA.5+60 ——

STA.5+45 ——

STA.5+30 ——

STA.5+15 ——

STA. 5 +00

T4-2N |

T4-18 |

: SF12N |

(SIS

| SF4N

SF4s I

| SF12S

H/H

7

| SF3N

SF3S I

| SF11S

| SF2N

SF2s I

SFON I

) [32]

| SFIN

SF1S I

[[13-2n |

T3-1S

H

Figure B34-1. Distress Map for Groups 1-4, Outer Lanes (03/27/2019)

B-

68

—— STA.5+70

—— STA.5+60

—— STA.5+45

—— STA.5+30

—— STA.5+15

—— STA.5+00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

=X |

T6-1S |

[ sF16n |

(
|

| SF8N

SF8S |

| SF16S

| SF15N I

|
|

=]

| SF7N

SF7S I

| SF15S

‘ T5-2N I

T5-1S

B

T5-2S

H

SF14N

;

!
T

| SF6N

SF6S I

| SF14S

e

SF13N

| SFSN

SF5S I

| SF13s

{

Figure B34-2. Distress Map for Groups 5-8, Outer Lanes (03/27/2019)

B-69

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA. 6+ 00

—— STA.5+85

—— STA.5+70



T4-2N |

(2]

: SF12N |

E\N|

Bl

SF11N I

SF10N

i

SFON |

[132n | W

o
H

Figure B35-1. Distress Map for Groups 1-4, Outer Lanes (03/28/2019)

—— STA.5+70

—— STA.5+60

—— STA.5+45

—— STA.5+30

—— STA.5+15

—— STA.5+00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

[ 76-2n |

T6-1S |

[ sFi6n |

| SF8N

SF8S |

| SF16S

| SF15N I

|
|
=]

| SF7N

SF7S I

| SF15S

‘ T5-2N I

T5-1S

B

T5-2S

H

SF14N

)

!
T

| SF6N

SF6S I

| SF14S

g

SF13N

l
)

| SFSN

SF5S I

| SF13s

U

t

Figure B35-2. Distress Map for Groups 5-8, Outer Lanes (03/28/2019)

B-71

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA. 6+ 00

—— STA.5+85

—— STA.5+70



STA.5+70 ——

STA.5+60 ——

STA.5+45 ——

STA.5+30 ——

STA.5+15 ——

STA.5+00 ——

e

‘ T4-2N I

[ o]

| SF4N | SF4s I

| SF12S

SF11N I

| SF3N | SF3s I

| SF11S

|SF2N SF2s I

| SF10S

SFON I

| SFIN | SF1S

St

\ | SF9S

: T3-2N I

[srs |
T3-15 |

| T3-2S

Figure B36-1. Distress Map for Groups 1-4, Outer Lanes (04/01/2019)

B-72

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

70

60

45

30

15

00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

| T6-2N | .

[ [rews]

| T6-2S

[ sFi6n |

| SF8N | SF8S I

/[=]

| SF16S

l
i
|
|

| SF15N I S

| SF7N | SF7S I

| SF15S

B

T5-2S

H

7

SF14N

)

| SF6N | SF6S I

| SF14S

e

SF13N

| SFSN | SF5S I

| SF13s

)
\

{

Figure B36-2. Distress Map for Groups 5-8, Outer Lanes (04/01/2019)

B-73

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA. 6+ 00

—— STA.5+85

—— STA.5+70



STA.5+70 ——

STA.5+60 ——

STA.5+45 ——

STA.5+30 ——

STA.5+15 ——

STA.5+00 ——

‘ T4-2N I

T4-1S I

| SF4N

SF4s I

| SF12S

| SF3N

SF3s I

| SF11S

| SF2N

SF2s I

| SF10S

| SFIN

SF1S

\ | SF9S

]

‘ T3-2N

EQ
23

| T3-2S

Figure B37-1. Distress Map for Groups 1-4, Outer Lanes (04/15/2019)

B-

74

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

70

60

45

30

15

00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

‘ T6-2N |

T6-1N

T6-1S |

[ sF16n |

| SF8N

SF8S I

SF15N

| SF7N

SF7s

| SF15S

HIlE

T5-2N

T5-1S

HiE

| T5-2S

SF14N

g

| SF6N

SF6S |

| SF14S

SF13N

e

| SF5N

SF5S |

| SF13S

Figure B37-2. Distress Map for Groups 5-8, Outer Lanes (04/15/2019)

B-75

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA.6+00

—— STA.5+85

—— STA.5+70



STA.5+70 ——

STA.5+60 ——

STA.5+45 ——

STA.5+30 ——

STA.5+15 ——

STA.5+00 ——

‘ T4-2N |

T4-1S |

| SF4AN

SF4s I

| SF12S

| SF3N

SF3s I

| SF11S

| SF2N

SF2s I

| SF10S

SFON

b,
w
N

| SFIN

SF1S

SN~

\ | SF9S

E

5 ]
23

| T3-2S

Figure B38-1. Distress Map for Groups 1-4, Outer Lanes (04/16/2019)

B-

76

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

—— STA.5+

70

60

45

30

15

00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

‘ T6-2N |

T6-1N

T6-1S |

: SF16N I

| SF8N

SF8S I

| SF16S

SF15N

|7
[y
w

| SF7N

SF7s

| SF15S

HIlE

T5-2N

T5-1S

HiE

| T5-2S

SF14N

g

!
T

| SF6N

SF6S |

| SF14S

e

SF13N

)
\

| SF5N

SF5S |

| SF13S

i

Figure B38-2. Distress Map for Groups 5-8, Outer Lanes (04/16/2019)

B-

77

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA.6+00

—— STA.5+85

—— STA.5+70



STA.5+70 ——

STA.5+60 ——

STA.5+45 ——

STA.5+30 ——

STA.5+15 ——

STA. 5 +00

T4-1S |

| T4-2S

| SF4N

SF4s I

| SF12S

| SF3N

SF3S I

| SF11S

g ET))

| SF2N

SF2s I

‘ SFON I

32

| SF1N

SF1S I

\@ =]

T3-2N I

—

[=][=]

B

T3-1S

| T3-2S

Figure B39-1. Distress Map for Groups 1-4, Outer Lanes (04/17/2019)

B-

78

—— STA.5+70

—— STA.5+60

—— STA.5+45

—— STA.5+30

—— STA.5+15

—— STA.5+00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

‘ T6-2N I

T6-1S I

— ]

: SF16N I

| SF8N

SF8S I

SF15N

| SF7N

SF7S

HilE

T5-2N

T5-1S

B[

]

SF14N

| SF6N

SF6S I

| SF14S

: SF13N I

\

=

| SF5N

SF5S I

| SF13s

‘\

=

Figure B39-2. Distress Map for Groups 5-8, Outer Lanes (04/17/2019)

B-

79

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA.6+00

—— STA.5+85

—— STA.5+70



STA.5+70 ——

STA.5+60 ——

STA.5+45 ——

STA.5+30 ——

STA.5+15 ——

STA. 5 +00

T4-1N

T4-1S I

| T4-2S

| SF4N

SF4s I

| SF12S

| SF3N

SF3S I

| SF11S

g ET))

| SF2N

SF2s I

w
~N

| SF10S

‘ SFON I

32

| SF1N

SF1S I

/w\
AEEEN

| SF9S

T3-2N I

—

[=][=]

B

T3-1S

| T3-2S

Figure B40-1. Distress Map for Groups 1-4, Outer Lanes (04/18/2019)

B-

80

—— STA.5+70

—— STA.5+60

—— STA.5+45

—— STA.5+30

—— STA.5+15

—— STA.5+00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

‘ T6-2N I

T6-1S I

— ]

: SF16N I

| SF8N

SF8S I

SF15N

| SF7N

SF7S

HilE

T5-2N

T5-1S

B[

]

SF14N

| SF6N

SF6S I

| SF14S

: SF13N I

\

=

| SF5N

SF5S I

| SF13s

‘\

=

Figure B40-2. Distress Map for Groups 5-8, Outer Lanes (04/18/2019)

B-

81

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA.6+00

—— STA.5+85

—— STA.5+70



STA.5+70

STA. 5+ 60

STA.5+45

STA.5+30

STA.5+15

STA. 5 +00

e

T4-1S I

| T4-2N I T4-1N

: SF12N I |SF4N

SF4s I

| SF12S

SF11N I | SF3N

SF3s I

H

SF11S

] ) =]

SF2s I

| SF10S

SFON SFIN
o] Il

SF1S

| SF9S

EQ
23

| T3-2S

Figure B41-1. Distress Map for Groups 1-4, Outer Lanes (04/22/2019)

B-

82

—— STA.5+70

—— STA.5+60

—— STA.5+45

—— STA.5+30

—— STA.5+15

—— STA.5+00



STA.6+40 ——

STA.6+25 ——

STA.6+10 ——

STA.6+00 ——

STA.5+85 ——

STA.5+70 ——

‘ T6-2N |

T6-1N

T6-1S |

‘ SF16N I

l
1

| SF8N

SF8S I

[w]

| SF16S

SF15N I

|
|

(=

| SF7N

SF7s

| SF15S

T5-2N I

T5-1S

HlE

T5-2S

H

: SF14N I

!
T

| SF6N

SF6S I

| SF14S

e

SF13N

| SFS5N

SF5S I

| SF13s

\

i

Figure B41-2. Distress Map for Groups 5-8, Outer Lanes (04/22/2019)

B-

83

—— STA.6+40

—— STA.6+25

—— STA.6+10

—— STA.6+00

—— STA.5+85

—— STA.5+70



STA.5+70 ——

STA.5+60 ——

STA.5+45 ——

STA.5+30 ——

STA.5+15 ——

STA.5+400 ——

T4-2N | T4-1N T4-15|

| T4-2S

: SF12N I |SF4N SF4s I

| SF12S

SF11N I ‘ |SF3N SF3S I

| SF11S

] ) ]

| SF10S

w
! =

SFIN SFAN | SF1s
o] Il

v ] [ [oss]

/[=] =]

Figure B42-1. Distress Map for Groups 1-4, Outer Lanes (04/23/2019)
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Figure B48-1. Distress Map for Groups 1-4, Outer Lanes (05/09/2019)
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Figure B48-2. Distress Map for Groups 5-8, Outer Lanes (05/09/2019)
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Figure B49-1. Distress Map for Groups 1-4, Outer Lanes (05/14/2019)
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Figure B49-2. Distress Map for Groups 5-8, Outer Lanes (05/14/2019)
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Figure B50-1. Distress Map for Groups 1-4, Outer Lanes (05/16/2019)
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Figure B50-2. Distress Map for Groups 5-8, Outer Lanes (05/16/2019)
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Figure B51-1. Distress Map for Groups 1-4, Outer Lanes (05/29/2019)
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Figure B51-2. Distress Map for Groups 5-8, Outer Lanes (05/29/2019)
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Figure B52-1. Distress Map for Groups 1-4, Outer Lanes (06/06/2019)
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Figure B52-2. Distress Map for Groups 5-8, Outer Lanes (06/06/2019)
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Figure B53-1. Distress Map for Groups 1-4, Outer Lanes (06/24/2019)
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Figure B53-2. Distress Map for Groups 5-8, Outer Lanes (06/24/2019)
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Figure B54-1. Distress Map for Groups 1-4, Outer Lanes (06/25/2019)
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Figure B54-2. Distress Map for Groups 5-8, Outer Lanes (06/25/2019)
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Figure B55-1. Distress Map for Groups 1-4, Outer Lanes (06/26/2019)
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Figure B55-2. Distress Map for Groups 5-8, Outer Lanes (06/26/2019)
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Figure B56-1. Distress Map for Groups 1-4, Outer Lanes (07/01/2019)
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Figure B56-2. Distress Map for Groups 5-8, Outer Lanes (07/01/2019)
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Figure B57-1. Distress Map for Groups 1-4, Outer Lanes (07/02/2019)
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Figure B57-2. Distress Map for Groups 5-8, Outer Lanes (07/02/2019)
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Figure B58-1. Distress Map for Groups 1-4, Outer Lanes (07/03/2019)
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Figure B58-2. Distress Map for Groups 5-8, Outer Lanes (07/03/2019)
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Figure B59-1. Distress Map for Groups 1-4, Outer Lanes (07/05/2019)
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Figure B59-2. Distress Map for Groups 5-8, Outer Lanes (07/05/2019)
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Figure B60-1. Distress Map for Groups 1-4, Outer Lanes (07/09/2019)
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Figure B60-2. Distress Map for Groups 5-8, Outer Lanes (07/09/2019)
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Figure B61-1. Distress Map for Groups 1-4, Outer Lanes (07/12/2019)
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Figure B61-2. Distress Map for Groups 5-8, Outer Lanes (07/12/2019)
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Appendix C—CC8 Phase 4 Strength Fatigue Distress
Map Written Log
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TOTAL PASSES

DAILY

DISTRESS

LOCATION

DATE NORTH |SOUTH PASSES| DESCRIPTION |NO. X AXIS (in.) Y AXIS (in.) SLAB NOTES
WEST |MIDDLE |EAST |INITIAL|END

9/17/2018 | 5280 5280 520 Shrinkage Crack | 1 120 180 120 120 | SF16S| Bottom-up crack to become longitudinal crack.
9/18/2018 | 5544 | 5544 264 Shrinkage Crack | 2 | 150 180 59 59 |SF12N| Bottom-up crack to become longitudinal crack.
9/18/2018 | 5800 | 5800 520 Shrinkage Crack | 2 | 110 180 59 59 |SF12N| Bottom-up crack to become longitudinal crack.
9/18/2018 | 5800 | 5800 520 Shrinkage Crack | 1 99 180 120 | 120 [SF16S| Bottom-up crack to become longitudinal crack.
9/19/2018 | 6320 | 6320 510 Shrinkage Crack | 2 72 180 59 59 |SF12N| Bottom-up crack to become longitudinal crack.
9/19/2018 | 6320 6320 510 Shrinkage Crack | 1 67 180 120 120 |SF16S| Bottom-up crack to become longitudinal crack.
9/20/2018 | 6750 6750 440 Shrinkage Crack | 2 38 180 59 59 |SF12N| Bottom-up crack to become longitudinal crack.
9/20/2018 | 6750 | 6750 440 Shrinkage Crack | 1 | 46 180 120 | 120 |SF16S| Bottom-up crack to become longitudinal crack.
9/24/2018 | 7270 | 7270 520 |Longitudinal Crack| 2 0 180 59 59 |SF12N Low severity.

9/24/2018 | 7270 7270 520 Shrinkage Crack | 3 | 132 180 60 60 |SF14N| Bottom-up crack to become longitudinal crack.
9/24/2018 | 7270 | 7270 520 Shrinkage Crack | 1 31 180 120 | 120 [SF16S| Bottom-up crack to become longitudinal crack.
9/25/2018 | 7790 7790 520 Shrinkage Crack | 3 122 180 60 60 [SF14N| Bottom-up crack to become longitudinal crack.
9/27/2018 | 8830 8830 520 Shrinkage Crack | 3 111 180 60 60 [SF14N| Bottom-up crack to become longitudinal crack.
9/27/2018 | 8830 8830 520 Shrinkage Crack | 1 24 180 120 120 |SF16S| Bottom-up crack to become longitudinal crack.
10/1/2018 | 9350 9350 520 |Longitudinal Crack| 1 0 180 120 120 | SF16S Low severity.

10/2/2018 | 9870 9870 520 Shrinkage Crack | 3 54 180 60 60 |SF14N| Bottom-up crack to become longitudinal crack.
10/2/2018 | 9870 9870 520 Shrinkage Crack | 4 41 44 60 60 |SF14N Bottom-up crack to merge with distress #3.
10/2/2018 | 9870 9870 520 Shrinkage Crack | 5 0 72 60 60 |[T4-2N| Bottom-up crack to become longitudinal crack.
10/2/2018 | 9870 9870 520 Shrinkage Crack | 6 0 60 60 60 [T5-2N| Bottom-up crack to become longitudinal crack.
10/2/2018 | 9870 9870 520 Shrinkage Crack | 7 0 88 120 120 | T6-2S| Bottom-up crack to become longitudinal crack.




TOTAL PASSES

DAILY

DISTRESS

LOCATION

DATE NORTH |SOUTH PASSES| DESCRIPTION |NO. X AXIS (in.) Y AXIS (in.) SLAB NOTES
WEST |MIDDLE |EAST|INITIAL [END
10/3/2018 | 10390 | 10390 | 520 | Shrinkage Crack | 3 | 28 180 | 60 | 60 |SF14N| Botom-up chr,lajr';;"vj’i‘;ﬁ%’}‘s?r'eigijfd‘“a' crack.
10/9/2018 | 11430 | 11430 520 |Longitudinal Crack| 3 0 180 60 60 |[SF14N Low severity.
10/9/2018 | 11430 | 11430 520 |Longitudinal Crack| 6 0 180 60 60 | T5-2N Low severity.
10/10/2018| 11950 | 11950 520 Shrinkage Crack | 8 | 173 180 60 60 |SF16N| Bottom-up crack to become longitudinal crack.
10/11/2018| 12470 | 12470 520 Shrinkage Crack | 5 0 90 60 60 |T4-2N| Bottom-up crack to become longitudinal crack.
10/11/2018| 12470 | 12470 520 Shrinkage Crack | 8 | 167 180 60 60 |SF16N| Bottom-up crack to become longitudinal crack.
10/11/2018| 12470 | 12470 520 Shrinkage Crack | 7 0 120 120 120 | T6-2S| Bottom-up crack to become longitudinal crack.
1/17/2019 | 12470 | 12470 0 Longitudinal Crack| 9 0 120 120 120 | T3-2S Low severity.
1/17/2019 | 12470 | 12470 0 Shrinkage Crack | 5 0 102 60 60 |[T4-2N| Bottom-up crack to become longitudinal crack.
1/17/2019 | 12470 | 12470 0 Shrinkage Crack | 7 0 145 120 120 | T6-2S | Bottom-up crack to become longitudinal crack.
1/22/2019 | 12858 | 12858 388 Shrinkage Crack | 8 | 127 180 60 60 |SF16N| Bottom-up crack to become longitudinal crack.
1/22/2019 | 12858 | 12858 388 |Longitudinal Crack| 10 0 33 120 120 | SF13S Low severity.
1/23/2019 | 13382 | 13382 524  |Longitudinal Crack| 10 0 45 120 120 | SF13S Low severity.
1/23/2019 | 13382 | 13382 524  |Longitudinal Crack| 11 | 175 180 120 120 | SF15S Low severity.
1/23/2019 | 13382 | 13382 524 Shrinkage Crack | 5 0 110 60 60 | T4-2N| Bottom-up crack to become longitudinal crack.
1/24/2019 | 13806 | 13806 424  |Longitudinal Crack| 11 | 15 180 120 | 120 |SF15S Low severity.
1/28/2019 | 14300 | 14300 494 |Longitudinal Crack| 12 | 42 120 60 60 | T3-2N Low severity.
1/28/2019 | 14300 | 14300 494 Shrinkage Crack | 5 0 120 60 60 | T4-2N| Bottom-up crack to become longitudinal crack.
1/28/2019 | 14300 | 14300 494 Shrinkage Crack | 8 | 116 180 60 60 |SF16N| Bottom-up crack to become longitudinal crack.
1/28/2019 | 14300 | 14300 494  |Longitudinal Crack| 11 9 180 120 120 | SF15S Low severity.




TOTAL PASSES

DAILY

DISTRESS

LOCATION

DATE NORTH |SOUTH PASSES| DESCRIPTION |NO. X AXIS (in.) Y AXIS (in.) SLAB NOTES
WEST |MIDDLE |EAST |INITIAL|END

1/28/2019 | 14300 | 14300 494  |Longitudinal Crack| 10 0 54 120 120 | SF13S Low severity.

1/29/2019 | 14806 | 14806 | 506 |Longitudinal Crack| 13 | 0 38 60 60 |SF15N Low severity.

1/29/2019 | 14806 | 14806 506 Shrinkage Crack | 8 15 180 60 60 |SF16N| Bottom-up crack to become longitudinal crack.
1/29/2019 | 14806 | 14806 506 |Longitudinal Crack| 11 7 180 120 | 120 |SF15S Low severity.

1/30/2019 | 15300 | 15300 494  |Longitudinal Crack| 13 0 74 60 60 |SF15N Low severity.

1/30/2019 | 15300 | 15300 494 Shrinkage Crack | 8 49 180 60 60 [SF16N| Bottom-up crack to become longitudinal crack.
1/31/2019 | 15824 | 15824 524 Diagonal Crack | 14 0 39 59 89 |SF12N Low severity. Merges with Distress #2.
1/31/2019 | 15824 | 15824 524 Diagonal Crack | 15 | 156 180 59 84 |SF12N Low severity. Merges with Distress #2.
1/31/2019 | 15824 | 15824 524  |Longitudinal Crack| 13 0 90 60 60 |SF15N Low severity.

1/31/2019 | 15824 | 15824 524 Shrinkage Crack | 8 29 180 60 60 |SF16N| Bottom-up crack to become longitudinal crack.
1/31/2019 | 15824 | 15824 524 Shrinkage Crack | 7 0 157 120 | 120 | T6-2S| Bottom-up crack to become longitudinal crack.
1/31/2019 | 15824 | 15824 524  |Longitudinal Crack| 11 0 180 120 120 | SF15S Low severity.

1/31/2019 | 15824 | 15824 524  |Longitudinal Crack| 10 0 61 120 120 | SF13S Low severity.

2/11/2019 | 16586 | 16586 300 Shrinkage Crack | 8 26 180 60 60 |SF16N| Bottom-up crack to become longitudinal crack.
2/11/2019 | 16586 | 16586 300 |Longitudinal Crack| 16 | 30 120 120 | 120 | T5-2S Low severity.

2/11/2019 | 16586 | 16586 300 |Longitudinal Crack| 17 | 38 180 60 60 |SF11N Low severity.

2/19/2019 | 17060 | 17060 474  |Longitudinal Crack| 18 | 118 180 60 60 |SF10N Low severity.

2/19/2019 | 17060 | 17060 474  |Longitudinal Crack| 17 0 180 60 60 |SF11N Low severity.

2/19/2019 | 17060 | 17060 474 Diagonal Crack | 19 0 32 20 60 |SF12N Low severity. Merges with Distress #2.
2/19/2019 | 17060 | 17060 | 474 |Longitudinal Crack| 13 | 0 110 60 60 |SF15N Low severity.
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DAILY

DISTRESS

LOCATION

DATE NORTH |SOUTH PASSES| DESCRIPTION |NO. X AXIS (in.) Y AXIS (in.) SLAB NOTES
WEST |MIDDLE |EAST |INITIAL|END

2/19/2019 | 17060 | 17060 474 Shrinkage Crack | 8 22 180 60 60 |SF16N| Bottom-up crack to become longitudinal crack.
2/19/2019 | 17060 | 17060 474 Diagonal Crack | 20 | 142 180 93 120 | SF16S Low severity. Merges with Distress #1.
2/19/2019 | 17060 | 17060 | 474 |Longitudinal Crack| 16 0 120 120 | 120 | T5-2S Low severity.

2/19/2019 | 17060 | 17060 474  |Longitudinal Crack| 21 0 54 60 60 |SF13N Low severity.

2/20/2019 | 17488 | 17488 428 |Longitudinal Crack| 18 | 50 180 60 60 |SF10N Low severity.

2/20/2019 | 17488 | 17488 428 |Longitudinal Crack| 21 0 105 60 60 |SF13N Low severity.

2/20/2019 | 17488 | 17488 428 |Longitudinal Crack| 13 0 118 60 60 |SF15N Low severity.

2/20/2019 | 17488 | 17488 428 Shrinkage Crack | 8 0 180 60 60 |[SF16N| Bottom-up crack to become longitudinal crack.
2/21/2019 | 18012 | 18012 524 Shrinkage Crack | 7 0 161 120 120 | T6-2S| Bottom-up crack to become longitudinal crack.
2/25/2019 | 18536 | 18536 524  |Longitudinal Crack| 18 | 31 180 60 60 |SF10N Low severity.

2/25/2019 | 18536 | 18536 524 Diagonal Crack | 22 | 153 180 17 60 |SF12N Low severity. Merges with Distress #2.
2/25/2019 | 18536 | 18536 524  |Longitudinal Crack| 21 0 180 60 60 |SF13N Low severity.

2/25/2019 | 18536 | 18536 524  |Longitudinal Crack| 13 0 132 60 60 |SF15N Low severity.

2/25/2019 | 18536 | 18536 | 524 |Longitudinal Crack| 23 | 0 20 60 60 |T6-2N Low severity.

2/25/2019 | 18536 | 18536 524 Shrinkage Crack | 7 0 169 120 120 | T6-2S| Bottom-up crack to become longitudinal crack.
2/25/2019 | 18536 | 18536 524 Diagonal Crack | 24 0 20 120 142 | T6-2S Low severity. Merges with Distress #7.
2/25/2019 | 18536 | 18536 524 Diagonal Crack | 25 0 24 92 120 | T6-2S Low severity. Merges with Distress #7.
2/26/2019 | 19060 | 19060 524  |Longitudinal Crack| 18 | 15 180 60 60 |SF10N Low severity.

2/26/2019 | 19060 | 19060 524  |Longitudinal Crack| 13 0 180 60 60 |SF15N Low severity.

2/26/2019 | 19060 | 19060 | 524 |Longitudinal Crack| 23 | 0 61 60 60 |T6-2N Low severity.
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DATE NORTH |SOUTH PASSES| DESCRIPTION |NO. X AXIS (in.) Y AXIS (in.) SLAB NOTES
WEST |MIDDLE |EAST |INITIAL|END

2/26/2019 | 19060 | 19060 524 Shrinkage Crack | 7 0 177 120 120 | T6-2S| Bottom-up crack to become longitudinal crack.
2/27/2019 | 19584 | 19584 524  |Longitudinal Crack| 12 | 23 120 60 60 |T3-2N Low severity.
2/27/2019 | 19584 | 19584 524  |Longitudinal Crack| 18 0 180 60 60 |SF10N Low severity.
2/27/2019 | 19584 | 19584 524  |Longitudinal Crack| 23 0 93 60 60 | T6-2N Low severity.
2/27/2019 | 19584 | 19584 524 Shrinkage Crack | 7 0 180 120 | 120 | T6-2S| Bottom-up crack to become longitudinal crack.
2/27/2019 | 19584 | 19584 524 Diagonal Crack | 19 0 32 20 60 |SF12N Medium severity. Merges with Distress #2.
2/28/2019 | 20084 | 20084 500 Diagonal Crack | 14 0 39 59 89 |SF12N Medium severity. Merges with Distress #2.
2/28/2019 | 20084 | 20084 500 Diagonal Crack | 15 | 156 180 59 84 |SF12N Medium severity. Merges with Distress #2.
2/28/2019 | 20084 | 20084 500 Diagonal Crack | 22 | 153 180 17 60 |SF12N Medium severity. Merges with Distress #2.
2/28/2019 | 20084 | 20084 | 500 |Longitudinal Crack| 26 | 36 134 120 | 120 | SF9S Low severity.
2/28/2019 | 20084 | 20084 | 500 Diagonal Crack | 27 | 0 36 94 120 | SF9S Low severity.
2/28/2019 | 20084 | 20084 500 Diagonal Crack | 28 | 134 180 67 120 | SF9S Low severity.
3/11/2019 | 20578 | 20578 494 Transverse Crack | 29 | 135 144 120 180 | SF9S | Low Severity. Merges with Distress #26 and #28.
3/11/2019 | 20578 | 20578 | 494 |Longitudinal Crack| 10 | 0O 68 120 | 120 |SF13S Low severity.
3/12/2019 | 21102 | 21102 524  |Longitudinal Crack| 23 0 99 60 60 | T6-2N Low severity.
3/13/2019 | 21626 | 21626 524  |Longitudinal Crack| 23 0 133 60 60 | T6-2N Low severity.
3/13/2019 | 21626 | 21626 | 524 |Longitudinal Crack| 1 0 180 120 | 120 |SF16S Medium severity.
3/13/2019 | 21626 | 21626 524  |Longitudinal Crack| 10 0 180 120 120 | SF13S Low severity.
3/13/2019 | 21626 | 21626 | 524 | Transverse Crack | 29 | 135 144 | 120 | 180 | SFog | Medium Severity. Merges with Distress #26 and
3/13/2019 | 21626 | 21626 524  |Longitudinal Crack| 26 0 134 120 120 | SF9S Low severity. Merges with Distress #27.
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DATE NORTH |SOUTH PASSES| DESCRIPTION |NO. X AXIS (in.) Y AXIS (in.) SLAB NOTES
WEST |MIDDLE |EAST |INITIAL|END

3/26/2019 | 22400 | 22400 456 |Longitudinal Crack| 23 0 144 60 60 | T6-2N Low severity.
3/26/2019 | 22400 | 22400 456 |Longitudinal Crack| 26 0 180 120 120 | SFOS | Low severity. Merges with Distress #28 and #29.
3/27/2019 | 22406 | 22406 6 Longitudinal Crack| 30 | 91 180 120 | 120 |SF14S Low severity.
3/27/2019 | 22406 | 22406 6 Longitudinal Crack| 31 0 115 120 120 | T4-2S Low severity.
3/27/2019 | 22406 | 22406 6 Longitudinal Crack| 32 0 21 60 60 | SFON Low severity.
3/28/2019 | 22406 | 22406 0 Longitudinal Crack| 32 0 88 60 60 | SFON Low severity.
4/1/2019 | 22922 | 22922 516 |Longitudinal Crack| 32 0 133 60 60 | SFON Low severity.
4/1/2019 | 22922 | 22922 516 Diagonal Crack | 33 0 11 60 66 |SF10N Low severity. Merges with Distress #18.
4/1/2019 | 22922 | 22922 516 Diagonal Crack | 34 | 151 180 20 60 |SF11N Low severity. Merges with Distress #17.
4/1/2019 | 22922 | 22922 516 Diagonal Crack | 35 | 150 180 60 100 |SF11N Low severity. Merges with Distress #17.
4/1/2019 | 22922 | 22922 516 Diagonal Crack | 36 | 137 180 120 | 167 |SF16S Low severity. Merges with Distress #1.
4/1/2019 | 22922 | 22922 516 |Longitudinal Crack| 30 | 49 180 120 120 | SF14S Low severity.
4/1/2019 | 22922 | 22922 516 |Longitudinal Crack| 31 0 120 120 120 | T4-2S Low severity.
4/1/2019 | 22922 | 22922 516 |Longitudinal Crack| 37 0 180 120 120 | SF10S Low severity.
4/15/2019 | 23406 | 23406 484  |Longitudinal Crack| 32 0 147 60 60 | SFON Low severity.
4/15/2019 | 23406 | 23406 484  |Longitudinal Crack| 23 0 158 60 60 | T6-2N Low severity.
4/15/2019 | 23406 | 23406 | 484 | Shrinkage Crack | 7 | 0 180 | 120 | 120 |Te-2s| Beromupcraitieboeone hardinal crack
4/15/2019 | 23406 | 23406 484 Diagonal Crack | 24 0 20 120 142 | T6-2S Medium severity. Merges with Distress #7.
4/15/2019 | 23406 | 23406 484 Diagonal Crack | 25 0 24 92 120 | T6-2S Medium severity. Merges with Distress #7.
4/15/2019 | 23406 | 23406 | 484 |Longitudinal Crack| 30 | 24 180 120 | 120 |SF14S Low severity.
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4/16/2019 | 23930 | 23930 524 Diagonal Crack | 38 | 97 140 98 120 | SF9S Low severity.
4/17/2019 | 24454 | 24454 524  |Longitudinal Crack| 32 0 156 60 60 | SFON Low severity.
4/17/2019 | 24454 | 24454 524  |Longitudinal Crack| 30 17 180 120 120 | SF14S Low severity.
4/17/2019 | 24454 | 24454 524  |Longitudinal Crack| 26 0 180 120 120 | SF9S Medium Severity.
4/18/2019 | 24978 | 24978 524 Diagonal Crack | 39 | 83 103 113 120 | SF9S Low severity.
4/22/2019 | 25502 | 25502 524 Diagonal Crack | 40 | 123 172 60 81 |SF12N| Low severity. Merges with Distresses #2 and #15.
4/22/2019 | 25502 | 25502 524 Diagonal Crack | 41 0 37 85 120 |SF10S Low severity. Merges with Distress #37.
4/22/2019 | 25502 | 25502 524  |Longitudinal Crack| 12 | 20 120 60 60 |T3-2N Low severity.
4/23/2019 | 25976 | 25976 474 Diagonal Crack | 42 | 89 120 96 120 | T3-2S Low severity.
4/25/2019 | 26996 | 26996 496 |Longitudinal Crack| 23 0 168 60 60 |T6-2N Low severity.
4/25/2019 | 26996 | 26996 496 Diagonal Crack | 39 | 83 103 113 120 | SF9S Medium severity.
4/25/2019 | 26996 | 26996 496 |Longitudinal Crack| 30 | 11 180 120 120 | SF14S Low severity.
4/29/2019 | 27160 | 27160 164 |Longitudinal Crack| 12 | 16 120 60 60 | T3-2N Low severity.
4/29/2019 | 27160 | 27160 164 |Longitudinal Crack| 32 0 162 60 60 | SFON Low severity.
4/29/2019 | 27160 | 27160 164 |Longitudinal Crack| 30 0 180 120 | 120 |SF14S Low severity.
4/29/2019 | 27160 | 27160 164 |Longitudinal Crack| 3 0 180 60 60 |SF14N Medium severity.
4/20/2019 | 27160 | 27160 | 164 | Shrinkage Crack | 8 | 0 180 | 60 | 60 |SFIEN| Eeromuperatie booone adinal crack
5/2/2019 | 27684 | 27684 524 Diagonal Crack | 43 | 71 92 113 120 | SF9S Low severity.
5/2/2019 | 27684 | 27684 524 Diagonal Crack | 44 0 38 120 156 | SF10S Low severity.
5/7/2019 | 28732 | 28732 524  |Longitudinal Crack| 23 0 176 60 60 |T6-2N Low severity.
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5/8/2019 | 29244 | 29244 512 |Longitudinal Crack| 2 0 180 59 59 |SF12N Medium severity.
5/8/2019 | 29244 | 29244 512 Diagonal Crack | 20 | 142 180 93 120 | SF16S Medium severity. Merges with Distress #1.
5/9/2019 | 29768 | 29768 524  |Longitudinal Crack| 32 0 174 60 60 | SFON Low severity.
5/9/2019 | 29768 | 29768 524 Diagonal Crack | 28 | 134 180 67 120 | SF9S Medium severity.
5/9/2019 | 29768 | 29768 524 Diagonal Crack | 38 | 97 140 98 120 | SF9S Medium severity.
5/9/2019 | 29768 | 29768 524 Diagonal Crack | 43 | 71 92 113 120 | SF9S Medium severity.
5/14/2019 | 30292 | 30292 524  |Longitudinal Crack| 32 0 180 60 60 | SFON Low severity.
5/14/2019 | 30292 | 30292 | 524 Scaling 45 | 140 147 61 63 |SF12N Low severity.
5/14/2019 | 30292 | 30292 524 Diagonal Crack | 46 | 25 83 67 76 | SF9S Low severity.
5/14/2019 | 30292 | 30292 524  |Longitudinal Crack| 2 0 180 59 59 |SF12N High severity.
5/14/2019 | 30292 | 30292 524 Diagonal Crack | 19 0 32 20 60 |SF12N High severity. Merges with Distress #2.
5/14/2019 | 30292 | 30292 524 Diagonal Crack | 47 0 26 35 60 |SF14N Low severity.
5/16/2019 - 31340 524  |Longitudinal Crack| 11 0 180 120 120 | SF15S Medium severity.
5/29/2019 - 31712 372 Diagonal Crack | 48 | 137 180 91 120 | SF10S Low severity.
6/6/2019 - 34196 524  |Longitudinal Crack| 49 | 33 123 110 120 | SF10S Low severity.
6/6/2019 - 34196 524 |Longitudinal Crack| 50 | 113 135 112 | 114 |SF10S Low severity.
6/6/2019 - 34196 524 Diagonal Crack | 51 | 128 140 113 120 | SF10S Low severity.
6/24/2019 - 39072 524  |Longitudinal Crack| 52 | 33 96 122 126 | SF12S Low severity.
6/24/2019 - 39072 0 Longitudinal Crack| 23 0 180 60 60 | T6-2N Low severity.
6/25/2019 - 39596 524  |Longitudinal Crack| 52 | 30 154 122 126 |SF12S Low severity.
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6/25/2019 - 39596 524 Diagonal Crack | 53 | 153 180 98 120 | SF14S Low severity.
6/26/2019 - 40120 | 524 |Longitudinal Crack| 52 | 30 180 122 | 126 |SF12S Low severity.
6/26/2019 - 40120 524 Diagonal Crack | 54 | 144 157 113 | 117 |SF14S Low severity.
7/1/2019 - 41162 524 Diagonal Crack | 55 0 36 94 120 | T5-2S Low severity.
7/1/2019 - 41162 524 Diagonal Crack | 56 | 32 51 113 118 | T5-2S Low severity.
7/2/2019 - 41686 524  |Longitudinal Crack| 52 | 16 180 122 126 | SF12S Low severity.
7/3/2019 - 42190 504 Diagonal Crack | 57 | 159 180 104 121 | SF15S Low severity.
7/5/2019 - 42480 290 |Longitudinal Crack| 52 0 180 122 126 |SF12S Low severity.
7/9/2019 - 43528 524 Diagonal Crack | 58 | 148 180 120 160 | SF15S Low severity.
7/9/2019 - 43528 524 Diagonal Crack | 59 0 28 100 | 120 |SF13S Low severity.
7/12/2019 - 44900 324 Diagonal Crack | 60 | 103 158 102 120 | SF16S Low severity.
9/12/2019 - 46330 150 Diagonal Crack | 61 | 132 180 80 120 | SF12S Low severity.
9/13/2019 - 46568 238 Diagonal Crack | 62 | 149 180 120 154 | SF14S Low severity.
9/18/2019 - 47998 | 518 Diagonal Crack | 63 | 0 34 120 | 161 |SF14S Low severity.
9/18/2019 - 47998 518 Diagonal Crack | 64 0 41 79 120 | SF14S Low severity.
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Appendix D—Investigation of Diagonal Crack Formation
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INVESTIGATION OF DIAGONAL CRACK FORMATION

Two diagonal cracks adjacent to the existing longitudinal crack of SF12N were first observed on
January 31, 2019 (figure D-1). This became a recurrent distress on both north and south outer lane
slabs (i.e., SF11N, SF12N, SF14N, SF9S, SF10S, and SF13S-SF16S). It was speculated that these
diagonal cracks were caused by longitudinal tensile stresses (i.e., in the traffic direction) along the
existing longitudinal crack. Finite element analysis of slab SF12N was conducted to verify this
hypothesis.

Figure D-1. Diagonal Cracks Adjacent to Longitudinal Crack on Slab SF12N

In FEAFAA v2.11 software, three slab models were considered (see figure D-2): 1) 15 x 15 ft. full
intact slabs prior to the appearance of longitudinal cracking, 2) 10 x 15 ft. large slab area aside
existing longitudinal crack, and 3) 5 x 15 ft. small slab area aside existing longitudinal crack (figure
D-2). Layer material properties and thicknesses are summarized in table D-1. Except for the intact
condition (Model 1), two edge and joint constraints were considered (see table D-2). A single
wheel load of 84,000 Ibs was applied with a tire pressure of 220 psi.

Figure D-3 shows the contour of longitudinal stress (i.e., traffic direction) at the surface of the
intact slab. The tensile stress zone extends to a limited area, away from the tire print. Both figures
D-4 and D-5 show the presence of surface tensile stress after the occurrence of longitudinal crack.
However, the tensile stress zone in both cases extends over a much larger area compared to Model
1. Overall, the results of Finite Element (FE) analysis agreed with the hypothesized mechanism of
diagonal crack development.



Before any crack

Smaller

fone

10 ft 5 ft

| N

West End

MODEL 1 MODEL 2 MODEL 3

Figure D-2. FE Models

Table D-1. Layer Material Properties for FE Model

Layer Modulus, E (psi) v Thickness (in)
P-501MR (PCC slab) 5,000,000 0.15 12
P-306MR (Base) 700,000 0.20 6
P-154M (Subbase) 18,761 0.35 14
P-152M (Subgrade) 9,117 0.40 Infinite

Note: The moduli differ from those used for preliminary FAARFIELD simulations (section 3.2.1).
For the FE model, these moduli were adjusted based on the range of field test values obtained
during trafficking.

Table D-2. Summary of Edge/Joint Constraint for FE Model

Model Constraint
1 Free transverse and longitudinal edges
5 a: free transverse and longitudinal edges
b: free transverse edge and constraint of 1000 psi at the longitudinal edge
3 a: free transverse and longitudinal edges

b: free transverse edge and constraint of 1000 psi at the longitudinal edge
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Figure D-3. Stress Distribution on Intact slab (Model 1)
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Appendix E—Embedded Strain Gage (EG) Data
Analyzed for Crack Characterization
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Table E1. EG Data for Crack Characterization on Slab SFON (North Outer Lane)
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Table E2. EG Data for Crack Characterization on Slab SF10N (North Outer Lane)
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Table E3. EG Data for Crack Characterization on Slab SF11N (North Outer Lane)
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Table E4. EG Data for Crack Characterization on Slab SF12N (North Outer Lane)
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Table E5. EG Data for Crack Characterization on Slab SF13N (North Outer Lane)
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Table E6. EG Data for Crack Characterization on Slab SF14N (North Outer Lane)
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Table E7. EG Data for Crack Characterization on Slab SF15N (North Outer Lane)
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Table E8. EG Data for Crack Characterization on Slab SF9S (South Outer Lane)
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Table E9. EG Data for Crack Characterization on Slab SF10S (South Outer Lane)
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Table E10. EG Data for Crack Characterization on Slab SF11S (South Outer Lane)
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Table E11. EG Data for Crack Characterization on Slab SF12S (South Outer Lane)
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Table E12. EG Data for Crack Characterization on Slab SF13S (South Outer Lane)
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